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Summary  

This PhD Thesis focuses on the synthesis and characterization of thermoregulating 

microcapsules for concrete applications in the framework of a wide research program 

funded by the Research Council of Norway to introduce thermal storage abilities into 

Portland cement and geopolymer concrete. Microencapsulation permits the thermal 

features of phase change materials to be utilized while overcoming disadvantages such as 

easy release (when melted), flammability and volume change during phase transition. 

Microcapsules containing different phase change materials: paraffins and fatty acids 

(linoleic acid, erucic acid, oleic acid and palmitic acid) were prepared by a suspension-

like polymerization technique using copolymers of styrene and divinylbenzene P(St-

DVB) as the shell material.   

Laboratory experiments were performed to investigate the influence of the type of 

suspending agents, continuous/discontinuous phase mass ratio, agitation rate, 

toluene/PCM mass ratio, PCM amount and suspending agent amount on the properties of 

the microcapsules. The optimization process was conducted for those materials which 

encapsulated paraffins and then evaluated in pilot plant scale. The obtained microcapsules 

revealed high energy storage capacity (> 100 J/g), encapsulation efficiency (> 80%) and 

a process yield (> 86%). This optimized formulation also ensures high mechanical and 

thermal resistance due to the highly consolidated crosslinked structure of the polymer 

shell.  

Fatty acids were assayed as PCMs in order to have greener and more sustainable 

raw material for the microcapsules formulation. Microcapsules with unsaturated fatty 

acids had lower latent heat than expected at the same time presenting the high particle 

yield what indicated that these kind of acids played two different roles, as PCM and also 

as monomers, in the radical polymerization processes. At high initiator concentrations, 

the unsaturated fatty acids were observed to react being incorporated into the polymeric 

backbone of the shell. 

Another important problem concerning the incorporation of polymer/paraffin 

microcapsules into building material is the flammability. To prevent this problem, the 

microcapsules shell formulation were modified by using the co-monomer 
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hexa(methacryloylethylenedioxy) cyclotriphosphazene (PNC-HEMA) with flame 

retardant properties. It was found that the incorporation of this flame retardant co-

monomer microcapsules exhibit a pomegranate-like structure. Furthermore, the latent 

heat of the microcapsules increased in the presence of PNC-HEMA. Thermogravimetric 

analysis performed under atmospheric air confirmed that the PNC-HEMA raised the 

amount of residue after the burning process, promoting the formation of thermally stable 

char. Total heat release and peak heat release were lower than for corresponding 

microcapsules without PNC-HEMA.  

Thermal and morphological stability of the microcapsules at high temperatures 

(up to 240 °C) was observed in-situ. It was concluded that the shape and size of the 

microcapsules were intact. However, the PCM content decreased with increasing 

temperature, diminishing to 0 J g-1 at 180 °C. In order to understand this phenomena, a 

diffusion model of PCM from the microcapsules was developed. 

Finally, microcapsules synthesized with the optimal recipe at pilot plant scale were 

applied in Portland cement concrete (PCC). It was found that the compressive strength of 

PCC decreased with the addition of microcapsules at temperatures below and above 

melting temperature of PCM. The thermal conductivity decreased with increasing amount 

of microcapsules whereas the specific heat capacity increased. A power reduction of 20% 

could be obtained when 40% of sand was replaced by microcapsules. Cone calorimetry 

was used in order to evaluate the flammability and the negative effect of incorporation of 

10% of MPCM into concrete, however in a heat flux of 50 kW m-2 ignition was not 

observed, proving little effect of 10% microcapsules on the flammability of concrete. 
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1.1.  Motivation and background 

The total energy consumption is increasing quickly every year whereas the 

production of environmentally friendly energy is not enough to ensure the energy demand 

which causes important environmental consequences. Since the energy consumption will 

increase rather than decrease, the infrastructure required for electricity distribution will 

need expensive upgrades to follow with the demands. Energy-saving is therefore desired 

in order to minimize the negative environmental effect and avoid huge infrastructure 

investments.  

Due to narrow temperature region where humans feel comfortable, a huge 

amounts of energy is used for heating and cooling buildings. Materials such as concrete 

which have a high thermal mass may help solve this problem by absorbing thermal energy 

during the daytime and releasing it back during the night. Nevertheless, the thermal 

energy storage capacity of these materials is limited.  

In order to improve thermal energy storage capacity of building materials, phase 

change materials can be used. They are able to absorb, store and release huge amount of 

energy in a relatively low volume. However, utilizing bulk quantities of PCMs results in 

low thermal conductivity, solidification around the edges and diminished heat transfer. In 

order to solve this problem, microencapsulation can be employed. The shell of the 

microcapsules prevents the leaking of the encapsulated PCMs, interactions with the 

building materials, improves the heat transfer area per unit volume and ensures the ability 

to withstand volume change during phase change. Furthermore, microencapsulated PCMs 

have the advantage that they can be easily and economically incorporated into 

conventional building materials such as concrete, gypsum or mortar.  

So far, only microcapsules containing PCM with a hydrophilic shell were 

incorporated into concrete. Mostly, poly(methyl methacrylate) such as Micronal® 

supplied by BASF, acrylic shell from CIBA Specialty Chemicals or melamine-

formaldehyde shell like Microtek® were used. After incorporation of microencapsulated 

PCM into concrete, the mechanical properties such as compressive strength decreases. 

When the microcapsules are added, the compressive strength often become too low to 

meet the standard requirements of constructive materials. This can be due to a weak 

microcapsule shell, because of the nature of the polymer shell, utilization of huge amounts 
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of core material, or the hydrophilic character of the microcapsules which greatly increases 

the water consumption needed for hydration. 

This thesis has been developed into the framework of an ambitious research project 

granted to the research group of Prof. Anna-Lena Kjøniksen at Østfold University College 

by the Research Council of Norway (project number 238198) and has been carried-out in 

collaboration with the research group of Prof. Juan F. Rodriguez in the facilities of the 

Institute of Chemical and Environmental Technology of the University of Castilla - La 

Mancha.    

1.2.  Objective 

According to the existing environmental requirements for energy saving, the main 

aim of this thesis is the development of microcapsules containing phase change materials, 

with high mechanical resistance which permits energy storage after incorporation in 

concrete.  

In order to achieve the aim, the research work was structured into the following 

specific objectives: 

 Optimization and selection of the most suitable recipe for the encapsulation of 

phase change materials within a polymeric shell having high chemical and 

mechanical resistance. Selection of the most suitable suspending agent, 

continuous/discontinuous phase mass ratio, agitation speed, toluene/PCM mass 

ratio, amount of PCM and amount of suspending agent.  

 Scale up of the process. Production of 100 kg of microcapsules. 

 Understanding the process parameters responsible for the final morphology and 

thermal properties in the suspension-like polymerization process.  

 Improvement of the sustainability of the microcapsules by using saturated and 

unsaturated fatty acids. Study of the possible reactivity between monomers and 

fatty acids.  

 Improvement of the fire resistance of the microcapsules. Modification of the 

polymeric shell by incorporation of a flame retardant monomer.  
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 In-situ study of the thermal and morphological stability of microcapsules at high 

temperatures. Estimation of the vapor pressure of commercial PCMs and 

modeling of the diffusion process of PCM in the microcapsules.  

 Application of the obtained materials in the Portland cement concrete and study 

of the mechanical and thermal properties of the concrete. Evaluation of the 

flammability of the Portland cement concrete.   

 

Attending to the objectives, the work plan shown in Figure 1.1 was performed for 

the development of the dissertation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Work plan performed in the thesis. 
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1.3.  Thesis structure 

The thesis is divided in 9 chapters. Chapter 1 provides a general overview of the 

work performed in the project, highlighting the motivation and main objectives. Chapter 

2 gives a review of different thermal energy storage methods, with a special attention to 

phase change materials. This chapter explain the suspension-like polymerization 

technique chosen in the thesis and gives short summary regarding possible applications 

of phase change materials in the building industry.  

Chapter 3 provides details regarding experimental setups, procedures and 

characterization methods used in the project. 

The results have been divided in 5 chapters. Chapter 4 is focused on the 

optimization of the recipe and the properties of the microcapsules. Additionally, the 

parameters which influence the morphology of the final microcapsules and the adsorption 

of suspending agent onto the shell of the microcapsules have been considered.  

In Chapter 5, environmentally-friendly fatty acids with different chemical 

characteristics have be evaluated as phase change materials. The different behavior of 

saturated and unsaturated fatty acids in relation to the polymerization process and the 

thermal storage capacity is discussed.   

Chapter 6 covers the investigation of the modification of the shell by using a flame 

retardant monomer. Different proportions of the flame retardant monomer and PCM have 

been studied. Special focus is given to the possibility of energy saving and fire resistance.  

In Chapter 7, the thermal and morphological stability have been investigated. For 

that purpose, a mathematical model based on the vapor pressure of neat PCM and the 

diffusion of the PCM though the polymer network has been developed to describe the 

process of release of PCM from the microcapsules. The experimental data from the 

thermogravimetric analyses are used to evaluate the vapor pressure of the PCM and to 

calculate the PCM profiles in the microcapsules with time and temperature.  

Finally, Chapter 8 describes the application of selected microcapsules in Portland 

cement concrete and study their influence on thermal and mechanical properties.  

The thesis finishes in Chapter 9, which concludes the research work by describing 

the most important outcomes and provides recommendations for future work.
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2.1.   Global energy demand 

One of the main problems discovered over the last several decades is a high and 

quickly growing energy demand, which can result in supply difficulties, depletion of 

resources and destructive environmental impact such as climate change, global warming 

and ozone depletion. The growing energy demand is mainly due to economic growth, 

changes in individual sectors contributions to this growth, technology developments, and 

investor and consumer decisions. It is predicted that the world energy consumption will 

rise with 28% between 2015 and 2040 [1]. The main sources of energy in Europe are oil, 

gas and coal, with little impact of renewable resources or nuclear energy [1]. In 2014, 

renewable energy covered 14% of the global primary energy supply. The renewable 

energy sources mainly utilized at the current date are traditional biomass like fuelwood 

and animal waste, modern biomass, bioethanol and biodiesel, and electricity generated 

from hydro, wind, solar, biomass and geothermal energy. Figure 2.1 shows world energy 

consumption by energy source. 

 

Figure 2.1. Prediction of world energy consumption by energy source [1]. 

 

The global CO2 emissions increased by an average of 1.9% per year between 1990 

and 2014. Moreover, world energy-related carbon dioxide emissions are projected to 

grow with an average 0.6% per year between 2015 and 2040. Around two thirds of 

greenhouse gas emissions come from the burning of fossil fuels. In addition, the last part 
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includes not only CO2 but also methane, nitrous oxide and fluorinated gases, from 

changes in land use, agriculture, certain energy sector operations and a variety of 

industrial processes. Figure 2.2 present the increase in the energy-related carbon dioxide 

emissions between 1990 and 2040. 

 

Figure 2.2. Prediction of energy-related carbon dioxide emissions [1]. 

 

According to the European Commission, the building industry is responsible for 

40% of the energy consumption and 36% of CO2 emissions in the European Union. About 

35% of buildings in the European Union are over 50 years old, and these buildings 

consume an average of 25 liters per square meter per year of heating oil, while new 

buildings generally need three to five liters per square meter per year less. In that way, it 

could be possible to reduce the total energy consumption by 5-6% and lower CO2 

emissions by about 5% by improving the energy efficiency of buildings [2,3]. 

In order to satisfy latest European Union’s climate and energy targets “20-20-20” for 

the year 2020 which assume 20% decreased the greenhouse gases emission, 20% of 

energy delivered by renewables systems and 20% improvement in energy efficiency, 

energy storage respond well to these requirements [4]. Among the different types of 

energy storage systems, thermal, electrochemical and chemical are best suited [5].  
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2.2.   Methods for thermal energy storage 

Thermal energy storage (TES) is a technology which improve the balance between 

supply and demand of energy. The energy storage can be due to a change in internal 

energy of a material as sensible heat (SHTES), latent heat (LHTES) and thermochemical 

[6,7]. A comparison between available storage technologies is shown in Figure 2.3.  

 

 

Figure 2.3. A comparison between (a) sensible heat and (b) latent heat storage and (c) chemical 

storage [8]. 

 

In sensible heat thermal energy storage (SHTES), the energy is accumulated by 

increasing the temperature of a solid or liquid, using the heat capacity and the temperature 

change of the material during the process but without phase change. The quantity of stored 

heat (Q) is dependent on the specific heat of the material (Cp), the temperature (T) in 

which the change occur and the quantity of the material (m) [7]: 

 𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑓

𝑇𝑖

= 𝑚𝐶𝑝(𝑇𝑓 − 𝑇𝑖) (2.1) 

In latent heat thermal energy storage (LHTES), the heat absorption or release takes 

place when the material undergoes a phase change from solid to liquid or liquid to gas 

and conversely [7]. The storage capacity of a LHTES system can be describe as:  

 
𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇 + 𝑚𝑎𝑚∆ℎ𝑚 +

𝑇𝑚

𝑇𝑖

∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑓

𝑇𝑚

= 𝑚[𝐶𝑠𝑝(𝑇𝑚 − 𝑇𝑖) + 𝑎𝑚∆ℎ𝑚 + 𝐶𝑙𝑝(𝑇𝑓 − 𝑇𝑚)] 

(2.2) 

(a) 
(b) 

(c) 
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Thermochemical systems are based on the energy absorption and release due to 

reversible breaking and reforming molecular bonds. The stored heat is dependent on the 

amount of stored material (m), the endothermic heat of reaction (Δhr), and the extent of 

conversion (ar) [7]: 

 𝑄 = 𝑚𝑎𝑟∆ℎ𝑟 (2.3) 

The classification of the materials used for thermal energy storage was given by Abhat et 

al. [9] in 1983, and it is shown in Figure 2.4. 

 

Figure 2.4. General classification of materials for thermal energy storage [6,9,10]. 

2.3.   Phase change materials 

Phase change material (PCM) is compound that is able to absorb, store and release 

energy during the phase change within a specific temperature range. When the 

temperature of the environment rises above the temperature of phase change of the 

material, the PCM absorbs the heat in an endothermic process and changes the state from 

solid to liquid. On the other hand, if the temperature drops, the PCM releases its heat of 

fusion to the environment and return to solid state. It is important to point out that during 

the phase changes, the temperature of the PCM and therefore that of its surroundings, 

remains practically constant, reducing the use of air conditioning systems or heating when 
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the system is applied in buildings. PCMs are chemically classified as organic compounds, 

inorganic compounds and eutectics.  

 Organic PCMs 

Organic phase change materials, are usually divided into paraffin and non-paraffin 

systems.  

Paraffins are obtained from crude oil distillation and constituted of a mixture of 

different hydrocarbons. They are mainly in liquid or waxy solid state. They are safe, 

odorless, tasteless, non-toxic and non-corrosive products, chemically stable, with a high 

heat of fusion (around 200 kJ kg-1), low vapor pressure, good compatibility with other 

materials and high availability over a large range of melting points (from -10 to 90 °C). 

On the other hand, they are flammable (with flash point between 150 and 200 °C), have 

a relatively large volume change during the phase transition and have a low thermal 

conductivity (around 0.2 W m-1 K-1) [5,8,11,12].   

Non-paraffins mostly involve fatty acids and their esters, alcohols and glycols. 

Due to different chemical structures, these compounds exhibit highly varied properties. 

They can have some properties in common with paraffins, which makes them particularly 

attractive. The most suitable group for building applications is fatty acids with melting 

range from 8 to 65 ºC and latent heat range from 150 to 247 kJ kg-1. Moreover, fatty acids 

are produced from vegetable and animal oils, and they are therefore more environmentally 

friendly, but at the same time more expensive. They are less flammable than paraffins but 

mildly corrosive [7,8]. 

 Inorganic PCMs 

Inorganic PCMs are mainly divided into salt hydrates, salt solutions and metals 

[8,13]. In contrast to organic PCMs, inorganics have higher phase change enthalpy and 

conductivity (almost twice the thermal conductivity of paraffin). They are also non-

flammable. Nevertheless, some disadvantages such as subcooling, water solubility, with 

corrosive nature, phase separation and lack of thermal stability, limit their application 

[13]. The most common salt hydrates have a melting temperature between 0 and 99 °C 

and a latent heat range of 105 to 296 kJ kg-1 [8]. Low-cost hydrated salts include alloys 
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of inorganic salts and water e.g. CaCl2·6H2O or NaSO4·10H2O. The phase change consist 

of hydration and dehydration of the salt which can melt to a salt hydrate, having less water 

or to an anhydrous form where salt and water are separated. During this process, the salts 

may melt incongruously to form smaller salts, which makes the process irreversible [14]. 

The incongruent fusion of the salts occurs when the salt is not completely soluble in its 

water of hydration at the melting point. Consequently, the undissolved salt is deposited 

at the bottom of the container due to its higher density and does not recombine properly 

with water when it subsequently solidifies [7,14].  

Low melting metals and eutectics alloys are included in the group called 

“metallics”. They are not well developed as PCM yet. Basically, they present a high heat 

of fusion per unit volume but low heat of fusion per unit mass, high thermal conductivity, 

low vapor pressure and low specific heat [5].  

 Eutectics PCMs 

Eutectic materials are classified as organic-organic, inorganic-organic and 

inorganic-inorganic constituted of at least two components, for which the single 

substances melt and solidify congruently [11]. Fundamentally, they melt and solidify 

without segregation, forming a proper mixture which act as single component. The large 

possibilities of mixtures facilitates the development of important materials for a specific 

applications, where an exact melting point or latent heat are required. Eutectics are 

characterized by a sharp melting temperature and high volumetric thermal storage density 

[15,16]. 

2.4.  Microencapsulation of phase change materials  

 General overview of microencapsulation 

Microencapsulation is a process where a thin shell is created around a microscopic 

droplet of active substance to produce capsules with useful properties. Solids, liquids and 

gases can be encapsulated, and the size of microcapsules ranges between 1 –1000 μm, 

depending on the microencapsulation method. These methods can be categorized into 

chemical and physical processes. Furthermore, physical processes can be subdivided into 
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physico-chemical and physico-mechanical. Chemical methods consist of polymerization 

of monomers under conditions in which the polymer in the form of microparticles are 

obtained in situ. Physical methods are based on previously synthesized polymers, and 

microparticles are obtained without chemical reaction. The most common methods used 

for microencapsulation are summarized in Table 2.1 [17]. 

Table 2.1. Chemical and physical microencapsulation techniques. 

Chemical processes 

Physical processes 

Physico-chemical 

methods 

Physico-mechanical 

methods 

Interfacial polymerization 
Coacervation (simple 

and complex) 
Co-extrusion 

Emulsion, dispersion, 

precipitation, suspension 

polymerizations 

Supercritical fluids 

assisted 

microencapsulation 

(RESS, GAS, PGSS) 

Spray drying and 

congealing 

Polycondensation Sol-gel encapsulation Fluid bed coating 

Ionic gelation 
Layer-by-layer (L-B-L) 

assembly 
Spinning disk 

 Solvent evaporation Pan coating 

 

Microencapsulation is interesting for numerous applications such as 

pharmaceuticals [18-20], food industry [21-23], textiles [24,25], electronic devices 

(optoelectronic devices [26], electrochromic devices and nanoelectronic components 

[27,28], sensing and catalysis nanocomponents [29], electrophoretic displays [30]) and in 

the building industry [8,11,31].  

Principally, the morphology of microcapsules depends on the core material and 

the microencapsulation process. According to their inner structure, microcapsules can be 

categorized in mononuclear, polynuclear, and matrix types as shown in Figure 2.5. When 

the core material is surrounded by a continuous shell, mononuclear or core-shell 

microcapsules are formed. Moreover, using two different covers, double-walled particles 

can be obtained. Polynuclear microcapsules have many cores enclosed within a shell, 
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whereas in a matrix, the core material is distributed homogeneously in the shell [17] 

(Figure 2.5).  

 

Figure 2.5. Inner structure of microcapsules. 

 

The mononuclear type of microcapsules is desired, however the mechanism by 

which those microcapsules are formed is very complex and can be controlled by several 

factors e.g. physical and chemical properties of the reactants, experimental installations, 

and microencapsulation methodology. In this way, in addition to spherical microcapsules, 

other types such as acorn (partial encapsulation) or even complete separation can be 

obtained (Figure 2.6) [32].  

 

 

Figure 2.6. Different possible morphologies of the microparticles (a) non-encapsulated, (b) 

partial encapsulation – acorn, (c) complete encapsulation [32]. 
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The main reasons for encapsulation of materials applied in the building industry are 

[33]: 

 avoiding interaction between the core material and the outside environment, 

 avoiding the loss of the core material due to volatilization, 

 reducing the health risks that non-encapsulated materials may present e.g. 

toxicity, flammability, 

 avoiding unpleasant odors, 

 providing a high heat transfer area per unit volume,  

 controlling volume changes during the phase change, 

 preventing the leakage of the core material during the phase change,  

 facilitating the handling of materials for later applications, 

 the possibility of modifying the physical properties of the microcapsules by shell 

functionalization. 

During the selection of shell material, it is necessary to take into account the 

compatibility of the shell not only with the PCMs but also with the material where the 

microcapsules will find the final application [34].  

Between all available techniques, the suspension-like polymerization was selected 

for the microencapsulation of PCM due to important benefits listed below. At the same 

time, disadvantages compare with other techniques are included [35,36]: 

Advantages: 

 the dispersing medium (aqueous phase) maintains the viscosity during the 

polymerization, 

 aqueous phase allows easy control of temperature and contributes to the 

elimination of heat, 

 the level of impurities in the polymerized product is low, 

 the isolation of the final product is simple, 

 the process is usually faster than in other polymerizations (mass and solution) and 

average molecular weights higher than those of bulk polymerization can be 

obtained. 
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Disadvantages: 

 low productivity, little amount of product is obtained, 

 polymer builds up on reactor walls, agitators and other surfaces, 

 wastewater treatments are required, 

 normally, it cannot be carried out continuously, which limits the usability  for 

commercial large productions. 

 Microencapsulation by suspension polymerization 

Suspension polymerization is a chemical process which involves dispersion of a 

reactive, organic mixture in the form of droplets in an aqueous phase, producing polymer 

particles. The organic phase is also called discontinuous phase and constitutes monomers, 

an active agent (PCM), initiator and optionally a diluent. The suspension-like 

microencapsulation process is based on the conventional suspension polymerization 

process but adding the component that is going to be encapsulated. PCM does not 

interfere in the polymerization, but form micro droplets around which the shell is formed. 

The aqueous phase (continuous phase) is formed by water and suspending agents or 

stabilizers. Once the two phases are transferred to the reactor, the discontinuous phase is 

dispersed by means of vigorous agitation in the continuous phase. The polymerization 

proceeds in each droplet as bulk polymerization. The reaction is initiated by thermal 

decomposition of the initiator which is homolytically cleaved, producing two radicals. 

This method is used with organic peroxides and azo compounds, such as benzoyl peroxide 

(BPO) and 2,2’-azobisisobutyronitrile (AIBN) [37-39].  

There are several basic requirements which must be met to design a successful 

reaction. The polymerization medium must be immiscible with the organic phase 

(monomer + PCM) and the initiator must be soluble in the monomer. The organic phase 

and the continuous phase should have similar densities to avoid phase separation by 

gravity. The most used polymerization medium is water, since it is cheap, harmless and 

highly available. Only if an adequate formulation of the raw materials and optimum 

operating conditions are used, an appropriate product is achieved.  
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a) Suspending agent 

A suspension-like polymerization involve three stages. In the first stage, a liquid–

liquid dispersion is made. The liquid organic phase is dispersed as small droplets 

maintained by the combined action of stirring and a suspending agent. The second stage 

includes a breakup-coalescence dynamic equilibrium of the monomer–polymer droplets, 

which define the final particle size. During this process, the droplets breakup due to the 

impellers shear stress and merge again after colliding with each other. In the last stage, 

the polymer particles are in solid state and they do not break-up and coalescence any more 

[38]. Accordingly, the mechanism responsible for the particle size control is the balance 

between the rate of drop break up and coalescence [40]. The break up and coalescence 

mechanism is shown in Figure 2.7.  

 

Figure 2.7. Particle formation in suspension polymerization [35]. 

 

The suspension-like polymerization ensure the production of microcapsules with 

a particle size between 0.5 and 1000 μm, which is related to monomer droplets size 

obtained during dispersion [17]. Accordingly, there are several parameters which 

determine the final particle size. They are divided in three groups: geometric, operating 

conditions and raw materials properties. Geometric factors are due to the experimental 

equipment such as dimensions and type of the reactor, dimension and type of agitator, 

ratio of diameters between agitator and reactor, bottom clearance of the stirrer, and 

internal fittings. Operating conditions include agitation speed, polymerization time and 

temperature as well as continuous/discontinuous phase ratio. Finally, viscosities and 

densities of the raw materials, and the interfacial tensions between them have also great 

influence on the final results [36,40,41].  
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The suspending agent is key player in the processes of emulsion, suspension, and 

particle and capsule formation at nano- and microscales. The suspending agent or 

stabilizer form a film or skin around the surface of the droplets and prevent coalescence 

and agglomeration of the monomer droplets during polymerization [36]. The increased 

concentration of suspending agent consequently decreases the particle diameter, 

influences the particle shape, agglomeration or settling [41-46]. Most of the studies 

available in the literature pay attention on the ability of such compounds to modify the 

interfacial relations in terms of hydrophobicity, amphoteric properties, and viscosity.  

Suspending agents can be divided into two main groups, protective colloids and 

Pickering emulsifiers. Natural organic protective colloids such as alginates, tragacanth, 

agar, starch, carboxymethylcellulose (sodium salt), hydroxyethylcellulose, and 

methylcellulose and synthetic polymers e.g. styrene – maleic anhydride copolymer, 

poly(methacrylic acid), polyvinylpyrrolidone, poly(vinyl alcohol) or partially hydrolyzed 

poly(vinyl acetate) are soluble in water, having amphiphilic character which determines 

their ability to decrease the interfacial tension and form a protective layer at the monomer 

– water interface. The suspending agent also increases the viscosity of the aqueous phase, 

which facilitates improved dispersion. However, some studies utilizing small amounts of 

protective colloid (0.1 wt.%) were performed and the viscosity did not raise significantly. 

It was concluded that suspension stabilizers are mostly effective when present in the 

interfacial layers between the water and the monomer droplets, and the tendency for 

interfacial adsorption is more important than the increase in viscosity of the aqueous 

phase when choosing a suitable stabilizer [36]. Schematic representation of the adsorption 

of polyvinylpyrrolidone on the surface of a dispersed particle is shown in Figure 2.8. 

 

Figure 2.8. Schematic representation of the adsorption of polyvinylpyrrolidone on the surface 

of a dispersed particle based on [47]. 
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Pickering emulsifiers called also powdered dispersants include barium sulfate, 

talc, aluminum hydroxide, hydroxyapatite, tricalcium phosphate, calcium oxalate, 

magnesium carbonate, and calcium carbonate. They are finely divided, usually inorganic, 

insoluble solids wetted by two immiscible liquids, which must also exhibit a certain 

degree of self-adhesion. Adsorption of low molecular mass surfactants on the solid 

emulsifier can modify the wettability and make the surface more hydrophobic. One of the 

advantageous of those compounds is the possibility to dissolve out the dispersant after 

the polymerization (e.g., in dilute acid), thereby minimizing polymer contamination 

[36,41].  

b) Monomers 

Different monomers were chosen for the microencapsulation of PCM by 

suspension-like polymerization. Mostly, styrene [48,49] and styrene-acrylate co-

monomers [50-52] and methyl methacrylate are used [53-55]. The employment of 

microcapsules to enhance thermal storage abilities in concrete will require enhanced 

physical resistance due to the aggressiveness of the mixing process and environment 

exposure. Very few studies about thermoregulating microcapsules from styrene and 

divinylbenzene have been reported in the literature. The incorporation of a crosslinker 

into the shell composition will provide to the polymer shell higher mechanical resistance. 

The greater physical resistance of the crosslinked shell of these materials is necessary for 

their employment in active thermo-accumulating systems in which the particles have to 

be also circulated and pumped by ducts as slurries. As far as we know, microcapsules 

from styrene-divinylbenzene co-polymer were reported by You et al. [56] and Li et al. 

[57] encapsulating n-octadecane. However, the microcapsules exhibit holes, making them 

concave in shape. Figure 2.9 presents the reaction scheme of styrene (St) and 

divinylbenzene (DVB) copolymerization to produce a poly(styrene-co-divinylbenzene) –

P(St-DVB).  
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St  DVB P(St-DVB) 

Figure 2.9. Reaction scheme of P(St-DVB) synthesis. 

c) Phase Change Material 

Different phase change materials have been encapsulated by suspension-like 

polymerization. Most of the studies focus on paraffin-derived compounds such as n-

octadecane [56,58-60], n-hexadecane [61,62], tetradecane [48], Rubitherm®RT27 [48], 

Rubitherm®RT20 [48], paraffin wax [50,63]. On the other hand, it was concluded that 

this method is not suitable for encapsulation of polar PCMs like polyglycoles due to their 

hydrophilic nature [48]. The solubility of phase change material in the monomer must be 

sufficient to ensure the entrapment as core material instead of retaining in the aqueous 

phase. In addition, a high boiling point is required in order to prevent vaporization at the 

reaction temperature. 

d) Initiator 

The initiator utilized in suspension-like polymerization should be soluble in oil, 

therefore the polymerization is carried out within monomer droplets. The concentration 

of initiator is usually in the range from 0.1 to 0.5 wt. % based on monomer amount. In 

that way, monomer droplets contain large number of free radicals (~108) [36]. 

Accordingly, the kinetic mechanism is identical to that of bulk polymerization. The 

reaction temperature is limited by the boiling point of the continuous phase, which is 

water in most of the cases. Thus, the choice of the adequate initiator is controlled by the 

temperature at which reaction can be performed. The two most common classes of 

initiators in free radical polymerization are peroxide and azo compounds. These initiators 
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decompose thermally and give free radicals which initiate the polymerization (Figure 

2.10).  

 

Benzoyl peroxide                   Benzoyl peroxide radicals 

Figure 2.10. Free radical initiation of benzoyl peroxide. 

 

The free radical initiator should be relatively stable at room temperature and 

decompose quickly enough at the reaction conditions. The rate of decomposition (kd) is 

dependent on the solvent – monomer system used and it is expressed by the initiator half-

life time (t1/2), which is defined as the time it takes to decrease the concentration of the 

initiator to 50% its original value [64]. Since first order decomposition kinetics is assumed 

for most free radical organic initiators, the half-life can be related to the Arrhenius 

equation: 

 𝑡1/2 =
𝑙𝑛2

𝑘𝑑
 (2.4) 

 𝑘𝑑 = 𝐴 ∙ 𝑒−𝐸𝑎/𝑅𝑇 (2.5) 

where t1/2 and kd are half-life (s) and rate of decomposition (s‒1), respectively; A is the 

Arrhenius frequency factor (s‒1); Ea the activation energy for the initiator dissociation (J 

mol‒1); R the universal gas constant (8.314 J mol‒1 K‒1); and T the reaction temperature 

(K).   

As can be concluded from Table 2.2, benzoyl peroxide (BPO) and 

azobisisobutyronitrile (AIBN) are two the most used initiators. They have activation 

energies of 122.35 and 130.23 kJ mol‒1, respectively. Therefore, AIBN exhibits shorter 

half-life than BPO at the same temperature. Accordingly,  AIBN is commonly used at 50-

70°C, whereas benzoyl peroxide at 80-95°C [65,66]. 

The most representative published research regarding microencapsulation of PCM 

by suspension-like polymerization are summarized in Table 2.2. This table include type 

of polymer shell, PCM, suspending agent used and initiator.  
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Table 2.2. Research regarding the microencapsulation of PCM by suspension-like 

polymerization. 

Shell PCM 
Suspending 

agent 
Initiator Reference 

PSt PRS®paraffin wax PVP BPO [48,63,50] 

PSt Tetradecane PVP BPO [48] 

PSt Nonadecane PVP BPO [48] 

PSt Rubitherm®RT20 PVP BPO [48] 

PSt Rubitherm®RT27 PVP BPO [48] 

PSt Rubitherm®RT31 PVP BPO [49] 

P(St – MMA) PRS®paraffin wax PVP BPO [51] 

P(MMA - EGDMA) n-Octadecane PVA AIBN [54] 

P(St-DVB) n-Octadecane PVA + PVP AIBN [56,67] 

P(St- BDDA) n-Octadecane SMA AIBN [68] 

P(St- DVB-NGD) n-Octadecane SMA AIBN [68] 

P(St- BDDA -DVB-NGD) n-Octadecane SMA AIBN [68] 

P(DVB-NGD) n-Octadecane SMA AIBN [68] 

PMMA/PAMA 
n-Octadecane + 

Pyrrole 
SMA 

AIBN + 

BPO 
[69] 

P(MMA) Na2HPO4·7H2O Span-80 BPO [55] 

P(MAA  – BMA) n-Octadecane SMA AIBN [70] 

P(MAA– BMA) Paraffin wax SMA AIBN [70] 

PMMA n-Octadecane SMA BPO [71] 

P(MMA-BDDA) n-Octadecane SMA BPO [71] 

P(MMA-TMPTA) n-Octadecane SMA BPO [71] 

P(MMA-PETRA) n-Octadecane SMA BPO [71] 

P(BMA-co-BA) n-Octadecane SMA AIBN [72] 

P(BMA-co-BA-co-MAA-

PETA) 
n-Octadecane SMA AIBN [72] 
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Table 2.2. Research regarding the microencapsulation of PCM by suspension-like 

polymerization (continuation). 

Shell PCM 
Suspending 

agent 
Initiator Reference 

P(BMA-co-MAA-PETA) n-Octadecane SMA AIBN [72] 

P(BMA-co-AA-PETA) n-Octadecane SMA AIBN [72] 

PMMA n-Hexadecane PVA BPO [62] 

P(MMA-BA) n-Hexadecane PVA BPO [62] 

PSt Paraffin wax PVP BPO [73] 

PEDMA Paraffin mixture 
Methocel 

90 HG 
AIBN [74] 

P(MMA-TEVS) Paraffin PVA BPO [75] 

Abbreviations: styrene (St), methyl methacrylate (MMA), 1,4-Butylene glycol diacrylate (BDDA), 

neopentyl glycol diacrylate (NGD), allyl methacrylate (AMA), n-butyl methacrylate (BMA), sodium salt 

of styrene-maleic anhydride polymer (SMA), methacrylic acid (MAA), divinylbenzene (DVB), 

trimethylolpropanetriacrylate (TMPTA), pentaerythritol tetraacrylate (PETRA), acrylic acid (AA), 

poly(ethylene dimethacrylate) (PEDMA), triethoxyvinylsilane (TEVS), sorbitan trioleate (Span-80), 

disodium hydrogen phosphate heptahydrate (Na2HPO4·7H2O). 

2.5.  Selection criteria of PCMs for passive buildings  

PCMs are able to decrease the energy demand of cooling and heating systems, 

stabilizing the indoor temperature fluctuations. Nevertheless, for a desirable material to 

be effectively implemented in latent heat storage systems, several selection criteria must 

be considered. They are shown in Figure 2.11 Concerning the thermal comfort for 

humans, the melting point of the PCM should be in the range of 10 to 30 °C. The precise 

temperature should be chosen based on average day and night temperatures changes and 

other climatic limitations [15].  

From a thermodynamic point of view, the PCM should have a high latent heat per 

volume unit, i.e.,  a small volume of PCM can absorb or release higher amounts of energy, 

consequently leading to a lighter building envelope [76]. In addition, a large specific heat 

capacity and high thermal conductivity are required in order to achieve faster thermal 

responses [77].  
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Although, the thermodynamic properties are crucial selection criteria for the PCM 

application, other important features should be taken into account i.e. its chemical aspects, 

chemical stability, low volume change and little supercooling during the solidification 

process. Moreover, the PCM should not affect the environment during the manufacture, 

distribution, installation or operation of the storage system. Accordingly,  it is desired that 

the PCMs are non-toxic, non-corrosive, non-flammable and non-explosive [15]. 

In order to achieve a long-term stability, the PCM should be resistant to a number 

of repeated melting/freezing cycles results. And finally the economic aspect is of course 

important, and a reasonable cost and high availability on the market overshadows all other 

aspects from an industrial point of view. Accordingly, the annual capital and operating 

costs have to be lower than those required for commonly used energy supplies. 

Figure 2.11. Selection criteria based on PCM characteristics [15]. 

2.6.  Phase change materials in building applications 

The ability to increase the thermal comfort and energy savings by optimizing the 

temperature fluctuations are an interesting benefit of PCMs. The possibilities for building 

applications can be divided into four main categories: free cooling, peak load shifting, 

active building systems and passive building systems [11,78].  

 Free cooling 
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In free cooling systems, PCMs store outdoor coolness during the night and release it 

indoor during the day. The PCMs absorb the heat from passing air in a ventilation system 

or from water in a pipe system during the day, store as latent heat and release it to cool 

the building when the temperature increases and the need for cooling arises. In order for 

these systems to work properly it is required that the ambient temperature allows the PCM 

to freeze and melt during one day [79-81].  

Previous studies have reported the use of commercial PCM granules containing 

paraffin for enhancement of a revolutionary floor-coupled ventilation system. The 

cooling load during the day was divided between the PCM and a commercial air 

conditioner. The PCM granules are embedded under the floor and used as the storage 

material. When the indoor air temperature was set to 28 °C, the cooling load could be 

reduced by 50% when using a conventional storage system, but by 92% as a result of 

storing cold in the PCM [82]. Others proposed a theoretical model and a prototype office 

building with an applied free cooling system in United Kingdom. The investigated system 

ensured sufficient heat storage to prevent overheating of the building during summer, 

giving the possibility of reducing the CO2 emissions with around 430 tons per year if it 

replaced conventional air-conditioning units in 2000 offices around the country [83,84]. 

 Peak load shifting 

Peak loads increase during the day putting pressure on the electrical grid. This lead to 

the necessity of dimensioning the system for higher heating or cooling loads to facilitate 

the need for heating, ventilation and air conditioning (HVAC) systems. One of the 

solutions to this problem is shifting the peak load away from the peak hours of electrical 

demand using PCMs. The PCMs help to divide the peak load throughout the day, reducing 

the highest peaks. Figure 2.12 shows the reduction and shifting of the peak load by the 

application of PCM [11].  
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Figure 2.12. Reduced and shifted peak load by utilization of PCM [11]. 

 

Recently, a comprehensive overview of previous studies related to load shifting 

control strategies using different cold thermal energy storage facilities including building 

thermal mass, thermal energy storage system and phase change material was reported 

[85]. It was concluded that phase change materials with its high thermal energy storage 

capability have been successfully used for shifting load in buildings, reducing peak load 

between 10% and 57% for concrete and for lightweight constructions, respectively. 

Moreover, reported studies demonstrated possible cost savings from 11% to 96.6% and 

improved thermal comfort. 

 Active building systems 

An active storage system works by utilization a forced convection heat transfer 

and in some cases mass transfer. Particularly, it can be located inside the storage material 

or storage medium itself circulating through a heat exchanger. This system require one or 

two tanks for the storage media. Active systems can be classified as direct or indirect 

systems. In the first one, the heat transfer fluid also acts as the storage medium, whereas 

in the latter system, a second medium is used for storing the heat. Thus, indirect systems 

are dual-medium storage systems in which the heat transfer fluid passes through the 

storage medium for charging and discharging the storage material [86]. Accordingly, 

integration of PCM with systems such as solar heat pump systems, heat recovery systems 

and floor heating systems are categorized as active strategies. The combination of those 
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systems not only reduce the peak load as mentioned above, but they can achieve further 

savings through a reduced electrical demand for HVAC systems [87]. A thermal energy 

storage active system can be combined with the core of the building such as ceiling, floor, 

and walls, in external solar facades, suspended ceiling, ventilation system, photovoltaic 

systems and water tanks [86,87]. The possible ways of the incorporation of TES into 

buildings are shown in Figure 2.13. 

 

Figure 2.13. Active thermal energy storage system integrated in buildings [86,87]. 

 Passive buildings system 

 Passive systems are charged and discharged without any mechanical contribution, 

hence solar radiation, natural convection or temperature difference are used. So far, 

passive building systems and their application have achieved most interest. In this 

technology, PCMs are integrated into the building envelopes to increase the thermal mass. 

In cold climates buildings require large amounts of insulation to reduce heating 

loads in the winter, which is the cause of large temperature fluctuations in the summer 

due to excessive over heating caused by a lack of thermal mass. PCMs which melt during 

the day time and solidify during nighttime will prevent rooms from overheating during 

the daytime in the warm months and may also reduce the need for heating during 

nighttime in the winter [8,11,78,87]. 
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2.7.  Integration of phase change materials in passive systems 

 Walls 

Numerus studies about incorporation of PCM into walls have been performed, 

since this is the most common solution so far. Covering the interior part of the wall, the 

system can absorb and release heat during a large part of the day and thus enhance the 

thermal energy storage capacity. Experimental and numerical studies have been 

conducted, investigating the effect on the indoor climate and the energy demand. In 

addition, PCM can be introduced inside the material or as a new layer.  

Shilei et al. [88] built an ordinary room and a room using PCM gypsum wallboard 

in the northeast of China. As PCM, capric and lauric acids were mixed with the proportion 

of 82:18% and applied to the wallboards. They found that the PCM wallboards can 

diminish indoor air fluctuation and the heat transfer to the outdoor air and thereby keep 

the warmth. The indoor air fluctuation could be mitigated by 1.15 °C as shown in Figure 

2.14. 

 

Figure 2.14. Indoor air temperature of  a room with an ordinary wall and with a PCM wall [88]. 

 

Similar studies with full-scale test rooms for a typical day in winter, summer and 

mid-season with PCM wallboards were investigated [89]. The PCM composite consisted 

of 60% microencapsulated paraffins in a copolymer, creating a flexible sheet. The natural 

convection mixing of the air was improved, reduced overheating and lower surface 

temperature on the walls were observed. On the other hand, two stories dwelling located 
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in Greece with gypsum wallboard containing microencapsulated PCM was examined 

[90]. BASF-Micronal® microcapsules with melting point 23 °C were used. This system 

worked properly only between September and June, since July and August had 

temperatures above the solidification point, preventing solidification of the PCM. 

The effect of refurbished buildings with PCM plaster integrated on the inner side 

of the exterior building envelope on energy saving and indoor comfort for cooling season 

were compared for different cities [91]. Simulation of PCM with different melting 

temperatures, thickness of the wallboard and the location of the PCM layer were 

performed. For that purpose, PCM with phase transition ranging from 26 °C to 29 °C 

were selected. The highest energy saving effect for Ankara was 7.2% whereas other cities 

(Athens, Naples, Marseille and Seville) achieved between 3 and 4.1%. Moreover, the 

temperature comfort was prolonged by 15.5% for Seville and 22.9% for Naples. It was 

also pointed out that during the summer and winter time, the period with temperatures 

below and above the phase change temperature, would not always be sufficient for the 

PCM to fully solidify or the heat available during the day would not be enough to 

completely melt the PCM.  

Previous studies have reported thermal tests, economic and environmental 

evaluations of a lightweight aggregate concrete with macroencapsulated paraffin for 

applications in residential building walls in Hong Kong [92]. This system was able to 

decrease the interior temperature at the room center by 4.7 °C, at the internal surface of 

the panel by 7.5 °C and achieved an indoor temperature reduction of 2.9 °C. Regarding 

the environmental evaluation, a depletion of 465 kg CO2-eq/year or 12.91 kg CO2-

eq/year/m2 was achieved. The application of macroencapsulated paraffin in lightweight 

aggregate concrete building walls was shown to be profitable after 29 years, while the 

average life span of a residential building in Hong Kong is 60 years. 

At Ulster University studies of the incorporation of 30% by weight of 

microencapsulated PCM with a melting point 23 °C in clay wallboards were performed. 

The wallboards were mounted on the internal walls of a test cell and subject to 

illumination for 6 h by a 28 kW solar simulator. In the reference cell the internal 

temperature raised over 28 °C within 5 h whereas the clayboard with PCM kept the 

temperature below 26 °C during the 6 h tested. However, some rupturing of the 



Chapter 2   

   

30 

microcapsules containing the PCM was observed, which can lead to leakage of PCM from 

the wallboard [93].  

Recently, the project NanoPCM in which University of Castilla La Mancha was 

involved, developed and tested new insulation components containing PCM in prototype 

small houses. Rigid polyurethane foam with microcapsules from LDPE-EVA and 

Rubitherm®RT27 as PCM were installed covering completely the walls and ceiling of 

monitored prototypes in Spain and Poland. It was found that increasing PCM 

microcapsules amount could improve the insulation behavior and increase the energy 

efficiency by 12%. Polyurethane foam with PCM microcapsules stored 5 times more heat 

than reference material [94,95].  

These studies were focused on lightweight constructions where PCM was added 

as a new layer. However, PCM can be also be incorporated into the material such as in a 

concrete matrix or in open cell cements called thermocrete [15] and to gypsum mortar.  

Initially, simulations and validation of a wall sample incorporated with 

microencapsulated PCM into the interior of the plaster in a lightweight office with no 

active cooling system were conducted [96]. The melting temperature range of the PCM 

was 24 to 26 °C. The results showed that the latent heat stored in the PCM decrease the 

temperature of the wall surface. Consequently, improved thermal comfort for 6 h longer 

than with the reference material was observed, and as a result the required cooling load 

was reduced. Additionally, Cabeza et al. [97] evaluated the thermal properties of concrete 

with microencapsulated PCM. Two real size concrete cubicles were built to study the 

effect of the incorporation of a microencapsulated PCM with a melting point of 26 °C. A 

compressive strength over 25 MPa and a tensile splitting strength over 6 MPa after 28 

days were obtained, giving the opportunity of this composite for structural purposes. 

Moreover, the cubicle without PCM had the maximum temperature 1 °C higher and 

minimum temperature 2 °C lower than that with PCM and the maximum temperature in 

the wall with PCM appeared 2 hours later than without PCM. 
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 Roofs 

Incorporation of the PCMs to roof systems can absorb the incoming solar energy 

and the thermal energy from the surroundings to reduce temperature fluctuations inside 

the building [11]. 

Recently, the effect of Compact Storage Module panels including PCM with 

different layer thicknesses (5 and 10 mm) and melting points (23, 25 and 27 °C) on the 

building HVAC operation based on the Fanger thermal comfort model were tested [98]. 

The panels were placed inside the walls and roof in order to reduce the HVAC energy 

consumption of the building. It was concluded that the system containing the PCM with 

a melting point of 27 °C achieved an annual energy saving of 10–15% in all thermal 

comfort categories. Moreover, a layer of 10 mm exhibited higher energy savings and 

lower payback periods than other studied layer thickness.  

Several attempts have been made to perform numerical studies with experimental 

validation the year round thermal management of buildings, where  macro-encapsulated 

PCM was incorporated in a layer on the roof, as shown in Figure 2.15 [99]. This model 

was used to simulate the behavior of a system with a double layer of macro-encapsulated 

PCM.  An inorganic salt hydrate consisting of 48% CaCl2 + 4.3% NaCl + 0.4% KCl + 

47.3% H2O was used as the PCM. This PCM was encapsulated in a stainless steel panel. 

A double layer PCM incorporated in the roof was recommended in order to decrease 

indoor air fluctuations during all seasons.  

 

Figure 2.15. Sketch of a PCM incorporated in a roof system [99]. 
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After that, a numerical investigation to compare thermal performance of different 

PCM roofs for a dwelling were performed by other authors [100]. The effect of different 

PCM melting temperatures (30, 34 and 38 °C), PCM layer thicknesses (40-100 mm) and 

roof slopes (0.05–0.5%) were analyzed using the ANSYS Fluent software. The results 

showed a 3 h delay in the peak temperatures of the base layer of the PCM roof. 

Temperature delays of 10 °C, 13 °C and 12 °C were observed for PCM with melting 

points of 30, 34 and 38 °C, respectively. The PCM layer thickness affected the heat flux 

and average temperature of the upper surface of the PCM whereas the roof slope did not 

have significant influence on the thermal performance. 

In addition, 1000 m2 of smart thermal insulation panels have been installed by 

Spanish company, Acciona Construction, and applied in the roof of the Higher Education 

Institute of the Liège Province in Belgium. The panels consisted in polyurethane foam in 

which PCM microcapsules were added. The actions implemented in that building 

refurbishment are expected to reduce energy consumption by up to 75% and return on 

investment of approximately seven years [101].  

 Floors 

Although, floors usually have limited contact with solar radiation, in areas where 

the sun shines for large parts of the day they have a large potential and can benefit from 

incorporation of PCMs. 

 Xu et al. [102] conducted simulations and experimental validation of the thermal 

performance of shape-stabilized PCM floor used in a passive floor system during the 

winter season. The influence of various factors such as thickness of the PCM layer, 

melting temperature, heat of fusion, thermal conductivity of the PCM and air gaps 

between the PCM and the covering material on the room thermal performance was 

studied. It was stated that the most efficient PCM should have a melting temperature equal 

to the average indoor air temperature of sunny winter days, whereas the latent heat and 

the thermal conductivity of the PCM should be larger than 120 J g-1 and 0.5 W m-1 K-1, 

respectively. Moreover, from a construction aspect, the thickness of the shape-stabilized 

PCM plates used under the floor should not be larger than 20 mm and the air-gap between 

PCM plats and the floor should be as small as possible.  
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With the purpose of enhancing the internal comfort without using an air 

conditioning system, a small-scale experiment studying the thermal performance of a 

hollow concrete floor panel filled with PCM (Figure 2.16) was performed [103]. The peak 

load with the PCM floor panel was found to be shifted 7.3 h whereas it was 0.8 h for the 

reference floor panel without PCM. The thermal energy was stored by PCM in 70% after 

6 h and 100% after approximately 8 h. This work proved the usability of a hollow concrete 

floor panel filled with PCM for a lightweight building envelope to improve the thermal 

comfort. After that, the same research group, introduced shape-stabilized PCM into the 

same floor panel to regulate the building’s internal temperature. A numerical model 

concerning different concentrations of PCM was developed using Comsol Multiphysics 

and the validation was performed experimentally. The achieved results showed good 

correlation, reducing the surface temperature variations by approximately 2 °C and peak 

load shifting was amplified thanks to the incorporation of PCM [104].  

 

 

Figure 2.16. Schemes of the utilization of an internal thermal mass in the PCM floor panel 

during (a) the daytime and (b) the nighttime and the concrete hollow floor slab [103]. 

 

 

 

(a) (b) 
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 Windows and shutters 

 Windows are part of the building which lead to a higher energy consumption. In 

summer time high solar radiation causes an increased need for mechanical cooling 

whereas in winter large parts of the energy escapes through glazed facades, leading to a 

need for mechanical heating. Glazed facades have low thermal inertia, and there is no 

way of storing excess heat. The most important issue to overcome when using PCM is 

ensure sufficient transparency of the window. Thus, transparent PCMs must be used for 

that purpose. So far, translucent PCMs have been used for PCM windows, since they 

enable relatively high amounts of visible light to pass through, however they do not offer 

the same visibility as regular windows [11].  

 In order to accomplish this requirement, the study on solar transmittance of a 

commercial grade PCM were carried out [105]. Commercial grade PCM with purity 

99.3% and melting point 31.98 °C has been chosen. Pure PCM with a thickness of 4 and 

30 mm showed a solar transmittance of 90.7 and 80.3%, respectively. Together with a 

low thermal conductivity, PCM can be considered as an interesting transparent thermal 

insulating medium. 

Some studies were performed evaluating the thermal performance of glazed 

insulating units for an indoor office room [106]. The measurement was conducted during 

six months including time: winter, summer and mid-season. An improved thermal 

conductivity was observed for most parts of the year with the PCM prototype. 

Nevertheless, the two systems showed similar properties on thermal comfort during 

cloudy days. Thus, the importance of selecting the correct melting temperature for the 

PCM was highlighted. The study was accomplished by a full-scale test on a PCM glazing 

prototype [107]. The results showed that PCM glazing was able to diminish the specific 

total daily entering energy in the summer time by more than 50%. Moreover, heat loss 

reduction during the day in the winter was observed. However, this technology was not 

effective for achieving solar heat gains. 

A different approach was exhibited by evaluating the thermal effectiveness of a 

PCM curtain integrated into a window system to reduce the solar heat gain [108]. The 

modeled window system consisted of a glass layer, a cloth-PCM curtain and an air gap in 

between as shown in Figure 2.17.  
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Figure 2.17. Sketch of a PCM curtain window [108]. 

 

This study developed a numerical model to analyze different PCM thicknesses, 

melting temperatures and air gaps. Generally, the PCM curtain could effectively decrease 

the temperature of the inner surface. It was concluded that natural convection in the air 

gap plays a significant role in transferring heat into the buildings, and that this is increased 

when the air gaps becomes larger. Combining a 5 cm thickness of the air gap with a 5 

mm PCM layer with a melting temperature of 29 °C was found to have the best 

performance and reduced the heat gain by 16.2%. When increasing the PCM layer to 10 

and 15 mm, reductions of 23.8% and 30.9% were achieved, respectively.  

Sun protectors with implemented PCMs in window shutters were studied  in order 

to see if the solar heat could be absorbed before it reached the indoor space [109]. The 

shutters containing PCM could reduce 23.29% of the heat gain through the windows.   

The PCMs incorporated in passive structures may enhance the thermal storage 

capacity and diminish indoor air fluctuation. Moreover, reduced overheating and decreased 

surface temperature on the walls, may maintain the comfort temperature longer than in 

reference system. Besides, solar heat gain in warmth climate was diminished by windows 

shutter containing PCM. From the environmental point of view, the CO2 emission can be 

decreased. The thermal heat storage depends on the amount of incorporated PCM into the 

material. The local climate and seasonal variations in temperature should be also taken 

into account in order to ensure the charging and discharging of the PCM. Thus, the PCM 
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selection seems to be a key design factor to consider when optimizing performance 

considering seasonality. Additionally, the solution to use double PCM layers seems to have 

a potential for year-round performance in climates with heating and cooling needs. 

So far, application in walls is the most developed part of the building. However, 

floor and ceiling also showed great potential. In addition, environmental impact is also 

omitted through most of the studies [110]. Still, there is little information regarding cost 

analysis and economic evaluations to date so this issue require further studies. 

2.8.  Limitations in the PCMs application 

As mentioned in the section 2.3 PCMs revealed some disadvantages in the 

practical application. Solutions trying to overcome any kind of limitation are continuously 

under development, since thermal energy storage is a promising alternative for saving 

fossil fuels. The inclusion of various additives is a versatile way of improving the PCMs. 

 Thermal conductivity 

The successful improvement of thermal conductivity has been performed by 

addition of carbon fibers [111] and carbon brushes [112]. The influence of various carbon 

nanofillers on the thermal conductivity and energy storage properties of paraffin-based 

nanocomposites has been investigated. Nevertheless, the addition of nanofillers reduce 

the phase change enthalpy with minimum effect on the phase change temperature [113]. 

In addition, the thermal conductivity of PCM can be increased by graphite matrices [114-

117] or TiO2 nanoparticles [118].  

 Supercooling 

Supercooling in inorganic PCM occurs due to poor nucleating properties thus, 

addition of a chemical additives e.g. borax in nanocrystals, which can behave as  

nucleation seeds are suggested solutions [7]. The incongruent melting of the salts can be 

reduced by adding water to the system [119]. To overcome the problem of phase 

segregation, the use of mechanical agitators has been suggested [14].  
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 Leakage of PCM 

On the other hand, the leakage of PCM or diffusive of low viscous liquids through 

the materials can be solved by encapsulation [11,120]. More impermeable and resistant 

shells are in continuous development. Currently, the encapsulation is being performed at 

three size scales, this is nano-, micro-, and macroencapsulation. Numerous studies have 

been performed in order to find the most suitable materials and technique which 

accomplish industrial requirements.  

 Flammability 

One of the drawbacks of PCMs is their flammability. However, thanks to their 

high energy storage possibilities, they are widely tested to be incorporated into the 

building materials such as walls, floors, ceilings or windows. Nevertheless, it increases 

the fire risks and cause some limitation in the application which could be avoided if the 

risks were known and evaluated at design stage [121]. Moreover, taking into account 

highly improved PCMs usability during microencapsulation into polymer shell, the 

resistance to fire may be reduced [122].  

In order to solve this problem flame retardants can be used. Flame retardants are 

chemicals added to combustible materials to improve their resistant to ignition. Their goal 

is to minimize the risk of a fire starting in case of contact with a small heat source or in 

case that material has ignited, they should slow down combustion and prevent the fire 

from spreading to other items [123]. 

In order to improve the fire resistant properties, flame retardants additives may be 

used in admixture with PCMs, e.g., decabromodiphenyl oxide, octabromodiphenyl oxide, 

or antimony oxide [124]. The addition of a flame retardant additive to the PCM not only 

enhance the PCM’s thermal stability but also acts as a nucleating agent. Additionally, 

fire-retarded form-stable PCM products consisting of paraffin RT21 and propyl ester, 

high density polyethylene (HDPE) and fire retardants such as magnesium hydroxide, 

aluminium hydroxide, expanded graphite, ammonium polyphosphate, pentaerythritol, 

and treated montmorillonite (MMT) have been evaluated [125]. 
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Recently, rigorous safety regulations and flammability requirements have been 

imposed on building materials to protect the buildings from fire. In order to comply with 

these rules, some new approaches have been investigated and applied successfully in 

laboratory tests. Specifically, addition of non-flammable surfaces to the plasterboard, 

such as aluminum foil and rigid polyvinyl chloride films have been tested. In addition, an 

insoluble liquid fire retardant (e.g. Fyrol CEF) were applied on the plasterboard after 

placing the PCM layer. In that way, the insoluble fire retardant substitute part of the PCM 

and some remains on the surface, providing self-extinguishing characteristics to the 

plasterboard. Brominated hexadecane and octadecane as PCMs and fire retardant surface 

coatings have also been used [6,12].  

Furthermore, improvement of PCMs were performed by some research groups. 

Most of them were focused on form-stable PCM prepared by combination of paraffin 

with high density polyethylene. Cai et al. [126] produced form-stable phase change 

materials based on paraffin/high density polyethylene composites with addition of 

halogen-free flame retardants from expandable graphite combined with ammonium 

polyphosphate and zinc borate. The results indicated a higher amount of charred residue, 

contributing to improved thermal stability. The flame retardant additives had little effect 

on the TES capacity of the paraffin. These systems mainly acts in a condensed-phase 

forming a charred residue with partial gas phase flame retardancy [127]. Similar studies 

were performed by Zhang et al. [128] who developed paraffin/high density 

polyethylene/intumescent flame retardant system (IFR) containing ammonium 

polyphosphate, pentaerythritol and melamine with iron [128] or expanded graphite (EG) 

[129] as flame retardants. Results showed that the introduction of iron presented 

synergistic effect with IFR, improving the flame retardancy similarly to EG which formed 

the first char layer at the onset of combustion. However, in both studies the latent heats 

of the form-stable PCMs were lower than the theoretical values. After that, Sittisart and 

Farid [125] developed form–stable PCM containing paraffin (or propyl ester), HDPE and 

fire retardants such as magnesium hydroxide, aluminium hydroxide, EG, ammonium 

polyphosphate (APP), pentaerythritol (PER) and treated montmorillonite (MMT). The 

best results were found for the form-stable PCM which contained APP + PER + MMT 

and APP + EG since it can self-extinguish by forming a large residue. Moreover, addition 

of fire retardants to PCM did not impose significant changes to its thermal properties. 
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Finally, Wang et al. [130] investigated the flame retardancy of shape stabilized phase 

change materials based on paraffin, high density polyethylene and styrene–butadiene–

styrene copolymer (SBS). The effects of organomontmorillonite (OMMT), expanded 

graphite and crosslinking of the polymer matrix were evaluated. Based on the horizontal 

burning test, the best flame retardancy was achieved containing OMMT/EG/TBHP, with 

the longest burning time and a large amount of residue.  

A different approach was evaluated by Fang et al. [131] who prepared composites 

consisting of palmitic acid as PCM and SiO2 as the supporting material with melamine as 

flame retardant. The presence of melamine in the composites enhanced the thermal 

stability and flame retardant property. In addition, the microstructure of the charred 

residue after combustion indicated that the homogeneous and compact charred residue 

decreased the flammability of the composites.  
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3.1.  Materials 

Chemical compounds utilized in each process as well as their purity and supplier are 

presented in Table 3.1. 

Table 3.1. List of the chemical substances employed in each process. 

Reagent Purity Supplier 

Synthesis of the microcapsules 

Divinylbenzene (C10H10) 80% isomers Sigma-Aldrich 

Styrene (C8H8) 99% Sigma-Aldrich 

Hexa(methacryloylethylenedioxy) 

cyclotriphosphazene (P3N3O6(C6O2H11)6) 
- - 

Rubitherm®RT31 - Rubitherm GmbH 

Rubitherm®RT27 - Rubitherm GmbH 

Rubitherm®RT21 - Rubitherm GmbH 

Rubitherm®RT6 - Rubitherm GmbH 

Linoleic acid (C18H32O2) 60-77% Sigma-Aldrich 

Oleic acid (C18H34O2) 90% Sigma-Aldrich 

Erucic acid (C22H42O2) 90% Sigma-Aldrich 

Palmitic acid (C16H32O2) 98% Sigma-Aldrich 

Toluene (C6H5CH3) 99.99% BDH Prolabo 

Benzoyl peroxide (C14H10O4) 97% Panreac 

Arabic gum reagent grade Sigma-Aldrich 

Polyvinylalcohol 

(10-98, Mw 61000 g mol–1) ((C2H4O)x) 
analytical grade Sigma-Aldrich 

Polyvinylpyrrolidone 

(K30, Mw 40000 g mol–1) (C6H9NO)n 
reagent grade Sigma-Aldrich, 

Polyvinylpyrrolidone 

(Mw 40000 g mol–1) (C6H9NO)n 
reagent grade Chem-Impex 

Sodium dodecylsulfate (NaC12H25SO4) pharma grade Panreac 
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Table 3.1. List of the chemical substances employed in each process (continuation). 

Synthesis of the hexa(methacryloylethylenedioxy) cyclotriphosphazene 

Phosphonitrilic chloride trimer  ((NPCl2)3) 99% Sigma-Aldrich 

2-Hydroxyethyl methacrylate (C6H10O3) 98% Sigma-Aldrich 

Pyridine (C5H5N) 99.5% Merck KGaA 

Preparation of Portland Cement Concrete 

Portland cement II - Norcem 

Fly ash Class F Norcem 

Dynamon SR-N - MAPEI 

Sand - Gunnar Holth AS 

Gravel - Skolt Pukkverk AS 

Purification, storage and other 

Sodium hydroxide (NaOH) >99% Panreac 

Calcium chloride anhydrous (CaCl2) 95% Panreac 

Nitrogen 5.0 (N2) 99.999% Air Liquid 

Air synthetic 99.99% Air Liquid 

Ultra-pure water (1 μS cm–1) Milli-Q - 

Ethanol (C2H6O) 99% Panreac 

Acetone (CH3COCH3) 99.5% Panreac 

Polyethylene glycol 400, HO(C2H4O)nH PS (for syntheis) Panreac 

Potassium carbonate (K2CO3) 99% Fluka 

Sodium chloride (NaCl) 99.5% Sigma-Aldrich 

Hydrochloric acid 2N (HCl) - AVS Titrinorm 

Hexadecane 99% VWR 

Diiodomethane (CH2I2) 99% Sigma-Aldrich 

Ethylene glycol (C2H6O2) 99.8% Sigma-Aldrich 

 

The monomers, styrene and divinylbenzene were purified by washing with an 

aqueous sodium hydroxide solution (1.25 N) with calcium chloride as a desiccant. 

Vacuum distillation was applied to remove the inhibitor from 2-hydroxyethyl 

methacrylate. The remaining reagents were used as received, without further purification. 
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3.2.  Experimental setups 

 Synthesis of the microcapsules 

a) Continuous phase lab scale 

Microcapsules were prepared by a suspension-like polymerization technique. The 

experimental setup is shown in Figure. 3.1. It includes 0.5 L borosilicate glass jacketed 

reactor heated by a thermostatic bath with circulation (Ultraterm-200, SELECTA) 

containing polyethylene glycol 400 as the heating oil, which is a suitable liquid in the 

temperature range from room temperature to 200 °C. The reactor is equipped with a reflux 

condenser, a nitrogen gas inlet tube and a digital overhead stirrer (Heidolph RZR 2021) 

with the ability of agitation speeds between 40 and 2000 rpm. 

 
 

Figure 3.1. Experimental setup for the synthesis of the microcapsules: (a) general view;         

(b) schematic diagram: (1) reactor vessel, (2) reactor outlet, (3) thermostatic bath, (4) reflux 

condenser, (5) nitrogen gas inlet tube (6) gas scrubber, (7) overhead stirrer (8) six-bladed 

Rushton turbine impeller. 

 

The reflux condenser is associated with a cool water intake to avoid loss of 

reagents. The nitrogen gas inlet tube is connected to a gas scrubber (which indicates the 

nitrogen supply to the reaction medium, necessary to maintain an inert atmosphere). The 

agitator powers a six-bladed Rushton turbine impeller, was built according to the 
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standards [1]. The stirring system is sealed using a stirrer bearing SVL® made of Teflon. 

The reactor outlet is located at the bottom of the reactor vessel allowing discharge of the 

reaction product. In order to ensure safe handling of the chemicals used in the reactions, 

the polymerization system was isolated by a fume hood. 

b) Continuous phase pilot plant 

The pilot plant scale setup, shown in Figure 3.2, was employed with the purpose 

of enlarge the production of microcapsules. This plant is composed of a reactor with a 

capacity of 100 L, which is geometrically proportional to that used on the laboratory scale, 

equipped with digital stirring rate and temperature control.  

 

Figure 3.2. View of the pilot plant scale reactor. 

The dimensions of the Rushton turbine impeller were based on the standard stirrer 

configuration reported by Shäfer et al. [1] for continuous stirred tank reactors. A 

schematic diagram of the reaction vessel and dimensions of the impeller are shown in 

Figure 3.3. In addition, dimensions of the design parameters are summarized in Table 3.2 

for lab and pilot plant scales. 
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d1/D =1/3 

H/D = 1/1 

h/d1 = 1 

W/d1 = 1/5 

L/d1 = 1/4 

d2/d1 = 3/4 

Figure 3.3. Configuration of the reaction tank and impeller [2]. D: reactor diameter, d1: impeller 

diameter, d2: central disk diameter, W: blade width, L: blade length, H: liquid level, h: distance 

between the tank bottom and the impeller. 

Table 3.2. Design parameters for laboratory and pilot scale vessels (dimensions in mm). 

Parameter 0.5 L reactor 100 L reactor 

D 87.00 430.00 

d1 29.00 143.00 

d2 21.75 107.00 

W 5.80 29.00 

L 7.25 36.00 

c) Discontinuous phase container for lab scale 

The discontinuous phase was preheated in a 0.5 L Pyrex container shown in Figure 

3.4. The container has a peripheral mouth at the top for the addition of the raw materials 

and an inlet valve for nitrogen supply in order to ensure inert reaction environment. 

Furthermore, it has an outlet valve at the bottom to control the addition of the 

discontinuous phase into the reactor. This phase was stirred by a magnetic stirrer (3 cm 

length) and temperature controlled with a hot plate stirrer Agimatic-ED (SELECTA), 

which is able to heat up to 350 ºC and works in a range from 60 to 1600 rpm. 

 

D

d1

H

h

W

L

d2
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Figure 3.4. Pyrex container for the preparation of the discontinuous phase: (1) reagent addition, 

(2) N2 inlet, (3) solution outlet. 

d) Discontinuous phase reactor for pilot plant 

The discontinuous phase in pilot plant was preheated in a 60 L stainless steel 

reactor shown in Figure 3.5.  

 

Figure 3.5. Stainless steel 60 L reactor for the preparation of the discontinuous phase. 

 

The reactor is geometrically proportional to that used for the continuous phase. It 

has Rushton impellers and side impellers. Nitrogen is delivered through an inlet value 

located in the lid. A reflux condenser is added to avoid loss of reagents. 

(1) 

(2) 

 (3) 
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e) Purification of the synthesized microcapsules 

Depending on the production scale, the purification of the resultant microcapsules 

was carried out by using vacuum filtration and centrifugation for lab and pilot plant, 

respectively. 

 Vacuum filter system 

For laboratory scale production, vacuum filtration was used. The filtration system 

consists of a Buchner funnel, a 1 L vacuum filtration flask, a filter paper (Whatman), an 

adjoining cone, and an electrical vacuum pump.  

Microcapsules together with Milli-Q water are fed in the funnel and separation of 

the beads and the liquid residue is achieved due to the vacuum. Clean microcapsules are 

collected in the filters, and the waste leaves the funnel through the bottom outlet to the 

flask. 

 Filtering centrifuge 

In pilot plant scale production, a RINA model (from Riera Nadeu) filtering 

centrifuge (Figure 3.6) was utilized. It is powered up by an electric motor of 50 Hz with 

speed rate of 3000 rpm, and a frequency inverter Altivar 31A. 

The centrifuge is fed from the top and the liquid waste is collected through the 

bottom of the housing. The removable filtering bag in which microcapsules are retained 

has a permeability of 27 L m‒2 h‒1.  

 

Figure 3.6. Filtering centrifuge system. (1) Filtering centrifuge, (2) electric motor,                  

(3) frequency inverter, (4) suspension inlet, (5) residue outlet. 

(1) (2) 

(3) 

(4) 

(5) 
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 Bulk polymerization 

Bulk polymerization was carried out in a 100 ml plastic container with a lid, 

equipped with a magnetic stirrer and temperature adjustment controlled by a hot plate 

stirrer Agimatic-ED (SELECTA). The plastic container was immersed in the oil bath. 

Nitrogen was delivered through a hole in the lid.  

 Thermal properties 

a) Guarded hot plates method 

In order to characterize the thermal performance of the concrete samples with 

microencapsulated phase change material (MPCM), the guarded hot plates method was 

utilized. The test is based on recording of temperature variations and heat fluxes 

exchanged through the sample. The guarded hot plates system is presented in Figure 3.7. 

The experimental setup includes two aluminum plate heat exchangers connected to 

thermal regulated baths. The concrete sample is sandwiched between two aluminum plate 

heat exchangers and it is insulated by a 40 mm thick polyethylene expanded foam. This 

insulated cover will decrease the heat transfer from the lateral side face of the sample into 

the surrounding environment. Therefore, the heat transfer through the concrete sample 

can be calculated assuming one dimensional thermal conditions. 

 

 

 

Figure 3.7. Guarded hot plates system. 
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Heat flux sensors (Captecv, France) and K-type thermocouples (TC Ltd., UK) are 

introduced on both sides of the sample to measure the temperature fluctuations and heat 

fluxes through sample. The data are recorded by a multichannel multimeter (LR8410-20 

Hioki, Japan) to which all sensors are connected.  

b) Environmental chamber 

Figure 3.8 illustrates the thermal testing system which was used to investigate the 

influence of MPCM on the thermal properties of Portland cement concrete. An 

environmental chamber (VT³ 4250, Vötsch, Germany) and Laird temperature regulator 

(AA150-Laird Technologies) were employed to simulate the ambient outdoor 

temperature Tout (t) and the temperature inside the test box (Troom). A small test box with 

inner dimensions of 600 × 800 × 600 mm was made of 50 mm panels of polyethylene 

expanded foam. It is placed inside an environmental chamber in a rectangular hole (200 

× 200 mm) at the middle of the top insulation panel.  

 

 

Figure 3.8. The thermal performance testing system and sketch of cross-section of system. 

3.3.  Experimental procedures 

 Polymerization of the microcapsules 

Microencapsulation was performed by a suspension-like polymerization 

technique using the experimental setup shown in Figure 3.1. The synthesis process 

includes two phases: a continuous phase containing water and the suspending agents and 

a discontinuous phase containing the monomers, core material, initiator and diluent.  
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Initially, the continuous phase is transferred to the reactor (in established 

proportions) at a fixed temperature and agitation that allow us to obtain the desired 

microcapsules. Additionally, the water shut-off valve and the nitrogen valve are opened 

to ensure the condensation of the up flowing vapors and an inert atmosphere in the system. 

When the temperature is stabilized, the discontinuous phase is prepared in the glass vessel 

shown in Figure 3.4. The phase change material, monomers, diluent and initiator are 

premixed at 250 rpm and heated to 50 ºC, allowing an efficient operation and minimizing 

the idle time. The discontinuous phase is then transferred into the continuous phase and 

maintained under vigorous agitation at a constant temperature. When the reaction is 

completed, stirring and heating are stopped and the water and nitrogen valves are closed. 

The product is subsequently discharged into a glass beaker, separated from liquid by 

filtration and purified by repeated washing with ethanol (using the purification systems 

explained in the section 3.2.1 preceding experimental procedure) and finally dried at room 

temperature for at least 24 h. 

 Polymerization in mass 

Polymerization in mass were performed at 80 °C under nitrogen atmosphere. 

Monomers and initiator are weighted and transferred to the plastic container. The 

container is immersed in an oil bath, previously heated to the required temperature. The 

total reaction time is 5 hours.  

 Synthesis of PNC-HEMA 

The reaction is prepared in a polymerization equipment shown in Figure 3.1. The 

synthesis consists of three stages, and it was prepared according to Anzai et al. [3]. First, 

the established amount of the phosphonitrile chloride trimer (PNC) is mixed with the 

solvent and introduced into the reactor. The stirring is regulated at a speed of 400 rpm 

and a temperature of 50 °C. Secondly, the required amounts of the monomer 2-

hydroxyethyl methacrylate (HEMA) is added together with the solvent to the same 

reactor. Finally, the catalyst is dissolved in the solvent and added dropwise to the reactor 

with two other solutions. 
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The reaction is carried out for 5 days to ensure that the 6 chlorine atoms of the 

PNC can be substituted by the HEMA. Subsequently, the product is cooled to aid in the 

filtration of the formed salts. Afterwards, a series of washes of the obtained product is 

performed. This operation is carried out in a separatory funnel in order to divide the two 

immiscible phases that are formed. Three types of washing procedures are carried out: 

the first utilizes 50 ml of 2N HCl, the second a 5% solution of K2CO3 and the last one 

uses a 5% solution of NaCl. To eliminate the amounts of solvent, catalyst and water that 

the flame retardant may contain after washing, a rotary evaporator is used to obtain the 

final PNC-HEMA product.  

 Concrete preparation 

Initially, all components of Portland cement concrete (PCC) are weighted using a 

digital balance (BERGMAN) with an accuracy of 0.1 g. Portland cement, sand and gravel 

are mixed together for 2 min. Afterwards, water with admixture are partially added and 

mixed for 1 min. Finally, the MPCMs are added to the concrete mixture and mix next 2 

minutes. The MPCM is added as the last component in order to avoid the damage of the 

MPCM during the mixing process.  

After mixing, PCC is casted into molds at a size of 10 × 10 × 10 cm for mechanical 

test and 20 × 20 × 2.53 cm for the thermal test. Half-filled molds are compacted by means 

of a steel pestle (25 times) and the same procedure was repeated after the molds were 

filled all the way up. After casting, concrete samples are pre-cured at ambient temperature 

with a relatively humidity of 90% for 24 h, then demolded and cured in water at either 20 

°C or at 40 °C for 1, 7, 14, and 28 days. 

3.4.  Characterization techniques and characteristic parameters 

 Differential scanning calorimetry 

Measurements of melting point and latent heat storage capacities of different 

materials were performed in a differential scanning calorimetry (DSC) model DSC Q100 

from TA Instruments (Figure 3.9), equipped with a refrigerated cooling system and 

nitrogen as the purge gas. Measurements were carried out in the temperature range from 

−40 to 80 °C with a heating and cooling rate of 3 °C min-1. 
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Figure 3.9. Differential scanning calorimeter.  

 Thermogravimetric analysis 

a) Ramp studies 

The thermal stability, amount of PCM and toluene content of the synthesized 

microcapsules were obtained by using a TA instruments SDT Q600 Simultaneous DSC-

TGA from room temperature to 600 °C at a heating rate of 10 °C min-1 under a nitrogen 

or air atmosphere. This equipment presents a calorimetric precision of ±2 % (based on 

metal standards) and a balance sensitivity of 0.1 μg.  

b) Stepwise studies 

Measurements were carried out using the same TA instruments SDT Q600 

Simultaneous DSC-TGA (Figure 3.10). Samples were placed in tared platinum pan 

(internal diameter of 6 mm and internal height of 3.9 mm). The substances were melted 

and mixed before analysis in order to ensure homogeneity. The crucible was filled with 

10-15 mg of material. In order to obtain the same and known sample surface area, the 

liquids were introduced in small drops in the center of crucible. Measurements were 

conducted under nitrogen flow rate 100 ml min−1. Isothermal conditions were kept 



                                                                                                         Materials and methods 

   

  67 

constant during 10 min in each stepwise for a temperature range from 323 to 523 K. The 

analyses were triplicated for each material.  

 

Figure 3.10. Thermogravimetric balance.  

 Ash determination  

Ash determination was performed based on ISO 3451-1. The crucibles were 

heated it in the muffle furnace at the test temperature until constant mass, cooled in the 

desiccator to room temperature and weighed on the analytical balance. 2g of sample was 

introduced into the crucible. The crucible was heated directly on the burner to burn slowly 

until volatile products have been driven off. The crucibles were placed into the muffle 

furnace preheated to the 600 °C and calcined for 1h. After that, the crucibles were cooled 

in the desiccator until room temperature was reached and weighed on the analytical 

balance. 

 Density of microcapsules 

The densities of microcapsules were determined by helium pycnometer 

(Micromeritics Accupyc 1330). Samples amount between 0.6 and 1.0 g were used. Each 

analysis was performed three times and average values will be reported.  
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 Porosity 

The porous structure was analyzed by adsorption–desorption N2 isotherms at 77 

K in an automatic Micromeritics Asap 2020 and was determined by the Brunauer–

Emmett–Teller (BET) method. The porosity was calculated using density of 

microcapsules (ρMC) and pore volume (Vpore).  

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑉𝑝𝑜𝑟𝑒𝑠

(
1

𝜌𝑀𝐶
+ 𝑉𝑝𝑜𝑟𝑒𝑠)

× 100% 
(3.1) 

 Environmental scanning electron microscopy and energy 

dispersive x-ray spectrometry 

The morphology and the surface features of the microcapsules were observed by 

using Quanta 250 (FEI Company) with a tungsten filament operating at a working 

potential 12.5 kV or 15 kV (Figure 3.11). The Secondary Electron detector (LFD - Large 

Field Detector) and Backscattered Electron Detector (BSED) were applied for imaging. 

The electron beam resolution at this vacuum mode is 2.0-3.0 nm at 30 kV. The scanning 

electron microscope is equipped with an EDAX Apollo X (AMETEK), an energy 

dispersive x-ray spectrometer (EDX), which analyze the chemical composition of the 

samples with the detection limits about 1000 ppm or 0.1 wt%. The heat treated test of 

microcapsules were performed in situ from ambient temperature (20 °C) to 250 °C at 

heating rate 3 °C min-1 and pressure 60 Pa.   
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Figure 3.11. Scanning electron microscope.  

 Low angle laser light scattering   

Volume average particle size (dv0.5) and number average particle size (dn0.5) as 

well as particles size distribution (PSD) of the microcapsules were determined by Low 

Angel Laser Light Scattering (LALLS) laser diffraction, utilizing a Malvern Mastersizer 

2000 equipped with a Scirocco 2000 unit (Figure 3.12) for analyzing dispersions of the 

particles in air and a software that uses the Mie theory to analyze the experimental data. 

It is important to notice that dv0.5 and dn0.5 represent median values, which are defined as 

the value that splits the distribution with half above and half below this diameter. 

 

Figure 3.12. Low Angel Laser Light Scattering laser diffraction.  
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 Sieving 

The percentage of microcapsules with size larger than 2000 μm were obtained by 

sieving the synthesized product using CISA test sieves of different aperture mesh (from 

250 to 2000 μm). 

 Surface tension and contact angle 

The surface tension and interfacial tension of water solutions and PCM were 

determined using a Theta optical tensiometer (Attension, Espoo, Finland).  

 

Figure 3.13. Theta optical tensiometer.  

Water phase is named as Wy, where y correspond to H2O or the suspending agent 

used. Oil phase is called ORT27, and polymer phase is called as Pz where z means polymer 

composition. The pendant drop method and reversed pendant drop method were utilized 

for surface tension and interfacial tension measurements, respectively. The measurements 

were performed at 30 °C in order to keep PCM in a molten state. The drop shapes were 

fitted with the Young–Laplace equation (equation 3.2) [4]. Surface or interfacial tensions 

were measured directly from the pendant drop shape analysis. They can be related to the 

drop shape by: 

𝛾𝑖 =
∆𝜌 𝑔(𝑅0

2)

𝛽
 (3.2) 

where γi are surface tensions of the pure materials, for the three phases, polymer (p), oil 

(o) and water (w), Δρ is density difference between fluids, g is gravitational constant, R0 

is the radius of the drop curvature at vertex and β is the shape factor. 
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A contact angle () and consequently surface free energy (γp) of the polymer were 

measured by the sessile drop method. Owens, Wendt, Rabel and Kaelble 

(OWRK)/Fowkes model  was used to perform calculations of the surface free energy 

based on the two-component surface energy theory for the polymer with respect to each 

one of the liquids, oil or water phase [5]. Equation 3.3 shows the formula for the liquid o 

although it can be extended for the liquid w:  

(𝛾𝑝
𝐷𝛾𝑜

𝐷)1/2 + (𝛾𝑝
𝑃𝛾𝑜

𝑃)1/2 = 𝛾𝑜(𝑐𝑜𝑠𝜃 + 1)/2 (3.3) 

where D and P are dispersive and polar fractions, respectively. Water and diiodomethane 

were employed as standards for surface free energy measurement [6]. 

A polymer film was prepared in situ onto a glass slide. The glass slide was cleaned with 

ethanol and immersed in the solution consisting of monomers mixed with initiator. The 

slide was wetted by the solution for 5 min and placed in an oven at 80 °C. Before 

deposition of the drops, impurities from the polymer surface were removed by ethanol. 

The drop deposition onto the polymer film is sketched in Figure 3.14.  

 

Figure 3.14. Schematic of a liquid drop on the sample surface [5]. 

The interfacial tension between water/polymer or oil/polymer can be calculated based on 

Young’s equation (equation 3.4) where γop or γpw, γp, γo, γw and  correspond to interfacial 

tension between liquids (oil, water phase) and polymer, surface free energy of polymer, 

surface tension of liquid and contact angle between liquid and solid, respectively: 

𝛾𝑜𝑝 = 𝛾𝑝 − 𝛾𝑜𝑐𝑜𝑠𝜃 (3.4a) 

𝛾𝑝𝑤 = 𝛾𝑝 − 𝛾𝑤𝑐𝑜𝑠𝜃 (3.4b) 

For each combination at least three measurements were made.  

Surface polarities for liquids and solids were calculated using equation 3.5 and 3.6, 

respectively.  

% 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦 (𝑜𝑖𝑙) = 100 ∗ 𝛾𝑜 
𝑃/𝛾𝑜 (3.5a) 
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% 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦 (𝑤𝑎𝑡𝑒𝑟) = 100 ∗ 𝛾𝑤
𝑃/𝛾𝑤 (3.5b) 

% 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦 (𝑝𝑜𝑙𝑦𝑚𝑒𝑟) = 100 ∗ 𝛾𝑝
𝑃/𝛾𝑝 (3.6) 

 Gel permeation chromatography 

Gel permeation chromatography (GPC) was used to determine the molecular 

weight distribution of the oligomers and polymers. Measurements were performed with 

a Viscotek chromatograph (Figure 3.15), having refractive index detector and two 

columns (Styragel HR2 and Styragel HR0.5) at 35 °C at a flowrate of 1 mL min-1 and 

using tetrahydrofuran (THF) as eluent. The samples were dissolved in THF at a 

concentration of 10 mg mL-1 for 24h, and the dissolved part of the samples was analyzed.   

 

Figure 3.16. Gel permeation chromatograph. 

 Gas chromatography – mass spectrum analysis 

The molecular weight of Rubitherm®RT6 was analyzed by GC-MS using a 

Thermo Scientific DSQ II Series Single Quadrupole GC-MS (Figure 3.16) with a 

NIST05-MS library. The column was a HP-5MS UI. The temperature ramp was 40 °C 

for 5 min, 15 °C min−1 up to 200 °C, hold time 5 min and then 15 °C min−1 up to 250 °C 

and hold time 5 min. The inlet, source and transfer line temperatures were 200, 200 and 

300 °C, respectively. 
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Figure 3.16. Gas chromatograph with mass spectroscopy.  

 Fourier transform Infrared spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) was utilized to identify the 

characteristic functional groups present in the raw materials and final products. Spectra 

were obtained on a Varian 640-IR FT-IR spectrometer (Figure 3.17) equipped with an 

Attenuated Total Reflectance (ATR) accessory (with a wavelength accuracy and 

precision >0.01 cm and >0.005 cm, respectively). All infrared spectra were collected 

using 16 scans and 8 cm‒1 resolution in the wavelength range of 4000 to 500 cm-1. 

 

Figure 3.17. Infrared spectrometer. 
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 X-ray micro-tomography 

The internal microstructure of Portland cement concrete with and without 

microcapsules were investigated using X-ray tomography images. The X-ray micro-

tomography images from cross-section of samples were obtained using a Skyscan 1172 

CT scanner from Bruker (Figure 3.18) with 85 kV incident radiation, 400 ms exposure 

time per frame and 0.5° rotation step. The samples after 28 days of curing were prepared 

in cylindrical form of 1 cm diameter and 1 cm height.  

 

Figure 3.18. X-ray micro-tomography scanner. 

 Micro-combustion calorimetry 

Micro-combustion calorimetry (MCC) was performed in FTT Micro Calorimeter 

(Fire Testing Technology Ltd., United Kingdom) as shown in Figure 3.19. Approximately 

8 to 14 mg of each sample was weighed with an analytical balance and placed in a MCC 

for rapid pyrolysis. A sample was placed into a heated interface continuously purged with 

pure nitrogen. The system was programmed to heat 1 °C s-1 from 75 to 600 °C. After 

pyrolysis, the volatilized decomposition products were transferred to a combustion 

furnace set at 900 °C where pure oxygen was added and the decomposition products were 

completely combusted. The amount of consumed oxygen was measured with an oxygen 

analyzer and used to calculate a heat release rate (HRR). 
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Figure 3.19. Micro-combustion calorimeter. 

 Cone calorimetry 

In order to determine the influence of MPCM on the flammability of the Portland 

cement concrete (PCC), cone calorimetry was used. Cone calorimeter supplied by Fire 

Testing Technology Ltd., United Kingdom (Figure 3.20) was used. The specimens made 

of Portland cement concrete without and with 10% of MPCM and microcapsules with 

flame retardant (MPCM-FR) as a replacement of sand were exposed to heat flux of 50 

kW m-2, corresponding to 750 °C at the cone surface. The tests were performed according 

to IS0 5660. The samples with the size 10 x10 cm were analyzed in a horizontal position, 

with the exhaust duct flow rate set at 0.025 m3 s-1. The duration of the tests was set until 

2 min after any flaming or combustion signs ceased or until 60 min elapsed. Before 

testing, the samples were wrapped in a single layer of aluminum foil, covering the 

unexposed surfaces with the shiny side towards the specimen. For each concrete mix, 

three specimens were tested. 
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Figure 3.20. Cone calorimeter. 

 Compressive strength test 

The compressive strength tests were conducted according to standard EN 12390-

3. The compressive strength of concrete samples was determined using digital 

compressive strength test machine (Form + Test Machine) with compression capacity of 

3000 kN. Each test cube was exposed to a force at a loading rate of 0.8 kN/s until it failed. 

The compressive strength tests were carried out at 20 °C and 40 °C for PCC samples 

containing 0, 10 and 20% of MPCM at curing times of 1, 7, 14, and 28 days. For the 

measurements at 20 °C, three specimens were left in the room for 1 h in order to remove 

free water from the surfaces, before they were weighed and tested. In order to perform 

the measurements at 40 °C, the compressive strength machine was isolated thermally and 

connected to a heating chamber by means of an isolated tube to keep the temperature of 

the machine constant at 40 °C. Before the test, three samples were kept in a heating 

chamber at 40 °C for 1 h to remove free water from the surfaces while keeping the 

temperature of the cubes constant, and immediately afterward the cubes were weighed 

and tested. The reported results at both temperatures are the average of the three 

measurements. 
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 Thermal conductivity 

The thermal conductivity of the concrete samples was determined at 20 and 32 °C 

thus, below and above melting range of PCM. They are denoted as solid thermal 

conductivity, kS when measurement was performed below melting point and liquid 

thermal conductivity, kL when measurement was performed above melting point. First, 

both aluminum plate heat exchangers (as presented in section 3.2.3) were kept at a 

constant temperature Tinit until the heat fluxes were established and thermal steady-state 

condition was reached. Then, a temperature variation was imposed on the top aluminum 

plate heat exchanger from Tinit to Tend, kept at Tend while the other aluminum plate heat 

exchanger was kept at Tinit and until a thermal steady state was reached. Finally, the 

average temperature on the top (Ttop) and bottom (Tbottom) faces of the block and the 

average heat fluxes (φave) on both faces were recorded and thermal conductivity (k) was 

calculated via the following relationship: 

 𝑘 =
𝜑𝑎𝑣𝑒𝑑

𝐴(𝑇𝑡𝑜𝑝 − 𝑇𝑏𝑜𝑡𝑡𝑜𝑚)
 (3.7) 

where A and d are the area and the thickness of the concrete block, respectively. In the 

experiments the dimension of the concrete specimens were A = 400 cm2 and d = 2.53 ± 

0.02 cm. For thermal conductivity in solid state, Tinit and Tend were set at 5 and 10 °C, 

respectively. Whereas in order to calculate the thermal conductivity in the liquid state, 

values of Tinit and Tend of 45 and 50 °C were utilized.  

 Specific heat capacity/latent heat 

The latent heat and the specific heat capacity of the concrete samples were 

determined by the testing system shown in Figure 3.8. The sample was initially isothermal 

at Tinit and then heated by increasing the temperature 10 °C h-1 of both aluminum plate 

heat exchangers from Tinit to Tend using oil thermostatic baths. Tinit and Tend were set as 5 

°C and 45 °C, respectively. The average heat fluxes (φave) and temperature on both faces 

of concrete specimens (Ttop and Tbottom) were determined via heat flux sensors and 

thermocouples, respectively. The solid specific heat capacity, Cp-solid and the liquid 

specific heat capacity, Cp-liquid were measured in the temperature range of 10–15 °C and 

35–40 °C, respectively. The specific heat is given by: 
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 𝐶𝑝 =
𝐴𝜑𝑎𝑣𝑒

𝑚
𝑑𝑇
𝑑𝑡

 (3.8) 

where Cp and m are specific heat capacity and the mass of sample, respectively.  

 Energy saving aspects 

In order to evaluate the energy saving possibility, thermal system shown in Figure 

3.9 and described in section 3.2.3b was employed. Room temperature (Troom) was set 

constant at 23 °C throughout the experiment while the outdoor temperature Tout (t) was 

imposed as a sinusoidal function of time (equation 3.9). The maximum (Tmax) and 

minimum (Tmin) outdoor temperatures during a day were 40 ºC and 10 ºC, respectively. 

The maximum outdoor temperature Tmax was set at 14:00.  

 

 𝑇𝑜𝑢𝑡(𝑡) =
𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛

2
+

𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

2
sin (

𝜋

43200
𝑡 −

2𝜋

3
) (3.9) 

 

Initially, indoor and outdoor temperatures were set at 23 ºC for 2 hours to achieve 

a steady-state condition. Thereafter, the outdoor temperature cycles were run 

continuously for 72 hours. The temperature was measured across the sample by 

thermocouple installed at different depths of the concrete wall in steps of 25 mm. 

Moreover, the indoor and outdoor temperatures were measured at different positions in 

the test box and environmental chamber. Data were saved every 60 s using a multichannel 

multimeter (LR8410-20 Hioki, Japan). The heat fluxes on both surfaces of the sample 

were recorded by heat flux sensors. It was assumed that: (i) the insulation panels of the 

test room are perfectly thermally insulated, (ii) the heat will be transferred to the test box 

via the concrete sample and will be compensated by the temperature regulator to maintain 

a room temperature of 23 ℃.  

Consequently, the energy supplied to the temperature regulator can be calculated 

as the total of the heating power consumption when the indoor surface temperature is 

lower than room temperature and the cooling power consumption when the indoor surface 

temperature is higher than room temperature: 

 𝑃 =
∫ |𝜑𝑖𝑛𝑑𝑜𝑜𝑟|𝑑𝑡

24ℎ

0

3600 ∙ 103
         (3.10) 
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where φindoor is the heat flux on the indoor side of the sample. 

The power reduction Pr can be counted as: 

 𝑃𝑟 =
𝑃𝑃𝐶𝐶 − 𝑃𝑃𝐶𝐶𝑥

𝑃𝑃𝐶𝐶
∙ 100% (3.11) 

where PPCC and PPCCx are the power consumption of the heating and cooling system for 

one working day for Portland cement concrete without MPCM and with amount of 

MPCM respectively. 

 Process parameters 

a) Yield  

The microcapsules yield (ηr) was determined by considering the maximum 

amount of the product as that constituted by the polymer from monomers P(St-DVB)MC, 

and encapsulated PCM (PCMMC) by: 

 η
r

 =
𝑃𝐶𝑀MC + P(St − DVB)MC

𝑃𝐶𝑀feed+(St − DVB)feed
 (3.12) 

where PCMfeed, (St-DVB)feed are the weights of the PCM and monomers fed to the reactor, 

respectively.  

b) Paraffin content 

The paraffin content (CPCM) in the microcapsule was calculated based on the 

enthalpy values:  

 CPCM (%) =  
∆HMC

∆H PCM
× 100% (3.13) 

where ΔHMC is the enthalpy for the analyzed microcapsules (J g-1) and ΔHPCM is the 

enthalpy of pure PCM.  

c) Encapsulation efficiency 

The encapsulation efficiency (EE) can be calculated from the relationship between 

the PCM inside the total microcapsules (PCMMC) and the PCM fed (PCMfeed): 

 EE (%) =
PCMMC

PCMfeed
× 100% (3.14) 
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Abstract 

Microencapsulation of phase change materials (PCMs) with styrene (St) and 

divinylbenzene (DVB) shells by suspension-like polymerization has been carried out. The 

optimization of the process was performed by varying: suspending agents, 

discontinuous/continuous phase mass ratio, agitation rate, toluene/PCM mass ratio and 

the amount of PCM in the recipe. The influence of process variables on the surface 

morphology, particle size, encapsulation efficiency and the process yield has been 

studied. A concentration of polyvinylpyrrolidone (PVP) of 5.03% was found to be most 

suitable to achieve the best properties in particle size distribution, thermal energy storage, 

encapsulation efficiency and process yield. Finally, using the proper suspending agent, 

agitation rate and the mass ratios between continuous to discontinuous phases, and 

porogen to PCM, allowed the production of microcapsules with a high energy storage 

capacity (> 100 J/g), encapsulation efficiency (> 80%) and process yield (>  86%). This 

formulation also ensures high mechanical and thermal resistance due to the crosslinked 

structure of the polymer shell.  

The morphology and encapsulation efficiency of thermoregulating microcapsules 

based on the spreading coefficient theory and surface polarity were evaluated. Contact 

angles and interfacial tensions were measured, and the results were discussed with respect 

to the internal structure as well as the encapsulation efficiency of the microcapsules. 

Taking into account the chemical nature of the employed components, coefficient theory 

predicts a core-shell structure, whereas observations revealed that a matrix morphology 

was obtained. A core-shell structure was favored when the polarity of the polymer was 

increased and the compatibility between the core and shell decreased. The type of 

suspending agent and its proportion do not have a decisive influence on the final 

characteristics of microcapsules. Shells with various polarities from styrene (St), 

divinylbenzene (DVB) and hexa(methacryloylethylenedioxy) cyclotriphosphazene 

(PNC-HEMA), introduced to improve the particle fire retardancy have direct impact on 

the experimental morphology. Only microcapsules with higher surface polarity exhibited 

a core-shell structure. 

The role of polyvinylpyrrolidone (PVP) in the formation of the microcapsules 

shell has also been studied.  The results confirmed that a large amount of PVP is 
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incorporated into the polymeric network that forms the shell. This incorporation of PVP 

into the shell can be interpreted as an adsorption process where an adsorbate is retained 

by an adsorbent material. Experimental data were perfectly fitted by the Langmuir model, 

obtaining at a confidence level of 95% and values of 192.9 ± 0.4 g/kg and 0.18 ± 0.11 

m3/kg for the maximum adsorption capacity and the equilibrium constant, respectively. 
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4.1.  Background 

The past several decades have seen an amazing and rapid progress in the available 

technologies for the microencapsulation of phase change materials (PCMs). The 

combination of the advantages of the PCMs and microencapsulation makes these new 

materials promising to overcome the limitations of the growing energy demand.  

The encapsulation of phase change materials of different nature has been carried 

out by several authors and is summarized in Table 2.2 of the previous chapter. In this first 

approach, paraffins were selected because of their excellent thermal properties, easy and 

large availability, and low price. Furthermore, if paraffin leaks out from the 

microcapsules, it will not corrode the steel reinforcements in concrete. Accordingly, 

paraffin based microcapsules are a unique type of microcapsules that has achieved an 

emerging introduction in the building sector. On the other hand, several polymers have 

been employed as shell materials including melamine-formaldehyde [1,2], polystyrene 

[3-5], poly(methyl methacrylate) [6-8] and its copolymers [7,9-11]. The right choice of 

the shell material for the encapsulation of PCM will play a crucial role, providing the 

microcapsules with enough chemical and mechanical resistance to resist the aggressive 

mixing process in the concrete preparation. 

While the incorporation of these kinds of polymeric microcapsules in “soft” 

building materials such as gypsum and polyurethane foams has been extensively studied, 

the incorporation into concrete has not been sufficiently explored. The structural function 

of concrete and the aggressive mixing process of fabrication require of harder 

microcapsules. So the physical strength of the microcapsule shell for concrete has to be 

improved introducing crosslinking agents into the formulation to create a stable 3-D 

network. For this purpose divinylbenzene (DVB) was chosen to be copolymerized with 

styrene (St). Poly(styrene-divinylbenzene) - P(St-DVB) exhibits a hydrophobic nature, 

minimizing the water adsorption and will therefore not affect the water required for 

hydration process in the CSH phase of concrete formation too much. Consequently, 

crosslinked polystyrene seems to be an interesting alternative for the microcapsules shell. 

Most previous studies focus on the ability of suspending agents to modify the 

interfacial relations in terms of hydrophobicity, amphoteric properties, and viscosity. 

Nevertheless, very few of such studies have considered not only the suspending agent as 
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a skin of the particle but a constitutive portion of the material formed (particles or 

capsules). 

The adsorption of nonionic surfactants onto solid surfaces has been studied 

previously [12-15], observing that a large amount of the suspending agent was loaded 

onto the solid material. Smith et al. [15] found a high affinity adsorption of PVP onto 

polystyrene lattices in water, where the maximum adsorption capacity was independent 

on the PVP molecular weight. On the contrary, when they used lattices in 0.5 N NaCl, the 

adsorption of PVP onto polystyrene lattices increased with the molecular weight. Geffroy 

et al. [14] studied the adsorption of different nonionic surfactants formed by combining 

alkyl groups C8 or C12 with an ethylene oxide oligomer. They found that the maximum 

adsorption capacity varied with the size of the polar head group. Hence, it is possible that 

surfactant agents could be incorporated to the microcapsules containing thermoregulating 

materials, and the quantity may depend on the molecular weight and polarity of the 

surfactants. Thus, apart of its tensioactive function this compound can be incorporated as 

a constitutive part of the microcapsule shell. This incorporation will increase the apparent 

microcapsules yield. However, there is a general lack of knowledge on the way in which 

the inclusion of the tensioactive agents influences not only the size or shape but also the 

intrinsic properties of the microparticles or microcapsules.  

In this chapter the applicability of PVP and toluene for producing 

thermoregulating microcapsules from poly(styrene-divinylbenzene) containing 

Rubitherm®RT27 is examined. In addition, the effect of different types of suspension 

stabilizers (AG, PVP, SDS and AG/PVP mixture), the influence of the concentration of 

the suspension agents on the product properties: thermal properties, morphology and size 

distribution and also on the process yield were analyzed. Additionally, a deep prospection 

of the influence of PVP in the properties of the final product has been done. This study 

has demonstrated that the PVP is incorporated into the polymeric shell as a constituent 

part of the matrix following an adsorption-like process. Synthesis utilizing increasing 

amounts of PVP were examined and fitted to the Langmuir adsorption model. 

Furthermore, the morphology and encapsulation efficiency of microcapsules synthesized 

by using additional co-monomer hexa(methacryloylethylenedioxy) cyclotriphosphazene 

(PNC-HEMA) with higher surface polarity and flame retardant properties has been 
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included in this chapter. However, a more extensive study about thermal and fire resistant 

characteristics will be provided in Chapter 6.  

4.2.  Results on optimization 

 Preliminary experiments 

Taking into account previous experience in our research group, regarding the 

synthesis of microcapsules from poly(styrene-co-divinylbenzene) (P(St-DVB)) by means 

of suspension-like polymerization containing extractant agent, an organic solvent 

(toluene) was used as a diluent of the discontinuous phase, in order to decrease the 

reaction rate [16]. Initially, the microcapsules were synthesized by using the recipe 

developed by Alcazar et al. [16] in which the extractant agent was replaced by phase 

change material. AG and PVA were applied as a mixture of suspending agents. 

Theoretically the microcapsules should be composed of 33.17 wt.% of PCM, 54.26 wt.% 

of styrene and 12.57 wt.% of divinylbenzene.  

Previous to characterization, the product was sieved due to high agglomeration 

and 80.86 wt.% of the product was rejected. Thus, the final amount of microcapsules 

useful in following analyses became low although the initial yield of the reaction was 

high (82.87%). Figure 4.1 shows the SEM image of the microcapsules. It can be noticed 

that the remaining part of the microcapsules were spherical and smooth exhibiting a 

particle size around 1 mm. Nevertheless, the thermal properties are the most important 

parameter in synthesis of thermoregulating microcapsules. The latent heat of 29.61 J g-1 

correspond to a paraffin content of only 17.30% and an encapsulation efficiency 48.34%. 

This is only half of the theoretically expected amount whereas, in the cited study the core 

material constituted 34.86% of the final product. Based on these results, the mixture of 

AG and PVA as suspending agents was discarded. However, this experiment prove that 

the encapsulation of PCM into a P(St-DVB) shell is possible using toluene as solvent.  

Taking into account the future application as a concrete additive, it was mandatory 

to find another suspending agent in order to improve dispersibility of single drops in the 

continuous phase. In addition, the initial amount of core material should be increased to 

improve the thermal energy storage. By changing the mass ratio of the monomers, a 

higher mechanical resistance may be achieved. 
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Figure 4.1. SEM micrographs of microcapsules synthesized by using AG:PVA as suspending 

agent. 

 

In order to optimize the thermal and physical properties of the microcapsules and 

the process yield, a new series of experiments were performed. The experiments are 

shown in Table 4.1, starting from the studies determining the most suitable suspending 

agent and ending by finding the optimal suspending agent concentration within 0.87 and 

14.99% in total mass.  
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Table 4.1. Experimental conditions used for obtaining microcapsules with Rubitherm®RT27. 
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 Theoretical framework 

The shell composition has a great influence on the morphology during 

microencapsulation. In addition, the morphology has a direct effect on the thermal 

properties of the microcapsules. The relationship between morphology and encapsulation 

efficiency related to the interfacial properties of the polymeric systems are investigated. 

The morphology of microcapsules containing a hydrophobic core can be affected 

by thermodynamic and kinetic factors. The kinetics includes the rate of polymerization 

and phase separation while the thermodynamics are related to the interfacial tensions 

changes between the three phases [17].  

Spreading coefficients can be calculated by the Equation 4.1., where three 

spreading coefficients can be obtained for each interfacial system:  

𝑆𝑝 = 𝛾𝑤𝑜 − (𝛾𝑜𝑝 + 𝛾𝑤𝑝) (4.1a) 

𝑆𝑜 = 𝛾𝑤𝑝 − (𝛾𝑜𝑝 + 𝛾𝑤𝑜) (4.1b) 

𝑆𝑤 = 𝛾𝑜𝑝 − (𝛾𝑤𝑝 + 𝛾𝑤𝑜) (4.1c) 

where o, w and p are the three phases oil, water and polymer, respectively. γow, γpw and 

γop are the water/oil, water/polymer and oil/polymer interfacial tensions, respectively. If 

𝛾𝑜𝑤 > 𝛾𝑝𝑤, there are only three possible morphology configurations and they are 

illustrated in Table 4.2. For the condition described by the inequality (4.2), a core–shell 

morphology is expected, from inequality (4.3) acorn-shaped morphologies occur, 

whereas from the inequality (4.4), droplet separation takes place. 

Table 4.2.   Different possible morphologies of the microparticles [17,18]. 

Predicted configuration Cross-section view Expected morphology 

complete encapsulation 

𝑆𝑜 < 0;  𝑆𝑤 < 0;  𝑆𝑝 > 0 

 

(4.2) 
 

capsule 

partial encapsulation 

𝑆𝑜 < 0;  𝑆𝑤 < 0;  𝑆𝑝 < 0 

 

(4.3) 
 

acorn 

non-encapsulated 

𝑆𝑜 < 0;  𝑆𝑤 > 0;  𝑆𝑝 < 0 

 

(4.4) 
 

sphere 
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 Effect of different suspending agents on microcapsules 

properties 

The following reactions were performed keeping the amount of suspending agent 

constant at 1.73 wt.% and with a monomers/PCM mass ratio at 1. Arabic gum (AG) and 

polyvinylpyrrolidone (PVP) were employed as natural and synthetic polymeric 

suspending agents, respectively. Sodium dodecylsulfate (SDS) was evaluated as an 

anionic suspending agent.  

a) Morphology 

SEM images of the microcapsules obtained in presence of different suspending 

agents are shown in Figure 4.2. The microcapsules were spherical and smooth when 

prepared by either of the suspending agents. Moreover, in the right hand column of Figure 

4.2, cross-sections of the microcapsules are presented. All composites exhibit a matrix 

structure independently on the suspending agent used. These results are not in agreement 

with the predictions, where core-shell structures were expected. 

   

   

(a) (b) 

(c) (d) 
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Figure 4.2. SEM micrographs of microcapsules synthesized by different stabilizers: (a) 

MC(AG), (b) cross-section MC(AG), (c) MC(AG:PVP), (d) cross-section MC(AG:PVP), (e) 

MC(PVP), (f) cross-section MC(PVP), (g) MC(SDS), (h) cross-section MC(SDS). T=80 °C; 

C/D phase mass ratio= 11.09; agitation rate= 400 rpm; Tol/PCM= 3.00; PCM= 50%, SA= 

1.73%. 

 

In Table 4.3, surface tension, surface polarity and interfacial tension between the 

three phases, oil, water and polymer, are tabulated. As expected, the surface tension of 

the aqueous phase in presence of different suspending agents decreased compared to 

distilled water (70.41 mN m-1) and the highest surface tension decline was observed when 

SDS was added to the water. 

 

 

 

 

 

(e) (f) 

(g) (h) 
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Table 4.3. Surface tension, surface polarity and interfacial tensions for the oil, polymer and 

various aqueous phases under study. 

Phase 
Surface tension 

(mN m-1) 

Surface polarity 

(%) 

ow 

(mN m-1) 

pw 

(mN m-1) 

op 

(mN m-1) 

ORT27 29.26 0.00 - 

P(St-DVB) 35.79 2.78 - 6.52 

WH2O 70.41 63.10 34.99 39.14  

- 

WAG:PVP 60.77 47.93 32.10 24.54 

WAG 61.88 48.61 33.63 21.51 

WPVP 60.50 46.83 31.52 18.37 

WSDS 33.40 40.84 7.60 13.98 

 

It was found that the spreading coefficient of the oil phase in all experiments was 

lower than zero. In order to study the inequalities, the values of the spreading coefficients 

for the polymer and water phases are shown in Figure 4.3.   

 

Figure 4.3. Graphical representation of spreading coefficients and expected morphologies. 
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It is observed that the spreading coefficient of the polymer Sp varied greatly along 

the Y-axis depending on the suspending agent. Only in the case of SDS, the interfacial 

tension between the oil and water phases was low enough that Sp was negative. For the 

other suspending agents, the oil/water interfacial tension was high enough to ensure 

positive values of Sp. Consequently, for microcapsules synthesized by using AG, PVP 

and AG:PVP the predominant structure should be core-shell, whereas acorn shape was 

preferred for MC(SDS). In order to check the validity of the predicted structures of the 

microcapsules, they were compared with microscope images. The microscopic 

observations (matrix structures) are not in agreement with the predictions, where core-

shell structures were expected. 

b) Particle size 

Microcapsules synthesized by using AG and AG:PVP are much larger than those 

obtained from single PVP and SDS as suspending agents. In the latter, powder materials 

were obtained. The products synthesized by AG and AG:PVP were sieved because the 

upper measuring limit of the LALLS is 2000 µm. The highly agglomerated material with 

a diameter greater than 2000 µm was mechanically separated from the main sample, 

obtaining 37.60 and 64.03 wt.% for AG and AG:PVP, respectively. The smaller size 

fractions of the materials were analyzed by laser diffraction and the results are shown in 

Figure 4.4.  

 

Figure 4.4. Particle size distribution of synthesized microcapsules with a different stabilizers (a) 

number average; (b) volume average. 
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The volume average particle size for the synthesized MC(AG), MC(AG:PVP), 

MC(SDS) and MC(PVP) were 1082, 1040, 571 and 301 µm, respectively. The lowest 

average particle size was obtained for PVP and agreed perfectly with previous results 

reported by Sanchez et al. [9] for microcapsules synthesized from polystyrene (PSt). They 

reported that the particle size increases with the viscosity of the continuous phase and 

also, with the reaction time previous to the identity point [19]. In agreement with the SEM 

images and sieves analysis, the laser diffraction results showed that the particle size for 

microcapsules obtained by using AG, AG:PVP and SDS were larger than those obtained 

for microcapsules synthesized by using PVP. The larger measured particle size for 

microcapsules obtained by using SDS can be explained by the agglomeration of the single 

particles. This was also confirmed by the result obtained for the number average particle 

size where values for AG, AG:PVP, SDS and PVP were 905, 865, 15 and 174 µm, 

respectively. This illustrates that the volume average size for the microcapsules 

synthesized by using SDS were dominated by relatively few large clusters, while most of 

the particles were much smaller. In order to obtain a product containing only single 

particles without huge agglomerates, a large amount of this surfactant must be used. 

Unfortunately, large amount of SDS creates foaming problems in the reaction systems. 

The particle size of a microcapsule is also affected by the interfacial tensions 

reached during synthesis and is dependent on the type of suspending agent, and core 

material as well as the monomer used. The interfacial tension between oil and water (γow) 

decreased (Table 4.2) in the presence of suspending agent [20]. The highest reduction of 

oil/water interfacial tension was observed for SDS which allowed us to produce a uniform 

protective layer, followed by PVP. Consequently, microcapsules exhibited a decrease in 

particle size when the interfacial tension values became lower for the assigned suspending 

agents. Pronounced coalescence demonstrate poor colloidal stability of AG and AG:PVP 

in this system. 

c) Thermal properties 

In Table 4.4, latent heat (H), paraffin content (CPCM) and encapsulation 

efficiency (EE) of obtained microcapsules are tabulated. The highest heat storage capacity 

(66.37 J g-1) was obtained for the sample where PVP was used as a stabilizer. For this 

sample, the encapsulation efficiency was 69.77% and paraffin content was 38.77%. For 
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comparison, Sanchez et al. [3] synthesized microcapsules by using PSt shell where the 

paraffin content was 28.69 wt.%. Hence, by changing the recipe it is possible to increase 

the paraffin content to obtain microcapsules with the desired characteristics.  

When the interfacial tension between the polymeric and aqueous phase decreases, 

the tendency of polymer to migrate through  the water and droplet interface increases 

[21]. Consequently, the encapsulation efficiency increases. As can be seen in Table 4.3, 

the lowest surface polarities were obtained for water with PVP and SDS. Therefore, in 

presence of these suspending agents in the water phase, the polymer was more prone to 

create a shell around RT27. Accordingly, the encapsulation efficiency was higher than 

for the other suspending agents, which were 69.77, 63.99, 61.96 and 61.64 for MC(PVP), 

MC(SDS), MC(AG) and MC(AG:PVP), respectively.  

Table 4.4. Properties of microcapsules using different suspending agents. 

Sample ΔH (J g-1) CPCM (%) EE (%) ηr (%) 

MC(AG) 56.27 32.87 61.96 80.98 

MC(AG:PVP) 53.53 31.27 61.64 63.07 

MC(PVP) 66.37 38.77 69.77 84.89 

MC(SDS) 64.19 37.49 63.99 81.99 

 

The yield of the microcapsules for the products obtained by using AG, AG:PVP, 

SDS and PVP were 80.98, 63.07, 81.99 and 84.89%, respectively. The highest 

microcapsules yield 84.89% was obtained by using the PVP. These results are contrary 

to those reported by Alcazar et al. [16] using PVP, who found a large amount of non-

spherical particles (23.29%). This suggests that the core materials exhibit a large 

influence on the microencapsulation process. According to the results above, 

microcapsules from P(St-DVB) containing the paraffin Rubitherm®RT27 can be 

satisfactory utilized to facilitate better thermal comfort for building applications. Based 

on the particle size and particle size distribution, the yield of the microcapsules, and the 

thermal energy storage, PVP seems to be the most suitable suspending agent to 

accomplish the production of these thermoregulating materials. PVP was therefore used 
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in the studies of how the other processing parameters were influencing the produced 

microcapsules. 

d) Thermal stability 

Thermogravimetric analyses were carried out in order to confirm the absence of 

toluene and study the thermal stability of materials, Figure 4.5 shows the TGA curves for 

the pure PCM, P(St-DVB), PVP, AG, SDS whereas Figure 4.6 presents TGA results for 

microcapsules synthesized with different suspending agents. 

 

Figure 4.5. TGA curves for the P(St-DVB), neat Rubitherm®RT27 and suspending agents.  
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Figure 4.5 shows that the paraffin had the highest volatility among the pure 

materials, shortly afterwards the decomposition processes of SDS, AG, P(St-DVB) and 

PVP took place. It is noticed that the paraffin and SDS presented one weight loss peak 

from 150 to 250 °C and from 200 to 260 °C, respectively but the polymer materials 

revealed two weight loss ranges. Regarding AG and PVP, the first weight loss was caused 

by the presence of water, therefore the peak was observed at 100 ºC while for P(St-DVB) 

the change was related with the evaporation of monomer and low molecular weight 

polymer and it was registered from 100 to 200 ºC. The second weight loss observed 

mainly at temperatures 310.67, 431.87 and 422.07 ºC for AG, PVP and P(St-DVB), 

respectively was related to the polymer degradation. Finally, the amount of residue 

remaining after 500 ºC suggest that paraffin was fully evaporated while the SDS and AG 

were the most stable with residue contents higher than 20%.  

 

Figure 4.6. TGA curves for the different studied materials containing PCM synthesized by 

using the different suspending agents. 

 

Figure 4.6 shows that all synthesized microcapsules present two weight losses. 

The first one was related with the paraffin content. However, in the case of SDS, it is 

possible that this surfactant agent could be incorporated into the microcapsules. It is 
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difficult to differ between these because SDS evaporates at the same temperature range 

as the paraffin. In the same way, the second weight loss corresponded mainly with the 

degradation of PVP and the copolymer. 

 Effect of continuous/discontinuous phase mass ratio on 

microcapsules properties 

In order to increase efficiency of the reaction, the continuous/discontinuous phase 

mass ratio was decreased from 11.09 to 3.24 for the microcapsules synthesized by using 

PVP. Figure 4.7 shows the SEM images for microcapsules obtained by using 

water/organic phase mass ratio of 11.09, 5.55 and 3.24, respectively.  

  

 

Figure 4.7. SEM images of microcapsules synthesized by changing the 

continuous/discontinuous phase mass ratio: (a) MC(11.09); (b) MC(5.55); (c) MC(3.24). T=80 

°C; agitation rate= 400 rpm; Tol/PCM= 3.00; PCM= 50%, SA= 1.73%. 

 

As can be seen, spherical and smooth microcapsules were obtained in each 

synthesis. It was also observed that, the lower the continuous/discontinuous mass ratio, 

(a) (b) 

(c) 
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the higher the particle size of the microcapsules. This is due to the difficulty of achieving 

a proper distribution of the oil phase into the continuous phase. Accordingly, the 

coalescence of the monomer increases previous to the polymer formation, favoring the 

production of larger particles [22]. This difference in particle size was confirmed by 

LALLS (Figure 4.8).   

 

 

Figure 4.8. Particle size distribution for microcapsules synthesized by using different 

continuous/discontinuous phase mass ratio (a) number average; (b) volume average. 

 

LALLS showed that there was no difference between the particle size distribution 

in number and volume when the continuous/discontinuous phase mass ratio was increased 

from 3.24 to 5.55. On the contrary, a large shift was observed in the particle size of the 

microcapsules when the continuous/discontinuous phase mass ratio was 11.09, obtaining 

the lowest number and volume particles size distribution. It is also important to point out 

that both the yield of the microcapsules and the encapsulation efficiency were highest for 

the larger continuous/discontinuous phase mass ratio, (84 and 69%, respectively). The 

total product obtained using the lowest continuous/discontinuous mass ratio is three times 

higher than that obtained by using the highest mass ratio. Hence, the lowest 

continuous/discontinuous mass ratio was selected due to higher amount of product per 

reaction. This reduces the generation of a large amounts of waste water, which have to be 

further treated. In addition, the process yield and the encapsulation efficiency could be 

improved by changing the other reaction conditions. 
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 Effect of stirring rate on microcapsules properties 

Figure 4.9 shows the influence of changing the agitation rate from 400 to 1200 

rpm on the volume average particle size (a) and its distribution (b).  

 

Figure 4.9. Particle size of synthesized microcapsules with a different stirring speed (a) 

influence of the stirring speed on volume and number average particle size; (b) volume particle 

size distribution. T=80 °C; C/D phase mass ratio= 3.24; Tol/PCM= 3.00; PCM= 50%, SA= 

1.73%. 

 

As expected, the volume average particle size and number average particle size 

decreased by increasing the agitation rate. The volume average was higher, indicating that 

a high amount of particles having large size and weight were present in the product. This 

behavior is due to the direct influence of this operating variable on the drop formation 

and their aggregation [4,23]. Figure 4.9b shows unimodal and bimodal particle size 

distributions depending of the agitation rate. A low agitation rate resulted in a unimodal 

particle size distribution. However, it had the disadvantage providing a wide distribution. 

On the other hand, the two higher agitation rates promoted the formation of bimodal size 

distributions. Of these, the distribution obtained using 800 rpm was the narrowest. 

Accordingly, an agitation rate of 800 rpm could be considered the adequate for 

synthesizing microcapsules with a particle size lower than 500 μm. This selection (800 

rpm) is also confirmed by the highest values of EE, CPCM and r at this agitation rate. The 
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51.57, 60.34 and 57.44, (ii) CPCM 29.63, 32.41 and 32.37 and (iii) r 75.78, 80.17 and 

78.72%. 

 Effect of toluene/PCM mass ratio and the PCM content on 

microcapsules properties 

In order to decrease the cost of the process and increase the environmentally-

friendly character of the reaction, the mass ratio between toluene and PCM was decreased 

from 3 to 1.92 and the PCM content was increased from 50 to 68.5% with respect to the 

total mass of monomers and PCM. SEM micrographs for the microcapsules obtained by 

changing the porogen/PCM mass ratio and amount of PCM are shown in Figure 4.10.  

 

  
             

Figure 4.10. SEM micrographs of microcapsules synthesized by using changed toluene/PCM 

mass ratio and amount of PCM (a) 3.00 and 50%, (b) 1.92 and 68.5%, respectively. T=80 °C; 

C/D phase mass ratio= 3.24; agitation rate= 800 rpm; SA= 1.73%. 

 

As can be seen, a lower amount of toluene and higher amount of PCM caused 

slight increase in the particle size. This observation is in agreement with previous findings 

[4]. Nevertheless, microcapsules exhibited still spherical and smooth shape. The effect of 

these conditions on EE and r are shown in Figure 4.11.  

(a) (b) 
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Figure 4.11. The influence of the toluene/PCM mass ratio and amount of PCM on the yield of 

the process (r) and encapsulation efficiency (EE).  

 

Accordingly, a lower toluene/PCM mass ratio and a higher amount of PCM, 

increase the encapsulation efficiency and the yield of the process. Due to these results, 

the following reactions were performed using 68.5 % of PCM in the discontinuous phase 

and a toluene/PCM mass ratio of 1.92.  

 Influence of PVP concentration on microcapsules properties 

With the aim of examining the effect of PVP concentration on the microcapsules 

properties, several concentrations (0.87, 1.73, 3.41, 5.03, 6.59, 8.10 and 14.99%) have been 

studied. The reactions have been performed holding continuous/discontinuous mass ratio at 

3.24, an agitation rate of 800 rpm, a toluene/PCM mass ratio of 1.92 and 68% of PCM with 

respect to the total amount of monomers and PCM used. 

a) Morphology 

SEM images for some microcapsules synthesized at different concentrations of 

PVP are depicted in Figure 4.12. MC(PVP-0.87) has an uneven, irregular shape, making 
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it difficult to clearly define the structure (Figure 4.12a). Accordingly, this amount of 

surfactant is not enough to ensure a good dispersion of the discontinuous phase into the 

continuous one. All the other products have a spherical shape and a smooth surface, also 

indicating that the use of toluene as porogen prevent the formation of holes. According 

to the SEM photographs, the optimal PVP amount must be between 5.03 and 8.10%.  

  

  

  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.12. SEM micrographs of microcapsules synthesized by different amount of stabilizers: 

(a) MC(PVP-0.87); (b) MC(PVP-1.73); (c) MC(PVP-3.41); (d) MC(PVP-5.03); (e) MC(PVP-

6.59); (f) MC(PVP-8.10); (g) MC(PVP-14.99). T=80 °C; C/D phase mass ratio= 3.24; agitation 

rate= 800 rpm; Tol/PCM= 1.92; PCM= 68%. 

In order to evaluate morphology, the interfacial properties were determined and 

shown in Table 4.5.  

Table 4.5. Surface tension, surface polarity and interfacial tensions for the various aqueous 

phases under study. 

Phase 
Surface tension 

(mN m-1) 

Surface polarity 

(%) 

ow 

(mN m-1) 

pw 

(mN m-1) 

WPVP-0.87 60.63 59.29 33.28 31.40 

WPVP-1.73 60.50 46.83 32.55 18.37 

WPVP-3.41 60.68 45.40 30.44 17.42 

WPVP-5.03 61.83 43.72 28.78 15.84 

WPVP-6.59 60.11 37.22 29.63 14.26 

WPVP-8.10 59.75 23.73 28.58 13.94 

 

The surface tension of aqueous phases in presence of PVP was not affected by the 

concentration, which is in agreement with a previous study performed by Bolten and Turk 

[24]. The interfacial tension between oil and water (γow) decreased as the PVP 

concentration was raised from 0.87% to 3.41%, after which γow remained practically 

constant up to a PVP concentration of 8.10%. The water/polymer interfacial tension (γpw) 

was reduced with the addition of suspending agent and became close to those obtained 

by using the SDS solution. Therefore, the surface polarity of the water phase decreases 

(g) 
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systematically with increasing amounts of PVP. Spreading coefficients and prediction of 

morphology were determined for microcapsules synthesized in presence of different 

amount of PVP and is graphically illustrated in Figure 4.13. An acorn structure for 

MC(PVP-0.87) and a core-shell structure for the other microcapsules were expected. 

 

Figure 4.13. Graphical representation of spreading coefficients and expected morphologies for 

different PVP concentrations. 

 

Cross-sections of some microcapsules synthesized by changing the concentration 

of PVP are depicted in Figure 4.14. As mentioned before MC(PVP-0.87) had the structure 

difficult to define. The other samples exhibited a matrix configuration, similar to those 

obtained for the products synthesized by using different suspending agents. Although, 

thermodynamic theory tends to predict core-shell structure, Figure 4.3 and 4.14 clearly 

show that this is not the case for these samples. From a kinetic perspective, these results 

indicate a relatively high polymerization rate of styrene and divinylbenzene as co-

monomers in which propagation proceed faster than phase separation. Moreover, the 

viscosity of the oil phase increased due to polymerization of the monomers and made the 

diffusion more difficult [25]. Neither type of suspending agent, nor the concentration of 

suspending agent in the water phase have a decisive influence on the final morphology of 

the microcapsules. Accordingly, P(St-DVB) exhibits little driving force for phase 
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separation of the polymer from PCM resulting in a homogenous structure in which the 

core is uniformly distributed in the polymer. 

   

  

Figure 4.14. SEM micrographs of microcapsules synthesized by different amount of stabilizers: 

(a) cross-section MC(PVP-0.87); (b) cross-section MC(PVP-5.03); c) cross-section MC(PVP-

8.10).  

b) Particle size 

It can be observed that all products seemed to be quite homogeneous in particle 

size. The particle size was decreasing with the amount of PVP, except for the highest PVP 

concentration (PVP-14.99). This indicates that a large amount of suspending agent exerts 

an undesirable effect of particle coagulation. An increase in the amount of stabilizer from 

a 1.73 to 8.10%, resulted in a product with the desired properties: smaller particle size, 

spherical and regular shape and also a smooth surface.  

The volume and number average particle size distribution of the different products 

has been analyzed by laser diffraction and the results are shown in Figure 4.15. Figure 

4.15a indicates that all products present unimodal volume average distributions. As 

(a) (b) 

(c) 
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expected, the widest distribution was observed for the irregular product obtained using 

0.87% of PVP. However, Figure 4.15b shows that the number average particle size 

distribution for the microcapsules synthesized by 6.59 and 14.99% of PVP were bimodal. 

These results confirmed that an excess of suspending agent favors the formation of 

smaller particles, which agglomerates during the reaction time, promoting the formation 

of larger particles. Hence, in order to obtain unimodal distributions, 5.03% of PVP should 

be used.  

 

 

Figure 4.15. Particle size distribution for microcapsules with different amount of PVP (a) 

volume average; (b) number average. 
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Figure 4.16 shows the influence of the amount of PVP on the volume average and 

number average particle size. As can be seen, the volume and number average sizes do 

not follow the same trend. While the behavior of the number average increased with the 

PVP amount and seemed to be nearly linear, the volume average presented a minimum at 

PVP-9.14. The number average sizes are more sensitive to the presence of small particles, 

while the volume average sizes are biased toward large particles. Accordingly, the results 

suggest that as the concentration of PVP is increased up to 8.10%, fewer of the largest 

particles were produced (reduction in dv0.5) combined with fewer very small particles 

(increase in dn0.5). The result of this is a narrower size distribution. 

 

 

Figure 4.16. Influence of PVP concentration on the volume average (dv0.5) and number average 

(dn0.5) particle size. 

 

The minimum in the volume average sizes and the increase in the number average 
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at 25 ºC. This is lower than the 233 mg mL-1 of the PVP-14.99. At the highest 

concentration some of the PVP will therefore be in solid state, dispersed as small particles 

in the solvent. These solid particles might act as nuclei on which the polymer drops grow, 

leading to the formation larger microcapsules.  

These results were not in agreement with those reported by Ma et al. [26], 

obtaining stable particle size from 21.6 to 20.9 µm when the PVP (K30, Mw = 40 000 g 

0 2 4 6 8 10 12 14 16
0

50

100

150

200

250

300

350

dv0.5

dn0.5

PVP amount (%)

d
v
0
.5

 (


m
)

0

50

100

150

200

250

300

350

d
n
0
.5

 (


m
)



Chapter 4   

   

110 

mol-1) concentration was changed from 2.0 to 7.0 g in 225 g of water, respectively. In 

addition, they obtained an increase in the amount of coagulum for a PVP concentration 

higher than 4.0 g in 225 g of water, a phenomenon that only appeared in our case for the 

largest studied PVP amount. 

c) Thermal properties 

Figure 4.17 shows latent heat (H) of the microcapsules synthesized with different 

amounts of PVP. The results indicate that, microcapsules with thermal energy storage 

capacity higher than 80 J g-1 can be produced using this technology. A maximum value 

101.80 J g-1 was reached for the microcapsules synthesized using a 5.03% of PVP. This 

do not follow the observation of Li at al. [27] where a two-step miniemulsion 

polymerization method resulted in an increase in the latent heat of the microcapsules from 

114.6 to 143.7 J/g when the amount of surfactant was changed from 0.05 to 0.20 g in 

water. This indicates that the thermal properties of the microcapsules are mainly 

dependent on the microencapsulation technology.  

 

Figure 4.17. Latent heat of the microcapsules as function of the PVP mass ratio. 

 

According to the latent heat, 5.03% of PVP can be considered as the optimal PVP 

amount to produce microcapsules having a large TES capacity. Nevertheless, before 

taking a final decision about the optimal recipe, the effect of PVP mass ratio on other 

0.87 1.73 3.41 5.03 6.59 8.1 14.99

0

20

40

60

80

100


H

 (
J
 g

-1
)

PVP amount (%)



                                                           Optimization of microcapsules recipe and properties 

   

  111 

important variables was studied. As stated in the introduction, the final goal of this study 

is to clarify the role of the suspending agent not only on the particle size but also on other 

important variables such as the encapsulation efficiency, the paraffin content and the 

microcapsule yield. The paraffin content (CPCM) and the microcapsules yield (ηr) are 

depicted in Figure 4.18 as function of the PVP concentration whereas the encapsulation 

efficiency is shown in Figure 4.19.  

A slight increase of EE and ηr with increasing amount of PVP was observed 

whereas the CPCM seemed to be almost stable at 53%, although the highest value of 

59.46% was obtained for 5.03% of PVP.  

 

Fig. 4.18. Effect of PVP amount on microcapsules yield (ηr), paraffin content (CPCM) and 

encapsulation efficiency (EE). 

 

In Figure 4.18, the influence of PVP concentration on surface polarity and 

encapsulation efficiency is shown. The standard deviation of the encapsulation efficiency 

for studied microcapsules was between 3 and 4%. With increasing amount of PVP, the 

surface tension of the water phase decreased and the encapsulation efficiency raised 

slightly. 
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Figure 4.19. Influence of PVP amount on surface polarity and encapsulation efficiency. 

 

The highest values of the encapsulation efficiency (77.59%) and microcapsule 

yield (84.28%) were found for the products using 5.03 and 8.10% of PVP, respectively. 

These results are contrary to those reported by Khakzad et al. [2] encapsulating 

hexadecane in a melamine formaldehyde shell by using the in situ dispersion 

polymerization technique in aqueous media. They observed a decrease in the 

encapsulation efficiency from 121 to 84.4%, increasing the poly(vinyl alcohol) 

concentration from 1 to 8 wt.%. In the case of the yield, Ma et al. [26] synthesizing 

polystyrene-polyacrylamide composite microspheres from water/oil/water emulsion and 

further suspension polymerization reported a maximum of 90.2% when they used 5 g of 

PVP in 225 g water. Hence, there is no rule that allows establishing the optimum 

concentration of the stabilizer in the manufacture of microcapsules, as it is dependent on 

the microencapsulation technology. Accordingly, by changing the PVP amount, it is 

possible to increase the paraffin content and to obtain microcapsules with the desired 

characteristics.  

d) Adsorption of PVP onto microcapsules shell 

We have reasons to think that PVP is retained by the microcapsule shell in a 

similar way in which an adsorption material retain an adsorbate. 
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In order to examine the presence of PVP in the microcapsules, thermal analyses 

were performed. The TGA curves for the pure Rubitherm®RT27, St-DVB copolymer, 

pure PVP and some microcapsules obtained at different PVP concentrations are shown in 

Figure 4.20. 

 

Figure 4.20. TGA curves for the studied materials: P(St-DVB) copolymer, pure 

Rubitherm®RT27, PVP and microcapsules synthesized by using the different PVP amount. 

 

Figure 4.20 shows that the pure material with the greatest volatility is 

Rubitherm®RT27, followed by the evaporation of the Rubitherm®RT27 encapsulated by 

a polymeric shell and finally, the decomposition processes of P(St-DVB) and PVP. 

Accordingly, MC(PVP-5.03) was the type of microcapsules with the highest content of 

encapsulated PCM, followed by MC(PVP-8.10) and with a minimum for MC(PVP-

14.99). This indicate that for a higher amount of PVP the paraffin content in the 

microcapsules might be slightly lower. The second weight loss in the microcapsule curve 

was due to the polymer degradation (PVP and P(St-DVB)). Therefore, the degradation 

temperatures of PVP and P(St-DVB) suggest that TGA is not a good technique to differ 

between the presence of PVP or P(St-DVB) in the microcapsules. The amount of residue 

obtained in this TGA after 500 ºC shows that in the case of microcapsules, the residue 
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increases with the mass ratio of PVP used in the recipe, explaining why the microcapsules 

produced at a high mass ratio of PVP have a lower paraffin content.  

As stated in the introduction, one of the final goals of this chapter is to clarify the 

role of the suspending agent not only on the particle size, encapsulation efficiency, 

paraffin content and the microcapsule yield, but also as a compound forming part of the 

microcapsules. The hypothesis is that the suspending agent remains as a constitutive part 

of the particle after the synthesis, with significant influence on its final properties.  

The presence of PVP in the microcapsules (f SA) can be quantified from the DSC 

analyses and weighing the total amount of product (PMC) obtained in each reaction. It was 

assumed a 100% of monomer conversion.  

 𝑃𝑀𝐶 = 𝑃𝐶𝑀𝑀𝐶 + 𝑃(𝑆𝑡 − 𝐷𝑉𝐵)𝑀𝐶 + 𝑓 𝑆𝐴 (4.5) 

where SA is the total amount of the suspending agent used in the synthesis. 

In this way, the fraction of suspending agent that constitutes the microcapsules f 

can be calculated by: 

 𝑓 =
𝑃𝑀𝐶 − 𝑃𝐶𝑀𝑀𝐶 − 𝑃(𝑆𝑡 − 𝐷𝑉𝐵)𝑀𝐶

𝑆𝐴
 (4.6) 

Once values of f are calculated, the amount of PVP on the microcapsules (Г in g 

kg-1) and the concentration of PVP in the bulk solution at the end of the process (Cb in kg 

m-3) can be estimated by Equations 4.7 and 4.8, respectively. 

 Г =
𝑓𝑆𝐴

𝑃𝑀𝐶
 (4.7) 

 𝐶𝑏 =
(1 − 𝑓)𝑆𝐴

𝑉
 (4.8) 

where V is the total volume of the bulk solution. 

Figure 4.21 shows the relationship between Г and Cb. PVP was strongly taken up 

by P(St-DVB) even at a very low concentration in the water/toluene media. This behavior 

is characteristic of sorbents that exhibit a high affinity for the solute in adsorption systems 

[15]. As for most conventional adsorption processes, a maximum value of incorporated 
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PVP was reached. The interaction established between the P(St-DVB) and PVP can be 

explained by the observations of Smith et al. [15]. They studied the adsorption of PVP 

onto polystyrene lattice and concluded that “in water, interaction with the PSt occurred 

through the PVP hydrophobic methylene/methane groups and the positive dipole of the 

amide nitrogen of the pyrrolidone ring. The negative dipole associated with the amide 

oxygen is directed away from the surface into the solution”.  

 

Figure 4.21. Adsorption isotherm of PVP onto P(St-DVB) in water/toluene media at 80 ºC. 

 

In order to fit these data, the Langmuir model (Equation 4.9) usable for monolayer 

materials was selected [12].  

 
Γ

Γmax =
𝐾𝐶𝑏

1 + 𝐾𝐶𝑏
 (4.9) 

where Гmax is the maximum retention capacity of the P(St-DVB) and K is the equilibrium 

constant of the system, defined as the ratio between adsorption and desorption rate 

constants, respectively.  

Experimental data were fitted to Equation 4.9 in order to obtain the two unknown 

parameters Гmax and K. For that purpose, a fitting tool for solving non-linear equations 

based on Marquardt’s algorithm was utilized. The fitting values of Гmax and K and their 
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confidence interval using a confidence level of 95% (α=0.05) were 192.9±0.4 g/kg and 

0.18± 0.11 m3/kg, respectively. The proposed model gave a good fit to the experimental 

data, illustrating that the distribution of the PVP between the solid and liquid phases at 

the end of the polymerization process followed a Langmuir type trend.  

The value of Г for MC(PVP-5.03) was also confirmed by EDAX analyzing the 

nitrogen content of the microcapsules. In this way, EDAX analyses were performed in 

MC(PVP-5.03) on the external surface and at the center of the microcapsule. A small 

difference was found between the external and internal nitrogen contents 1.46 and 2.30 

wt.%, respectively. These values were within the respective theoretical nitrogen content 

(2.28 wt.%) obtained from the adsorption curve (180.81 g kg-1) and the nitrogen content 

of the PVP (12.60 wt.%). Figure 4.22 presents EDAX mapping images for carbon and 

nitrogen. The uniform distribution of nitrogen through the microcapsules also indicates 

that the adsorption of PVP takes place in the whole microcapsule structure.  

Accordingly, thermoregulating microcapsules from P(St-DVB) could contain up 

to a 19.3 wt.% of surfactant when the percentage of PVP of the total mass is higher than 

5.03 wt.%. 

  

Figure 4.22. EDAX mapping pictures showing overall SEM image and elemental regions of 

carbon and nitrogen. 

 Influence of PNC-HEMA incorporation on morphology and 

encapsulation efficiency 

Microcapsules with an additional co-monomer, PNC-HEMA, were synthesized 

with the aim to improve the fire resistance of microcapsules. A full characteristic of this 

C N 
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material and the microcapsules is given in Chapter 6. However, this monomer exhibits 

important features which are interesting to consider in this chapter. PNC-HEMA presents 

more hydrophilic and polar nature than styrene and divinylbenzene due to heteroatomic 

structure. Accordingly, the effect of the increasing the amount of PNC-HEMA (5, 10 and 

20% with respect to the total amount of monomers) has been analyzed considering 

interfacial properties (Table 4.6). All products exhibited positive values of Sp, indicating 

core-shell morphologies (Figure 4.23). 

Table 4.6. Surface tension, surface polarity and interfacial tensions for the various polymers 

and aqueous phases PVP-5.03 under study. 

Phase 

Surface free energy 

of polymer 

(mN m-1) 

Surface 

polarity 

(%) 

pw 

 (mN m-1) 

op 

 (mN m-1) 

Different polymers in aqueous phase WPVP-5.03 

P(St-DVB) 35.79 2.78 15.84 6.52 

P(St-DVB-5%PNC-HEMA) 40.95 4.84 14.73 11.98 

P(St-DVB-10%PNC-HEMA) 41.95 7.74 14.23 13.01 

P(St-DVB-20%PNC-HEMA) 42.10 9.76 13.95 13.24 

 

 

Figure 4.23. Graphical representation of spreading coefficients and expected morphologies for 

different PNC-HEMA concentrations. 
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In Figure 4.24, SEM images of microcapsules obtained by addition of PNC-

HEMA and their cross-sections are shown. Microcapsules were wrinkled, which can be 

attributed to the shrinkage occurring during polymerization due to the density difference 

between monomers (<1 g cm-1) and polymers (> 1 g cm-1). In addition, the volume of the 

core material was reduced during the phase change from molten to solid [28]. 

Nevertheless, only for these microcapsules the predicted morphology (core-shell) was in 

an agreement with the experimental results. The microcapsules exhibited a morphology 

similar to pomegranate-like structure where the core consists of seed-like spheres with a 

thin continuous shell. Similar morphologies have been reported previously when acrylic 

[29,7] and vinyl [25] monomers used. This is usually observed when monomers of 

different reactivity are utilized for polymerization [25]. The PCM is separated from the 

polymer creating nanograins. 

  

  

(a) (b) 

(c) (d) 
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Figure 4.24. SEM images for microcapsules containing different amount of PNC-HEMA (a) 

MC-P(St-DVB-5%PNC-HEMA); (b) cross-section MC-P(St-DVB-5%PNC-HEMA); (c) MC-

P(St-DVB-10%PNC-HEMA); (d) cross-section MC-P(St-DVB-10%PNC-HEMA); (e) MC-

P(St-DVB-20%PNC-HEMA); (f) cross-section MC-P(St-DVB-20%PNC-HEMA). T=80 °C; 

C/D phase mass ratio= 3.24; agitation rate= 800 rpm; Tol/PCM= 1.92; PCM= 68%. 

 

It is important to point out that in Figures 4.3, 4.13 and 4.23 nearly all points (Sw, 

Sp) were located in the same quarter on the chart, predicting a core-shell structure of 

microcapsules. However, the morphology was observed to vary between matrix and core-

shell for different microcapsule compositions. Accordingly, there is not an agreement 

between the predicted morphology based only on the spreading coefficients and the 

experimental observations. Such a discrepancy between predicted and experimental 

morphology has been reported previously for emulsion solvent evaporation and mini 

emulsion polymerization [30-33].   

From a thermodynamic perspective, when the surface polarities percentages of the 

liquid and polymer are closer to each other, the phases become more compatible and the 

free energy is reduced. Accordingly, determination of these percentages allows prediction 

of whether the immersion is unfavorable or favorable [34]. The surface polarities of the 

core and shell materials were very close to each other and relatively hydrophobic. The 

compatibility between them slowed down the phase separation and migration of 

oligomeric chains from the oil phase to the external part of the drop, leading to difficulties 

in core-shell formation. In Figure 4.25, we can observe that surface polarity increased 

with the concentration of PNC-HEMA in the polymer structure. The diffusion of the 

monomer though oil phase becomes faster when the polarity of the shell becomes higher. 

(e) (f) 
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Higher shell polarity ensures reduced compatibility between the core and shell, which 

improve the affinity between the shell and the water phase. Accordingly, it allowed the 

core-shell structure formation. Similar phenomena was reported by Lashgari [7] who 

observed matrix morphology for microcapsules synthesized by using poly(methyl 

methacrylate-co-butyl acrylate) as a shell and multi-nucleus for poly(methyl 

methacrylate), where the polarity indexes were 0.01 and 4.9, respectively.  

The encapsulation efficiency increased significantly when PNC-HEMA was used 

as an additional co-monomer. An encapsulation efficiency of 77.59% for microcapsules 

from styrene and divinylbenzene was obtained. Whereas, for MC(St-DVB-5%PNC-

HEMA), MC(St-DVB-10%PNC-HEMA) and MC(St-DVB-20%PNC-HEMA) yielded 

88.06, 86.83 and 85.52%, respectively. A drop in encapsulation efficiency was observed 

when the content of PNC-HEMA was raised. This can be caused by a weaker and more 

shrunken shell for PNC-HEMA-rich microcapsules.  

 

 

Figure 4.25. Influence of PVP amount and PNC-HEMA amount on water-polymer interfacial 

tension. 

Non-encapsulated PCM can be reduced to a minimum when a morphology close 
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exhibited higher encapsulation efficiency, the shell thickness is very low, resulting in 

weaker microcapsules that are easier damaged in practical applications.  

 Scale-up 

Once the recipe for the production of microcapsules containing PCM was 

established, the material was synthesized in a pilot scale plant in a 100 L reactor and 

stirrer geometrically proportional to those used in the laboratory scale experiments 

(described in section 3.2.1 of Chapter 3). For comparison the reaction by using PVP-1.73 

and PVP-8.10 were also performed.  

Spherical beads with smooth surface were obtained, as can be observed in Figure 

4.26.  

  

Figure 4.26. ESEM micrographs of MC(PVP-5.03) synthesized in pilot plant: (a) general view, 

(b) magnification view. 

 

It was found that the products have smaller volume particle size by using the 100 

L reactor than the lab scale reactor (Figure 4.27). This could be related with the energy 

dissipation rate. If the energy delivered by the stirrer at both scales were the same, the 

particle size should be equal [9,35]. The particle size of the microcapsules was smaller in 

the pilot plant, even though a much slower stirring rate was used at pilot plant scale (300 

rpm) than at laboratory scale (800 rpm). This means that the geometrically similar to a 

Rushton stirrer utilized in the pilot plant is more efficient delivering energy to the bulk. 

In general, when increasing the amount of PVP in pilot plant scale, all products exhibited 

a larger number particle size but a lower volume particle size than those obtained at lab 

(a) (b) 
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scale. Accordingly the two size distributions are closer to each other, indicating the 

possibility of synthesizing relatively monodisperse materials. The volume and number 

averages were closer to each other than for the lab-scale experiments, which is indicative 

of a narrower size distribution. Two main conclusions can be extracted from these 

observations: i) for devices that are geometrically similar, the delivery of power is more 

effective at large scale, ii) increasing the scale using the same mass ratio it is possible to 

reach a more monodisperse product. 

 

 

Figure 4.27. Influence of PVP concentration on the volume average (dv0.5) and number average 

(dn0.5) particle size. 

 

As expected, values of CPCM, EE and ηr obtained at pilot plant scale were similar 

to those reached at laboratory scale but requiring a lower amount of suspending agent for 

leading the same encapsulation efficiency and microcapsules yield (78.86 and 79.99%, 

respectively for 5.03% of PVP used). The effect of PVP amount on microcapsules yield 

and paraffin content is shown in Figure 4.28. 

Thus, it was possible to scale up the production of microcapsules owing to the 

robustness of the formulation. 
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Figure 4.28. Effect of PVP amount on microcapsules yield (ηr), paraffin content (CPCM) and 

encapsulation efficiency (EE). 

4.3.  Conclusions 

Microcapsules based on styrene crosslinked by divinylbenzene containing 

Rubitherm®RT27 were fabricated by suspension-like polymerization in the presence of a 

diluent in order to reduce the reaction rate. The effect of agitation rate, the kind of 

suspending agent and its concentration, the PCM content and the mass ratios of the 

continuous/discontinuous phases and porogen/PCM on the microencapsulation process 

were studied.  

It was found that optimizing the concentration of PVP allowed an increase of the 

encapsulation efficiency and the yield of the process while keeping the physical 

characteristics of the microcapsules. Nevertheless, this parameter must be combined with 

a proper agitation rate (800 rpm), an optimum mass ratio between the 

continuous/discontinuous phases (3.24), a porogen/PCM mass ratio (1.92) and a PCM 

percentage of 68.5% with respect to the total monomers and paraffin. 5.03% PVP was 

selected as the best concentration to accomplish the production of microcapsules 

containing Rubitherm®RT27 as a phase change material. 

This optimization procedure allowed the synthesis of microcapsules that can be 

utilized in building materials that provide a comfortable indoor temperature, due to their 
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morphology, high thermal energy storage capacity (> 100 J g-1) and an appropriate 

melting temperature (24°C).  

 Study of interfacial properties were performed in order to explain how the 

differences in morphology, particle size and encapsulation efficiency depend on the type 

and amount of the suspending agent. Based on spreading coefficient calculations, a core-

shell morphology was expected in most cases. However, the predictions were not accurate 

with respect to the appearance of the microcapsules. A matrix structure was observed for 

all microcapsules obtained for the tested suspending agents and for different amounts of 

PVP when a P(St-DVB) shell was used. A core-shell morphology was favored when 

PNC-HEMA was added. Accordingly, the morphology is controlled by the polarity of the 

shell rather than the type and amount of suspending agent. Optimization of these 

parameters is crucial for a proper dispersion of the phases. When the PVP concentration 

was varied, the encapsulation efficiency increased slightly with decreasing surface 

polarity of the water phase, which also became closer to the surface polarity of the 

polymer. The encapsulation efficiency increased significantly when PNC-HEMA was 

utilized. Therefore, conditions in which thermodynamic aspect favor multi-nucleus 

structure might improve encapsulation efficiency. 

An important incorporation of the surfactant agent into the thermoregulating 

microcapsules was confirmed. It was found that PVP is retained by the P(St-DVB) 

microcapsules. The distribution of the PVP between the solid and liquid phases at the end 

of the polymerization process follows a Langmuir type trend. The PVP distribution data 

were fitted by the Langmuir model obtaining a value of 192.9 g kg-1 and 0.18 m3 kg-1 for 

the maximum retention capacity and the equilibrium constant, respectively. The 

adsorption of surfactant agents on polymeric materials has been reported previously by 

other authors [13,14] but as far as we know not quantified and modeled for 

thermoregulating microcapsules.  

Finally, the robustness of the process was checked at pilot plant scale, obtaining 

more monodisperse materials, a latent heat of 96.1 J g-1, an encapsulation efficiency of 

79.0% and a microcapsules yield of 80.0%. These characteristics were similar to those 

obtained at laboratory scale, although the particle size distribution was improved at pilot 

plant scale.  
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Abstract 

The microencapsulation of linoleic, oleic, erucic and palmitic acids from styrene 

and divinylbenzene were studied by using the suspension-like polymerization technique. 

All materials exhibited a spherical shape, with a particle size between 166 and 416 μm. 

The phase change material (PCM) content decreased in the presence of double bonds in 

the fatty acid molecules. The latent heat of the microcapsules containing saturated 

palmitic acid was highest (123.30 J g-1). The lowest latent heat was observed for linoleic 

acid (LinA). Latent heat values from unsaturated fatty acid materials and the high particle 

yield indicated that these kinds of acids play two different roles in the radical 

polymerization processes; both as PCM and also as monomers. At high initiator 

concentrations, the unsaturated fatty acids were observed to react. This was confirmed by 

FTIR where the peak assigned to the C=C bond disappears in the spectrum of the 

microcapsules. 
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5.1.  Background 

Fatty acids have similar heat of fusion as paraffins. They are produced from 

sustainable vegetable and animal sources, they are non-pollutant, non-toxic and 

considered as environmentally friendly with a suitable temperature range for building 

applications [1]. During phase change the volume change of fatty acids are less than for 

other PCMs [2]. The specific application of phase change materials (PCMs) is imposed 

by their phase transition temperature. Compounds with melting points above 30 °C are 

usually described for solar passive heating [3,4] and domestic water heating applications 

[5]. Fatty acids with a solid-liquid transition temperature between 20-30 °C are useful for 

building and greenhouse heating systems, depending on the climate requirements [6,7]. 

Finally, low melting temperature materials can find applications in cool storage systems 

[8]. 

In recent years, different studies containing pure alkanes [9-12] and commercial 

paraffins [13-16] were performed. Nevertheless, few researchers have shown interest in 

the application of fatty acids as PCMs. Saturated fatty acids such as stearic acid (SA), 

palmitic acid (PA), myristic acid (MA), lauric acid (LauA), caprylic acid (CA) and 

decanoic acid (DA) have been used. Wang et al. [17] and Alkan et al. [18] have prepared 

composites by entrapping SA, PA, MA and LauA into poly(methyl metacrylate) blends. 

The maximum entrapped proportion (51.8 wt.%) was obtained for the SA. Konuklu et al. 

microencapsulated DA with poly(melamine–urea–formaldehyde) [19], and saturated CA 

in urea-formaldehyde, melamine-formaldehyde [2], or polyethylacrylate shell with 

ethylene glycol dimethacrylate as a crosslinking agent. The best latent heat storage 

capacities for DA and CA were 88.0 and 93.9 J g-1, respectively [20]. Bao et al. [21] have 

synthesized microcapsules of LauA as the core and melamine/formaldehyde resin as the 

shell by in situ polymerization with a latent heat of 84.96 J g-1, which corresponds to 

46.20% by weight of core content. Values close to that were reported by Konuklu et al. 

using a shell with the same characteristic. On the other hand, Özonur et al. [22] prepared 

microcapsules of natural coco fatty acid mixture by means of complex coacervation 

methods, using natural shell gelatin–gum Arabic. Finally, Giro-Paloma et al. [23] 

produced nanocapsules containing PA from poly(styrene-co-ethylacrylate) by (emulsion 

co-polymerization),  with a thermal energy storage (TES) capacity of 97.93 J g-1. 
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It is possible to achieve form-stable and microencapsulated saturated fatty acids 

having a melting temperature ranged between 13 and 69 °C [2,17-23]. Form-stable PCM 

is a material which consist of the PCM that serves as a latent heat storage material and 

the polymer which acts as a supporting material, preventing leakage of the melted paraffin 

due to good structural strength. The linkage of the fatty acid to the polymer backbone 

allows to retain the phase transition thermal exchange properties of the fatty acid that is 

side attached to the polymer, while the polymer structure maintain the shape during the 

phase transition of the attached chain [24]. 

Microencapsulation of unsaturated fatty acids by spray-drying, complex 

coacervation and extrusion methods for food industry has been reported previously [25]. 

However, the shell materials used in these studies are easily degraded and therefore not 

suitable for building applications. Only studies about the behavior in bulk polymerization 

of unsaturated fatty acids with vinyl monomer in the presence of benzoyl peroxide (BPO) 

as radical initiator have been reported [26-28]. These studies demonstrated the reactivity 

of conjugated linoleic acid (LinA) to form copolymers. In addition, the significant role of 

oleic acid (OA) in the polymerization reactions was illustrated but without incorporation 

into the polymer product. Other authors have used oleic acid as a surfactant replacement 

in the emulsion polymerization of styrene without copolymerization. The non-reactivity 

of oleic acid was explained by Jeong et al. [29] and Laible et al. [30] by resonance 

stabilization of its radicals. Khan et al. [31] reported synthesis of nanostructured brush 

from polystyrene and carbon nanotubes (CNT) functionalized with oleic acid. 

There is a lack of information regarding encapsulation possibilities of unsaturated 

fatty acids by suspension polymerization techniques. The influence of the chemical 

structure on physical and thermal properties of microcapsules in free radical 

polymerization has not been investigated previously [32]. Furthermore, preparation of 

microcapsules with poly(styrene-divinylbenzene) shell (P(St-DVB)) has not been 

reported. It is important to point out that a large number of unsaturated fatty acids exhibit 

an environmental temperature range that make them suitable for building applications. 

Particularly interesting are low melting point fatty acids that can be used in cool storage 

systems. Moreover, the commercial PCMs are based on fossil fuels, thus renewable 

products like fatty acids are important alternatives for sustainable energy saving.  
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Due to the poor reactivity of unsaturated fatty acids, they are promising candidates 

for core materials in microcapsules produced by suspension polymerization. In this 

chapter, four different fatty acids: the two mentioned above (LinA and OA) and two 

additional ones (erucic acid (EA) and palmitic acid (PA)) were selected as examples of 

polyunsaturated, monounsaturated and saturated acids. These PCMs have melting 

temperatures between -13.55 and 62.89 ºC and heat of fusion ranged between 87.74 and 

191.50 J g-1. The encapsulation of this kind of PCMs were compared with the 

microencapsulation of commercial paraffins (Rubitherm®RT27, Rubitherm®RT21 and 

Rubitherm®RT6), and with the results reported in literature for saturated acids. Finally, 

the reactivity of the polyunsaturated fatty acid was studied in bulk radical polymerization 

reactions using vinyl monomers.  

5.2.  Materials 

Microcapsules were prepared by a suspension-like polymerization technique, 

following a recipe obtained in the optimization process reported in Chapter 4 which is 

also shown in Table 5.1. 

Table 5.1. Recipe for the synthesis of microcapsules containing PCM and experimental 

conditions. 

 Raw Material wt.% 

Continuous phase Water (Mili-Q) 72.0 

Polyvinylpyrrolidone (PVP) 5.0 

Discontinuous phase Phase Change Material (PCM) 7.0 

Styrene (St) 2.0 

Divinylbenzene (DVB) 2.0 

Toluene 13.0 

Benzoyl Peroxide (BPO) 1.0 

Reaction temperature (°C) 80 

Stirring rate (rpm) 800 

Reaction time (h) 5 
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5.3.  Results 

 Synthesis of microcapsules in suspension-like polymerization 

The microencapsulation of fatty acids with a P(St-DVB) shell were achieved by 

the suspension-like polymerization technique. In this study, fatty acids presenting 

different chemical characteristics and thermal properties were used. The chemical 

structures of fatty acids, melting points and latent heats of PCMs are summarized in Table 

5.2.  

Table 5.2. Chemical structures of fatty acids and thermal properties of different PCMs. 

Phase change 

material 
Condensed structural formula 

Melting 

point (°C) 

Latent 

heat (J g-1) 

Linoleic acid (LinA) CH3(CH2)3(CH2CH=CH)2(CH2)7COOH -13.55 87.74 

Oleic acid (OA) CH3(CH2)7CH=CH(CH2)7COOH 10.66 128.72 

Erucic acid (EA) CH3(CH2)7CH=CH(CH2)11COOH 28.40 122.64 

Palmitic acid (PA) CH3(CH2)14COOH 62.89 191.53 

Rubitherm®RT6 - 6.79 162.21 

Rubitherm®RT21 - 17.31 145.04 

Rubitherm®RT27 - 24.60 171.21 

 

The physical aspect of the microcapsules containing fatty acids is shown in Figure 

5.1. The nomenclature used for the different samples will be the following: for 

microcapsules containing linoleic acid (MC(LinA)), oleic acid (MC(OA)), erucic acid 

(MC(EA)) and palmitic acid (MC(PA)). As can be seen, the microcapsules prepared with 

fatty acids have regular and spherical shape with smooth surface, although, MC(LinA) 

and MC(PA) were slightly agglomerated.  
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Figure 5.1. SEM images of microcapsules containing different fatty acids with magnification 

x100 left and x400 right (a) MC(LinA); (b) x400 MC(LinA); (c) MC(OA); (d) x400 MC(OA); 

(e) MC(EA); (f) x400 MC(EA); (g) MC(PA); (h) x400 MC(PA). 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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The volume and number particle size distribution (PSD) of the microcapsules are 

shown in Figure 5.2. The particles prepared with LinA exhibits the widest PSD while the 

one synthesized with PA has the narrowest PSD. The volume and number average size 

depend on the kind of fatty acid employed and follow the order: 

MC(PA)<MC(EA)<MC(OA)<MC(LinA) obtaining mean values of 166, 328, 333 and 

416 µm and 2, 50, 54 and 241 µm, respectively. It is evident that, the particle size and 

particle size distributions are related to the presence of unsaturated bonds in the fatty 

acids. This indicates that double bonds may interact with the monomers in the radical 

polymerization process.  

  

Figure 5.2. Particle size distribution for microcapsules containing different fatty acids (a) 

volume average, (b) number average. 

Table 5.3 shows the latent heat and melting points of the materials obtained using 

fatty acids and paraffins Rubitherm®RT6 (MC(RT6)), Rubitherm®RT21 (MC(RT21)) 

and Rubitherm®RT27 (MC(RT27)), determined by utilizing DSC.  

Table 5.3. Properties of microcapsules using different core materials. 

Sample Tm (°C) ΔHMC (J g-1) CPCM (%) 

Microcapsules containing fatty acids 

MC(LinA) 15.68 3.54 4.03 

MC(OA) 5.80 47.09 36.59 

MC(EA) 25.56 63.86 52.09 

MC(PA) 62.08 123.30 64.39 
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Table 5.3. Properties of microcapsules using different core materials (continuation). 

Sample Tm (°C) ΔHMC (J g-1) CPCM (%) 

Microcapsules containing paraffins 

MC(RT6) 6.41 87.44 53.91 

MC(RT21) 15.58 94.40 65.10 

MC(RT27) 24.39 101.80 59.46 

 

The latent heat of the materials increases with the melting point of the fatty acids. 

Accordingly, MC(PA) shows the highest ΔHMC (123.3 J g-1) and CPCM (64.39%). The 

PCM content and latent heat of the MC(PA) are higher than reported by Giro-Paloma et 

al. [23] encapsulating PA in poly(styrene-co-ethylacrylate) (47.79 wt.% and 97.93 J g-1). 

Interestingly, the heat storage capacity achieved by using unsaturated fatty acids 

decreases markedly for the monounsaturated fatty acids (OA and EA), and is reduced to 

almost nothing for the polyunsaturated LinA. Nevertheless, Jimenez et al. [33]  were able 

to encapsulate 85% of LinA in a whey protein concentrate shell by using physical spray-

drying. Accordingly, the presence of double bonds in the fatty acid affect the thermal 

properties of the microcapsules, probably because they are participating in the shell 

polymerization process. It seems clear that the greatest latent heat of PA is related to its 

saturated nature. Edirisinghe et al. [34] found that the reactivity of unsaturated double 

bonds in bulk radical polymerization depends on the number of double bonds and the 

chain length of the fatty acid. Keeping this in mind, unsaturated fatty acids can perform 

two different roles in the radical polymerization process, one as PCM and another as 

monomer. The proposed mechanism for the unsaturated fatty acids reaction is depicted in 

Figure 5.3. The low latent heat of the microcapsules containing non-conjugated LinA 

indicates that this fatty acid acts mainly as a crosslinking agent, forming part of the 

polymer shell. Accordingly, the presence of double bonds make that the fatty acid behave 

as a monomer instead of remaining as the reaction media for the vinyl monomers. This 

alter the TES properties of the original acid. Comparing the values of ΔHMC and CPCM for 

MC(OA) and MC(EA), it is evident that the latent heat of the microcapsules rises 

significantly with increasing chain length (EA > OA). A longer chain will have higher 

hydrophobicity and melting temperature of the PCM. The wt. fraction of unreacted PCM 
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in MC(OA) and MC(EA) is different due to higher reactivity of OA compared with EA. 

Since hydrophobic compounds have a higher interfacial tension against water, they prefer 

to stay in the inner core of the droplet. Accordingly, based on the hydrophobic properties,  

EA is expected to be easier to encapsulate than OA [35].   

 

Figure 5.3. Proposed polymerization reaction of a monounsaturated fatty acid. 



Chapter 5   

   

140 

In order to check the influence of the melting temperature of the PCM on the 

encapsulation procedure, three additional materials with different melting temperatures 

(Rubitherm®RT6, Rubitherm®RT21 and Rubitherm®RT27) were encapsulated. Figure 4 

shows the relation between the latent heat of microcapsules (MC) and form-stable 

materials (FS) with the melting temperature of the core material. All the reported 

microcapsules and form-stable materials containing fatty acids were included.  
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Figure 5.4. Influence of melting temperature and content of the PCM on the latent heat of 

microcapsules (MC) and form stable materials (FS) with  stearic acid (SA), palmitic acid (PA), 

myristic acid (MA), lauric acid (LauA), caprylic acid (CA), decanoic acid (DA), oleic acid 

(OA), erucic acid (EA) and linoleic acid (LinA). 

 

As can be seen, the latent heat of both fatty acids and paraffins increases with the 

melting temperature of the PCM. It is also observed, although depending on the material 

type that a lower amount of PCM is encapsulated when the melting temperature 

decreases. In this way, the lowest value of latent heat observed in the case of MC(LinA) 

can be attributed to its higher reactivity. Thus, the microencapsulation of paraffins by this 
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technique is strongly dependent on the melting temperature of the core material, whereas 

the encapsulation of fatty acids is affected by both reactivity and melting temperature. 

This also indicates that the microencapsulation process of a saturated fatty acid is equal 

to that of a paraffin. On the other hand, the reported data for thermoregulating materials 

containing unsaturated fatty acids obtained for the form-stable method resulted in 

materials with a larger latent heat than achieved from microencapsulation. This is because 

the form-stable PCM works as a mixture, while the latent heat of the microcapsules is 

dependent on the shell thickness. According to Figure 5.4, thermoregulating materials 

containing unsaturated fatty acids can be produced by using the same PCM content, with 

the difference that the latent heat only dependent on the melting temperature. Finally, 

from Figure 5.4 it is possible to affirm that saturated acids can be microencapsulated 

following the same trend as paraffins, indicating that it is inert in this process contrary to 

unsaturated fatty acids.  

The results obtained during synthesis with paraffins show that the highest PCM 

content for Rubitherm®RT21 was 65.10%, which is very close to the 64.39% obtained 

when the PA was encapsulated. These results are higher than those reported by Sanchez 

et al. [15] encapsulating 10.92 of Rubitherm®RT20 and 28.69% Rubitherm®RT27 in a 

polystyrene shell by the same methodology. Bayes-Garcia et al. [13] developed 

microcapsules with Rubitherm®RT27 in Agar-Agar/Arabic Gum and Sterilized 

Gelatin/Arabic Gum shells with the PCM contents 48 and 49%. Accordingly, the 

technique of the synthesis, recipe and shell materials have an important influence on the 

final thermal properties of the products. Although it seems evident that the double bonds 

of the unsaturated fatty acids are interacting with monomers in the polymerization 

process, solid scientific evidences supported by the characterization techniques will be 

provided for the definitive confirmation. 

TGA thermograms of P(St-DVB) without PCM and microcapsules containing 

fatty acids are shown in Figure 5.5. Pure fatty acids evaporate at lower temperatures than 

the copolymer. The evaporation trend PA>LinA>OA>EA agrees with the expected 

volatility for the fatty acids with respect to their boiling temperatures 256.39, 268.83, 

281.81 and 296.88 °C, respectively. It can be also seen that thermal degradation of the 

P(St-DVB) copolymer and pure fatty acids occurs in only one weight loss. 



Chapter 5   

   

142 

 

Figure 5.5. TG and DTG curves for P(St-DVB), pure fatty acids and their microcapsules. 
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For the microcapsules, the weight loss depends on the encapsulated fatty acid. 

Microcapsules containing PA and LinA exhibit two steps, whereas three steps are 

observed for microcapsules containing OA and EA. All the materials from fatty acids, 

except PA, present a wide, smooth and continuous weight loss in the temperature range. 

This is due to the evaporation of pure fatty acid and the degradation of P(St-DVB). This 

weight loss could be caused by the formation of by-products having a higher vapor 

pressure than pure fatty acids. Wilson et al. [36] reported the decreasing vapor pressure 

of some fatty acids with increasing molecular weight. In homologous organic compounds, 

vapor pressure at any temperature decreases with increasing molecular weight [37]. Kaya 

et al. [38] reported higher resist of oligomer against temperature than monomer due to 

long conjugated band systems. Finally, Yusof et al. [39] commented lower thermal 

stability of monomers compare to polymers caused by lower molecular weight of the 

monomers.  

This confirms the reactivity of unsaturated bonds in the radical polymerization 

process. The results observed by using OA do not agree with the results reported by 

Roberge et al., [27] where the fatty acid was not incorporated into final polymer product. 

However, OA had a significant effect on the polymerization kinetics, due to resonance 

stabilization of radicals from the oligomers which was beneficial for conjugated LinA 

initiation. Hence, fatty acids with double bonds can act as monomers in radical 

polymerization processes initiated by BPO. Accordingly, the suspension-like 

polymerization technique is not a suitable microencapsulation technique for production 

of microcapsules having a large latent heat and containing fatty acids with double bonds 

as core materials.  

Figure 5.6 shows the FT-IR spectra for pure fatty acids, P(St-DVB) and their 

microcapsules. Vibrations of alkene C-H stretching, aliphatic C-H, carbonyl group and 

C=C alkene bending can be observed in the bands 3010, 2850 – 2950, 1700 and                

948 cm-1, respectively, for the pure fatty acids [27]. The IR spectrum of P(St-DVB) 

exhibited an absorption band at 3020 cm-1 attributed to aromatic C-H stretching vibration. 

In addition, peaks located between 1600 and 1440 cm-1 supported the presence of C=C 

phenyl stretching. The bands at 750 cm-1 and 695 cm-1 corresponds to aromatic C-H 

bending of benzene derivative [40,41]. In the spectrum of microcapsules, the vibrations 

for aliphatic C-H and carbonyl groups can be observed as well. Furthermore, the peak 
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assigned for C=C alkene bending disappear in case of LinA and OA and decreases the 

intensity for EA, confirming the contribution in the shell formation. 

 

 

(a) 

(b) 



                                         Synthesis of green microcapsules containing fatty acids as PCM 

   

  145 

 

Figure 5.6. Infrared spectra of fatty acids, P(St-DVB) and their microcapsules a) LinA; b) OA; 

c) EA. 

 Reactivity of unsaturated fatty acids 

With the purpose of verifying the reactivity of LinA, OA and EA in presence of 

BPO, several bulk polymerization experiments were carried out. Initially, the 

homopolymerization of LinA, OA and EA initiated by using BPO for checking the 

formation of homopolymers (PLinA, POA and PEA) from the original fatty acids were 

performed.  

Table 5.4. Thermogravimetric parameters for unsaturated fatty acids and their homopolymers. 

Sample T onset (°C) 
Td (°C) 

ΔT (°C) Char (%) 
I II 

LinA 237.90 268.48 - 38.65 1.43 

PLinA 237.24 274.92 448.65 233.49 0.29 

OA 242.55 273.99 - 41.06 0.22 

POA 244.10 274.79 440.91 215.05 0.12 

EA 264.04 297.22 - 46.80 2.49 

PEA 266.53 299.56 449.81 200.86 0.10 

(c) 
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Figure 5.7. TGA and DTG thermograms for unsaturated fatty acids and their homopolymers. 

Figure 5.7 shows that the volatility trend of homopolymers is in agreement with 

the results obtained for pure fatty acids, where the lowest stability was exhibited by LinA, 

then OA and EA. Table 5.4 presents onset temperature, mean degradable temperature, 

difference between onset and endset temperature and char residue of unsaturated fatty 

acids and their homopolymers. As expected, two weight losses for all 

homopolymerization products were clearly noted. The first one corresponds with the 

evaporation of the pure fatty acids (peak I), while the second one is due to the degradation 

of oligomers or polymers produced from the unsaturated fatty acids (peak II), constituting 

14.11, 15.71 and 46.02% for PEA, POA and PLinA, respectively. A shifting of the 

evaporation temperature of the pure fatty acids can be observed, indicating the possible 

absorption of those compounds in the liquid polymers (Td). ΔT increases in the case of 

polymer due to formation of products with wide range of molecular weights, indicating a 

large polydispersity of the material [39]. The formation of char is very low due to the 

absence of promotors like nitrogen and phosphor in the chemical structure of the fatty 

acids. Accordingly, these materials do not have fire retardant properties.  
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Figure 5.8. DSC thermograms for PLinA, POA and PEA. 

The total amount of non-reactive fatty acids can be obtained by DSC (Figure 5.8), 

by examining the endothermic and exothermic values of the latent heat of the products, 

during the melting and crystallization processes, respectively. The conversion of fatty 

acid (𝜒𝐹𝐴
𝑃 ) in the production of each polymer (Pi) was estimated by the following Equation 

5.1. 

𝜒𝐹𝐴
𝑃 (%)  = (1 −  

∆HP𝑖

∆H FA𝑖

×
Reactants

FA𝑖 
) × 100%  (5.1) 

where ∆𝐻𝑃𝑖
, ∆𝐻𝐹𝐴𝑖

 are the average latent heats from the endothermic and exothermic 

values of the product and the original fatty acid, respectively. The weight of fed raw 

materials is named Reactants and FAi is the weight of initial fatty acid added. A small 

supercooling effect was observed for the fatty acids, resulting in a shift of the peak 

positions between the heating and cooling curves [42].  

From the experimental data, the conversions of EA, OA and LinA were 31.84, 

53.49 and 67.47%, respectively. The conversion confirm the hypothesis that the most 

reactive fatty acid is LinA followed by OA. From DSC analyses it is possible to obtain 

the non-affected amount of fatty acids by the oligomerization process, which can be 
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obtained from the conversion values. The amount of non-reactive fatty acids were 68.16, 

46.51 and 32.53% for EA, OA and LinA, respectively. All of these values are lower than 

those obtained from the TGA (80.38, 79.32 and 63.32% for PEA, POA and PLinA, 

respectively), indicating that fatty acid absorption occurs in presence of the liquid 

homopolymer. Accordingly, both TGA and DSC thermal analyses confirmed the 

homopolymerization process of unsaturated fatty acids initiated by benzoyl peroxide.  

Once the reactivity of the unsaturated fatty acid was confirmed, the effect of the 

presence of styrene and DVB as vinyl monomers giving terpolymerization products 

P(LinA+St+DVB), P(OA+St+DVB) and P(EA+St+DVB) was also studied. Products 

from the bulk polymerization of OA and EA with vinyl monomers consisted of a large 

amount of solid material and a thin layer of liquid, whereas in the case of the LinA, the 

whole product was solid. Terpolymerization solid products are shown in Figure 5.9. 
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Figure 5.9. TG and DTG thermograms of solid P(LinA+St+DVB), P(OA+St+DVB) and 

P(EA+St+DVB). 

Thermograms show that the thermal evaporation of the material increases in 

presence of vinyl monomers. The TGA of P(OA+St+DVB) and P(EA+St+DVB) 

copolymer exhibits weight losses compatible with the evaporation of pure fatty acids and 
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the thermal degradation of the polymer. The decomposition of the P(LinA+St+DVB) was 

observed in a wide temperature range, as result of a high polydispersity of the final 

polymer and the high conversion of this fatty acid. The reactivity of LinA was previously 

reported by Roberge et al. [27,26] using styrene and butyl acrylate in presence of benzoyl 

peroxide as initiator at 80 °C.  

Due to the high conversion of the LinA, it was chosen for further studies of its 

reactivity with the pure monomers. Copolymers P(LinA+St) and P(LinA+DVB) were 

produced, with the same PCM/monomer mass ratio. Figure 5.10 shows the DSC results 

for all LinA products from the bulk polymerization process.   
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Figure 5.10. DSC thermograms LinA, PLinA, P(LinA+St), P(LinA+DVB) and 

P(LinA+St+DVB). 

The latent heats for the obtained polymers PLinA, P(LinA+St), P(LinA+DVB) 

and P(LinA+St+DVB) were 26.64, 12.34, 2.46 and 2.69 J g-1, which leads to LinA 

conversions of 67.47, 69.87, 93.99 and 95.20%, respectively. As can be seen, the χLinA
P  

increases significantly with the use of vinyl monomers and mainly with DVB. The values 

of conversion are higher than reported by Roberge et al. [28] This differences in the 

conversion values could be due to the use of a higher mass ratio between initiator and 



Chapter 5   

   

150 

monomers in this study compared to that used by Roberge et al. [28] Accordingly, the 

double bonds of the fatty acids are activated by the radical initiator benzoyl peroxide, 

causing a depletion in the thermal energy storage properties. 

The molecular weight distributions of the soluble fraction of polymers in THF 

from the above products were determined by GPC (Figure 5.11). The molecular weight 

of the soluble copolymers (P(LinA+St) and P(LinA+DVB)) and the soluble fraction of 

terpolymer (P(LinA+St+DVB)) exhibited high values. The PLinA exhibits a molecular 

weight very close to that of original LinA - retention volume 16.2 ml - but with a higher 

amount of oligomers. The peak of LinA disappears completely in the case of the soluble 

part of the terpolymer P(LinA+St+DVB). As noted above, LinA exhibited 95.20% 

conversion in the production of the terpolymer P(LinA+St+DVB). This can be explained 

by the presence of another reactive unsaturated fatty acid (OA) as the main impurity of 

the used LinA. Accordingly, the GPC analyses also confirm that the reactivity of the 

unsaturated acids in radical polymerization process can be enhanced by using vinyl 

monomers and BPO concentration of 7 wt.% with respect to the monomers. The obtained 

elution is not unimodal because the products have large polydispersity (Table 5.5). In 

Figure 5.7 we can observe the TG thermograms for the terpolymer containing LinA, the 

weight loss is broad which can indicate a material with high polydispersity.   

 

Table 5.5. Number- and Weight-Average Molecular Weight for LinA homopolymer, 

copolymers and terpolymer. 

Sample Mn (g mol-1) Mw (g mol-1) Mw/Mn 

PLinA 915 924 1.00 

P(LinA+St) 1775 2058 1.16 

P(LinA+DVB) 8682 15048 1.73 

P(LinA+St+DVB) 8854 15407 1.74 



                                         Synthesis of green microcapsules containing fatty acids as PCM 

   

  151 

10 11 12 13 14 15 16 17

7 8 9 10 11 12 13 14 15 16 17

Retention  Volume (mL)

 P(LinA)

 P(LinA+St)

 P(LinA+St+DVB)

 P(LinA+DVB)

Retention  Volume (mL)

 PLinA

 P(LinA+St)

 P(LinA+DVB)

 P(LinA+St+DVB)

 

Figure 5.11. GPC of the synthesized polymers and pure LinA. 

5.4.  Conclusions 

Microcapsules containing PA or paraffins Rubitherm®RT6, Rubitherm®RT21 and 

Rubitherm®RT27 as core materials and P(St-DVB) as the polymeric shell were 

successfully produced by a suspension-like polymerization technique. SEM and PSD 

analysis confirmed the spherical shape and uniform particle size of MC(PA). It was found 

that the latent heat of microcapsules containing fatty acids as well as in the case of 

paraffins, increased with the melting temperature of the core material. However, the 

encapsulation of fatty acids by radical polymerization was strongly dependent on the 

presence and number of double bonds in the core material. Microcapsules containing 

LinA exhibited the lowest content of PCM and latent heat, indicating that this acid has a 

high reactivity in the polymerization medium due to the two double bonds in its chemical 

structure. DSC and TGA analyses confirmed that unsaturated fatty acids can be 

considered as a monomer in the free radical polymerization process initialized by benzoyl 

peroxide, which causes a decrease in the PCM efficiency. The conversions of fatty acids 

in the homopolymerization processes were 67.47, 53.49 and 31.84% for PLinA, POA and 

PEA, respectively. Fatty acids containing double bonds can play two different roles in 
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processes that involve radical polymerization: as core materials and monomers. 

Accordingly, this technique was suitable to encapsulate saturated fatty acids and paraffins 

having a latent heat and a PCM content higher than 100 J g-1 and 64 wt.%, respectively. 

Nevertheless, it offered a poor performance for the encapsulation of unsaturated fatty 

acids. 
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Abstract 

Thermoregulating microcapsules containing phase change material 

(Rubitherm®RT27) were produced by using the suspension-like polymerization 

technique with styrene (St), divinylbenzene (DVB) and 

hexa(methacryloylethylenedioxy) cyclotriphosphazene (PNC-HEMA) as co-

monomers. It was found that the thermal energy storage (TES) capacity of the 

microcapsules increased in the presence of PNC-HEMA. However, the morphology of 

the microcapsules became irregular when the content of monomer with flame retardant 

properties was increased. Thermogravimetric analyses performed under atmospheric air 

confirmed that the PNC-HEMA raised the amount of residue after the burning process, 

proving the formation of thermally stable char layer. Micro-combustion calorimetry 

analyses were performed to evaluate the fire resistance. Total heat release and peak heat 

release were lower than those exhibited by microcapsules without PNC-HEMA. Thus, 

these materials could be considered as an important alternative to commonly used 

microcapsules containing phase change materials (PCMs), where a lower flammability 

is required for their application. 
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6.1.  Background 

The drawbacks such as low thermal conductivity and flammability properties 

have limited the application of thermoregulating microcapsules, especially in the 

building industry. Two modes of action to prevent the flame spreading are known, this 

is physical and chemical action.  

The combustion process can be retarded by physical action in several ways. Some 

flame retardant additives contribute to the formation of a protective layer between the 

gaseous phase where combustion occurs and the solid phase where thermal degradation 

takes place. This is an effect of a low thermal conductivity of that layer which can reduce 

the heat transfer from the heat source to the material. This process decreases the 

degradation rate of the material and reduce the access to fuel, preventing feeding the flame 

with flammable molecules. The decomposition reactions of the additive may cause 

temperature decrease by heat consumption. The flame retardant additive can degrade 

endothermically and involve cooling of the substrate to a temperature below its 

combustion temperature. Finally, the flame retardants can decompose forming inert gases 

such as H2O, CO2, NH3, etc. and thereby dilute the combustible gas mixture [1,2]. 

The most important flame retardant chemical reactions prevent the combustion 

process from taking place in the condensed and gas phases. In the condensed phase two 

types of chemical reactions occur. Firstly, the rupture of the polymer can be accelerated 

by the flame retardant, causing the polymer to drip and thus moving away from the flame 

action zone. Secondly, the flame retardant causes the formation of ceramic-like or a glass 

layer of carbon on the polymer surface. This char creates a physical insulation layer 

between the gas phase and the condensed phase [1,2]. On the other hand, the free-radical 

mechanism of the combustion process can be avoided by the incorporation of flame 

retardant additives. These additives release specific radicals (e.g. Cl and Br) in the gas 

phase which are able to react with highly reactive species (such as H and OH) to form 

less reactive or even inert molecules. If the exothermic process is stopped the system 

cools down, leading to a reduction in the fuel production [1,2].  

Several methods have been reported to reduce the flammability of building 

materials containing PCMs. One of them involve addition of the PCMs to the building 

block and surrounding on all sides with non-combustible concrete without changing the 
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strength properties of the block [3]. Kośny et al. [4] developed microencapsulated fire-

resistive PCM using fatty acids esters, which are less flammable than paraffins, and by 

covering the surface of the microcapsules with a flame retardant agent. The PCM was 

applied into two insulations systems: PCM-enhanced cellulose insulation [5] and a 

blend of PCM with blown fiberglass [6]. These insulations are designed to be used in 

residential walls and attics. Banu et al. [7] tested ordinary gypsum wallboard 

impregnated with approximately 24% organic PCM and discussed the possibilities to 

reduce its flammability. Studies regarding improving the fire-retardancy of paraffin 

with a melting point between 54 and 56 °C by preparing a form-stable PCM based on 

paraffin and HDPE with and without EVA were performed by Cai et al. [8-14]. 

Different types of fire retardants such as expandable graphite (EG), ammonium 

polyphosphate (APP), zinc borate (ZB), pentaerythritol (PER), brominated fire-

retardant, melamine phosphate (MPP), antimony oxide (AO), melamine cyanurate 

(MCA), organophilic montmorillonite (OMT), magnesium hydroxide (MH) and red 

phosphorus microencapsulated with melamine formaldehyde (MRP) were used. 

Additionally, the studies on synergistic effect between those fire retardants were carried 

out. From TGA analyses it was concluded that the addition of those compounds 

improved the thermal stability of PCM resulting in a residue amount between 5 and 20 

wt.% at 800 °C in comparison with no char present for form-stable PCM without fire-

retardant. Furthermore, little influence on thermal energy storage was found in the 

presence of fire retardant compounds. Accordingly, improved fire resistant properties 

and decreased flammability of microencapsulated paraffins are an important issue for 

many applications. 

In this chapter, a monomer containing phosphorous and nitrogen atoms was 

selected. Monomers with heteroatomic bonds in their chemical structure have good fire 

resistant properties due to the larger bonding energy compared to homoatomic bonds. 

Compounds of phosphazene having a P-N bond linked with other organic groups, 

inorganic or semiinorganic compounds, exhibit high heat resistant properties [15]. The 

chemical structure in Figure 6.1 represents the full substitution of 

hexachlorophosphazene (PNC) by hydroxyethylmethacrylate (HEMA), giving PNC-

HEMA and pyridine hydrochloride as the final products of the synthesis. 
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Figure 6.1. Synthesis reaction of hexa(methacryloyl ethylenedioxy)-cyclotriphosphazene. 

 

In this chapter, a monomer exhibiting flame retardant properties, 

hexa(methacryloyl ethylenedioxy)cyclotriphosphazene (PNC-HEMA), was 

synthesized to improve the thermal stability and flammability of thermoregulating 

microcapsules from styrene and divinylbenzene containing Rubitherm®RT27. 

Microcapsules containing different amounts of PNC-HEMA and PCM were developed, 

and their effect on TES capacity, morphology, thermal stability and fire resistance were 

analyzed.  

6.2.  Materials 

Hexa(methacryloyl ethylenedioxy)cyclotriphosphazene (PNC-HEMA) was 

synthesized in our laboratory. A short chemical characterization is presented below.  

Infrared analyses were performed for PNC, HEMA and PNC-HEMA in order to 

confirm the chemical structure of PNC-HEMA. The spectra are shown in Figure 6.2 and 

characteristic absorbance groups are listed in Table 6.1. 
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Figure 6.2. Infrared spectra for HEMA, PNC and PNC-HEMA. 

The ring stretching vibration and ring vibration of the P – N group in the PNC can 

be found at the wavenumber 1205 and 875 cm-1, respectively. Whereas, in PNC-HEMA 

those peaks are shifted to 1242 and 949 cm-1. One of the most significant bond is P – Cl, 

which confirm that the reaction occurred. The P-Cl band can be recognized at 600 and 

520 cm-1 in PNC whereas in the case of PNC-HEMA is practically negligible.  

Furthermore, the sorption due to the C=C vinyl group and -COO which 

correspond to HEMA was observed at similar wavenumbers. Thus, C=C appeared at 1645 

and 815 cm-1 and -COO occurred at 1730 and 1170 cm-1. In HEMA, the hydroxyl group 

was found at a wavenumber of 3450 cm-1 and a small peak can be observed in case of 

PNC-HEMA since the conversion of HEMA to PNC-HEMA is not 100%.  

Nevertheless, new peaks occurred at 1070 and 970 cm-1 which correspond to the 

P-O-C group, indicating and confirming the reaction between PNC and HEMA. It can be 

concluded that, for the PNC-HEMA product obtained, the incorporation of HEMA into 

the PNC takes place by substitution of its chlorides [15]. 
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Table 6.1. Main absorbance peaks for PNC, HEMA and PNC-HEMA. 

Functional group Wavenumbers (cm-1) 

 PNC HEMA PNC-HEMA 

P – N 1205 - 1240 

P – N = P 875 - 940 

P – Cl 600 - - 

 520 - - 

C = C - 1645 1645 

 - 815 815 

-COO - 1730 1730 

 - 1170 1170 

O – H - 3450 - 

P – O – C - - 1070 

 - - 970 

 

Thermogravimetric analyses in nitrogen atmosphere were performed to determine 

the thermal stability of the PNC, HEMA and PNC-HEMA monomer and they are shown 

in Figure 6.3. As can be seen, PNC and HEMA compounds present a single stage of 

thermal degradation at 170 and 150 °C, respectively. It is also observed that the 

percentage of residue in both cases is negligible, since the compounds are practically 

degraded. 

However, an important change can be observed for the PNC-HEMA, presenting 

two stages of degradation. The first one at 150 °C corresponds to toluene, unreacted PNC 

and HEMA present in the monomer whereas the second occurs from 260°C due to the 

degradation of the PNC-HEMA compound and it is elongated up to 550°C. It is important 

to point out that this monomer has a 35 wt.% of residue, indicating that it polymerizes at 

high temperature and the product could work as flame retardant, being stable at high 

burning temperatures.  

These results show a greater stability of the PNC-HEMA compared to its initial 

compounds. Together with the infrared spectra in Figure 6.2, the chemical reaction 
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between the PNC and the HEMA was confirmed whereby the PNC-HEMA shows 

synergistic effect with respect to its raw materials. 

 

Figure 6.3. TGA analysis for the PNC, HEMA and PNC-HEMA. 

 

In this chapter, microcapsules with 50, 32 and 0% of PCM were synthesized 

keeping the parameters optimized in Chapter 4 constant. A St/DVB mass ratio of 1, 

toluene/PCM is 1.92, the continuous/discontinuous mass ratio is 3.33, the agitation rate 

800 rpm, using PVP as suspending agent at a concentration of 5.03%. Products with and 

without PNC-HEMA were examined. The percentage associated with PNC-HEMA in the 

nomenclature of microcapsules is related to the amount of PNC-HEMA used based on 

the total amount of monomers. In addition, the amount of PCM based on total amount of 

monomers and PCM used is indicated in the sample name. 

6.3.  Results 

 Morphology and particle size of the products 

The morphology of the synthesized products was partially described in Chapter 

4. The morphology was characterized by SEM and it is shown also in Figure 6.4. 

Increasing the amount of PNC-HEMA resulted in poorer shape and higher 
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agglomeration of the microcapsules. Irregular shape and agglomeration were mainly 

observed for products having a content of PNC-HEMA higher than 10 wt.% (Figure 

6.4d and 6.4e). This is contrary to the expected results in which higher crosslinker 

contents improve the appearance of the polymer surface [16], in this case a broken 

product was obtained. According to Anzai et al. [15,17], the PNC-HEMA polymer 

presents small polymerization shrinkage, large hardness and a small coefficient of 

thermal expansion. These properties are attributed to the inorganic P3N3 ring and its 

hetero bonding effects [18]. There are two possible factors that can influence the final 

morphology of the obtained microcapsules. Firstly, unsubstituted hydroxyl groups that 

remain in the PNC-HEMA, and do not react with the six active sites of PNC. Secondly, 

the compressive strength of the copolymer rises in the presence of PNC-HEMA, leading 

to a higher hardness of the shell. It is possible that during the reaction, the particles 

having high hardness are broken due to the vigorous stirring required in the suspension-

like polymerization process. It can be concluded, based on the SEM analysis, that the 

PNC-HEMA employed as a monomer should be maximum 10 wt.%, which provide 

spherical morphology and not a damaged structure. 

 

  

  

(a) (b) 

(c) (d) 
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Figure 6.4. SEM images for microcapsules containing different amount of PNC-HEMA and 

particles (a) MC-P(St-DVB)68%PCM; (b) MC-P(St-DVB-5%PNC-HEMA)68%PCM; (c) MC-

P(St-DVB-10%PNC-HEMA)68%PCM; (d) MC-P(St-DVB-20%PNC-HEMA)68%PCM;       

(e) MC-P(St-DVB-30%PNC-HEMA)68%PCM. 

 

Additionally, synthesis with 0, 32 and 50% of PCM were performed and the 

SEM images are presented in Figure 6.5. The morphology varies according to the mass 

ratio used in the synthesis. For a low paraffin/monomer mass ratio, the microcapsules 

have a spherical morphology with smoother surfaces than that one with a higher mass 

ratio, in which a rougher surface is observed. Furthermore, particles synthesized by 

using 10 wt.% of PNC-HEMA without PCM depict smooth and spherical surfaces. 

Similar results were observed by Luo et al. [19] who reported improved morphology with 

increasing monomer content. Accordingly, the morphology of the microcapsules is 

affected by the PCM content and also by the presence of the monomer with flame 

retardant properties.  
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Figure 6.5. SEM images for microcapsules containing different amount of PNC-HEMA and 

particles (a) MC-P(St-DVB)50%PCM; (b) MC-P(St-DVB-10%PNC-HEMA)50%PCM; (c) 

MC-P(St-DVB)32%PCM, (d) MC-P(St-DVB-10%PNC-HEMA)32%PCM; (e) P(St-

DVB)0%PCM, (f) P(St-DVB-10%PNC-HEMA)0%PCM. 

 

Volume and number particle size distributions of the microcapsules with 

different amount of PNC-HEMA and MC-P(St-DVB)68%PCM are shown in Figure 

6.6. The volume particle size distributions are bimodal, except for microcapsules 

without PNC-HEMA monomer or PCM. However, the number average distributions 

are unimodal for all types of microcapsules. The volume particle size distribution 

decreases by increasing content of flame retardant monomer and follow this order:     

MC-P(St-DVB-20%PNC-HEMA)68%PCM < MC-P(St-DVB-30%PNC-HEMA)68%PCM 

< MC-P(St-DVB-10%PNC-HEMA)68%PCM < MC-P(St-DVB-5%PNCHEMA)68%PCM 

< MC-P(St-DVB)68%PCM, having average values of 57, 64, 112, 145 and 213 μm, 

respectively. This trend can be related to the irregular morphology and damage of 

microcapsules in the presence of PNC-HEMA.  
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Figure 6.6. Volume average particle size distribution for microcapsules containing different 

amount of PNC-HEMA and particle. 

 

Regarding the number average particle size distribution shown in Figure 6.7, the 

values are very close and within 7 and 14 μm. The differences between the number and 

volume distributions are due to the cubic influence of the particle size and on the volume 

distribution whereas the number distribution is only dependent on the number of 

particles per particle size [20]. Accordingly, the volume average is biased towards large 

particles. The huge difference between number and volume averages indicates that most 

of the particles are quite small (number average), but there are a few very large particles 

present (which will contribute strongly to the volume average). The large sizes can be 

attributed to agglomeration.  
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Figure 6.7. Number average particle size distribution for microcapsules containing different 

amount of PNC-HEMA and particles. 

 

 Thermal energy storage properties of the microcapsules 

Figure 6.8 shows the PCM content, encapsulation efficiency and microcapsule 

yield. The latent heat of the microcapsules with flame retardant monomer increases 

significantly compared to the ones without (101.8 J/g), being 107.8, 109.0, 111.2 and 

110.4 J/g for microcapsules with 5, 10, 20 and 30% of PNC-HEMA, respectively. These 

values correspond to PCM contents ranged between 62.97 and 64.95%. Accordingly, 

the PCM content of the thermoregulatory materials is very similar to the theoretical 

value (68.5%). This indicate that employment of PNC-HEMA as a monomer in the 

microencapsulation process favors the PCM encapsulation. When using only St and 

DVB as monomers, the PCM content reaches 59.46%. Considering that the interfacial 
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tension influence the encapsulation process [21], the higher hydrophilicity of 

water/PNC-HEMA than for water/styrene or water/divinylbenzene, favors the 

formation of core/shell morphologies using PNC-HEMA as a monomer [22]. This was 

discussed in detail in Chapter 4.2.8. It can be noticed that the PCM content becomes 

higher with increasing amount of PNC-HEMA, while the encapsulation efficiency and 

microcapsule yield decrease. 

 

Figure 6.8. Effect of PNC-HEMA amount on microcapsules yield (ηr), paraffin content 

(CPCM) and encapsulation efficiency (EE). 

 

 The heating/cooling DSC thermograms for microcapsules synthesized with 32, 

50 and 68% of PCM are presented in Figure 6.9. Obviously, the latent heat obtained 

from these recipes is significantly lower than in the previous set of experiments due to 

low PCM load. The latent heat for microcapsules with PNC-HEMA were 27.25 and 

69.4 J/g, respectively and for microcapsules from P(St-DVB), 28.73 and 58.01 J/g, 

respectively. It is noteworthy that the detected melting point is also shifted from 18 to 

25.75 °C because of a thicker shell and lower thermal conductivity when a higher 

amount of monomers were used.  
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Figure 6.9. Heating/cooling cycles for microcapsules with 32, 50 and 68% of PCM with 0 

and 10% of PNC-HEMA. 

 

 Thermal degradation study of products 

Figure 6.10 shows TG and DTG curves of particles (P(St-DVB) and P(St-DVB-

10% PNC-HEMA)) and neat PNC-HEMA under air atmosphere. Neat PNC-HEMA 

exhibits a weight loss up to 200 °C, which is related to toluene evaporation and 

thereafter a wide monomer combustion with a final residue of 13.39%. For the particles, 

two weight losses can be distinguished. The first one corresponds to the polymer 

combustion and the second one is the degradation of char layer formed at high 

temperatures. The temperature at which 50% of sample’s weight has been lost rises 

from 398°C to 482 °C in the presence of 10 wt.% of PNC-HEMA. Furthermore, the 

amount of char formed by P(St-DVB-10% PNC-HEMA) was 10% higher than for the 

product without flame retardant properties.  
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Figure 6.10. Degradation curves of neat PNC-HEMA and particles under air atmosphere a) 

TG, b) DTG. 

 

As can be seen in Figure 6.11, all microcapsules containing PCMs present three 

degradation stages. The first one corresponds to the release of encapsulated PCM, and 

the lowest maximum degradation temperatures (Tmax1) occurs for microcapsules 

without PNC-HEMA and the highest one is exhibited by product with 10% PNC-

HEMA. The second (Tmax2) and third (Tmax3) weight losses can be assigned to 

combustion of copolymer and degradation of char, respectively. Hence, the char layer 

formed after combustion of PNC-HEMA protects the internal part of the material and 
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delays the degradation. Accordingly, the thermal stability of the microcapsules at high 

temperatures is improved. Finally, the microcapsules without PNC-HEMA were 

completely degraded at 700 °C whereas a char yield of 1.35, 3.84, 3.26 and 3.76% has 

been obtained for microcapsules with 5, 10, 20 and 30% of PNC-HEMA, respectively.  

 

Figure 6.11. Degradation curves of microcapsules under air atmosphere a) TG, b) DTG. 

 

Microcapsules with PNC-HEMA concentrations higher than 10% did not show 

significant additional change in the thermal properties. This can be explained by a small 

amount of unreacted PNC-HEMA, leading to a lower particle yield. The results are in 

agreement with those reported by Qu et al. [23], in which epoxy composites with 

poly(phosphazene-co-bisphenol A)-coated boron nitride were prepared and analyzed by 
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TGA in nitrogen and air atmospheres. It was reported that the presence of phosphazene 

and boron nitride improved thermal stability and thermal conductivity of the 

composites, as well as decreased flammability, yielding a residue around 5%. 

Ash determination regarding ISO 3451-1 were performed in order to analyze ash 

obtained after calcination. Digital photos and SEM images of microcapsules without 

and with 10, 20 and 30% of PNC-HEMA are shown in Figure 6.13. For microcapsules 

without PNC-HEMA, no char occurred and the residual mass was very little after 1 h 

in the temperature of 600 °C. The morphology of the residue obtained for the other 

products maintained the original shape. Additionally, for MC-P(St-DVB-10%PNC-

HEMA)68%PCM a spherical morphology of the char can be observed, showing a good 

dimensional stability during the whole experiment. The decomposition of 

cyclotriphosphazene present in PNC-HEMA not only increased the weight-loss 

temperature of the products in the higher region but also raised the char yield. For 

microcapsules synthesized with addition of PNC-HEMA, the residual mass increased 

with increasing amount of PNC-HEMA (Figure 6.12).  

 

Figure 6.12. Residue amount obtained in the calcination. 

 

EDAX analyses were performed in order to evaluate the elemental composition 

of the residue. Phosphorous constituted 16.91, 21.37, 28.11 and 31.12% of the char for 

microcapsules with 5, 10, 20 and 30% of PNC-HEMA, respectively. This indicates 

successful incorporation of this monomer in the microcapsules shell as well as improved 

resistant to high temperatures. 
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Figure 6.13. Digital photographs and SEM images of the ashes after burning in mufle furnace at 

600 °C (a) MC-P(St-DVB)68%PCM; (b) MC-P(St-DVB-10%PNC-HEMA)68%PCM; (c) MC-

P(St-DVB-20%PNC-HEMA)68%PCM; (d) MC-P(St-DVB-30%PNC-HEMA)68%PCM. 
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Regarding the thermal degradation results, MC-P(St-DVB-10%PNC-

HEMA)68%PCM seems to be the most suitable product for the production of 

thermoregulating microcapsules with flame retardant properties. It can be concluded 

that the presence of PNC-HEMA promotes char formation and enhances the thermal 

stability and the flame retardant properties of the microcapsules.  

 Flame retardant properties of the microcapsules 

Micro combustion calorimeter (MCC) is a useful technique to investigate effect of the 

polymer chemical structure on combustion behavior based on oxygen consumption theory. 

Figure 6.14 reveals the heat release rate (HRR) curves of different synthesized microcapsules.  

 

Figure 6.14. HRR curves of the microcapsules without and with different amount of PNC-HEMA 

and 68% of PCM. 

 

The HRR curves for microcapsules with paraffin encapsulated present two peaks. The 

first one corresponds to the heat released during the paraffin pyrolysis (I) whereas the second 

one is attributed the polymer pyrolysis (II). For MC-P(St-DVB)68%PCM the peak heat 

release rate (PHRR) values were 459.3 and 164.9 W g-1 for paraffin and polymer shell, 

respectively. The heat released in the pyrolysis of the polymer depends strongly on the 

polymer composition and is lower for the microcapsules with the highest PNC-HEMA 

content. This can be related with the higher thermal stability of the phosphorous compounds 
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at this pyrolysis temperature, and due to the char formed by the presence of nitrogen and 

phosphorous elements in the PNC-HEMA which confirms its activity as a flame retardant. 

Table 6.3 summarizes the average values of 3 measurements for the parameters 

obtained from MCC tests. The table consist of two parts, the first one include results for 

microcapsules with increasing amount of PNC-HEMA and product obtained from P(St-DVB) 

copolymer. The second part combine the results for microcapsules with different amounts of 

PCM and 10% of PNC-HEMA and corresponding microcapsules without flame retardant 

monomer. The table lists peak heat release rate (PHRR), the temperature of peak heat release 

rate (TPHRR), total heat release rate (THR) and heat release capacity (HRC).  

 

Table 6.3. Parameters obtained from MCC test for the microcapsules. 

Sample 
PHRR I 

(W g-1) 

TPHRR I 

(°C) 

PHRR II 

(W g-1) 

TPHRR II 

(°C) 

THR 

(kJ g-1) 

HRC 

(J g-1K-1) 

Different amounts of PNC-HEMA 

MC-P(St-DVB)68%PCM 459.3±6.7 251.1±0.1 164.9±1.9 443.8±0.8 40.2±0.1 645.5±12.5 

MC-P(St-DVB-5% PNC-

HEMA)68%PCM 
448.3±2.6 247.4±1.4 147.9±0.1 450.2±2.5 36.6±0.2 606.5±3.5 

MC-P(St-DVB-10% PNC-

HEMA)68%PCM 
408.0±7.9 269.9±1.7 148.7±0.9 448.8±0.5 38.2±0.1 574.7±8.4 

MC-P(St-DVB-20% PNC-

HEMA)68%PCM 
520.5±7.1 250.6±0.5 148.3±0.5 452.4±0.9 35.5±0.6 678.0±9.4 

MC-P(St-DVB-30% PNC-

HEMA) 68%PCM 
490.6±10.2 250.9±0.3 120.6±2.7 452.1±2.3 34.7±0.8 582.5±11.5 

Different amounts of PCM 

MC-P(St-DVB)68%PCM 459.3±6.7 251.1±0.1 164.9±1.9 443.8±0.8 40.2±0.1 645.5±12.5 

MC-P(St-DVB-10% PNC-

HEMA)68%PCM 
408.0±7.9 269.9±1.7 148.7±0.9 448.8±0.5 38.2±0.1 574.7±8.4 

MC-P(St-DVB)50%PCM 263.3±2.3 271.3±1.3 222.1±0.7 450.2±0.7 35.8±0.4 492.7±2.6 

MC-P(St-DVB-10% PNC-

HEMA)50%PCM 
257.9±2.0 272.0±1.2 223.5±1.2 458.0±0.2 34.7±0.3 489.0±1.5 

MC-P(St-DVB)32%PCM 181.7±4.3 258.7±2.0 275.5±2.7 450.5±0.8 33.5±0.3 469.7±4.1 

MC-P(St-DVB-10% PNC-

HEMA)32%PCM 
175.7±3.7 266.2±1.8 260.6±3.0 457.6±0.6 33.0±0.2 448.5±6.8 

MP-P(St-DVB) - - 466.2±3.4 447.0±0.4 33.1±1.1 476.3±6.2 

MP-P(St-DVB-10%PNC-

HEMA) 
- - 434.1±2.2 459.9±0.7 28.9±0.8 443.0±7.4 
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In order to examine the details of the effect of the presence of PNC-HEMA on the 

PHRR and THRR, these variables were plotted in Figures 6.15. 

 

 

Figure 6.15. Peak heat release rate and corresponding temperature for microcapsules with 68% of 

PCM and different amount of PNC-HEMA. 

 

It could be observed that the PHRR of PCM release decreases until 10% of PNC-

HEMA was incorporated. However, in the samples containing 20 and 30% of flame retardant 

monomer, the peak increased with a maximum of 520.5 W g-1 for the microcapsules with 20 

wt.% of PNC-HEMA. This behavior can be attributed to a thinner shell and the highest amount 

of encapsulated PCM (latent heat of 111.2 J g-1). Nevertheless, the PHRR of the polymer shell 

gradually decreased with increasing PNC-HEMA content. The phosphazene in the PNC-

HEMA located at the microcapsules surface could promote the rate of polymer decomposed 

into char. This char layer could inhibit heat transfer to the internal part of the product and 

diminish evaporation of the combustible gases. This  improve the flame retardant properties 

of the microcapsules [23]. The temperature of PHRR which correspond to paraffin release is 

basically stable, except for MC-P(St-DVB-10% PNC-HEMA)68%PCM which increased 
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around 18 °C. A higher heat release temperature is expected in the presence of PNC-

HEMA. Accordingly, the optimal concentration of PNC-HEMA is the MC-P(St-DVB-

30% PNC-HEMA) due to the lower heat release of the polymer shell, indicating a high 

tendency to form char. 

 

Figure 6.16. Peak heat release rate and corresponding temperature for microcapsules with 10% of 

PNC-HEMA and different amount of PCM. 

 

Figure 6.16 illustrates the comparison between microcapsules with 0 or 10% of 

PNC-HEMA and various amounts of PCM. The PHRR and TPHRR decreased and 

increased, respectively, confirming the improved thermal properties of the products.  

Another important parameter to evaluate the fire safety included in Table 6.3 is THR. 

The THR is the amount of heat released throughout the decomposition and can be indicative 

of the total amount of fuel generated [24]. The THR of microcapsules without PNC-HEMA 

was always higher than these of microcapsules containing the flame retardant monomer. The 

heat release capacity (HRC) correspond to the maximum heat release rate divided by the 

heating rate of the MCC test. This value can be used as a reliable indicator of a polymer’s 

flammability [24]. The presence of PNC-HEMA as co-monomer in microcapsules lead to a 

decrease of HRC values. Moreover, the temperature of heat release peaks were sifted to higher 
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values for microcapsules with PNC-HEMA than those without the monomer. The above 

parameters of all microcapsules with PNC-HEMA were lower than the corresponding values 

of microcapsules without PNC-HEMA, proving that the addition of PNC-HEMA could 

improve the flame retardancy of the microcapsules. The thermal decomposition is an 

endothermic process in which the obtained products such as phosphate, metaphosphate formed 

a nonvolatile protective film on the surface of the polymer at the same time isolating it from 

the air. In addition, the non-flammable gases released (e.g. CO2, NH3 and N2) cut off the supply 

of oxygen resulting in synergistic flame retardancy.  

6.4.  Conclusions 

Thermoregulating microcapsules from PNC-HEMA, styrene and 

divinylbenzene as co-monomers were manufactured. It was observed that a high content 

of PNC-HEMA is deleterious for the morphology of the microcapsules. Nevertheless, 

all the thermal properties of the microcapsules such as TES capacity, thermal stability 

and fire resistance were improved with the content of PNC-HEMA. According to the 

physical and thermal results the use of 10 wt.% of PNC-HEMA respect to the other 

monomers was the optimal concentration for obtaining microcapsules with the best 

morphology, the highest TES capacity and thermal stability. MC-P(St-DVB-10% PNC-

HEMA)68%PCM presented an spherical shape with relatively small particle size (112 

μm), a latent heat of 109.0 J/g  and  a charred residue of 3.84 wt.%. Additionally, it was 

confirmed that the phosphazene compound was able to create a dense and stable char at 

high temperature improving the flame retardant properties of microcapsules. Therefore, 

it is possible to improve the fire-resistive of the materials by incorporating flame 

retardant monomers as shell constituents. 
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Abstract 

Thermal and morphological stability of microcapsules were analyzed. It was found 

that the microcapsules kept an intact structure but the PCM content decreased to 0 J g-1 at 

180 °C. This means that the PCM is released from the microcapsule by diffusion through 

the shell and evaporation. Three different approaches to estimate the vapor pressure by 

thermogravimetric analyses of commercial phase change materials (Rubitherm®RT31, 

Rubitherm®RT27, Rubitherm®RT21 and Rubitherm®RT6) have been compared. 

Langmuir vaporization relation and two different models in stepwise and non-isothermal 

thermogravimetric modes based on mass transfer and estimating the binary diffusion 

coefficients in the gas phase as temperature function by Fuller equation were evaluated. 

The Antoine equation was used to estimate the variation of vapor pressure with 

temperature and the three unknown variables were obtained by a non-linear regression 

fitting utilizing the Marquardt algorithm. A good agreement between the experimental 

data and theoretical models has been found. The non-isothermal method exhibited the 

highest accuracy for obtaining the vapor pressure. n-Hexadecane and n-decane have been 

also used as reference compounds to estimate the deviation of the experimental boiling 

temperature of PCMs with respect to those predicted from this model. If was observed 

that the boiling point and heat of vaporization can be predicted with good accurately by 

this model. Accordingly, thermogravimetric analyses using the fastest ramp mode can be 

utilized to obtain the vapor pressure of pure compounds and the boiling point and the heat 

of vaporization can be also predicted. Finally, the diffusion of PCM from microcapsules 

was modeled considering the microcapsule stability and the diffusion of the liquid PCM 

into the solid matrix, vaporization from external surface of microcapsule and the mass 

transfer in the gas phase. Diffusion coefficients for microcapsules with 

Rubitherm®RT27, Rubitherm®RT21 and Rubitherm®RT6 were found. The diffusion 

coefficients were significantly lower than for pure PCM, confirming the expected 

influence of microencapsulation.  
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7.1.  Background 

For an application of PCM microcapsules in building materials, they are required 

to have good thermal stability and mechanical strength. These properties must be ensured 

in order to maintain an intact structure during the manufacturing processes of building 

materials and after that during its entire life cycle. In the production processes of rigid 

polyurethane foam and concrete, exothermic reactions are observed, promoting 

significant changes in the temperature of the raw materials. In production process of rigid 

polyurethane foams, the maximum temperature can increase up to 155 °C within first 200 

s of reaction [1]. During concrete preparation, the factors that influence the temperature 

rise are the initial temperature of the materials, ambient temperature, cement content, 

section size and use of admixtures [2]. There are many complex computer programs 

available to predict the temperature development in concrete. One of the approaches 

define a typical value of temperature rise of 11.15 ºC per 100 kg cement/m3. Stanley [2] 

reported that a peak temperature of 65 °C was reached 1.6 days after casting, whereas 

most of the heat gain took place over 0.6 of a day. Nine days after casting, the concrete 

core temperature was still 20 ℃ above the ambient temperature. It is therefore important 

to study the thermal and morphological resistance of microencapsulated PCM.  

The thermal behavior of a PCM microcapsules are determined by the two phase 

changes that are produced with increasing temperature. The melting phase change can 

produce a leakage or diffusion of PCM from the microcapsules that is avoided by the 

shell. If the temperature continues to increase, the PCM can evaporate and the shell cannot 

retain this vapor. Accordingly, the determination of the vapor pressure of the PCMs will 

be the key to determine the release rate and the degradation thermal profile of the 

microencapsulated PCMs.  

The determination of the vapor pressure of a liquid is necessary for a wide variety 

of materials and their applications. It is especially important to know the rate of 

evaporation of a compound at a specific temperature when the loss of additives in 

polymers leads to an undesired reduction of their efficiency and changes in the material 

properties which is important in terms of storage and long term stability [3].  

Several methods to determine the vapor pressure are reported such as 

ebulliometry, gas saturation and manometry. However, these methods require rigorous 

vacuum, very accurate pressure measurements and are time consuming [4]. 
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Thermogravimetric analysis is considered a simple, easily available and rapid technique 

which requires only a small amount of sample with sufficient accuracy for engineering 

purposes [5-7].  

Currently, two different methods are considered for determination of vapor 

pressures from thermogravimetric analysis. The first procedure is based on the Langmuir 

equation of evaporation [8]. In fact, this approach is broadly applied due to the simple 

procedure where only the molecular weight is necessary for the vapor pressure 

calculations. Nowadays, this method is utilized for determination of vapor pressure of 

UV absorbers [3], explosives [4,9] and pharmaceuticals [10-12]. The second method 

merge Fick’s law of diffusion with mass transfer for the evaporation in a stagnant gas 

[13].  

However there is lack of information about long term stability for commercially 

used phase change materials. Behzadi and Farid [14] performed studies regarding the 

thermal stability and reported vapor pressure considering the future application of propyl 

ester and n-alkanes. To the best of our knowledge, no systematic studies have been carried 

out for the determination of vapor pressure, Antoine constants and related thermodynamic 

properties of commercial phase change materials. 

In this chapter, the use of thermogravimetric analysis for the estimation of vapor 

pressure, enthalpy of vaporization, and normal boiling point of different PCMs such as 

Rubitherm®RT31, Rubitherm®RT27, Rubitherm®RT21, and Rubitherm®RT6 are 

considered. Stepwise and non-isothermal studies were performed. The Langmuir 

equation of vaporization and mass transfer combined with Fick’s law of diffusion were 

used for the estimation of thermodynamic properties of the PCMs. The morphological 

stability is tested by SEM, increasing the temperature of the environment from room 

temperature to 240 °C. Finally, a model which considers the microcapsule stability and 

the diffusion of the liquid PCM into the solid matrix, vaporization on the microcapsule 

external surface and the mass transfer in the gas phase was considered and the diffusion 

coefficients of the PCMs into the solid matrix were determined.  

7.2.  Materials 

For heat-treating, MC-P(St-DVB)68%PCM and MC-P(St-DVB-10% PNC-

HEMA)68%PCM were used. For vapor pressure model, Rubitherm®RT31, 
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Rubitherm®RT27, Rubitherm®RT21, and Rubitherm®RT6 as neat PCMs were used. 

After that, the microcapsules containing respective PCM as core material were evaluated, 

here denoted shortly as MC(RT27), MC(RT21), MC(RT6), respectively. MC(RT27) is 

the same as MC-P(St-DVB)68%PCM, but in order to differ between other PCMs, short 

name of PCM was used in parenthesis. 

7.3.  Results 

 Thermal stability 

Thermal decomposition curves of microcapsules stored at room temperature and 

after heating to 200°C are given in Figure 7.1. Microcapsules weight loss profile occurred 

in two steps before heat treating which correspond to evaporation of PCM and 

decomposition of polymer. The onset and ending evaporation temperature of PCM are 

144.1 and 232.8 °C, respectively. On the other hand, the decomposition of P(St-DVB) 

occurred from 363.7 to 462.2 °C. After treating the microcapsules at 200 °C, only one 

decomposition step was observed, which corresponds to the polymeric shell. This 

indicates that the PCM was released from the microcapsules. In order to analyze this 

mechanism, the vapor pressure of pure PCMs was estimated, the morphological stability 

at high temperature was analyzed and finally, a model of diffusion of PCM thorough the 

microcapsules was developed.  

 

 

Figure 7.1. Thermal decomposition of microcapsules before and after heat treating. 
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 Study on neat PCMs 

a) Mathematical model for estimation of vapor pressure for neat 

PCM 

Stepwise study 

Price et al. [3,15] reported the application of thermogravimetric analysis for 

determination of the vapor pressure of low volatility substances based on Langmuir 

equation 7.1 by using experiments under vacuum conditions, knowing the weight loss at 

a constant temperature (stepwise mode).  

𝑑𝑚𝐴

𝑑𝑡
= 𝑃𝐴

0𝑆𝛼√
𝑀𝐴

2𝜋𝑅𝑇
 (7.1) 

where dm/dt corresponds to the rate of mass loss (g·min−1), 𝑃𝐴
0 is the vapor pressure (Pa) 

of species A at absolute temperature T (K), S is the vaporization surface area (m2), α is 

the evaporation coefficient, MA is the molecular weight of A (g·mol−1) of the evaporating 

substance, R is the gas constant (m3·Pa·K−1·mol−1). 

However some uncertainty appears since the Langmuir theory was designed for 

calculation of saturated vapor pressure in vacuum and the evaporation coefficient is equal 

to one [8]. When substances evaporate in a flowing gas stream at finite pressure, the 

evaporation coefficient cannot be assumed as unity [3]. Thus, it is necessary to determine 

it through experiments by utilizing substances with well-known vapor pressure. The 

values can then be utilized for unknown samples, since it has been shown that it is 

independent on the substance and temperature but dependent on the apparatus [3,16,17].  

Consequently, Equation 7.2 can be written as follows: 

𝑃𝐴
0 = 𝑘𝑣 (7.2) 

where k is a calibration constant and v is material dependent 

𝑘 =
√2𝜋𝑅𝑔

𝛼𝑆
 (7.3) 
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𝑣 =
𝑑𝑚𝐴

𝑑𝑡
√

𝑇

𝑀𝐴
 (7.4) 

The model based on the Langmuir equation is hereafter going to be denoted as the 

Langmuir method. In this model the diffusion of the pure component into the stagnant 

gas is not included.  

Nevertheless, Pieterse and Focke [13] stated that diffusion cannot be neglected 

when the measurements are performed at finite pressure. For that reason, a model based 

on Fick’s law considering that diffusion controls the mass transfer in the gas phase must 

be analyzed. Then, the molar flux of the species A in a binary system (A, B) is expressed 

by: 

𝑁𝐴,𝑧 = −𝑐𝐷𝐴𝐵
𝑔 𝑑𝑦𝐴

𝑑𝑧
+ 𝑦𝐴(𝑁𝐴,𝑧 + 𝑁𝐵,𝑧) (7.5) 

where 𝑐𝐷𝐴𝐵
𝑔 𝑑𝑦𝐴

𝑑𝑧
 is the diffusional flux and 𝑦𝐴(𝑁𝐴,𝑧 + 𝑁𝐵,𝑧) is the bulk flow term for the 

species A, c is the overall vapor contribution, 𝐷𝐴𝐵
𝑔

 is the diffusion coefficient of A in B, 

yA is the molar fraction of A in the vapor phase, NA,z and NB,z are the net fluxes of A and 

B, respectively and z is the vapor-liquid interphase height. 

If B is a stagnant gas, the net flux B (NB,z) is zero through the diffusion path and Equation 

7.5 yields 

𝑁𝐴,𝑧 = −
𝑐𝐷𝐴𝐵

𝑔

(1 − 𝑦𝐴)

𝑑𝑦𝐴

𝑑𝑧
 

(7.6) 

 

where NA,Z is the vaporization rate of A at each temperature, flowing through the container 

surface (S) and being constant at a stepwise mode.  

𝑁𝐴,𝑧 =
𝑑𝑚

𝑑𝑡
/(𝑀𝐴𝑆) (7.7) 

Then, yA can be integrated respect to z in Equation 7.6, obtaining the corresponding net 

flux of A at a constant temperature (Equation 7.8) 
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𝑁𝐴,𝑧 =
𝑐𝐷𝐴𝐵

𝑔

(𝑧 − 𝑧0)
𝑙𝑛

1 − 𝑦𝐴

1 − 𝑦𝐴,𝑧0
 

(7.8) 

 

where z0 is zero and it is defined at the top of the pan at which the vapor concentration of 

A is practically negligible. 

When the log-mean average concentration of gas B is used and yA+yB=1, we have 

𝑦𝐵,𝑙𝑚 =
𝑦𝐵2

− 𝑦𝐵1

ln (
𝑦𝐵2

𝑦𝐵1

)
 

(7.9) 

ln
1 − 𝑦𝐴

1 − 𝑦𝐴,𝑧0
=

𝑦𝐴,𝑧0 − 𝑦𝐴

𝑦𝐵,𝑙𝑚
 (7.10) 

Finally, the molar flux is 

𝑁𝐴,𝑧 =
𝑐𝐷𝐴𝐵

𝑔

𝑧

𝑦𝐴,𝑧0 − 𝑦𝐴

𝑦𝐵,𝑙𝑚
 (7.11) 

Replacing the Equation 7.7 in 7.11 and given to the full gas the consideration as ideal gas, 

c can be replaced by PT/RT and return:  

𝑑𝑚

𝑑𝑡
=

𝑀𝐴𝑆𝑃𝑇𝐷𝐴𝐵
𝑔

𝑅𝑇𝑧

(𝑦𝐴,𝑧0 − 𝑦𝐴)

𝑦𝐵,𝑙𝑚
 

(7.12) 

where PT is the total pressure.   

Thus, if the gas phase is considered as ideal, the vapor phase follows the Dalton’s law, 

where the total pressure is the sum of the partial pressures of the individual gases 

(P=PA+PB).Taking into account that the liquid is constituted only for pure A, Raoult’s 

law can be used for the liquid phase in which the partial pressure of A is equal to the 

vapor pressure (PA≅ 𝑃𝐴
0).  

𝑑𝑚

𝑑𝑡
=

𝑀𝐴𝑆𝑃𝑇𝐷𝐴𝐵
𝑔

𝑅𝑇(𝑧)
(−

𝑃𝐴
0

𝑦𝐵,𝑙𝑚𝑃𝑇
) (7.13) 



                                                           Thermal and morphological stability of microcapsules 

   

  195 

Vapor pressure 𝑃𝐴
0 can also be determined using the Antoine equation as function 

of temperature in the form: 

𝑙𝑛𝑃𝐴
0 = 𝐴 −

𝐵

𝐶 + 𝑇
 (7.14) 

where A, B, and C are the Antoine constants.  

These constants are only tabulated for a limited numbers of compounds [18]. 

These constants are therefore going to be determined from experimental values of dm/dt 

by using the Marquardt algorithm. In this way, the weighted sum of squared residuals is 

defined as: 

Φ = (
𝑑𝑚

𝑑𝑡 (𝑖)

𝑒𝑥𝑝
−

𝑑𝑚

𝑑𝑡 (𝑖)

𝑡ℎ
)

𝑇

(
𝑑𝑚

𝑑𝑡 (𝑖)

𝑒𝑥𝑝
−

𝑑𝑚

𝑑𝑡 (𝑖)

𝑡ℎ
)      (7.15) 

where  is the weighted sum of squared residuals for the weight loss of PCM during the 

TGA analysis,
𝑑𝑚

𝑑𝑡

𝑒𝑥𝑝
and 

𝑑𝑚

𝑑𝑡

𝑡ℎ
 are the experimental and theoretical weight losses of the 

PCM at each specific temperature, respectively and i is a counter which indicates the 

weight loss at a measured temperature. 

This model based on Fick’s law and developed for a diffusional flux at constant 

temperature is called as Stepwise method. 

Non-isothermal study 

Mass transfer with Fick’s law model can be also used to predict the theoretical 

weight loss obtained in non-isothermal study. In this case, a pseudo-steady state 

assumption may be considered and thus, the Equation 7.11 can be applied. In the 

thermogravimetric analysis, the temperature at each time can be obtained by using the 

heating rate (dT/dt): 

𝑇 = 𝑇0 +
𝑑𝑇

𝑑𝑡
𝑡 (7.16) 

where T0 is the initial temperature at which the non-isothermal analysis has started.  
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Mass change as function of time can be also expressed in terms of the change in the pan 

level z with the time (Equation 7.17). 

1

𝑀𝐴

𝑑𝑚

𝑑𝑡
= 𝑁𝐴,𝑧 =

𝜌 𝑆 𝑑𝑧

𝑀𝐴 𝑑𝑡
 (7.17) 

Combining the Equation 7.11 and 7.16, we obtain  

𝑑𝑧

𝑑𝑡
=

𝑀𝐴𝑐𝐷𝐴𝐵
𝑔

𝜌 𝑆
 
(𝑦𝐴1 − 𝑦𝐴2)

𝑧 𝑦𝐵,𝑙𝑚
 (7.18) 

The numerical integration Fourth Order Runge-Kutta method must be applied to solve 

this differential equation, obtaining z as function of time. The molar fractions of A in the 

vapor phase can be obtained by means of its vapor pressure, defined by the Antoine 

equation and in terms of the three unknown parameters A, B and C. Once z is quantified, 

the theoretical weight loss 𝑤𝑙𝑜𝑠𝑠
𝑡ℎ   at each time can be estimated. 

𝑤𝑙𝑜𝑠𝑠
𝑡ℎ = 1 −

𝜌𝑆(ℎ0 − 𝑧)

𝑚0
 (7.19) 

where h0 and m0 are the initial values of the liquid level and mass weight, respectively.  

The values of the three unknown parameters were also determined by a multiple non-

linear regression procedure by means of the Marquardt algorithm.  

The non-isothermal model based on Fick’s law of diffusion combined with mass transfer 

equation is hereafter denoted as the Ramp method. 

b) Results of vapor pressure, boiling point and heat of vaporization of 

PCMs 

Four phase change materials supplied by Rubitherm with different melting points and 

n-hexadecane as reference were thermogravimetrically analyzed in order to determine 

their vapor pressure by mean of three methods (Langmuir, Stepwise and Ramp). Physical 

properties of investigated substances are gathered in Table 7.1.   
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Table 7.1. Melting temperature, molecular weight and density in liquid state of analyzed 

substances. 

Substance 
Melting point 

(°C) 

Molecular weight 

(g mol-1) 

Density liquid 

(g cm-3) a 

Rubitherm®RT31 (RT31) 32 268b 0.76 

Rubitherm®RT27 (RT27) 26 258c 0.76 

Rubitherm®RT21 (RT21) 21 244c 0.77 

Rubitherm®RT6 (RT6) 7 222 0.77 

n-Decane (C10) -30 142a 0.73 

n-Hexadecane (C16) 18 226a 0.77 

a Data from supplier, b ref. [19], c ref. [20].  

In order to apply Fick’s law, binary diffusion coefficients (DAB) in the purge gas 

for all the studied PCMs must be determined. They can be experimentally determined or 

predicted by using theoretical models proposed by Sutherland, Jeans, Chapman and 

Cowling or Fuller, Schettler and Giddings [21]. In this study, the method developed by 

Fuller, Schettler, and Giddings was used due to its high accuracy to predict this coefficient 

with deviations about 4% (Equation 7.20) [21-23].  

𝐷𝐴𝐵 =
10−3𝑇1.75(

1
𝑀𝐴

+
1

𝑀𝐵
)1/2

𝑃𝑇[(∑ 𝑣)
𝐴

1/3
+ (∑ 𝑣)

𝐵

1/3
]

2 (7.20) 

where (∑ 𝑣)
𝐴

 and (∑ 𝑣)
𝐵

 are sum of atomic diffusion volumes of A and B. The diffusion 

volumes for A was calculated from the elemental composition and multiplied by 

recommended atomic diffusion volumes which for carbon atom is 16.5 and hydrogen 

atom is 1.98. The diffusion volume of the nitrogen molecule is 17.9 [21].  

The elemental composition of Rubitherm products was determined by elemental 

analysis which allowed to obtain average fractions of carbon and hydrogen atoms of each 

studied paraffin. The elements present in their structure are shown in Table 7.2. 
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Table 7.2. Chemical composition of studied phase change materials. 

Substance 
Chemical composition 

Catoms Hatoms 

RT31 18.73 40.53 

RT27 18.43 39.67 

RT21 17.70 37.46 

RT6 15.61 33.91 

C16 15.85 33.64 

 

In Figure 7.2 the two used methodologies to estimate the weight loss of the PCM 

with temperature are shown.  

 

Figure 7.2. Stepwise and non-isothermal methodologies to estimate the weight loss of the PCM 

with temperature. 

 

As can be seen, in the stepwise a finite number of experimental data in which the 

temperature is hold constant are obtained whereas, in the ramp an infinity or large number 

of experimental data can be used in the quantification. The evaporation rate at the 

temperature range 323.15 to 433.15 K was measured for n-hexadecane and Rubitherm 

compounds under the stepwise conditions and from room temperature to 550 K under 

non-isothermal conditions. The mass loss rates for stepwise and weight losses versus 

temperature for non-isothermal analyses are shown in Figure 7.3.  
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Figure 7.3. (a) Experimental weight loss rate at a stepwise condition and (b) the weight loss at 

non-isothermal condition with heating rate 10 K min-1. 

As can be seen, from these two methodologies the paraffin volatility order RT6 > 

n-hexadecane > RT21 > RT27 > RT31 can be obtained and it agrees perfectly with the 

melting temperature and molecular weight of the PCM indicated in Table 7.1. As 

expected, the lower the number of carbon in the paraffin, the lower its melting point and 

the lighter the chemical compound. It is also important to point out that by using the non-

isothermal methodology it is possible to study the vaporization of these compounds at 

temperatures closer to the respective boiling point. In the case of the stepwise method, 

the weight loss rate is too high at high temperatures, making it impossible to reach a high 

enough number of data in only one analysis. 

Using Langmuir model 

For the Langmuir method, the n-hexadecane was selected as a reference 

compound because its vapor pressure has been widely studied in the literature [5,24-27]. 

The calibration constant found for this compound could be used to determine the vapor 

pressure of the other investigated substances. The Antoine constants of n-hexadecane 

were taken from the literature [27]. For that purpose, the correlation of vapor pressure 𝑃𝐴
0 

vs. mass loss rate v for n-hexadecane was plotted (Figure 7.4) exhibiting a linear trend 

with intercept set as 0. Thus, k could be estimated from Equation 7.2. A k value of -

2.23x106 Pa1/2m−1/2K−1/2mol−1/2 was found, which is very similar to those reported 

by Shahbaz et al. [17] for glycerol and ethylene glycol.  
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Figure 7.4. Calibration curve using n-hexadecane. 

For the investigated PCMs, the three Antoine constants were obtained by fitting 

the vapor pressure values with temperature to Antoine equation, using the solver excel 

tool in a non-linear regression homemade procedure. The Antoine coefficient are reported 

in Table 7.3.   

 

Table 7.3. Antoine correlations for analyzed PCMs obtained from Langmuir model. 

PCM 
Antoine coefficient 

A B C 

RT6 12.96 1310.05 -191.08 

RT21 10.93 915.52 -236.12 

RT27 17.43 3089.19 -157.47 

RT31 11.21 953.32 -248.02 

 

In Figure 7.5, the experimental and fitted mass loss rates are shown for 

investigated PCMs. These plots (scatter and line type) show good correlation with each 

other.  
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Figure 7.5. Experimental and fitted to Langmuir method mass loss rates due to evaporation in 

stepwise measurement. 

Using the stepwise model 

In order to determine the vapor pressure based on the Stepwise method, Equation 

7.13 was applied. The Antoine coefficients were found by the Marquardt algorithm with 

their respective confidence interval using a confidence level of 99.9%. The parameters A, 

B and C are listed in Table 7.4 with their corresponding confident intervals. The intervals 

are very close; in the range of 10-12 to 10-15.  

Table 7.4. Antoine correlations for analyzed phase change materials obtained by Stepwise 

model. 

PCM 
Antoine coefficient 

A B C 

C16 22.12±3·10-12 5005.19±4·10-14 -80.84±9·10-14 

RT6 19.75 ±3·10-13 4572.76 ±2·10-15 -39.81 ±5·10-14 

RT21 17.55 ±3·10-13 4488.38 ±1·10-15 -25.46 ±3·10-14 

RT27 20.44 ±3·10-12 5005.05 ±2·10-12 -75.36 ±1·10-11 

RT31 19.35 ±2·10-12 4557.96 ±2·10-14 -80.64 ±1·10-14 

The experimental data of mass loss rates are fitted with high accuracy to the 

Stepwise model. This can be observed for the investigated compounds and n-hexadecane 

in Figure 7.6.  
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Figure 7.6. Experimental and fitted to Stepwise method mass loss rates due to evaporation in 

stepwise measurement. 

Using the Ramp method 

The Ramp method was used to predict and reproduce the evaporation weight loss 

of the analyzed phase change materials. The numerical integration by Runge-Kutta and 

non-linear regression method of Marquardt were applied together in order to find the right 

values of the Antoine constants with confidence interval using a confidence level of 

99.9%. The parameters A, B and C are listed in Table 7.5 with their corresponding 

confident interval.  

Table 7.5. Antoine correlations for analyzed PCMs obtained by Ramp model. 

PCM 
Antoine coefficient 

A B C 

C10 22.95 ±0.04 4782.52 ±0.002 -27.17 ±0.16 

C16 21.74 ±0.28 5004.76 ±0.002 -71.80 ±0.12 

RT6 21.50 ±0.20 4997.01 ±0.001 -43.26 ±0.11 

RT21 18.91 ±0.19 4183.80 ±0.001 -64.29 ±0.11 

RT27 20.55 ±0.44 4925.00 ±0.003 -87.95 ±0.11 

RT31 20.51 ±0.50 5005.39 ±0.003 -85.07 ±0.12 

Figure 7.7 shows the comparison between experimental weight losses measured 

by TGA with a ramp of 10 K min-1 compared to the estimated values. In order to extend 

this method, n-decane and n-hexadecane were also studied. As can be seen in Figure 7.7, 

320 340 360 380 400 420 440

-5.0x10
-6

-4.0x10
-6

-3.0x10
-6

-2.0x10
-6

-1.0x10
-6

0.0

d
m

/d
t 
(g

/s
)

Temperature (K)

Experimental Theoretical

 RT31  RT31

 RT27  RT27

 RT21  RT21

 RT6  RT6

 C16  C16

Stepwise



                                                           Thermal and morphological stability of microcapsules 

   

  203 

a good fitting of the experimental data is observed when using this model. An important 

advantage of the non-isothermal methodology is that it cover the complete temperature 

range of the evaporation. 

 

Figure 7.7. Weight loss vs. time for experimental analyses and fitted curves of the Ramp 

method for the investigated PCMs. 

 

In Figure 7.8, the correlation of the vapor pressure data from three considered 

models are shown. The symbols illustrates the experimentally calculated values whereas 

the lines correspond to the values obtained from the Antoine equation.  
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Figure 7.8. Vapor pressure as function of temperature for the Langmuir, Stepwise and Ramp 

models. 

As expected, the vapor pressure increased with increasing temperature. 

Furthermore, the vapor pressure for each compound was raised with an increasing melting 

point. Interestingly, the vapor pressure values from the Stepwise method are slightly 

higher than those obtained by the Langmuir model. These differences can be explained 

by the reflectance of the temperature dependent diffusion phenomena in the Langmuir 

model. 
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In the approach, including mass transfer combined with Fick’s law of diffusivity, 

α cannot be longer consider as constant, since it is dependent on molecular weight, 

temperature, vapor-liquid interphase height and the diffusion coefficient of the substance 

[13]: 

𝛼 =
𝐷𝐴𝐵

𝑧
√

2𝜋𝑀𝐴

𝑅𝑇
 (7.21) 

On the other hand, the Ramp model predicts a pressure significantly higher than 

the semi-isothermal models in the case of RT6 and RT21, and similar to the other models 

in the case of RT27 and RT31. As far as we know, neither experimental nor theoretical 

data regarding vapor pressure and diffusion coefficients for these compounds are 

available in the literature. 

In order to compare these three models, the boiling temperatures of the 

compounds at normal atmospheric pressure were estimated. This can be obtained by 

extrapolating the curve of the vapor pressure as function of temperature to 101325 Pa [3]. 

This estimation did not give reasonable results in the case of the Langmuir model and a 

high deviation for the Stepwise model. This can be attributed to the narrow temperature 

range in which the measurements were performed and a final studied temperature notably 

lower than the expected boiling point. Furthermore, in the stepwise method errors from 

the integration of the isothermal step might affect the final boiling point prediction. 

Isothermal models are suitable within the analyzed temperature range but cannot be 

applied in prediction of the boiling point. Only the Ramp method allowed us to determine 

the boiling temperature of the investigated PCMs. The boiling temperature of the control 

compounds, n-decane and n-hexadecane were reported in the literature as 447.3 and 560.3 

K [5], respectively whereas according to the Antoine parameters obtained in this study 

the expected boiling temperatures were 447.0 and 562.15 K. These results confirmed the 

suitability of this method to calculate the vapor pressure and for predicting the boiling 

point. Boiling temperature obtained for the other PCMs are tabulated in Table 7.6. As 

expected, the boiling points increase with the average chain length and melting point of 

the PCMs.  
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The dependence of vapor pressure on the temperature can be also described by the 

Clausius – Clapeyron equation including the enthalpy of vaporization/sublimation (ΔH) 

[18,28]: 

𝑑(𝑙𝑛𝑃𝐴
0)

𝑑𝑇
=

∆𝐻

𝑅𝑇2
 (7.22) 

The results of the vaporization enthalpy were obtained from Equation 7.22 by 

plotting lnp (estimated from the vapor pressure obtained by Ramp method) and the 

reciprocal temperature (1/T). Enthalpy of vaporization was found from the slope of the 

linear trend line from a weight loss of 0.9 to 0.1 and the values are shown Table 7.6. For 

n-hexadecane, the enthalpy of vaporization at 482 K was reported as 61.7 kJ mol-1 which 

is very close to our value 58.87 kJ mol-1 of  in the temperature range from 425 to 482 K 

[29]. The deviation between the experimental and literature values is -2.83 kJ mol-1. The 

other PCM exhibited increasing heat of vaporization, nevertheless the heat of 

vaporization of RT21 is slightly underestimated according to the trends of the PCM 

boiling points. Lower heat of vaporization in the studied temperature range can be caused 

by the mixture of alkanes with wide amount of hydrocarbons.  

Additionally, vacuum distillation of Rubitherm compounds and n-hexadecane 

were performed in order to experimentally estimate the boiling point. The nomograph 

diagram was applied to recalculate the boiling temperature at reduced pressure for normal 

boiling point. Since the Rubitherm compounds consist in a mixture of different paraffins, 

a wide evaporation temperature range was recorded. The initial temperature is recorded 

when the first drop of vapor appeared. For Rubitherm®RT6 the boiling started at 437 K, 

afterwards the main fraction evaporated from 541 to 561 K, which is in agreement with 

the calculated boiling temperature. A similar protocol was used for the other compounds. 

It can be observed for RT21 and RT27 that the estimated boiling temperatures are slightly 

higher than those obtained during distillation. The deviation can be due to the assumptions 

used in the model such as behavior of the vapor as ideal gas and constant liquid density 

or errors related with the predicted DAB. In the case of RT31, it was not possible to 

determine the boiling point by vacuum distillation due to decomposition of the material 

with temperature. This was caused by the long time and high temperature required before 

the distillation began [30,31]. Subsequently, only the boiling temperature for the lower 

molecular weight compounds could be recorded, giving a false result.  
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Table 7.6. Heat of vaporization, calculated boiling point and experimental boiling point for 

studied phase change materials. 

Substance 
T-range 

(K) 

ΔHvap  

(kJ mol-1) 

Tb  

(K) 

Tb vacuum distillation 

(K) 

C16 413-482 58.85 562 560 

RT31 445-514 61.72 642 563-579 

RT27 445-514 61.63 634 563-606 

RT21 413-483 47.51 631 503-602 

RT6 390-457 51.61 545 437-561 

According to the results presented above, the proposed ramp model can be used to 

determine the vapor pressure of pure PCMs and also to quantify the boiling point and the 

vaporization enthalpy. These results also confirm that these materials are mainly 

vaporized in the TGA analyses and the decomposition of these compounds does not take 

place under a nitrogen atmosphere. Once the vapor pressure was determined, it is 

important to know the possible changes in the morphology of the microcapsules promoted 

by the high temperature.  

 Heat treated microcapsules 

The SEM micrographs of heat-treated MC-P(St-DVB)68%PCM and MC-P(St-

DVB-10%PNC-HEMA)68%PCM at the temperature range from 20 to 240°C are 

presented in Figure 7.9 and 7.10, respectively. The morphology of the microcapsules were 

practically the same as that of the neat sample, no broken microcapsules were observed 

similarly to previously reported findings [32]. Furthermore, no significant change in the 

particle size was noticed. However, this is contrary to results obtained by Sanchez et al. 

[33]. They reported that the microcapsules kept thermal stability until 91 °C and above 

glass transition temperature of polymer (73 °C), the microcapsules became more sticky 

and rubbery, converting finally into a liquid  drop at 172 °C. This different behavior with 

temperature indicates that the crosslinked structure (copolymer and terpolymer) provides 

the shell structure with a significantly higher thermal and physical stability than a non-

crosslinked polystyrene shell. The copolymer of St, DVB and PNC-HEMA is also more 

stable than a melamine-formaldehyde shell in which microcapsules were broken by the 

expansion of the core material [34].  
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Figure 7.9. SEM micrographs of heat-treated microcapsules MC-P(St-DVB)68%PCM in 

temperature range 20 – 240 °C.  

 

Figure 7.10. SEM micrographs of heat-treated microcapsules MC-P(St-DVB-10%PNC-

HEMA)68%PCM in temperature range 20 – 240 °C.  

20 °C 40 °C 60 °C 80 °C 

100 °C 120 °C 140 °C 160 °C 

180 °C 200 °C 220 °C 240 °C 

20 °C 40 °C 60 °C 80 °C 

100 °C 120 °C 140 °C 160 °C 

180 °C 200 °C 220 °C 240 °C 
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The latent heat of the heat-treated microcapsules in the temperature range from 80 

to 200 °C were analyzed by DSC. The enthalpy decreased with increasing temperature. 

After treatment at 160 °C, the latent heat was reduced by 50% and finally reached zero 

enthalpy at 180 °C. This indicates that although the shell was intact, the PCM escapes 

from the shell at high temperatures. The seal tightness offered by the macro-reticulated  

matrix was not high enough to prevent the loss of the PCM [32].  

 

Table 7.7. Latent heat of heat treated microcapsules. 

Temperature 

(°C) 
MC-P(St-DVB)68%PCM 

MC-P(St-DVB-10%PNC-

HEMA)68%PCM 

 Latent heat (J g-1) 

80 101.4 104.8 

100 100.5 103.3 

120 99.53 100.53 

140 95.47 98.63 

160 51.73 52.63 

180 0 0 

200 0 0 

 

A desorption model that allows for the influence of the vapor pressure of PCM on the 

diffusion of the PCM inside the polymeric matrix is going to be developed. 
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 Estimation of the diffusion coefficient of PCM from 

microcapsules 

a) Mathematical model 

                                                                    
Figure 7.11. Spherical particle representation. 

Considerations: 

 The internal diffusion of PCM through the polymeric matrix to the external 

microparticle surface. 

 Instantaneous vaporization of the liquid PCM that reaches the external surface. 

 Mass transfer of the vaporized PCM from the external surface of the particle to 

the gas phase.  

An unsteady-state mass balance of species A in spherical microcapsules from an 

inner radius r to an outer radius r + Δr is considered. The radial flux is based on the total 

area (voids and solid) to diffusion transport. The mass balance over the path thickness Δr 

is equal to the molar loss observed in TGA analysis. 

𝐴𝑟𝑁𝐴│𝑟 − 𝐴𝑟𝑁𝐴│𝑟+∆𝑟 = −
𝜕𝑛

𝜕𝑡
 (7.23) 

where Ar is the total area of microcapsule (4𝜋𝑟2), NA is the molar flux of the species A 

and 
𝜕𝑛

𝜕𝑡
 is the molar loss in TGA analysis. The above equation can be transformed in terms 

of concentration as follow, 

4𝜋𝑟2𝑁𝐴│𝑟 − 4𝜋𝑟2𝑁𝐴│𝑟+∆𝑟 = −
𝜕𝑐𝐴

𝜕𝑡
 (4𝜋𝑟2∆𝑟) (7.24) 

where cA is the concentration of A in mol/cm3. 

r r+Δr 

c 

R 
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The flux equation in terms of concentration gradient is given by 

𝑁𝐴
𝑟 = −𝑐𝐷𝐴𝐵

𝜕𝑦𝐴

𝜕𝑟
= −𝐷𝐴𝐵

𝜕𝑐𝐴

𝜕𝑟
 (7.25) 

where 𝑐𝐷𝐴𝐵
𝑑𝑦𝐴

𝑑𝑟
 is the diffusional flux, c is the overall vapor concentration, DAB is the 

diffusion coefficient of A in B, yA is the molar fraction of A. 

After substituting equation 7.25 into equation 7.24, the following differential equation is 

obtained, 

1

𝑟2

𝜕𝑟2

𝜕𝑟
(𝐷𝐴𝐵

𝜕𝑐𝐴

𝜕𝑟
) =

𝜕𝑐𝐴

𝜕𝑡
 (7.26) 

Orthogonal collocation method can be used to solve the above partial differential equation 

considering the symmetry of sphere and in terms of the dimensionless variables R and C.   

𝑟

𝑟0
= 𝑅    and      

𝑐𝐴

𝑐𝐴0

= 𝑐 (7.28) 

where r0 is the radii of the particle and CA0 is the initial concentration of PCM inside the 

microcapsules.  

1

𝑅2

𝜕

𝜕𝑅
𝑅2𝐷𝐴𝐵

𝑔 𝜕𝐶

𝜕𝑅
│𝑅𝑖

= ∑ 𝐵𝑗𝑖𝐶𝑖

𝑁+1

𝑖=1

=
𝑑𝐶𝑖

𝑑𝑡
 (7.29) 

The above partial differential equation is extended to the N number of nodes of orthogonal 

collocations (6) as shown in Figure 7.12.  

                                                 

Figure 7.12. Microcapsule with displayed N number of nodes for orthogonal collocation. 

1 6 5 4 3 2 

N 

N+1 
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The nodes 0 and N+1 are considered as the boundary conditions and 0 is not required in 

orthogonal collocation, being the concentration at N+1 obtained by the boundary 

condition.  

In order to solve the partial differential equation is required the boundary condition and 

in this case, is the external flux which was defined in the above section for a vapor that 

diffuses into a stagnant gas, this is (eq 7.30) 

𝑁𝐴 = −𝑐𝐷𝐴𝐵
𝑔 1

1 − 𝑦𝐴

𝑑𝑦𝐴

𝑑𝑧
 (7.30) 

Contrary to what happened in the case of liquid, z is constant for the particles because the 

particle size of the microcapsules does not change during the heating process and thus, 

the above gradient of dy/dz can be transformed to,  

𝑑𝑦𝐴

𝑑𝑧
=

∆𝑦

∆𝑧
=

𝑦𝐴 − 0

𝑧 − 0
 (7.31) 

𝑦𝐴 = 𝑦𝐴 𝑓𝑜𝑟 𝑧 = 𝑧  

where z is the distance of the gas phase path (cm), 

𝑦𝐴 = 0 𝑓𝑜𝑟 𝑧 = 𝑧0 = 0  

z0 is the upper part of the pan, 

𝑦𝐴 =
𝑝𝐴̅̅ ̅

𝑝𝑇
 (7.32) 

With this equation is possible to correlate the total amount PCM that evaporates through 

the surface of the microcapsules with the net flux of PCM that scape by the gas phase.  

𝑁𝐴│ · 𝑆𝑝𝑎𝑛 𝑎𝑟𝑒𝑎 = 𝐷𝐴𝐵
𝑠

𝑑𝑐𝐴

𝑑𝑅
│ · 𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑎𝑟𝑒𝑎 (7.33) 

The total area of the microcapsules can be obtained by a relationship stablished between 

the area and volume of a single particle and the total weight of the microcapsules as 

follow, 

𝑆 𝑁𝐴 =
3

𝑅𝑃

𝑤

𝜌
𝐷𝐴𝐵

𝑠
𝑑𝑐𝐴

𝑑𝑅𝑃
 (7.34) 
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Considering the PCM as an ideal gas, c can be replaced by PT/RT. 

 3
𝑤𝑀𝐶

𝜌𝑀𝐶𝑅0
𝐷𝐴𝐵

𝑠 𝑑𝑐𝐴

𝑑𝑟
=

𝑝𝑇

𝑅𝑔𝑎𝑠𝑇

𝐷𝐴𝐵
𝑔

𝑦𝐴

𝑧(1−𝑦𝐴)
𝑆  (7.35) 

Changing for dimensionless conditions  

𝑐𝐴03
𝑤𝑀𝐶

𝜌𝑀𝐶𝑅0

𝐷𝐴𝐵
𝑠

𝑅0

𝑑
𝑐𝐴

𝑐𝐴0

𝑑
𝑟

𝑅0

=
𝑝𝑇

𝑅𝑔𝑎𝑠𝑇
𝐷𝐴𝐵

𝑔 𝑦𝐴

𝑧 (1 − 𝑦𝐴)
𝑆  (7.36) 

Finally, 

𝑑𝑐

𝑑𝑅
= −

1

3

𝑝𝑇

𝑅𝑔𝑎𝑠𝑇

𝑐𝐴0

𝜌𝑀𝐶

𝑤𝑀𝐶

𝐷𝐴𝐵
𝑔

𝐷𝐴𝐵
𝑠

𝑦𝐴

𝑧 (1 − 𝑦𝐴)
𝑅0

2 𝑆  (7.37) 

The molar fraction can be defined according Dalton equation and considering that in the 

case of a solid material the total surface is not completely covered by the liquid, then the 

partial pressure can be defined as a fraction (k) of the vapor pressure.   

�̅� = 𝑘𝑝0 ∴  𝑦𝐴 = 𝑘
𝑝0

𝑝𝑇
     (7.38) 

𝑑𝑐

𝑑𝑅
= (−

1

3
)

𝑝𝑇

𝑅𝑔𝑎𝑠𝑇𝑐𝐴0
𝑅0

2 𝑆
𝜌𝑀𝐶

𝑤𝑀𝐶

𝐷𝐴𝐵
𝑔

𝐷𝐴𝐵
𝑠

(𝑘
𝑝0

𝑝𝑇
)

𝑧 (1 − 𝑘
𝑝0

𝑝𝑇
)
  (7.39) 

where CA0 is,  

𝐶𝐴0 =
𝜌𝑤𝑖,𝑃𝐶𝑀

𝑀𝐴,𝑃𝐶𝑀
 

(7.40) 

This boundary condition must be also solved by using orthogonal collocation and using 

the pi in the dimensionless 
𝑝0

𝑝𝑇
= 𝑝𝑖,  

𝑑𝑐

𝑑𝑟
=  ∑ 𝐴1,𝑖𝑦𝑖

𝑁+1

𝑖=1

 (7.41) 

Thus, the set of N differential equations is solved by numerical methods and satisfying 

the boundary condition (7.41). 
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In order to find the both unknown parameters 𝐷𝐴𝐵
𝑠  and k, the average theoretical 

concentration of PCM into the microcapsules at each time (𝑐�̅�) must be found.  

𝑐�̅� =
∫ 4𝑐𝑖𝜋𝑟𝑖

2𝑑𝑟

𝑟
𝑅0

=1

0

𝑉𝑇
=

∫ 4𝑐𝑖𝜋𝑟𝑖
2𝑑𝑟

𝑟
𝑅0

=1

0

4
3 𝜋𝑅𝑖

3
= 3 ∫ 𝑐𝑖𝑟𝑖

2𝑑𝑟
1

0

 (7.42) 

This average concentration is perfectly correlated with the experimental weight loss that 

microcapsules present at each time and quantified by the TGA analyses.  

𝑐�̅� = 𝑤𝑒𝑖𝑔𝑡ℎ 𝑙𝑜𝑠𝑠 =

𝑃𝐶𝑀│𝑡

𝑠𝑜𝑙𝑖𝑑

𝑃𝐶𝑀│𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑠𝑜𝑙𝑖𝑑

=

𝐶𝑃𝐶𝑀(𝑇𝐺𝐴) ∙ 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠
1 − 𝐶𝑃𝐶𝑀(𝑇𝐺𝐴)

𝐶𝑃𝐶𝑀(𝑇𝐺𝐴)

1 − 𝐶𝑃𝐶𝑀(𝑇𝐺𝐴)

 (7.43) 

where PCM is the mass of PCM in microcapsules at the time 0 or t, solid correspond to 

fraction of polymer in microcapsules, and 𝐶𝑃𝐶𝑀(𝑇𝐺𝐴) is a PCM content in TGA analysis. 

Thus, the unknown parameters can be found by fitting the experimental data with the 

predicted values by means of the Marquardt algorithm described before.   

b)  Results 

Microcapsules with encapsulated paraffin Rubitherm®RT6, RT21 and RT27 have 

been analyzed in stepwise mode by thermogravimetric analysis in order to estimate the 

diffusion coefficient of PCM through microcapsules.  

Density measured by helium pycnometer and radius of the microcapsules required 

in the model are listed in Table 7.8.  

 

Table 7.8. Properties of the investigated microcapsules. 

Sample Density (g cm-3) R (cm) 

MC(RT6) 0.9153 0.0073 

MC(RT21) 0.9024 0.0068 

MC(RT27) 0.8942 0.0119 

 

Initially, the average concentration of PCM in the microcapsules at each time (𝑐�̅�) 

was found from TGA analysis. The experimental and fitted data are plotted in Figure 

7.13. Three temperatures were selected for analyzing the diffusion of the PCM inside the 
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polymeric matrix. For MC(RT6) it was 323 K and for MC(RT21) and MC(RT27) a 

temperature of 353 K was chosen. Thus, the volatility trend was not maintained because 

MC(RT6) was analyzed at a lower temperature. Good correlation between experimental 

and theoretical data can be observed.  

 

 

Figure 7.13. Experimental and theoretical data for the average concentration of PCM into the 

microcapsules at each time. 

 

Examples of the internal profiles for the microcapsules at seven different distances 

changed with the time can be seen in Figure 7.14. Distances correspond to the radius 

dimensionless 0.23046, 0.44849, 0.64235, 0.80158, 0.9176, 0.98418, and 1.  
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Figure 7.14. Distribution of the concentrations along the microcapsule radius versus time (a) 

MC(RT6) at 323 K, (b) MC(RT21) at 353 K and (c) MC(RT27) at 353 K.  

 

A good stability can be observed for the method for solving the differential 

equations. As expected, the concentration decreased from the external part of the particle 

to the center, being the lowest at the surface of the microcapsules. The changes observed 

in the concentration at the surface were 0.0057, 0.0079, and 0.0024 for MC(RT6), 

MC(RT21) and MC(RT27), respectively. Although the decrease is little, it might imply 

that the diffusion of the PCM takes place at low temperatures although the matrix of the 

microcapsules has a high thermal stability as observed before. The PCM loss can be 

attributed to the matrix porosity which is promoted by the presence of the porogen, 

toluene in the synthesis process. This porosity enhances the loss of the PCM at high 

temperatures by diffusion through the polymeric matrix of the microcapsules. This results 

in a decrease of the PCM content and thus in the thermal capacity.  

(a) (b) 

(c) 
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The diffusion coefficients of PCM through the microcapsules were fitted to 

experimental values by non-linear fitting using the Marquardt algorithm. The diffusion 

coefficients and k values are listed in Table 7.9 together with results obtained from the 

Fuller equation for binary diffusion coefficients of PCM – N2 determined in previous 

section (7.3.2). Lower k value was observed for MC(RT21) than for MC(RT27) and 

MC(RT6). This can be attributed to a slightly higher porosity of these microcapsules 

(2.17%), whereas for MC(RT27) and MC(RT6) values of 1.41 and 0.53% were obtained, 

respectively. Although some diffusion of the PCM from microcapsules is observed, the 

value is about 108 times lower than for neat PCM. This indicate that despite the porosity, 

microencapsulation was able to accomplish the purpose and decrease leakage and 

diffusion of the core material. In agreement with ramp TGA and DSC analyses, the core 

release at low temperatures is relatively low, nevertheless at 120 °C, this change would 

be important, consequently limiting the application of the microcapsules to temperatures 

below 120 °C as mentioned previously.  

 

Table 7.9. Diffusion coefficients for analyzed PCMs and microcapsules. 

PCM k 
Diffusion coefficient from 

microcapsules (cm2 s-1) 

Binary diffusion coefficient 

of PCM-N2 (cm2 s-1) 

RT27 @353 K 0.005 8.12·10-10 5.87·10-2 

RT21 @353 K 0.004 1.04·10-9 6.01·10-2 

RT6 @323 K 0.005 8.35·10-10 6.40·10-2 

 

The proposed model fits perfectly the experimental data obtained by TGA and it 

also allows to know the role that the vapor pressure of the PCM presents on its scape from 

the polymeric matrix by vaporization at the microcapsule surface. This is, the higher the 

vapor pressure, the higher the vaporization in the gas phase and the diffusion through the 

polymeric matrix is enhanced.  

7.4.  Conclusions  

In TGA, microcapsules were observed to start releasing the PCM at 120 °C. For 

that reason initially, the vapor pressures of a series of Rubitherm phase change materials 

have been estimated using different models based on a Langmuir vaporization relation 
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and the mass transfer combined with Fick’s law of diffusivity. Different 

thermogravimetric measurements in the stepwise and non-isothermal modes were 

performed. Antoine parameters for vapor pressure were determined by fitting the 

experimental data to the proposed models, and a good accuracy was observed in all cases. 

Nevertheless, when the stepwise method is used, the final vaporization temperature was 

lower than those observed in non-isothermal analysis, thus the temperature range 

applicability of the fitting parameters was narrower. The non-isothermal method was 

extended to two additional known materials, observing that it was able to predict the 

boiling point and also the heat of vaporization by applying the Clausius - Clapeyron 

equation. Finally, the accuracy of the boiling points estimated with this method for PCMs 

were compared with those obtained a commonly used technique – vacuum distillation, 

and a good agreement was found although some differences can be observed because they 

are not pure components. Hence, the low cost and fast thermogravimetric analysis in the 

most commonly used non-isothermal mode can be used to provide information about 

vapor pressure, boiling point and heat of vaporization which are important thermal 

properties in the engineering industries.  

After that, microcapsules morphology was analyzed in situ by SEM from room 

temperature to 240 °C, showing good dimensional stability due to crosslinking process. 

However, in increasing temperature the latent heat decreased by 50% at 160 °C and being 

0 J g-1 at 180 °C. Diffusion of PCM from microcapsules was studied and diffusion 

coefficient was fitted to the model. Diffusion coefficient of PCM from solid 

microcapsules was lower than pure PCM, thus microencapsulation accomplished 

requirements.  
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Abstract 

The effect of microencapsulated phase change material (MPCM) on the mechanical 

and thermal properties of Portland cement concrete (PCC) were investigated. Portland 

cement concrete containing different amounts of MPCM (0, 10, 20 and 40%) were 

prepared and cured at both 20 °C and 40 °C which correspond to the temperatures below 

and above melting point of phase change material. It was found that the compressive 

strength of PCC decreased with the addition of MPCM at both tested temperatures. 

Thermal properties such as thermal conductivity, specific heat capacity, power 

consumption and power reduction were determined. The thermal conductivity decreased 

with increasing amount of MPCM whereas the specific heat capacity increased. The 

power consumption was 0.14 kWh m-2 lower for concrete with 40% of microcapsules 

than for concrete without MPCM. In that way, the power reduction of 20% was obtained. 

X-ray tomography imaging was utilized to examine the dispersibility of MPCM in the 

concrete sample. SEM imaging disclosed air gaps formed between the microcapsules and 

the concrete matrix. Cone calorimetry was used in order to evaluate the flammability and 

the negative effect of incorporation of MPCM into concrete, however at a heat flux of 50 

kW m-2 ignition was not observed.  
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8.1.  Background 

Concrete is widely used as a construction material in many applications from 

sidewalks to bridges, buildings or skyscrapers, as well as concrete pavement. Concrete is 

a composite material made by combining aggregate (gravel and sand), Portland cement 

and water. From a practical point of view, the water hydrates the cement and holds all the 

aggregates together. After mixing, the concrete can be cast in almost any shape desired, 

and once hardened, it can become a structural element [1].  

Phase change materials (PCMs) can be integrated into building materials such as 

concrete, which has high volume and surface area in contact with indoor environment and 

solar radiation. In that way, a smart materials suitable for passive house construction are 

created. PCM incorporated into concrete may improve the thermal energy storage 

capacity, and reduce the energy consumption required for heating and cooling systems, 

or shift the heat peak hours during the day [2]. However, some limitations for utilizing 

bulk quantities of PCM have been discovered. Direct incorporation of the PCM 

significantly reduces the thermal conductivity of the concrete and may cause interactions 

between PCM and the matrix material [3-5]. These problems can be overcome by 

microencapsulation of PCM [6,7]. As mentioned in Chapter 2, microencapsulation 

ensures a high heat transfer area, prevents interactions between PCM and the building 

structure, and withstands volume change during phase change [8-14]. Microencapsulated 

PCMs (MPCM) are promising for reducing the temperature fluctuations inside buildings 

[15,16]. Nevertheless, microcapsules have been found to reduce the compressive strength 

of building materials [17-20].  

Self-compacting concrete with incorporated microencapsulated PCMs (Micronal 

DS 5008 X) composed of a paraffin wax in poly(methyl methacrylate) shell exhibited 

significant improvement of the thermal performance of the material together with a 

decrease of the compressive strength due to the higher porosity [19]. Utilizing two real 

size concrete models with 5 wt. % PCM incorporated in the concrete have been shown to 

shift the maximum temperature in the wall to 2 hours later than without PCM [16]. In 

addition, the compressive strength was over 25 MPa and the tensile splitting strength was 

over 6 MPa after 28 days. Portland cement concrete with MPCM (Micronal DS 5001 X) 

[21] exhibited improved heat storage capacity, loss in compressive strength, while the 
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thermal conductivity was not affected by MPCM addition. Incorporation of MPCM 

(MPCM 28-D, Microtek Laboratories, Inc.) in geopolymer mortar [22]  leads to a slight 

decrease of the compressive strength keeping it sufficiently high for applications in 

buildings. During a 6.5 h temperature rising period, the air temperature inside cubicles 

with 10% and 20% PCM geopolymer mortar slabs were 4.4 and 5.5 °C lower than that 

inside a corresponding cubicle without PCM, respectively. The reduced rising of the 

inside air temperature over a long period of time leads to a substantial reduction of energy 

consumption for cooling of the building.  

Several reasons have been reported to affect the compressive strength reduction. 

It has been suggested that the decreased compressive strength might be caused by the 

rupture of microcapsules and leakage of PCM during the mixing process [19]. In addition, 

interface gaps between microcapsules shell and concrete matrix have been observed [20]. 

Furthermore, microcapsules exhibit lower stiffness and strength compare to sand it 

replaces [23].  

Thermoregulating microcapsules with shell composed of styrene-divinylbenzene 

copolymer present high mechanical resistance and are inert in the concrete media. In this 

chapter, the effect of incorporation of MPCM into PCC on the mechanical and thermal 

properties of PCC are investigated. Special focus will be on the amount of sand replaced 

by MPCM as well as the curing temperature of concrete below (20 °C) and above (40 °C) 

the melting temperature of PCM). In addition, the thermal properties such as the thermal 

conductivity and the heat storage capacity are investigated. Moreover, fire resistant tests 

utilizing cone calorimetry are performed in order to evaluate the influence of flammable 

MPCM. 

8.2.  Materials 

Microcapsules obtained at pilot plant scale in Chapter 4 with a PVP concentration 

of 5.03% and theoretically 68% PCM were selected to analyze the effect of incorporated 

MPCM in Portland cement concrete on thermal and mechanical properties. They are 

denoted as MC-P(St-DVB). Furthermore, the microcapsules with 50% PCM and 0% 

PNC-HEMA (denoted as MC-P(St-DVB)50) as well as 50% PCM and 10% PNC-HEMA 

(denoted as MC-P(St-DVB-10%PNC-HEMA)50) were selected for fire resistant studies. 
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The properties of the raw materials used in the concrete preparation are shown in Table 

8.1.  

 

Table 8.1. Properties of raw materials used in the Portland cement concrete preparation. 

Compound Blaine fineness (cm2 g-1) Density (g cm-3) 

Portland cement II mixed with fly ash 4500 3.0 

Dynamon SR-N Admixture - 1.1 

Sand - 2.7 

Gravel - 2.6 

MPCM - 0.9 

 

The mixture design of Portland cement concrete (PCC) without and with 

microencapsulated phase change material is displayed in Table 8.2. The percentages 

given in the sample names indicate the volume of sand replaced by microcapsules. For 

that purpose, the required amount of MPCM in the mixture was calculated by its volume 

percentage and replaced a certain volume percentage of sand [23]. In addition, concrete 

with incorporated 10% of microcapsules MC-P(St-DVB-10%PNC-HEMA)50 are 

denoted as PCC10FR. 

 

Table 8.2. Composition of Portland cement concrete (PCC) mixtures. 

Sample 
MPCM 

(vol.%) 

Cement 

(g) 

Water 

(g) 

Admixture 

(g) 

Sand 

(g) 

Gravel 

(g) 

MPCM 

(g) 

PCC 0 434 191.8 5.6 1057 705 0 

PCC10 10 434 191.8 5.6 951.3 705 36 

PCC20 20 434 191.8 5.6 845.6 705 72 

PCC40 40 434 191.8 5.6 634.2 705 140 
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8.3.  Results 

 Compressive strength 

The effect of microcapsules MC-P(St-DVB) on the mechanical properties of 

Portland cement concrete (PCC) was investigated by measuring compressive strength. 

The testes were performed with varied amounts of microcapsules (0, 10 and 20%) as 

well as at different temperatures (20 and 40 °C). The results are shown in Figure 8.1. It 

should be pointed out that both curing and measurements were performed at indicated 

temperatures, which can affect the final mechanical properties.  

 

Figure 8.1. Compressive strength of PCC cured at 20 and 40 °C versus curing time for (a) 0% 

MPCM, (b) 10% MPCM, and (c) 20% MPCM and (d) versus percentage of sand replaced by 

MPCM after curing for 28 days. Line (       ) at 20 MPa indicate the minimum compressive 

strenght of structural concrete according to spanish legislation [24].   
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Figure 8.2. The compressive strength reduction (percentage compared to samples without 

MPCM at the same curing time) for PCC as function of curing time at (a) 20 °C and (b) 40 

°C, and after 28 days as a function of MPCM concentration (c).  

 

The effect of MPCM addition in the concrete was studied. As can be seen in 

Figure 8.1, the compressive strength of PCC decreased with increasing amount of 

MPCM at both, curing times and temperatures. The decrease in compressive strength 

can be caused by lower stiffness and shear stress resistance of the microcapsules 

compared to the sand it replaces. In that way, microcapsules could be damaged or 

deformed during mixing of the concrete or during the compressive strength test [22]. 

Moreover, the strength might decrease due to voids and air bubbles induced by the 

microcapsules [25]. The hydrophobic character of MPCM results in formation of air 

gaps between the MPCM and the concrete matrix (Figure 8.4), which will affect the 

mechanical properties [20]. 

The percentage strength reduction of PCC compared to samples without MPCM 

are plotted in Figure 8.2. The strength reduction at both temperatures decreased with 

increasing curing time, and after 7 days it was stabilized at 20 and 40% for PCC10 and 
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PCC20, respectively. It is important to note that despite the compressive strength 

reduction, the mechanical properties are still sufficient for building applications, where 

the minimum required compressive strength for structural concrete is 20 MPa [24].  

The influence of curing temperature on compressive strength of concrete is 

shown in Figure 8.1a, b and c. As can be seen the compressive strength is higher at 40 

°C than at 20 °C. This is due to a faster hydration rate at higher temperatures, what is 

in agreement with previous findings [26,27].  

The curing and tested temperatures have direct influence on the encapsulated 

PCM. At 20 and 40 °C, the PCM core material of the microcapsules is in a solid and 

liquid state, respectively (the melting point of the PCM is 24 °C). The percentage 

compressive strength reduction can be used to examine the effect of solid and liquid 

state of the PCM. The relation of strength reduction with respect to the strength of a 

sample without MPCM cured at the same temperature and time helps to diminish the 

influence of curing conditions on the final result. The percentage strength reduction 

after 28 days was taken under consideration since the compressive strength is stabilized 

after long curing times, as can be observed in Figure 8.1. From Figure 8.2, it can be 

seen that there is a small difference of maximum 2% in strength reduction for PCC with 

10 and 20% MPCM between curing temperatures. A liquid state of PCM can result in 

softer microcapsules and consequently in a weaker concrete matrix, especially with high 

amounts of microcapsules. However, in this study neither solid nor liquid state have 

significant effect on the mechanical properties of PCC. This is probably due to matrix 

structure and crosslinking of microcapsules which ensures dimensional stability even at 

high temperature as proved in Chapter 7. Nevertheless, both curing and measurement 

temperature affect the final compressive strength, which is higher for the samples cured 

at high temperatures.   

 X-ray micro-tomography 

In order to evaluate the internal structure of the concrete sample, distribution of 

microcapsules and air voids, 2D X-ray micro-tomography were performed. 2D X-ray 

micro-tomography cross-sectional slices obtained from PCC without and with 20% 

MPCM, are shown in Figure 8.3. Dark colors correspond to the air bubbles and MPCM 
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due to lack of absorption of X-rays whereas bright colors are related to sand and gravel 

which can easily adsorb high amounts of X-rays. 

 

  

Figure 8.3. X-ray-tomography images of samples (a) PCC without MPCM, (b) PCC with 20% 

MPCM. 

 

Taking into account the low level of X-ray attenuation of organic materials 

constituting MPCM, it is difficult to distinguish the microcapsules from air bubbles based 

on gray scale values. Nevertheless, some estimation based on the shape can be carried out 

since air voids should exhibit a spherical shape due to interfacial tension whereas MPCM 

may have more irregular shape due to agglomeration. It can be observed that 

microcapsules are mostly well dispersed in the central part of the concrete matrix with 

some agglomeration.   

 SEM analysis 

The PCC samples with 20% MPCM after 28 days curing at 20 and 40 °C were 

chosen for SEM analysis and compared with a sample without MPCM cured at 20 °C. 

SEM images are displayed in Figure 8.4.  

It can be noted that air gaps from 8 to 16 μm between the microcapsules and the 

concrete matrix were observed. These gaps indicate weak bonding between the MPCM 

and concrete matrix as well as that air voids in the concrete samples might be caused by 

PCC PCC20 

(a) (b) 

Air bubble 

MPCM 

Air bubble 
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the presence of MPCM. Microcapsules did not bind or associate well with the concrete 

matrix due to the hydrophobic nature of the MPCM shell and hydrophilic character of the 

concrete. This is contrary to compatibility observed by Aguayo et al. [28]. However, in 

that study microcapsules with a hydrophilic shell (poly(methyl methacrylate) and 

melamine-formaldehyde copolymer) were used. Some broken microcapsules can be 

observed e.g. in Figure 8.4d. It is important to point out that the microcapsules have a 

matrix-like configuration as discussed in Chapter 4. In MPCM with a matrix-like internal 

structure, PCM is less susceptible to leak out than in microcapsules with core-shell 

structure. It is not certain whether the damaged microcapsules are caused by the mixing 

process during concrete preparation or by the sample preparation for the SEM analysis. 

Figure 8.4e illustrates the homogeneous concrete matrix for a sample without 

microcapsules.  
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16 μm 
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8 μm 
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Figure 8.4. SEM images of fracture surface of 20% MPCM incorporated in (a) PCC at 20 °C, 

(b) dimensioning of MPCM and air gaps in PCC at 20 °C, (c) PCC at 40 °C, (d) dimensioning 

of MPCM and air gaps in PCC at 40 °C, (e) PCC without MPCM at 20 °C.  

 Thermal properties 

The thermal conductivity of PCC containing microcapsules at temperatures below 

and above the melting point of PCM is shown in Figure 8.5. There is an obvious reduction 

of the thermal conductivity with increasing amount of MPCM. The decrease of thermal 

conductivity of PCC with MPCM might be caused by the lower thermal conductivity of 

the microcapsules respect to that of sand. The thermal conductivity of sand has an average 

value between 1.80-2.50 W m-1 °C-1 (information provided by supplier) while the PCM 

Rubitherm®RT27 has a thermal conductivity of 0.2 W m-1 °C -1 [29] and poly(styrene-co-

divinylbenzene) of 0.14-0.18 W m-1 °C -1 [29,30], which is approximately 10 times lower 

than sand. In addition, a higher porosity and air voids formed between MPCM and the 

concrete matrix also diminish the thermal conductivity of the samples. The thermal 

conductivity of concrete when PCM is in a liquid state is somewhat lower than in a solid 

state because of differences in the thermal conductivity of neat PCM in solid and liquid 

states [31,32].  

 

8 μm 

(e) 



Chapter 8   

   

234 

  

Figure 8.5. The thermal conductivity of concrete samples with different amounts of MPCM. 

 

Specific heat capacities of PCC in liquid and solid were measured in the 

temperature range 10-15 °C and 35-40 °C, respectively. From Figure 8.6 it can be seen 

that the difference in specific heat capacity of PCC vary about 8% between solid and 

liquid state of PCM, which is slightly higher than the 2% previously reported by Joulin 

et al. [33]. The average specific heat capacity increased from 939 to 990 J Kg-1 °C -1 for 

PCC without microcapsules and with 20% of MPCM, respectively. This can be explained 

by a higher specific heat capacity of MPCM compared to that of concrete. However, 

amount of MPCM incorporated into concrete is very small, thus the difference is also 

little. Similar observations can be found in a previous study [34].  
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Figure 8.6. The specific heat capacity as a function of MPCM concentration. 

 

The latent heat of the concrete samples was analyzed within the temperature range 

from 10 to 35 ºC and the results are presented in Figure 8.7. The latent heat of PCC 

increases linearly with the increasing microcapsule concentration from 0 to 4.95 J g-1 for 

0% of MPCM and 40% of MPCM, respectively.  

  

Figure 8.7. The latent heat of PCC as the function of MPCM concentration. 
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 Energy saving aspects 

In order to evaluate the thermal impact of PCC with MPCM measurements of 

indoor surface temperature as well as calculation of power consumption and power 

reduction were carried out. 

 

Figure 8.8. Comparison of the indoor surface temperature of PCC without MPCM and with 20 

and 40% of MPCM. 

 

Figure 8.8 presents the comparison of the indoor surface temperature of PCC 

without MPCM and with 20 and 40% of MPCM. Experimental data show that the 

variation of the indoor surface temperature of PCC containing MPCM is smaller than that 

of PCC without MPCM. The lower variation can be explained by higher heat storage 

capacity and lower thermal conductivity of concrete with incorporated MPCM. 

Therefore, the addition of thermoregulating microcapsules to concrete minimize the 

effect of the outdoor temperature on the indoor temperature. This can help in reducing 

the energy consumption for heating and cooling.  

The heat flux on the indoor side of concrete samples were collected and they are 

shown in Figure 8.9. The transition zones can be easily observed, and they are highlighted 

on the figure.  
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Figure 8.9. Comparison of measurements for the indoor surface heat flux variations with time 

of PCC without MPCM and with 20 and 40% of MPCM. 

 

In order to estimate the heat gain/loss toward the indoor environment, the total 

heat transfer at the indoor surface can be used. The heat gain/loss must be compensated 

by heating or cooling to provide a constant indoor temperature. Therefore, it can be 

considered as the energy consumption of the heating/cooling system.  

 The total energy consumption of the heating and cooling system is the sum of the 

power consumed for heating when the indoor surface temperature is lower than assumed 

room temperature and power consumed for cooling when the indoor surface temperature 

is higher than assumed room temperature.  

Figure 8.10 presents the total calculated power consumption for the 

heating/cooling system to keep the indoor temperature at 23 ºC and the power reduction, 

both as a function of MPCM concentration. In Figure 8.10a can be observed that the 

power consumption for the heating/cooling system to keep the indoor temperature at 23 

ºC decreases when the MPCM concentration increases. The experimental data shown in 

Figure 8.10b illustrates that the system can save up to 6.5 and 20.9% of power 

consumption after adding 20 and 40% of microcapsules, respectively. This confirm the 

promising impact of concrete with MPCM on the thermal energy storage and also 

reduction of CO2 emission. The reduction of power consumption is related to the higher 
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heat storage capacity and the better insulation properties of concrete after adding 

microcapsules [35].  

 

Figure 8.10. The power consumption (a) and the power reduction (b) of concrete as a function 

of microcapsule concentration. 

 Fire reaction properties  

In order to analyze the influence of MPCM on flammability of PCC, a cone 

calorimeter tests according to ISO 5660-1:2002 were performed for PCC without MPCM, 

10% MC-P(St-DVB)50 and 10% MC-P(St-DVB-10%PNC-HEMA)50. Measurements 

were repeated 3 times for each type of PCC sample. Nevertheless, none of the specimens 

were ignited during the test. Within 15 min, higher amounts of smoke release could be 

observed for PCC with microcapsules. When test was stopped after 1 hour, mass losses 

of 6.08, 7.22 and 7.04% for PCC, PCC with 10% of MC-P(St-DVB)50 and PCC with 

10% of MC-P(St-DVB-10%PNC-HEMA)50, respectively were observed. These weight 

losses correspond mainly to water evaporation. Some cracks in PCC with 10% MC-P(St-

DVB)50 could be observed because of the thermal gradient the specimens were subjected 

to [36]. Figure 8.11 shows photographs of the specimens before and after the flammability 

test. Accordingly, with addition of 10% MPCM to PCC any significant influence on the 

fire properties was observed.  
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Figure 8.11. Surface of specimens from composition (a) PCC before testing, (b) PCC after 

testing, (c) PCC 10% MPCM before test, (d) PCC 10% MPCM after test, (e) PCC 10% MPCM-

FR before test, (f) PCC 10% MPCM-FR after test. 
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8.4.  Conclusions  

In this chapter, the effect of microencapsulated phase change material (MPCM) at 

temperatures below and above the melting point of PCM on the physical, mechanical and 

thermal properties of Portland cement concrete (PCC) was investigated.  

It was found that the compressive strength of PCC decreased with increasing 

amount of MPCM at both 20 and 40 °C. Uniform dispersion of MPCM in PCC was 

observed by X-ray tomography. SEM images revealed air voids between the MPCM and 

the concrete matrix, which will contribute to the strength reduction. The strength 

reduction was similar at both curing temperature, which proves that the mechanical 

properties are not affected by the solid or liquid state of PCM. Although, MPCM has 

significant influence on the compressive strength of concrete, the obtained values are still 

sufficiently high for structural applications (i.e. between 20 and 40 MPa).  

On the other hand, incorporation of MPCM into concrete reduced the thermal 

conductivity and improved the thermal storage capacity of PCC. This enhances the energy 

efficiency of the building envelope. The thermal conductivity was reduced by 20% when 

adding 20% of MPCM to PCC. The specific heat capacity did not vary significantly with 

the curing temperature and increased from 939 to 990 J Kg-1 °C-1 for PCC without MPCM 

and with 20% of MPCM, respectively. In addition, it was possible to reduce the energy 

consumption by 6.5 and 21% by addition of 20 and 40% of microcapsules to concrete, 

respectively. 

In spite of the high flammability of paraffin, 10% of MPCM in PCC did not 

present any significant fire risk, since the concrete samples were not ignited in the cone 

calorimetry test. Only small cracks were observed when 10% of MPCM without fire 

retardant properties were used.  
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9.1.  Conclusions 

An improved class of microcapsules to be applied in concrete applications has 

been developed. The introduction into the recipe of highly level of crosslinking through 

the addition of divinylbenzene as crosslinking agent allows to obtain particles with 

enhanced physical resistance and thermal stability. The incorporation of a flame retardant 

co-monomer (PNC-HEMA) into the polymer network not only improve the fire and 

thermal resistance of the particle but also produces a better-defined core-shell structure 

of microcapsules. The incorporation of microcapsules into concrete reduces the thermal 

conductivity and provides thermal storage capacity with a low impact on its mechanical 

resistance.  

 

From the present study of the development of microcapsules with thermal energy 

storage capacity for concrete applications, the following specific conclusions can be 

drawn:  

 

 Suspension-like polymerization is a feasible technique for the encapsulation of 

saturated phase change materials within P(St-DVB) shells. Its implementation in 

semi-industrial scale gave similar results to the lab scale. 

 PVP at the concentration of 5.03% was chosen as the most suitable suspending 

agent. This parameter should be combined with an agitation rate of 800 rpm, a mass 

ratio between the continuous/discontinuous phases (3.24), toluene/PCM mass ratio 

of 1.92 and a PCM percentage of 68.5% with respect to the total monomers and 

paraffin amount to operate at optimal synthesis conditions.  

 The type and amount of suspending agent have strong influence on the particle size 

and morphology of microcapsules but not on the internal structure. The properties 

of the microcapsules depend on the chemical characteristic of the phase change 

materials and polymer. In order to modify the microcapsules from matrix to core-

shell structure, a polymer and PCM with higher polarity difference should be used. 

 The incorporation of a surfactant agent into the microcapsules was studied. The 

PVP distribution data were fitted by the Langmuir model obtaining a value of the 
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maximum retention capacity and the equilibrium constant as 192.9 g kg-1 and 0.18 

m3 kg-1, respectively. 

 Free radical polymerization for the encapsulation of unsaturated fatty acids (as TES 

material) produces the co-polymerization of them with the monomers intended to 

form the shell. As a consequence of this side polymerization, a decrease of the 

thermal capacity in the microcapsules with unsaturated fatty acids with respect to 

those with saturated is observed.  

 Incorporation of a flame retardant monomer (PNC-HEMA) into the polymer shell 

enhanced the thermal and fire resistance of the microcapsules, resulting in lower 

total heat released and higher amount of char produced. Furthermore, the PCM 

content was higher due to core-shell structure of microcapsules. Microcapsules with 

10 wt.% of PNC-HEMA were the optimal concentration for obtaining 

microcapsules with a spherical morphology and the highest TES capacity.  

 Microcapsules with a crosslinking agent revealed dimensional stability at high 

temperatures. In spite of exhibiting an intact the polymer structure, zero enthalpy 

was observed at 180 °C, because the PCM had been completely released by 

vaporization. The PCM release from the microcapsules was mathematical modeled 

on the basis of an internal diffusion model. 

 It was found that the compressive strength of Portland cement concrete decreased 

with increasing amounts of incorporated microcapsules. However, it was still 

within the acceptable level for structural concrete (higher than 20 MPa). 

Incorporation of microcapsules into concrete reduced the thermal conductivity and 

improved the thermal storage capacity of PCC. This enhance the energy efficiency 

of the building envelope.  
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9.2.  Future work 

The following recommendations are interesting for future research: 

 

 Improving the recipe for the synthesis of microcapsules with fire retardant 

properties in order to obtain a smooth surface and a continues shell.  

 Completing the study of the physical and mechanical properties of the 

microcapsules with different polymeric shells by nanoindentation.  

 Developing nanosized microcapsules with enhanced TES capacity and lower 

impact into the mechanical properties of concrete. 

 Optimizing the pilot plant operational conditions based on economic criteria and 

market trends. 

 Extending the study about the microcapsules incorporation on the properties of 

other building materials, such as the geopolymer concrete, mortar, gypsum, and 

bricks. 

 Performing an economical evaluation and life cycle assessment of the production 

of microcapsules in industrial scale and incorporation to the concrete.  
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Abbreviations 

AA  Acrylic acid  

AG Arabic gum 

AIBN Azobisisobutyronitrile 

AMA Allyl methacrylate 

APP Ammonium polyphosphate 

ATR Attenuated Total Reflectance 

BDDA 1,4-Butylene glycol diacrylate 

BMA n-Butyl methacrylate 

BPO Benzoyl peroxide 

BSED Backscattered Electron Detector 

CA Caprylic acid 

DA  Decanoic acid 

DSC Differential Scanning Calorimetry 

DVB Divinylbenzene 

EA Erucic acid 

EDAX Energy dispersive x-ray spectrometer 

EG Expanded graphite 

FS Form stable materials 

FT-IR Fourier transform infrared spectroscopy 

GC-MS Gas chromatrography with mass spectroscopy 

GPC Gel Permeation Chromatography 

HDPE High density polyethylene 

HEMA Monomer 2-hydroxyethyl methacrylate 

HRR Heat release rate 

HVAC Heating, ventilation and air conditioning 

IFR Intumescent flame retardant system 

LALLS Low Angel Laser Light Scattering 

LauA Lauric acid 

LFD Large Field Detector 

LHTES  Latent heat Thermal energy storage  

LinA Linoleic acid 

MA Myristic acid 

MAA Methacrylic acid 

MCC Micro-combustion calorimetry 

MMA Methyl methacrylate 

MMT Treated montmorillonite 

MPCM Microencapsulated phase change material 

MPCM-FR Microcapsules with flame retardant 

NGD Neopentyl glycol diacrylate 
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OA Oleic acid 

OMMT Organomontmorillonite 

PA Palmitic acid 

PCC Portland cement concrete  

PCM Phase change material  

PEDMA Poly(ethylene dimethacrylate)  

PER Pentaerythritol 

PETRA Pentaerythritol tetraacrylate 

PMMA Poly(methyl methacrylate) 

PNC Phosphonitrile chloride trimer 

PNC-HEMA Hexa(methacryloylethylenedioxy)cyclotriphosphazene 

PSD Particle size distribution 

PSt Polystyrene 

PVP Polyvinylpyrrolidone 

RPUF Rigid polyurethane foams 

RT21 Rubitherm®RT21 

RT27 Rubitherm®RT27 

RT31 Rubitherm®RT31 

RT6 Rubitherm®RT6 

SA Stearic acid  

SBS Styrene–butadiene–styrene copolymer 

SDS Sodium dodecylsulfate 

SEM Scanning Electron Microscope 

SHTES Sensible heat thermal energy storage  

SMA Sodium salt of styrene-maleic anhydride polymer 

SSPCM Shape stabilized phase change materials 

St Styrene 

TBHP tert-Butyl hydroperoxide 

TES Thermal energy storage  

TEVS Triethoxyvinylsilane 

TGA Thermogravimetric Analysis 

THF Tetrahydrofuran 

TMPTA Trimethylolpropanetriacrylate 

XRD X-ray micro-tomography  

 

Symbols 

ar Extent of conversion  

Ar Area of microcapsules 

c Overall concentration 

cA Concentration of A 

Cb Concentration of bulk solution 
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Cp Specific heat of the material  

CPCM PCM content 

DAB Diffusion coefficient  

dm/dt Mass loss rate 

dn/dt Molar loss rate 

Ea Activation energy 

EE  Encapsulation efficiency  

f Fraction of suspending agent  

g Gravitational constant 

h0 Liquid level 

K Equilibrium constant of the system 

kd Rate of decomposition 

kL Thermal conductivity of liquid 

kS Thermal conductivity of solid 

m Mass of material 

MA Molecular weight 

NA,z  Molar flux 

P Power 

P(St-DVB)MC Mass of polymer 

PA
0 Vapor pressure 

PCMfeed Weights of the PCM fed to the reactor 

PCMMC Mass of PCM in microcapsules 

PMC Product mass 

Pr Power reduction  

PT Total pressure 

Q  Quantity of stored heat  

R Universal gas constant 

R0 Radius 

r0 Radius of the microcapsules 

S Surface area 

SA Total amount of the suspending agent 

(St-DVB)feed Weights of the monomers fed to the reactor 

T Temperature 

t1/2 Half-life time  

V Total volume of the bulk solution 

Vpore Volume of pores 

X Conversion of monomers 

yA Molar fraction 

z Vapor-liquid interphase height 
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ΔHMC Enthalpy of microcapsules 

ΔHPCM Enthalpy of pure PCM 

Δhr Endothermic heat of reaction 

 

α Evaporation coefficient 

β Shape factor 

Г Retention capacity  

Гmax  Maximum retention capacity  

γop Oil/polymer interfacial tension 

γow Water/oil interfacial tension 

γp Surface free energy 

γpw Water/polymer interfacial tension 

Σν Sum of atomic diffusion volumes 

ηr Microcapsules yield  

 Weighted sum of squared residuals 

 Contact angle 

ρ Density 

φave Average heat fluxes  

φindoor Heat flux on the indoor side 
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