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ABSTRACT 

 

This research was aimed to study the preparation of poly(divinylbenzene)- 

/octadecane (PDVB/OD) and poly(divinylbenzene-methylmethacrylate)/octadecane 

(P(DVB-MMA)/OD) microcapsules by microsuspension polymerization using phase 

inversion emulsification (PIE) for monomer droplet generation. 

In the first step, PDVB/OD microcapsule was prepared using PIE for the oil 

droplets generation. The influence of the surfactant type and amount with and without 

co-surfactant on the colloidal stability, particle size and size distribution of 

microcapsules were investigated compared with the conventional emulsification 

technique. In the case of PIE, the microcapsules size about 1.5 µm with narrow particle 

size distribution (PSD) and good colloidal stability throughout the polymerization were 

obtained using polyvinyl alcohol and sodium dodecyl sulphate as the surfactant and 

cosurfactant, respectively. On the other hand, the coagulation was observed using 

conventional technique with the same recipe of PIE. In the second step, MMA was 

introduced to the copolymer microcapsule to improve the latent heats of the 

encapsulated OD. The influence of the additional rate of the aqueous phase and the 

monomer ratio were studied. At the additional rate of 2 mL/min, approximately 4 µm 

microcapsule with narrower PSD and higher colloidal stability than the other conditions 

were obtained. The increase of MMA content from 50 to 70 wt % increased latent heats 

of the encapsulated OD due to high phase separation of P(DVB-MMA) shell and OD 

core.  
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From the results, it can be concluded that PDVB/OD and P(DVB-MMA)/OD 

microcapsules were successfully prepared by microsuspension polymerization using 

PIE for oil droplet generation.  

 

Keywords: Octadecane, Microcapsule, Microsuspension polymerization, Phase 

inversion emulsification 
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CHAPTER 1 

INTRODUCTION 

 

1.1  Important and background of thesis  

Heat storage or phase change materials (PCMs) are attractive for many 

industrial applications such as air condition of building, solar heat storage, thermal 

adaptable fibers and temperature-adaptable greenhouses [1-5]. Among of PCMs, 

paraffin wax is one of the most attractive PCMs because of a wide range of melting and 

crystallization temperatures. Paraffin wax has moderate energy capacity, nontoxic, non-

corrosive and also chemically inert. However, its thermal conductivity is low which 

limits the application. To overcome this drawback, a large surface area is required. 

Therefore, in recent years, the encapsulation of paraffin wax has been developed to 

provide large heat transfer area. Moreover, it also controls the volume change of the 

storage materials as phase changes occurs and protect the influence from the outside 

environment [6].  

There are many encapsulation techniques. The encapsulation by monomer 

polymerization using internal phase separation mechanism [7] is one of the most 

famous techniques especially suspension and miniemulsion polymerizations. They are 

environmental friendly polymerization techniques in aqueous dispersed systems. Both 

polymerizations are carried out in oil droplets where PCMs, monomer and initiator are 

completely dissolved and dispersed in the continuous phase of surfactant aqueous 

solution. When the polymerization is initiated by existing initiator, the polymer chains 

gradually move to the interface of the droplet forming the outer shell while more 

hydrophobic materials as PCMs locate inside as the capsule core. Then, by these 

techniques, high encapsulation efficiency is always obtained. However, both 

polymerizations generally need high shear rate to generate the oil droplets leading to 

high cost and energy consumption. Therefore, they are not appropriate for the industrial 

application. Moreover, microcapsules with broad particle size distribution (PSD) are 

also obtained in the case of the conventional suspension polymerization. From our 

previous works, we have successfully prepared polydivinylbenzene (PDVB)/OD 

microcapsules [8-10] by microsuspension polymerization of DVB/OD droplets 
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produced by homogenization. However, they were polydispersed of particle size 

resulting in a wide range of thermal properties especially crystallization temperature 

(Tc) of the encapsulated OD. There is some research works reported the generation of 

monomer droplets using only mechanical stirring (approximately 800-2000 rpm). It was 

named as suspensionlike polymerization [11-17] for the preparation of microcapsules. 

However, the obtained microcapsules were still quite broad PSD. There are many 

techniques used for the preparation of narrow PSD oil droplets. The shirazu porous 

glass (SPG) membrane emulsification was used for the preparation of comparatively 

monodisperse DVB/HD droplets [18]. It was also used for the preparation of DVB and 

acrylic monomer with HD droplets [19]. In addition, the microfluidic technique was 

also used for the preparation of monodisperse submicron-sized drops [20]. However, 

special equipments and long time were required in all techniques. Therefore, to 

overcome these disadvantages, the utilization of low energy method with a simple 

instrument such as phase inversion emulsification (PIE) to prepare the narrow PSD oil 

droplets is interesting. 

 

1.2  Objectives of thesis  

1.2.1  To prepare PDVB/OD and P(DVB-MMA)/OD with narrow PSD by 

micro- suspension polymerization using PIE for monomer droplet generation compared 

with the conventional method 

1.2.2  To characterize the properties of the prepared microcapsules 

 

1.3  Scope of thesis  

1.3.1  Study the preparation of PDVB/OD and P(DVB-MMA)/OD 

microcapsules by microsuspension polymerization of monomer(s)-OD droplets 

prepared by PIE and conventional method  

1.3.2  Characterize the prepared microcapsules in terms of morphology, 

particle size and distribution and thermal properties 
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1.4  The concept of thesis 

To prepare narrow PSD monomer/PCM droplets using low energy technique, 

PIE was then applied. In food chemistry, instead of the conventional emulsification 

using high-shearing, high-pressure homogenization or ultrasound generation, nano- and 

micro- emulsions have successfully prepared using PIE methods. Recently, PIE is 

successfully applied for the generation of oil droplets in miniemulsion polymerization to 

prepare nanopolymer particles with narrow PSD [21-26]. Generally, the generated oil 

droplets are stabilized by surfactant formed at the oil-water interface on drop wise 

addition of the continuous phase into the dispersed phase. This technique may reduce 

oil droplets coalescence compared with the conventional technique which surfactant is 

pre-dissolved in water. It is because of higher rate of surfactant adsorption on the oil-

water interface in the case of PIE than the diffusion rate from the aqueous phase to the 

droplet interface. Then, it is interesting to implement PIE for monomer droplet 

generation in microsuspension polymerization for the preparation of microencapsulated 

PCMs having narrow PSD. 

Therefore, the utilization of PIE for oil droplets generations were studied to 

prepare narrow PSD DVB-based microcapsules by microsuspension polymerization 

based on the optimum condition of our previous works [8-10]  (monomer/PCMs ratio, 

initiator content and polymerization temperature). In this work, OD, a kind of paraffin 

wax, was selected to be use as a PCM. The influence of surfactant types and amounts 

(with and without co-surfactant), the aqueous phase additional rate and the 

copolymerization with more hydrophilic monomer as methyl methacrylate (MMA) on 

the colloidal stability, particle size and PSD of the microcapsules were investigated. 

Moreover, the thermal properties of the microencapsulated OD were also determined.  
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1.5  Expectations of thesis 

1.5.1  To obtain the optimum condition for the preparation of PDVB/OD and 

P(DVB-MMA)/OD microcapsules by microsuspension polymerization  

1.5.2  To obtain the microcapsules having narrow PSD using low energy 

technique as PIE for monomer(s)-OD droplets generation 

 



CHAPTER 2 

DOCUMENTS AND LITERATURES 

 

2.1  Phase Change Materials 

PCMs or heat storage materials are the materials that can store and release 

energy above their phase transition temperatures. PCMs are one of the most efficient 

ways of storing thermal energy. The latent heat storage method provides much higher 

storage density with a smaller temperature difference between storing and releasing heat 

than the others. The PCMs used for thermal storage systems should exhibit desirable 

thermo physical, kinetics and chemical properties. For thermal properties, they should 

have suitable phase transition temperature with the working temperature, high latent 

heat of transition and good heat transfer. Their appropriate physical properties are 

favourable phase equilibrium during freezing-melting of heat storage, high density to 

allow a smaller size of storage container, small volume change and low vapor pressure.  

For kinetic properties, no supercooling with sufficient crystallization rate is also 

important. Moreover, they should be long-term chemical stable, compatible with 

materials of construction, no toxicity and no fire hazard. PCMs must be non-toxic, non-

flammable and non-explosive for safety [27, 28]. 

 

2.2  Classification of PCMs 

The classification of PCMs is shown in Fig. 2.1 as organic, inorganic and 

eutectic materials. Normally, inorganic and organic compounds have much different in 

thermal and chemical behaviours. The properties of each subgroup are discussed in 

detail below. 
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Figure 2.1  Classifications of PCMs [29] 

 

2.2.1  Organic compounds 

Organic PCMs are divided into two types, paraffins and 

nonparaffins. 

 

2.2.1.1  Paraffins 

Paraffins or paraffin waxes are alkane that contains carbon 

and hydrogen with only single bond such as hexadecane (C16H34), octadecane (C18H38) 

and nonadecane (C19H40). The general chemical structure is Cn H2n+2. Normally, they 

have 3 structures which are linear (normal), branch (iso) and cyclic. If the carbon chain 

length is increased, the melting point and latent heat of fusion are also increased. 

Paraffins have many advantages such as low cost, wide temperature range, 

environmental friendly, non-corrosive and chemically inert. Paraffin waxes have 

moderate thermal energy storage, a small volume change and low vapor pressure in the 

melted form. However, only technical grade paraffins are used as PCMs in latent heat 

storage systems. Paraffins have some disadvantages such as low thermal conductivity, 
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non-compatibility with the plastic container and moderate flammability [30]. Table 2.1 

shows paraffins properties with their melting point and latent heat of fusion.  

 

Table 2.1  Melting point and latent heat of fusion of paraffins [31] 

Number of carbon atom Melting point (
°
C) Latent heat of fusion (kJ/Kg) 

14 5.5 228 

15 10 205 

16 16.7 237.1 

17 21.7 213 

18 28.0 244 

19 32.0 222 

20 36.7 246 

21 40.2 200 

22 44.0 249 

23 47.5 232 

24 50.6 255 

25 49.4 238 

26 56.3 256 

27 58.8 236 

28 61.6 253 

29 63.4 240 

30 65.4 251 

31 68.0 242 

32 69.5 170 

33 73.9 268 

34 75.9 269 

 

2.2.1.2  Non-paraffins 

There are numerous number of non-paraffin organic PCMs 

with various properties such as ester, fatty acid, alcohol and glycol. They have their own 

properties unlike the paraffins which have very similar properties. They are divided into 



25 

 

subgroups as fatty acids and other non-paraffin organic compounds such as 

polyethylene glycol. Their important properties are high heat of fusion, inflammability, 

low thermal conductivity, low flash point, varying level of toxicity and instability at 

high temperatures. Fatty acids have high heat of fusion values compared with that of 

paraffins. Fatty acids also show reproducible melting and freezing with no supercooling 

[32]. The fatty acid structure is given by CH3(CH2)2nCOOH. Their major drawback is 

higher cost about 2-2.5 times than that of technical grade paraffins.  

 

2.2.2  Inorganic compounds 

There are two types of inorganic PCMs, salt hydrates and metallics. 

These PCMs have many advantages such as high heat of fusion, high thermal 

conductivity, low volume change and availability in low cost [33]. 

 

2.2.2.1  Salt hydrates 

Salt hydrates are inorganic salts with water forming a 

typical crystalline solid of general formula AB.nH2O such as K2HPO4.6H2O, FeBr3. 

6H2O, Mn(NO3)2.6H2O and CaCl2.12H2O. The solid-liquid transformation of salt 

hydrates is a dehydration or hydration of the salt. This process resembles melting or 

freezing thermodynamically.  

In melting process, the hydrate crystals are broken up into 

anhydrous salt and water. Most of salt hydrates have one problem about incongruent 

melting due to the release of water of crystallization is not sufficient to dissolve all of 

the solid phase present. They also have poor nucleating properties resulting in 

supercooling of the liquid before crystallization. However, to overcome this problem, a 

nucleating agent is added to provide the nucleation. The attractive properties of salt 

hydrates are high latent heat of fusion per unit volume, relatively high thermal 

conductivity (almost double of the paraffins) and small volume change on melting. 

They are also not corrosive, compatible with plastics and slightly toxic [34].  
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2.2.2.2  Metallics 

Metallics include the low melting metals and metal 

eutectics. They have high thermal conductivity different from the other PCMs. Table 

2.2 is a given selected metallics. These materials have low heat of fusion per unit 

weight, high thermal conductivity, low specific heat and relatively low vapor pressure 

[35]. 

 

Table 2.2  Melting point and latent heat of fusion of metallics [35] 

Material Melting point (
°
C) Latent heat (kJ/kg) 

Gallium-gallium  

antimony eutectic 

29.8                          - 

Gallium 30.0 80.3 

Cerrolow eutectic                       58 90.9 

Bi-Cd-In eutectic                       61                       25 

Cerrobend eutectic                       70 32.6 

Bi-Pb-In eutectic                       70                       29 

Bi-In eutectic                       72                       25 

Bi-Pb-tin eutectic                       96                         - 

Bi-Pb eutectic                     125                         - 

 

 

2.2.3  Eutectics 

Eutectic is a minimum-melting composition of two or more 

components. Every melts and freezes congruently form a mixture of the component 

crystals during crystallization [36]. Eutectic is melted and froze without segregation. 

Eutectic materials are organic compounds such as waxes, vegetable oil, sugar, fatty 

acids and alcohol and salt-based solutions such as glauber’s salt, organic salts 

(acetate/formate based), inorganic salts (chloride/nitrate based) and molten salts. 
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2.3 Microencapsulation of PCMs  

Microencapsulation is a process for envelop solid particles, liquid droplets or 

gas bubbles as core material with shell material such as polymer or copolymer. This 

core-shell material is called microcapsule. The microcapsule is particle with average 

diameter between 1-1000 µm. The particle smaller than 1µm is called nanocapsules 

where as particle larger than 1000 µm is called macrocapsule [37]. The shell materials 

of capsules are a wide variety of materials including natural and synthetic polymers 

depending on the chemical characteristics and intended use of the core [38]. The 

microcapsule morphology depends on the core material properties and the deposition 

process of the shell. Microcapsules have both regular and irregular shapes. They are 

classified as (i) mononuclear type, (ii) polynuclear type and (iii) matrix type on the basis 

of their morphology. Mononuclear type microcapsules contain the shell around the core 

called core-shell structure. Polynuclear capsules consist of many cores enclosed within 

the shell while matrix type capsules are the core material is distributed homogeneously 

into the shell material in the case of matrix type. In addition to these three 

morphologies, microcapsules can be mononuclear with multiple shells and clusters of 

microcapsules  [39]. The main advantages of microencapsulation are protection of 

unstable or sensitive materials from their environments, shelf-life enhancement by 

preventing the degradation reactions and evaporation and convenient handling of core 

materials. The characteristics of microcapsule are defined with various parameters such 

as the particle size, the thickness and impermeability of capsule walls, the mechanical 

strength of capsule walls to withstand normal handling forces, the durability of capsule 

walls to temperature, humidity and various solvents, the functionality over numerous 

phase transition cycles, the good thermal conductivity with increasing heat-transfer area, 

the resistance to thermal stress for the whole product life, and  low cost [40, 41]. 

The microencapsulation techniques have been developed for many years. They 

are classified as physical and mechanical methods, chemical method and 

physicochemical methods [44]. Physical and mechanical processes of 

microencapsulation are spray-drying, fluidized bed and centrifugal extrusion processes. 

The chemical processes suitable for microencapsulation are in situ polymerization, 

interfacial polymerization and microsuspension polymerization. The microencapsula- 
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tion by physicochemical processes includes simple or complex coacervation. The use of 

some techniques has been limited to the high cost of processing, regulatory affairs, and 

the use of organic solvents, which are a concern for health and the environment [45, 46]. 

Among of them, microsuspension polymerization is one of the most famous techniques 

for microencapsulation. Microsuspension polymerization is a heterogeneous 

polymerization system. The polymerization system consists of water-insoluble 

monomer (s) and oil-soluble initiator dispersed in the continuous aqueous phase having 

small amount of stabilizer by high shear rate forming the monomer droplets. The 

mechanical stirring is maintained while the monomer droplets are slowly converted to 

polymer particles. Polymerization is mainly taken place in the droplets. Usually, 

suspension polymerization requires the addition of small amounts of a stabilizer to 

prevent coalescence of the droplets during polymerization. The particle size distribution 

of the initial monomer droplets and also the formed polymer particles depends on the 

balance between droplet break-up and droplet coalescence. The particle sizes are in the 

range of 1-1000 µm. For microsuspension polymerization, the particle sizes are only in 

the range of 1-100 µm. When the core material is added in oil phase of monomer and 

initiator mixture, the microcapsules are formed mainly by internal phase separation 

mechanism. 

In the case of microencapsulation using an internal phase separation 

mechanism, Self-assembling of Phase Separated Polymer method (SaPSeP method) [47, 

48] based on an environmentally friendly technique in aqueous dispersed systems is one 

of the most famous methods. Firstly, monomer (s), core material and oil-soluble 

initiator are homogeneously dissolved. The mixture is poured in an aqueous solution of 

surfactant and then stirred with high shear rate to form the monomer droplets. After the 

polymerization is started at the appropriate temperature, polymer chains are gradually 

formed until reach the critical chain length, phase separation occurs. Polymer chains 

move to the droplet interface and form polymer shell encapsulated the core material. 

The properties of polymer shell and core material such as hydrophilicity and also 

internal viscosity during polymerization are the main important factors in this method. 

Some of micro- and nanoencapsulated PCMs were successfully produced by 
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microsuspension and miniemulsion polymerizations, respectively, with various kinds of 

polymer shells and paraffin waxes using this SaPSeP method [8].  

 

 

Figure 2.2   Schematic of the Self-assembling of Phase Separated Polymer (SaPSeP)          

method for the preparation of polydivinylbenzene/octadecane 

microcapsules  [47, 48] 

 

However, the preparation of monomer droplets in microsuspension 

polymerization normally used high shear rate resulting in high cost and large energy 

consumption and also broad PSD droplets. Previously, we have successfully prepared 

the microcapsules of PDVB/OD by suspension polymerization using homogenizer as 

shown in Fig. 2.3 [49]. 
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Figure 2.3  Schematic of the preparation process of PDVB/OD microcapsules by   

microsuspension polymerization [49] 

 

The scanning electron (SEM) and optical (OM) micrographs of the obtained 

microcapsules are shown in Fig. 2.4. The microcapsule sizes are too polydisperse which 

affected on the encapsulated OD thermal properties. 

 

 

Figure 2.4  SEM (a) and optical (b) micrographs of PDVB/OD microcapsules prepared 

by  microsuspension polymerization [49] 
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To overcome this disadvantage, recently, some studies reported the generation 

of monomer droplets using only mechanical stirring (approximately, 800-2000 rpm) 

called suspension-like polymerization. L. Sanchez-Silva et al. [50] prepared 

microcapsules of polystyrene encapsulating a commercial type paraffin wax (Repsol 

YPF) by a suspension-like polymerization. It was carried out at different stirring rates 

from 600 rpm to 1600 rpm at 108 °C for 6 h under N2 atmosphere. They also carried out 

the scale-up microencapsulation process in a pilot plant with the aim of preparing 

microcapsules with a similar particle size and same PCM content as those observed in 

the lab-scale. The differences were average particle size and encapsulated paraffin 

content between two scales at higher stirring rates. Environmental scanning electron 

microscope (ESEM) micrographs of microcapsules containing paraffin wax synthesized 

on the laboratory and pilot plant scales were shown in Fig. 2.5 [50]. Using this 

technique, the microcapsules are successfully prepared but polydispersed particles were 

still obtained.  

 

Figure 2.5  ESEM micrographs of microcapsules containing paraffin wax synthesized 

on (a) the laboratory and (b) the pilot plant scales [50] 
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2.4 Phase Inversion Emulsification 

PIE is widely used in the fabrication of cosmetic products, pharmaceutical 

products, foodstuff and detergents [51]. The main concept of PIE is that an aqueous 

phase is gradually dropped into an oil phase in which a surfactant is initially dissolved. 

Firstly, water in oil (W/O) emulsion is formed [52]. The rate of water droplet 

coalescence increases as the water amount in the emulsion increases. After that, water is 

continuously added until the water amount is higher than the oil phase, the W/O 

emulsion irreversibly inverses to an oil in water (O/W) emulsion called phase inversion 

as shown in Fig. 2.6 [53]. The rate of surfactant adsorption at the oil interface is higher 

than that of the conventional technique (using surfactant in aqueous medium). Then, it 

effectively stabilizes oil droplets resulting in narrow PSD droplets.  

From the literature review, PIE is one of the simplest techniques that can be 

applied for the preparation of oil droplets without high share rate [54]. This technique 

has many advantages such as low energy consumption, simple technique and narrow 

PSD droplets formation. Therefore, in this work, PIE is firstly applied for narrow PSD 

microcapsules preparation. 

 

Figure 2.6  Schematic view of the inversion of PIE from W/O to O/W emulsion [53] 

 

By this process, long term stable emulsions characterized by very small 

average diameter and narrow PSD are obtained. Figure 2.7 showed an OM of the final 

emulsion and the droplet size distribution. 
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Figure 2.7  OM image of the final emulsion [55] 

 



CHAPTER 3  

EXPERTMENTAL PART  

 

3.1  Chemicals and instruments 

3.1.1  Chemicals 

Name Grade Brand 

1. Divinylbenzene (DVB) Technical, 80% 

 

Sigma-aldrich 

2. Methyl methacrylate (MMA) 

 

purity, 99% Sigma-aldrich 

 

3. Octadecane (OD) purity, 99% Aldrich 

 

4. Benzoyl peroxide (BPO) 

 

72-77% Sigma-aldrich 

5. Polyoxyethylene sorbitan monooleate 

(Tween80) 

purity, 90% 

 

Sigma-aldrich 

6. Poly (vinyl alcohol) (PVA) 

 

Hydrolyzed, 87-90% Sigma-aldrich 

7. Sodium dodecyl sulfate (SDS) Analytical reagent Sigma-aldrich 

 

8. Sodium hydroxide (NaOH) 99% Univar 

9. Sodium nitrite (NaNO2) 

 

Analytical reagent Univar 

 

10. Aluminum oxide (Al2O3) 

 

Chromatographic Fluka 
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       Name Grade Brand 

11. Calcium chloride (CaCl2) Analytical reagent Univar 

12. 2-Propanol  

 

Analytical reagent RCI Labscan 

13. Nitrogen gas (N2) 

 

99.99% 

 

Praxair 

 

3.1.2  Instruments  

Name Model Brand 

1. Optical microscope (OM) 

 

SK-100 EB Seek 

2. Dynamic light scattering (DLS) Delsa
TM

 Nano C Beckman Coulter 

3. Differential scanning calorimeter 

(DSC) 

DSC 4000 Perkin Elmer 

4. Thermogravimetric analyzer (TGA) TGA 4000 Perkin Elmer 

5. Scanning electron microscope (SEM) JSM 5610 

 

Jeol 

6. Hot air oven 

 

UNB 400 Memmert 

7. Vacuum oven 

 

D2F-6051 - 

 

8. Mechanical stirrer 

 

RW IKA 
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3.2  Experiments 

3.2.1  Preparation of PDVB/OD microcapsules by microsuspension 

polymerization  

The PDVB/OD microcapsules were prepared by two steps. Firstly, 

oil droplets were prepared by PIE at 4 mL/min of aqueous phase additional rate. They 

were then subsequently polymerized to prepare polymer microcapsules. The PDVB/OD 

microcapsules were prepared by microsuspension polymerization of the oil droplets 

prepared by the PIE compared with conventional technique under the conditions listed 

in Table 3.1 

Table 3.1  Reagent amounts and procedure for the preparation of PDVB/OD 

microcapsules  by microsuspension polymerization
a
 of DVB/OD droplets 

prepared by  mechanical stirring
 b

  

Phase Ingredients Experiment
c
 

 1 2 3 4 5 6 7 8 9 10 

 

 

Oil 

DVB (g) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

OD (g) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

BPO (g) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Tween80(g) 10.0 10.0 10.0 - - - - - - - 

PVA (g) - - - 1.0 2.0 2.0 3.0 3.0 3.0 3.0 

Aque-

ous 

 

SDS (g) - - - - - - - - 0.1 0.1 

NaNO2 (g) - 0.02 0.04 - - 0.02 - 0.02 - - 

Water (g) 79.6 79.5 79.5 89.6 87.6 87.5 86.6 86.5 86.5 86.5 

 

a 
80   C, 24 hours, stirring rate at 200 rpm and 10 min purging with N2  

b 
500 rpm, 20 min  

c 
Experiments 1-9 used the PIE method while experiment 10 employed the conventional 

method for oil droplets preparation  
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3.2.1.1  Preparation of DVB/OD droplets by PIE method   

The DVB/OD oil droplets were prepared by PIE as the 

procedure shown in Fig. 3.1. The oil and aqueous phases were separately prepared as 

follows. Firstly, 1:1 ratio of DVB and OD were homogeneously mixed with BPO (8% 

wt of monomer) and various kinds of surfactants (3-10% wt of total solution) as oil 

phase. Consequently, the aqueous phase with and without SDS (0.1% wt of total 

solution) and NaNO2 were gradually dropped into the oil phase at an additional rate of 4 

mL/min under mechanical stirring at 500 rpm. The water in oil (W/O) system was 

firstly formed by the adsorption of surfactant at the droplet interface. When the amounts 

of aqueous medium increased until higher than the amount of oil phase, then, oil in 

water (O/W) emulsion was formed called phase inversion. 

 

 

 

Figure 3.1  Schematic of the preparation process of DVB/OD droplets by PIE 
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3.2.1.2  Preparation of DVB/OD droplets by conventional emulsi- 

fication method 

DVB/OD droplets were also prepared by the conventional 

emulsification method using mechanical shear rate. The oil phase was prepared by 

mixing of 1:1 ratio of DVB:OD and BPO (8 wt % of monomer). It was poured into the 

PVA aqueous solution containing SDS (0.1% wt of total solution) and then 

homogenized at 500 rpm for 10 min to form DVB/OD droplets as shown in Fig. 3.2. 

 

 

Figure 3.2  Schematic of the preparation process of the DVB/OD droplets by 

conventional emulsification method  

 

3.2.1.3  Preparation of PDVB/OD microcapsules by microsuspen- 

sion polymerization 

The obtained monomer droplet suspensions of both 

techniques were separately transferred to a round-bottom schlenk flask. The flask was 

then closed off with silicone rubber septum and degassed using several N2/vacuum 

cycles. It was put into an oil bath at 80 
o
C and polymerized for 24 hour with magnetic 

stirring rate of 500 rpm. The schematic of the preparation of the PDVB/OD 

microcapsules by microsuspension polymerization was shown in Fig. 3.3 
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Figure 3.3  Schematic of the preparation process of the PDVB/OD microcapsules by 

microsuspension polymerization  

 

3.2.2  Washing process of PDVB/OD microcapsules 

After synthesis, the obtained suspension was transferred to separating 

funnel and left overnight. The two separated layers of the suspension were observed. 

The aqueous medium at the bottom layer was carefully removed. The top microcapsule 

layer was filtered and washed with 2-propanol before dry overnight in a vacuum oven at 

room temperature. The schematic of the washing process of the PDVB/OD 

microcapsule was shown in Fig. 3.4. The optimum washing time was studied.  
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Figure 3.4  Schematic of the washing process of PDVB/OD microcapsules 

 

3.2.3  Preparation of P(DVB-MMA)/OD microcapsules by microsuspen- 

sion polymerization  

3.2.3.1 Preparation of (DVB-MMA)/OD droplets by PIE  

The (DVB-MMA)/OD droplets were prepared by PIE as 

the procedure shown in Fig. 3.1. Firstly, the oil phase of DVB and MMA (50:50 and 

30:70 wt %) were mixed with OD, BPO (8 wt % of monomer) and PVA (1-3 wt % of 

total solution). Consequently, the aqueous phase with and without SDS (0.1 wt % of 

total solution) was gradually dropped into the oil phase at various additional rates under 

mechanical stirring at 500 rpm. A homogeneous solution of oil phase droplets dispersed 

in the aqueous phase was formed. The influence of the aqueous phase additional rate 

and surfactant concentration on the formation of oil droplets were studied. 

 

1)  Study of the aqueous phase additional rate  

(DVB-MMA)/OD droplets using DVB:MMA at 

50:50 (wt %) were prepared by PIE at 2, 4 and 8 mL/min of aqueous phase additional 

rate using the condition listed in Table 3.2. They were then subsequently polymerized to 

prepare polymer microcapsules.  

Vacuum ovenFilter with pumpSeparating funnelPolymer capsule
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Overnight Top layer Overnight
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Table 3.2  Reagent amounts and procedure for the preparation of P(DVB-MMA)/OD 

microcapsules by microsuspension polymerization
a
 of (DVB-MMA)/OD 

droplets prepared by PIE
b
 with various aqueous phase additional rates  

                    

 

Phase          Ingredients 

DVB:MMA (wt %) 

50:50
c
 30:70 

 

 

 

 

Oil 

DVB (g) 2.5 1.5 

MMA (g) 2.5 3.5 

OD (g) 5.0 5.0 

BPO (g) 0.4 0.4 

PVA (g) 3.0 3.0 

 

Aqueous 

 

SDS (g) 0.1 0.1 

Water (g) 86.5 86.5 

 

a 
80   C, 24 hours, stirring rate at 500 rpm  

b 
500 rpm 

c 
2, 4 and 8 mL/min of aqueous phase additional rate  

 

2)  Study of the surfactant concentration  

The influence of surfactants; PVA and SDS, 

concentration on the colloidal stability of the prepared microcapsules was investigated. 

The (DVB-MMA)/OD droplets were prepared by PIE of aqueous phase additional rate 

2 mL/min. The oil phase with various PVA and SDS concentrations using the 

conditions listed in Table 3.3  
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Table 3.3   Reagent amounts and procedure for the preparation of P(DVB-MMA)/OD 

microcapsules by microsuspension polymerization
a
 of (DVB-MMA)/OD 

droplets prepared by PIE
b
 using various kinds of surfactant 

                    

  

Phase         Ingredients 

PVA (SDS) concentration (wt %) 

1 (0) 3 (0) 0 (0.1) 1 (0.1) 3 (0.1) 

 

 

 

 

Oil 

 

DVB (g) 2.5 2.5 2.5 2.5 2.5 

MMA (g) 2.5 2.5 2.5 2.5 2.5 

OD (g) 5.0 5.0 5.0 5.0 5.0 

BPO (g) 0.4 0.4 0.4 0.4 0.4 

PVA (g) 1.0 3.0 - 1.0 3.0 

 

Aqueous 

 

SDS (g) - - 0.1 0.1 0.1 

Water (g) 88.6 86.6 89.5 88.5 86.5 

 

a 
80  C, 24 hours, stirring rate at 500 rpm 

b 
2 mL/min of aqueous phase additional rate, 500 rpm 

 

The optimum condition for the preparation of (DVB-MMA)/OD droplets using 

DVB:MMA at 50:50 (wt %) was used for the preparation of DVB:MMA of 70:30 (wt 

%) droplet. 

 

3.2.3.2  Preparation of (DVB-MMA)/OD droplets by 

conventional emulsification method 

 (DVB-MMA)/OD droplets were also prepared by 

conventional emulsification technique under the conditions listed in Table 3.4. The 

homogeneous oil phase of DVB:MMA (wt %) of 50:50, OD and BPO (8 wt % of 

monomer) was firstly prepared.  It was added to the aqueous phase containing PVA and 

SDS. The emulsification was carried out by mechanical stir at 1,500 rpm for 10 min 

resulting in the formation of oil phase droplets dispersed in the aqueous phase. The 

reagent amounts and produce for the preparation of P(DVB-MMA)/OD microcapsules 

by the conventional emulsification method was shown in Table 3.4. 
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Table 3.4  Reagent amounts and procedure for the preparation of P(DVB-MMA)/OD 

mirocapsules by microsuspension polymerization 
a
 of (DVB-MMA)/OD 

droplets prepared by conventional method 
 
of  DVB:MMA (wt %): 50:50 

with mechanical stir 
b
 using various amounts of PVA 

 

Phase 

                    

Ingredients 

PVA (wt %) 

1 3 

 

 

Oil 

 

DVB (g) 2.5 1.5 

MMA (g) 2.5 3.5 

OD (g) 5.0 5.0 

BPO (g) 0.4 0.4 

 

Aqueous 

 

PVA (g) 1.0 3.0 

SDS (g) 0.1 0.1 

Water (g) 88.5 86.5 

 

a 
80   C, 24 hours, stirring rate at 500 rpm 

b 
1,500 rpm 

 

3.2.3.3  Preparation of P(DVB-MMA)/OD microcapsules by 

microsuspension polymerization  

The monomer droplet suspensions prepared by both PIE 

and conventional emulsification methods were separately transferred to a round-bottom 

schlenk flask. The procedure is the same as the PDVB/OD microcapsule preparation.  

The schematic of the preparation of the P(DVB-MMA)/OD microcapsules by 

microsuspension polymerization was shown in Fig. 3.5 
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Figure 3.5   Schematic of the preparation process of P(DVB-MMA)/OD microcapsules 

by microsuspension polymerization  

 

3.2.4 The study of the partitioning of PVA in oil/aqueous phase   

The oil phase containing DVB, MMA, OD and PVA was firstly 

prepared under the conditions listed in Table 3.5. After that, the aqueous phase was 

slowly dropped at 2 mL/min with gentle stirring rate. The mixture of oil and aqueous 

phase was transferred to a round bottom flask. It was put in an oil bath at 80 
o
C for 2 

hours with a mild stirring rate. After the stirring was stopped, the mixture was kept until 

the phase separation as clearly observed. Then, the aqueous phase was taken out. The 

amount (wt %) of PVA existed in an aqueous phase was then measured by gravimetry 

whereas that value in the oil phase was obtained from the subtraction of PVA in an 

aqueous phase from the total PVA.  
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200 rpm, 80 oC

24 hr
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Table 3.5   Reagent amounts and procedure for the study of partitioning of PVA using 

the polymerization condition 
a
 

 

Phase 

 

Ingredients 

PVA (wt %) 

1 3 

 

 

Oil  

 

DVB (g) 2.5 2.5 

MMA (g) 2.5 2.5 

OD (g) 5.0 5.0 

PVA (g) 1.0 3.0 

Aqueous 

 

Water (g) 89.0 87.0 

 

a 
80   C, 2 hours, stirring rate at 200 rpm  

 

3.3  Characterization of PDVB/OD and P(DVB-MMA)/OD microcapsules  

The properties of the prepared PDVB/OD and P(DVB-MMA)/OD 

microcapsules were characterized as follows. Weight- and number- average particle 

diameters (dw and dn, respectively) were measured by dynamic light scattering (DLS) 

(Delsa Nano-C, Beckman Coulter, USA) with a light scattering angle of 165
o
 at room 

temperature. Polymer suspension samples (approximately 10 wt %) withdrawn from the 

reactor were directly measured using the concentration mode of DLS. The prepared 

microcapsules were observed with an optical microscope (OM) (SK-100EB & SK-

100ET, Seek, Seek Inter Co. Ltd., Thailand) and scanning electron microscope (SEM) 

(JSM-6510, JEOL, JEOL Ltd., Japan) to investigate the inner structure of the 

microcapsules and the morphology of the surface, respectively. For SEM observation, 

one drop of the microcapsule suspension was placed on a nickel SEM stub and dried 

before coated with Au. The thermal properties of the microcapsules were determined by 

a thermogravimetric analyzer (TGA) (TGA 4000, Perkin-Elmer, USA) and a differential 

scanning calorimeter (DSC) (DSC 4000, Perkin-Elmer, USA). The degradation 

temperatures of pure OD and the microcapsule were measured with TGA using a 

heating rate of 5 
o
C/min. The latent heats of crystallization (Hc) and melting (Hm) and 

the crystallization (Tc) and melting (Tm) temperatures of the encapsulated OD in a dry 
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state were measured with a DSC under N2 flow with a scanning temperature range and 

rate of -20-40 
o
C and 5 

o
C/min, respectively. To compare the Hc and Hm values of the 

encapsulated OD in the microcapsules having different amounts OD, the Hc and Hm 

values were expressed in a unit of joules per 1 g of encapsulated OD (J/g-OD). These 

values were calculated from the cooling/heating peak area of the DSC thermogram, and 

the OD content obtained from the TGA analysis using the following equation. 

A = (B/C) x 100 ------------------3.1 

 

Where  

A = Hm and Hc of the encapsulated OD in unit of joules per 1 g of the encapsulated OD 

(J/g-OD) 

B = Hm and Hc of the encapsulated OD in the dried microcapsules obtained from the 

DSC thermogram (J/g-sample) 

C = % OD in the dried microcapsules obtained from the TGA thermogram 

 

 

 



CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1  Preparation of PDVB/OD microcapsules by microsuspension polymerization  

4.1.1  Influence of surfactant types and amounts 

The utilization of high shear rate to produce the oil droplets and a 

broad particle size distribution of the obtained microcapsules are two main 

disadvantages of microencapsulated heat storage materials prepared by microsuspension 

polymerization. Therefore, in this work, PIE is chosen to replace of the conventional 

one for the preparation of the oil droplets used in the microsuspension polymerization. 

The droplets were formed without a high shear rate by the dropwise addition of a larger 

amount of water, with and without SDS as a cosurfactant in a smaller amount of the oil 

phase containing surfactant. The surfactant gradually moved to the oil-water interface 

stabilizing the oil droplets during water addition. The influence of surfactant types 

(Tween 80 and PVA) dissolved in the oil phase on the colloidal stability of the 

microcapsules was studied.  

 

Table 4.1   Weight- and number average diameters and particle size distribution 
a
 of       

PDVB/OD microcapsules prepared by microsuspension polymerization 

with Tween80 as surfactant at various NaNO2 concentrations using PIE for 

oil droplets generation 

NaNO2 (wt %)
b
 Conversion (%) dw (nm) dn (nm) dw/dn 

             0.0          57 660     456          1.45 

             0.02          19      28,276       65      436.36 

             0.04          23  568       34        16.55 

 

a
 Measured with DLS  

b
 Related to the procedure and reagent in Table 3.1 



48 
 

 

Figure 4.1  The suspension photos of PDVB/OD microcapsules prepared by 

microsuspen-  sion polymerization: oil droplets generated by PIE, using 

Tween 80 in oil phase at various NaNO2 concentrations in an aqueous 

medium (wt %): a) 0; b) 0.02 and c) 0.04  

 

In the case of Tween 80, when using a concentration lower than 10 

wt % (related to total solution), the polymer microcapsule was unable to prepare and 

large coagulation was observed during the polymerization. At 10 wt % of Tween 80, 

microcapsules with a nanometer size diameter (dw = 660 and dn = 456 nm) and a quite 

narrow PSD (dw/dn = 1.45) were formed as shown in Table 4.1. Moreover, the colloidal 

stability was quite improved because of the decreased of coalescence of the obtained 

capsules. However, some of the homopolymer of PDVB particles seemed to be 

produced as shown in Fig. 4.1a, where turbid dispersion was observed in the bottom 

part of the suspension. Microencapsulated PDVB/OD floated on the top of the 

suspension because of its low total density (OD = 0.8 g/ml, PDVB = 1.04 g/ml [8] and 

PDVB/OD = 0.9 g/ml related to the recipe; 1:1 of DVB:OD) compared with water. 

Therefore, the particles dispersed in the bottom part were PDVB which may be 

polymerized in the micelle formed by Tween80 via emulsion polymerization giving 

polymer particle of nanometer size. During the polymerization, some of Tween80 that 

firstly dissolved in the monomer phase may then diffuse to the continuous phase during 

the addition of water. Thus, the micelle was formed and played a role as polymerization 

loci competing with the monomer droplets. Because OD is much more hydrophobic 

than DVB, it is unable to diffuse via water (the continuous phase) to the micelle as the 

monomer is. As a result, only the PDVB particles polymerized in the micelle were 

dispersed in the bottom part of the suspension.  
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Figure 4.2   Weight- (dw) and number (dn) average diameters of PDVB microcapsules 

prepared by microsuspension polymerization: oil droplets generated by 

PIE, using Tween80 in oil phase at various NaNO2 concentrations in an 

aqueous medium (wt %): (a, a') 0; (b, b') 0.02 and (c, c') 0.04  

To depress emulsion polymerization in an aqueous medium, the 

water soluble inhibitor as NaNO2 was added to the system as represent in the 

experiment 2 (0.02 % related to total reagent) and 3 (0.04 % related to total reagent). 

The radical or oligomeric radical exiting from the monomer droplets would scavenger 

with NaNO2 in the aqueous medium which may reduce the emulsion polymerization. 
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However, the data in Table 4.1, Fig. 4.1 and 4.2 represented that the secondary 

nucleation was not significantly decreased. The aqueous medium of both conditions 

were still turbid as shown in Fig. 4.1b and c. It is accord with DLS data that the small 

particles were still observed as shown in Fig. 4.2a and b. In addition, the percent 

conversions (19 and 23% for 0.02 and 0.04 wt % of NaNO2, respectively) were quite 

decreased from that of the polymerization without NaNO2 (57%). It can be explained 

that in the case of without NaNO2, polymerization would predominantly took place in 

the aqueous medium as emulsion polymerization. Because much more amount (10 wt 

%) of Tween80 than its CMC (0.16 wt %) was used, a large number of micelles existed 

in aqueous medium. Then, the highest conversion was obtained. The percent conversion 

decreased with the increase of the inhibitor (NaNO2) concentration in aqueous medium. 

Therefore, it seems that using Tween 80 is inappropriate for producing PDVB/OD 

microcapsules in microsuspension polymerization because of the formation of 

unencapsulated OD particle byproduct and the utilization of large amounts of surfactant.  

Generally, PVA prefer to use as stabilizer of suspension 

polymerization. Therefore, it then was selected instead of Tween80. Various amounts 

(1-3 wt % related to total reagent) of PVA with/without NaNO2 were added into the oil 

phase as Experiment 4-8. Low amounts of PVA (1.0 and 2.0 wt %) were completely 

dissolved in the oil phase whereas it was quite difficult to dissolve completely in the 

case of 3 wt %. However, the solution was homogeneous without precipitation of PVA 

after shaking for several minutes. 
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Table 4.2   Weight- and number average diameters and particle size distribution 
a
 of 

PDVB/OD microcapsules prepared by microsuspension polymerization 

with various PVA concentrations (NaNO2 concentration) using PIE for oil 

droplets generation 

PVA (NaNO2) (wt %)
b
 Conversion (%) dw (nm) dn (nm) dw/dn 

                   1 (0) -   375 259  1.45 

                   2 (0) -     41,333      2,066     20.00 

                   2 (0.02) 10     11,082      1,096     10.10 

                   3 (0) -     30,155      1,315     22.93 

3 (0.02) 18       6,052      1,272       4.76 

 

a
 Measured with DLS  

b
 Related to the procedure and reagent in Table 3.2 

 

The coagulation was observed in all conditions including the addition of NaNO2 

although it gradually decreased with the increase of PVA content (Fig. 4.3). Because of 

the coagulation, it was difficult to obtain the percent conversion and PSD as shown in 

Table 4.2 and Fig. 4.4, respectively. In addition, the obtained dw and dn were not reliable 

effecting from the particle coagulation as well. In the case of 1.0 wt % of PVA, 

microcapsules with a nanometer size diameter (dw = 374 and dn = 259 nm) and a quite 

narrow PSD (dw/dn = 1.45) was formed according with PSD obtained by DLS of Fig. 4.4 

(a, a'). The data seem good. 
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Figure 4.3  The suspension photos of PDVB/OD microcapsules prepared by 

microsuspen- sion polymerization: oil droplets generated by PIE, using 

various amounts of PVA in oil phase and various NaNO2 concentrations 

in aqueous medium (wt %): a) 1 (0); b) 2 (0); c) 2 (0.02); d) 3 (0) and e) 

3 (0.02)  

 

However, the dispersion sample which was sampling from the reactor for DLS 

measurement contained only a few amounts of capsule particles due to most of them 

representing coagulation. Therefore, it was so difficult to obtain the main particles size. 

Similar phenomena were obtained with the increase in PVA amount. It seems that the 

microcapsules were not successfully prepared using only PVA even though at high 

concentration (3 wt %). However, it is quite difficult to further increase the PVA 

concentration because of its low solubility in the oil phase. 
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Figure 4.4   Weight- and number average diameters (dw and dn), respectively, of PDVB/ 

OD microcapsules prapared by microsuspension polymerization: oil 

droplets generated by PIE, using various amounts of PVA in oil phase 

(NaNO2 concentration in an aqueous medium) (% wt): (a, a´) 1(0); (b, b´) 

2(0); (c, c´) 2(0.02); (d, d´) 3(0) and (e, e´) 3(0.02) 
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(Fig. 4.4 continued) 

 

Figure 4.4   Weight- and number average diameters (dw and dn), respectively, of PDVB/ 

OD microcapsules prapared by microsuspension polymerization: oil 

droplets generated by PIE, using various amounts of PVA in oil phase 

(NaNO2 concentration in an aqueous medium) (% wt): (a, a´) 1(0); (b, b´) 

2(0); (c, c´) 2(0.02); (d, d´) 3(0) and (e, e´) 3(0.02) 

 

To overcome this problem, small amounts (0.1 wt % related to total 

solution) of the anionic surfactant as SDS were added into the aqueous medium before 

PIE process. Micelles of SDS were not formed because the amount added was lower 

than it CMC (CMC, approximately 0.2 wt %) [56]. Therefore, SDS might 

predominantly adsorb at the monomer droplet surface, performing as a cosurfactant. 

The dispersion state was shown in Fig. 4.5a, where most of the particles floated on the 

top of the emulsion. The particle coagulation was not observed. Therefore, the 

microcapsules of PDVB/OD were success- fully prepared in the presence of PVA (3 wt 

%) and SDS (0.1 wt %) in oil phase and aqueous medium, respectively. The obtained 
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PDVB/OD microcapsules, approximately 2 µm size (dw = 1.55 and dn = 1.49 µm) and a 

narrow PSD (dw/dn = 1.04) were observed as shown in Table 4.3. These results accorded 

with the PSD as shown in Fig. 4.6 (a, a´). This indicates that droplet nucleation 

predominantly took place in this system. It can be concluded that the utilization of 

cosurfactant (SDS) cooperative with surfactant (3 wt % of PVA) improved the colloidal 

stability of PDVB/OD droplets and microcapsules.  

 

 

Figure 4.5  The suspension photos of PDVB/OD microcapsules prepared by 

microsuspen- sion polymerization using PVA (3 %wt) and SDS (0.1 

%wt) as surfactant and cosurfactant, respectively: oil droplets generated 

by PIE (a) and conventional technique (b) 
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Table 4.3   Weight- and number average diameters and particle size distribution 
a
 of 

PDVB/OD microcapsules prepared by microsuspension polymerization 

using PVA as a surfactant cooperative with SDS as a cosurfactant:  

monomer droplets generated by PIE and conventional techniques 

Experiment
b
 Conversion (%) dw (nm) dn (nm) dw/dn 

PIE 92       1,550       1,493 1.04 

Conventional -       2,324          195     11.92 

 

a
 Measured with DLS   

b
 Related to the procedures and reagents in PIE and conventional are respectively 

experiment 9 and 10 (Table 3.1) 

 

On the other hand, the microsuspension polymerization using 

conventional technique for monomer droplets preparation (experiment 10 in Table 3.1) 

was also carried out, where the same amount of both surfactants were pre-dissolved in 

an aqueous medium. A large coagulation with a broad PSD (dw/dn = 11.92) was 

observed. Furthermore, the turbid dispersion due to the formation of particles in the 

aqueous medium was clearly observed (Fig. 4.5b). It was consistent with a bimodal 

distribution (Fig. 4.6b) of weight average particle diameter. This agreed well with OM 

and SEM photographs that the PDVB/OD microcapsules prepared by the conventional 

method (Fig. 4.7b and b') represented larger and broader PSD than those of the PIE 

method (Fig. 4.7a and a').  These results indicated that monomer droplets generated by 

PIE method represented better control in colloidal stability than those of the 

conventional method.  
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Figure 4.6 Weight- and number average diameter (dw and dn), respectively of 

PDVB/OD microcapsules prepared by microsuspension polymerization 

using PVA as a surfactant cooperative with SDS as a cosurfactant:  

monomer droplets generated by (a, a´) PIE and (b, b´) conventional 

techniques 
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b )

1µm

a )

1µm

5µm

a)

5 µm

b)
 

 

 

 

 

 

Figure 4.7  OM and SEM micrographs of PDVB/OD microcapsules prepared by 

microsuspension polymerization of experiments: (a, a´) PIE and (b, b´) 

conventional methods for monomer droplets generation  

 

To clarify the performance of PIE method, the particle size and PSD 

of monomer droplets and microcapsules at before and during polymerization were 

studied. It was found that throughout the polymerization the particle size both dw (1.55-

1.58 µm) and dn (1.49-1.54 µm) of microcapsules (including monomer droplet) were 

almost the same (Table 4.4). Moreover, the monomer droplets and polymer 

microcapsules have quite narrow PSDs, exhibiting dw/dn values in the range of 1.02-

1.05 accorded with the PSD of DLS data shown in Fig. 4.8. The particle size and PSDs 

were maintained with the conversion as shown in Table 4.4. These results indicated that 

the colloidal stability of the polymer particles was well controlled throughout the 

polymerization without particle coagulation. According to optical (Fig. 4.9) and SEM 

(Fig. 4.10) micrographs, the microcapsule sizes were quite constant throughout the 

polymerization. The particle sizes agreed well with hydrodynamic particle diameter as 
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shown in Table 4.4. Moreover, the OD core was well enveloped with a PDVB shell, 

forming spherical PDVB/OD microcapsules with smooth outer surface and a dimple. 

Because the volume of the OD core gradually reduced as they went from the 

polymerization temperature (80 C, lower density) to room temperature (higher 

density), a void was formed in each microcapsule. The dimpled capsules then would be 

created when the shell strength of PDVB was not enough to withstand the external 

pressure, similar with phenomena discussed in the previous reports [57]. However, the 

OD core was completely encapsulated with the PDVB shell. Therefore, the 

microcapsules of PDVB/OD with a narrow PSD were successfully prepared by the 

microsuspension polymerization of DVB/OD droplets generated by the PIE method 

using PVA and SDS as surfactants. 

 

Table 4.4  Conversions, DVB/OD droplet sizes and PDVB/OD particle sizes 
a
 at 

various times during microsuspension polymerization of DVB/OD droplets 

produced by PIE 

Time (h) Conversion (%) dh (µm) dw (µm) dn (µm) dw/dn 

0 0 2.94 1.57 1.52 1.03 

1 29 2.84 1.57 1.51 1.04 

3 68 2.72 1.56 1.50 1.04 

6 82 2.89 1.58 1.51 1.05 

12 83 2.99 1.57 1.54 1.02 

24 92 2.94 1.55 1.49 1.04 

 

a 
Measured by DLS; Dh is hydrodynamic particle diameter  
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Figure 4.8  Weight- and number average diameters (dw and dw) respectively, of 

PDVB/OD microcapsules at various times during the microsuspension 

polymerization using PIE method for monomer droplet generation. 

Polymerization time (h): (a, a´) 0; (b, b´) 1; (c, c´ ) 3; (d, d´) 6; (e, e´ ) 12 

and (f, f´) 24 according to Table 4.4 
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(Fig. 4.8 continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8  Weight- and number average diameters (dw and dw) respectively, of 

PDVB/OD microcapsules at various times during the microsuspension 

polymerization using PIE method for monomer droplet generation. 

Polymerization time (h): (a, a´) 0; (b, b´) 1; (c, c´ ) 3; (d, d´) 6; (e, e´ ) 12 

and (f, f´) 24 according to Table 4.4 
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Figure 4.9   Optical micrographs of PDVB/OD microcapsules at various times during 

the microsuspension polymerization using PIE method for monomer 

droplets generation. Polymerization times (h): (a) 1; (b) 3; (c) 6; (d) 12 and 

(e) 24    

 

Figure 4.10   SEM micrographs of PDVB/OD microcapsules at various times during 

the microsuspension polymerization using PIE method for monomer 

droplets generation. Polymerization times (h): (a) 1; (b) 3; (c) 6; (d) 12 

and e) 24  
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4.1.2  Washing process of PDVB/OD microcapsules  

Before thermal properties measurement, the PDVB/OD 

microcapsules were washed with solvent to remove unencapsulated OD. Because 2-

propanol is a good solvent of OD and does not dissolve PDVB, it was selected as 

washing solvent in this experiment. The dried microcapsules about 1 g were mixed with 

5 g of 2-propanol at various times (30-120 sec). The suspensions were then filtered with 

PTFE membrane with a pore size of 0.45 µm. The obtained microcapsules were dried in 

a vacuum oven at room temperature overnight. To study the performance of washing 

process, the dried micro- capsules with post addition of bulk OD was also studied in the 

same procedure of the dried microcapsules washing process. From TGA measurement 

as shown in Fig. 4.11, it was found that approximately 60 % OD was remained in the 

microcapsules and stable throughout various washing times. Similar result was obtained 

in the case of the microcapsules with post addition of pure OD even though before 

washing the OD content was about 90 %. The OD content was about 58 % after 

dispersed in 2-propanol for 90 sec. These results indicated that the washing process 

effectively removed OD only on the particle surface. In addition, the OD seemed to be 

completely encapsulated by the preparation using microsuspension polymerization.   
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Figure 4.11 Weight % of the encapsulated OD inside PDVB/OD microcapsules 

prepared by microsuspension polymerization using PIE for oil droplets 

generation washed with 2-propanol with various times ( ) and 

PDVB/OD microcapsules with post addition of pure OD at before ( ) 

and after washing ( ) 

  

4.1.3 Thermal properties of the encapsulated OD in PDVB/OD 

microcapsules    

The thermal property in the term of latent heats (Hm and Hc) of the 

encapsulated OD in PDVB/OD microcapsules in a unit of joules per gram of OD (J/g-

OD) was calculated using equation 3.1. Firstly, the content of the encapsulated OD was 

measured by TGA. Figure 4.12 showed the decomposition temperatures of dried 

PDVB/OD microcapsules prepared by microsuspension polymerization using 

conventional and PIE methods for droplet generation compared to the bulk OD. It was 

found that the decomposition temperature ranges of the encapsulated OD in PDVB/OD 

prepared using both conventional and PIE methods were closed to that of bulk OD 

(140-300°C) as shown in Table 4.5. From these results, the contents of the encapsulated 

OD were 51 and 39 % for PDVB/OD microcapsules prepared using the PIE and 
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conventional, respectively. Based on monomer and OD ratio (1:1) in the recipes, the 

OD contents represented that low encapsulation efficiency was obtained in the case of 

conventional method whereas PIE method represented high efficiency and closed to the 

ideal (50 %) content. 

 

 

Figure 4.12  TGA thermograms (scanning rate 5 ˚C/min) of (a) bulk OD, dried 

PDVB/OD microcapsules prepared by the microsuspension 

polymerization using PIE (b) and conventional (c) methods for droplets 

generation 
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Table 4.5   TGA data of bulk OD, dried PDVB/OD microcapsules prepared by the 

microsuspension polymerization of DVB:OD (wt %); 50:50 using PIE and 

conventional methods for droplets generation 

 Degradation interval (˚C) Weight loss (%) 

a) OD           140-300 100 

b) PDVB/OD (PIE) 130-290 (1
st
 step)  51 

290-650 (2
nd

 step)  47 

c) PDVB/OD (conventional) 130-310 (1
st
 step)  39 

310-650 (2
nd

 step)  52 

 

The latent heats of the encapsulated OD in dried PDVB/OD 

microcapsules were measured with DSC as shown in Fig. 4.13. After calculation using 

equation 3.1, the Hm (189.1 J/g-OD) and Hc (192.7 J/g-OD) values of the encapsulated 

OD of PIE were closed to those of the bulk OD (233.3 and 233.7 J/g for Hm and Hc, 

respectively). In the case of conventional, Hm (152.1 J/g-OD) and Hc (152.7 J/g-OD) 

values were more lower than those of the bulk OD (Table 4.6). 

The phase transition temperatures of PIE showed that the onset Tm of 

the encapsulated OD (22.6 °C) was similar with bulk OD (22.7 ˚C). On the other hand, 

Tc shifted greatly from the original value (26.3 ˚C) to a lower temperature (12.4 ˚C). 

This occurrence of supercooling of PCM capsules prepared by monomer polymerization 

was similar with the other reports [18, 19, 58]. Therefore, the prepared PDVB/OD 

microcapsules (approximately 2 µm with a narrow PSD) significantly increased of the 

total surface area [59], which could be applied for energy storage applications. 
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Figure 4.13   DSC thermograms (scanning rate 5˚C/min) of heating (1) and cooling (2) 

curves: (a, a´) bulk OD and encapsulated OD in dried PDVB/OD 

microcapsules using PIE (b, b´) and conventional (c, c´) methods 

 

Table 4.6   Thermal properties of bulk OD, dried PDVB/OD microcapsules prepared by 

the microsuspension polymerization of DVB:OD (wt %); 50:50 using PIE 

and conventional methods for droplets generation 

 Latent heats Transition temperatures 

 Hm 

(J/g-OD) 

Hc 

(J/g-OD) 

Tm (˚C) Tc (˚C) 

   Start 

point 

Peak 

point 

Start 

point 

Peak 

point 

a) OD 233.1 233.7 22.7 31.7 21.1 14.4 

b) PIE 189.1 192.7 22.6 30.1 12.4   0.4 

c) Conventional 152.1 152.7 18.0 27.3 17.1   9.7 
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4.2  Preparation of P(DVB-MMA)/OD microcapsules by microsuspension 

polymerize- tion using PIE for monomer droplet generation  

In the previous part, although the encapsulation efficiency of OD in 

PDVB/OD microcapsule was high, the latent heats of the encapsulated OD were still 

different from those of the pure OD. The different of the latent heats would from the 

incomplete phase separation between OD core and PDVB shell. DVB monomer is quite 

hydrophobicity. Therefore PDVB is difficult to separate form OD after polymerization. 

To improve the phase separation, an increase in the polarity of polymer shell as in the 

case of PDVB/HD using the copolymerization of acrylic monomer [19] was carried out. 

Therefore in this work, we tried to improve the latent heats of the encapsulated 

OD by copolymerization of DVB with hydrophilic monomer as MMA. Using the same 

procedure of the previous part, the copolymer P(DVB-MMA)/OD microcapsules then 

prepared by microsuspension polymerization using PIE for monomer droplet generation 

as shown in Fig. 3.1 and 3.3.  

 

4.2.1  The study of the aqueous phase additional rate  

It is well known that MMA monomer is high water solubility. The 

monomer droplets of the copolymer microcapsules would be more difficult to control 

both colloidal stability and PSD than those of PDVB/OD microcapsules. The monomer 

droplets were firstly prepared by PIE (Fig. 3.1) with various aqueous phases additional 

rates (2, 4 and 8 mL/min) and then copolymerized by microsuspension process (Fig. 

3.3). As shown in the Table 4.7 and Fig. 4.14, the particle size diameter and PSD 

decreased with the decrease in the aqueous phase additional rate. In the case of 2 

mL/min, PVA in oil phase have enough time to unity diffuse to adsorb on the oil-

aqueous interface giving the smallest (dw = 3.19 and dn = 3.14 µm) and the narrowest 

PSD (dw/dn = 1.02). In the case of higher additional rate (4 and 8 mL/min), the PVA 

diffusion would disunity resulting in larger diameter and broader PSD (dw = 5.66, dn = 

5.21 µm and dw = 5.87, dn = 5.40 µm for 4 and 8 mL/min, respectively). 
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Table 4.7   Weight- and number average diameters and particle size distribution
a
 of P- 

(DVB-MMA)/OD
b
 microcapsules prepared by microsuspension 

polymerize-tion with various additional rates of an aqueous phase at 24 h 

Additional rate (mL/min) Conversion (%) dw (nm) dn (nm) dw/dn 

2 69 3.19 3.14 1.02 

4 65 5.66 5.21 1.09 

8 65 5.87 5.40 1.09 

 

a
 Measured by DLS   

b
 DVB:MMA (wt % ): 50:50  

 

However, in all cases, good colloidal stability emulsions containing 

less amount of the coagulated particles were obtained. Most of P(DVB-MMA)/OD 

microcapsules floated on the top of the reactor whereas only small amount of the 

unencapsulated OD particles dispersed in the aqueous medium as shown in Fig. 4.15. In 

addition, the nonspherical core-shell microcapsules (Fig. 4.16) with the smooth outer 

surface (Fig. 4.17) were clearly observed in all cases. The OM and SEM data of those 

conditions accorded with the DLS that in the case of 2 mL/min of the additional rate, 

the smallest and the narrowest in particle size and PSD, respectively, were formed. 

Therefore, it was selected for co-monomer (DVB-MMA) droplets preparation and 

polymerized by microsuspension polymerization process. 
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Figure 4.14   Weight- (dw) and number (dn) average diameters of P(DVB-MMA)/OD 

microcapsules using monomer ratio of DVB:MMA (wt %) at 50:50. The 

monomer droplets generated by PIE at the various additional rates: (a, 

a´) 2; (b, b´) 4 and (c, c´) 8 according to Table 4.7 
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Figure 4.15   The suspension photos of P(DVB-MMA)/OD microcapsules prepared by 

microsuspension polymerization of DVB: MMA (wt %) (50:50) at 

various additional rates (mL/min): a) 2; b) 4 and c) 8  

 

 

Figure 4.16   The optical micrographs of P(DVB-MMA)/OD microcapsules prepared 

by microsuspension polymerization of DVB: MMA (wt %) (50:50) at 

various additional rates (mL/min): a) 2; b) 4 and c) 8  

 

 

Figure 4.17 SEM micrographs of P(DVB-MMA)/OD microcapsules prepared by 

micro- suspension polymerization of DVB: MMA (wt %) (50:50) at 

various additional rates (mL/min): a) 2; b) 4 and c) 8  
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4.2.2  The study of the surfactant concentration 

The P(DVB-MMA)/OD microcapsules obtained from the optimal 

condition in the previous part represented nonspherical particles. To clarify the 

formation of such particle, PVA dissolved in oil phase at various concentrations with 

and without SDS in the aqueous phase (Table 3.3) were studied. The produced P(DVB-

MMA)/OD microcapsule suspensions of all conditions were shown in Fig. 4.18. 

 

 

Figure 4.18   The suspension photos of P(DVB-MMA)/OD microcapsules prepared by 

microsuspension polymerization of DVB:MMA (wt %) (50:50) at 

various PVA (SDS) concentrations (wt %): a) 1 (0); b) 0 (0.1); c) 1 (0.1); 

d) 3 (0) and e) 3 (0.1) at aqueous phase additional rates of 2 mL/min at 

24 h according to Table 3.3  

 

In the case of using individual surfactant as 1 wt % of PVA in oil 

phase (Fig. 4.18a) and 0.1 wt % of SDS in aqueous medium (Fig. 4.18b), most of 

particles coagulated due to insufficient surfactant to stabilize the particles. Although, 

using the cooperative between PVA (1 wt %) and SDS (0.1 wt %) in the same amount 

of the previous condition, the colloidal stability of the obtained particles was still low. 

In addition, it was found that using only 1 wt % of PVA the P(DVB-MMA)/OD 

represented spherical microcapsules (Fig. 4.18a) while the nonspherical microcapsule 
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(Fig. 4.18b) was obtained with the simultaneous utilization of PVA (1.0 wt %) and SDS 

(0.1 wt %). It seemed that the addition of SDS is the reason of the nonspherical particle 

formation. 

 

Table 4.8   Weight- and number average diameters and particle size distribution 
a
 of 

P(DVB-MMA)/OD microcapsules prepared by microsuspension 

polymeriza- tion of (DVB-MMA)/OD droplets prepared by PIE of 

aqueous phase additional rate 2 mL/min  at 24 h with various PVA (SDS) 

concentrations 

PVA (SDS) 

(wt %) 

Conversion 

(%) 

dh 

(µm) 

dw (µm) dn (µm) dw/dn 

   Main Minor Main Minor Main Minor 

3 (0.1) 69 3.69 3.19 - 3.14 - 1.02 - 

3 (0) 46 8.85 5.63 9.79 4.65 8.69 1.21 1.13 

 

a
 Measured with DLS  

b
 PVA (SDS) concentration (wt %) of 1 (0), 0 (0.1) and 1 (0.1) are coagulant 

 

However, to improve the colloidal stability of P(DVB-MMA)/OD microcapsule, PVA 

concentration was increased from 1.0 to 3.0 wt %. Moreover, the cooperative between 

PVA (3.0 wt %) and SDS (0.1 wt %) was studied as well. In the case of using only PVA 

(3.0 wt %), even though the stability of the particle was improved (Fig. 4.18d), some of 

the particle coagulation was still formed as shown in bimodal PSD (Table 4.8 and Fig. 

4.20b). In general, the conventional suspension polymerization using homogenizer to 

generate monomer droplet, approximately 1 wt % PVA concentration in aqueous 

medium was used. The obtained particles showed high colloidal stability [17, 18, 36, 

37]. The less stable of microcapsule prepared by PIE method using 1 wt % and 3 wt % 

of PVA could be explained by the partitioning experiment. The partitioning of PVA in 

the oil and aqueous phases was studied described in section 3.2.4. It was found that 

about 30% of PVA partitioned in the aqueous phase as shown in Table 4.9. This mean 
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that 0.3 wt % and 0.7 wt % of PVA existed in aqueous phase for 1 wt % and 3 wt % of 

PVA, respectively, in which they were lower than PVA concentration of the 

conventional suspension polymerization. This is the reason why the particle coagulation 

took place during the polymerization. However, the colloidal stability of P(DVB-

MMA)/OD was successfully improved using the cooperative of PVA (3 wt %) and SDS 

(0.1 wt %) according with the optimal condition of the previous part. The droplet 

nucleation would mainly proceed in the case of using both surfactants while 

homogeneous nucleation seemed compete against droplet nucleation in the case of using 

only 3.0 wt % of PVA. Therefore, P(DVB-MMA)/OD microcapsules produced from 

both surfactants represented the smaller size (3.19 µm of dw) than that (5.63 µm of dw) 

of using only PVA (Table 4.8). Moreover, monomodal (Fig. 4.20a and a´) and bimodal 

(Fig. 4.20b and b´) PSDs were observed for using both surfactants and only PVA, 

respectively. 

 

 

Figure 4.19   The optical micrographs of P(DVB-MMA)/OD microcapsules prepared 

by microsuspension polymerization of DVB: MMA (wt %) (50:50) 

using PVA  (SDS) at various concentrations (wt %): a) 3 (0.1) and b) 3 

(0) at the additional rate of 2 mL/min at 24 h according to Table 4.8 

b)

5 µm

a)

5 µm



75 
 

 

Figure 4.20   Weight- (dw) and number (dn) average diameters of P(DVB-MMA)/OD 

microcapsules using monomer ratio of DVB:MMA (wt %) at 50:50. The 

monomer droplets generated by PIE at various PVA (SDS) 

concentrations (wt %): (a, a´) 3 (0.1) and (b, b´) 3 (0) using additional 

rate of 2 mL/min at 24 h according to Table 4.8  

 

These results indicated that the preparation of P(DVB-MMA)/OD 

microcapsules by microsuspension polymerization using monomer ratio of 50:50 

(DVB:MMA) and 3 wt % of PVA and 0.1 wt % of SDS in oil and aqueous phases, 

respectively, was the optimal condition. The particle formation was mainly formed via 

droplet nucleation as the monomer droplets/polymer particles size were almost the same 

during the polymerization (Table 4.10 and Fig. 4.21). Moreover, the microcapsules had 

high colloidal stability in which only monomodal PSDs (Fig. 4.22) were observed 

throughout the polymerization. 
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Table 4.9  Partitioning of polyvinyl alcohol dispersed in oil and water phases were 

respectively 1 and 3 wt % of PVA  

 

 

Phase 

PVA (wt %) 

1 3 

Oil (wt %) 0.7 2.3 

Aqueous (wt %) 0.3 0.7 

 

Table 4.10  Conversions, (DVB-MMA)/OD droplet sizes and P(DVB-MMA) particle 

sizes
a
 at various times during microsuspension polymerization of 

DVB:MMA (wt %) at 50:50 (PIE, additional rate of 2 mL/min) of PVA 

(SDS) concentration  (wt %) at 3 (0.1) of the recipe shown in Table 3.3 

Time (h) Conversion (%) dh (µm) dw (µm) dn (µm) dw/dn 

0 - 4.47 2.12 2.09 1.01 

1 54 4.36 3.29 3.23 1.02 

3 60 3.55 2.88 2.82 1.02 

8 68 3.36 2.42 2.39 1.01 

24 69 3.65 3.19 3.14 1.02 

 

a 
Measured by DLS; dh is hydrodynamic particle diameter 
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Figure 4.21    Optical micrographs of P(DVB-MMA)/OD microcapsules prepared by 

microsuspension polymerization of DVB:MMA (wt %) (50:50) at the 

additional rate of 2 mL/min. Polymerization times (h): a) 0; b) 1; c) 3; 

d) 8 and e) 24 

 

a)

5 µm

b)

5 µm

c)

5 µm

d)

5 µm

e)

5 µm
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Figure 4.22  Weight- (dw) and number (dn) average diameters of P(DVB-MMA)/OD 

microcapsules using DVB:MMA (wt %) at 50:50 generated by PIE at the 

PVA (SDS) concentration (wt %) 3 (0.1) and additional rate of 2 

mL/min. Polymerization times (h): (a, a´) 0; (b, b´) 1; (c, c´) 3; (d, d´) 8 

and (e, e´) 24  
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(Fig. 4.22 continued) 

 

Figure 4.22  Weight- (dw) and number (dn) average diameters of P(DVB-MMA)/OD 

microcapsules using DVB:MMA (wt %) at 50:50 generated by PIE at the 

PVA (SDS) concentration (wt %) 3 (0.1) and additional rate of 2 

mL/min. Polymerization times (h): (a, a´) 0; (b, b´) 1; (c, c´) 3; (d, d´) 8 

and (e, e´) 24  
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50:50. Using the optimal condition, the content of MMA was increased from 50 % to 70 
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encapsulation efficiency and particle stability. Therefore, the particle formation during 

the polymerization was studied as well. 

 

Table 4.11   Conversions, (DVB-MMA)/OD droplet sizes and P(DVB-MMA) particle 

sizes
a
 at various times during microsuspension polymerization of 

DVB:MMA (wt %) at 30:70 (PIE, additional rate of 2 mL/min)  

Time (h) Conversion (%) dh (µm) dw (µm) dn (µm) dw/dn 

0 - 4.43 2.94 2.87 1.03 

1 55 4.89 3.56 3.47 1.03 

3 59 4.54 3.45 3.39 1.02 

8 66 3.82 3.17 3.09 1.03 

               24 67 5.08 3.80 3.75 1.02 

 

a 
Measured by DLS; dh is hydrodynamic particle diameter 

 

The particle size of the obtained P(DVB-MMA)/OD microcapsule 

was about 3-4 µm (Table 4.11) with a monomodal PSD (Fig. 4.23) throughout the 

polymerization. These indicated that the polymerization was mainly taken place in 

monomer droplet as in the case of 50:50 of DVB:MMA. In addition, the microcapsules 

contained multident in their surfaces. The core-shell microcapsules were clearly 

observed as shown in Fig. 4.24. The particle shape seemed similar to that of P(DVB-

MMA)/OD microcapsules using 50:50 of DVB:MMA. 
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Figure 4.23   Weight- (dw) and number (dn) average diameters of P(DVB-MMA)/OD 

microcapsules using DVB:MMA (wt %) at 30:70 generated by PIE at the 

PVA (SDS) concentration (wt %) 3 (0.1) and additional rate of 2 

mL/min. Polymerization times (h): (a, a´) 0; (b, b´) 1; (c, c´) 3; (d, d´) 8 

and (e, e´) 24  

 

 

 

 

 

10.0

Diameter (µm)

dw= 2.94 µm 16

12

8

4

0

20

0 2.0 4.0 6.0 8.0

D
if

fe
re

n
ti

a
l w

ei
g
h

t 
(%

)

0 h

a) 
16

12

8

4

0

20

0 2.0 4.0 6.0 8.0 10.0

Diameter (µm)

D
if

fe
re

n
ti

a
l n

u
m

b
er

 (
%

)

dn= 2.87 µm 

0 h

a´) 

16

12

8

4

0

20

0 2.0 4.0 6.0 8.0 10.0

Diameter (µm)

D
if

fe
re

n
ti

a
l w

ei
g
h

t 
(%

)

dw= 3.56 µm 

1 h

b) 

20

16

12

8

4

0
0 2.0 4.0 6.0 8.0 10.0

Diameter (µm)

D
if

fe
re

n
ti

a
l n

u
m

b
er

 (
%

)

dn= 3.47 µm 

1 h

b´) 

10.0

Diameter (µm)

dw= 3.45 µm 16

12

8

4

0

20

0 2.0 4.0 6.0 8.0

D
if

fe
re

n
ti

a
l w

ei
g
h

t 
(%

)

3 h

c) 
16

12

8

4

0

20

0 2.0 4.0 6.0 8.0 10.0

Diameter (µm)

D
if

fe
re

n
ti

a
l n

u
m

b
er

 (
%

)

dn= 3.39 µm 

3 h

c´) 



82 
 

(Fig. 4.23 continued) 

 

 

Figure 4.23   Weight- (dw) and number (dn) average diameters of P(DVB-MMA)/OD 

microcapsules using DVB:MMA (wt %) at 30:70 generated by PIE at the 

PVA (SDS) concentration (wt %) 3 (0.1) and additional rate of 2 

mL/min. Polymerization times (h): (a, a´) 0; (b, b´) 1; (c, c´) 3; (d, d´) 8 

and (e, e´) 24  
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Figure 4.24   Optical micrographs of P(DVB-MMA)/OD microcapsules prepared by 

microsuspension polymerization of DVB:MMA (wt %) (30:70) at the 

additional rate of 2 mL/min. Polymerization times (h): a) 0; b) 1; c) 3; 

d) 8 and e) 24 

 

4.2.4  Thermal properties of the encapsulated OD in P(DVB-MMA)/OD 

microcapsules   

Similar to part 4.1, the thermal properties of bulk OD, DVB:MMA 

(100:0), DVB:MMA (50:50) and DVB:MMA (30:70) were observed by TGA shown in 

Fig. 4.25. The latent heats (Hm and Hc) of the encapsulated OD inside P(DVB-

MMA)/OD microcapsules in a unit of joules per gram of OD (J/g-OD) was calculated 

using equation 3.1. Firstly, the contents of the encapsulated OD were measured by 

TGA. Figure 4.25 showed the decomposition temperatures of dried P(DVB-MMA)/OD 

microcapsules prepared by microsuspension polymerization using DVB:MMA (100:0), 

DVB:MMA (50:50) and DVB:MMA (30:70) compared to the bulk OD. In Table 4.12, 

it was found that the decomposition temperatures range of bulk OD is 140-300 

C in 

which closed to those of the encapsulated OD in P(DVB-MMA)/OD prepared using PIE 

technique. From these results, the content of encapsulated OD could be obtained which 

are 51, 63 and 59 % for P(DVB-MMA)/OD microcapsules using DVB:MMA at 100:0, 

a)

5 µm

b)

5 µm

c)

5 µm

d)

5 µm

e)

5 µm
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50:50 and 30:70, respectively. The OD contents represented that PIE technique gave 

high encapsulation efficiency for P(DVB-MMA)/OD microcapsule preparation, in 

which they closed to the calculation as shown in Table 4.13. 

 

Table 4.12  TGA data of bulk OD and dried P(DVB-MMA)/OD microcapsules 

prepared by  microsuspension polymerization of DVB:MMA (wt %) at 

100:0, 50:50 and 30:70 of PIE with additional rate of 2 mL/min at 24 h  

 Degradation interval (°C) Weight loss (%) 

a) OD           140-300               100 

b) DVB:MMA (100:0) 130-290 (1
st
 step) 51 

290-650 (2
nd

 step) 47 

c) DVB:MMA (50:50) 130-300 (1
st
 step) 63 

300-650 (2
nd

 step) 37 

d) DVB:MMA (30:70) 135-315 (1
st
 step) 59 

315-600 (2
nd

 step) 36 
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Table 4.13 Loading and % encapsulation of microencapsulated OD in the 

microcapsules of DVB:MMA at 100:0, 50:50 and 30:70 prepared by the 

microsuspension polymerization after washing with 2-propanol  

 

 

 

Loading (wt %) % Encapsulation
c
 

Experiment
a
 Calculation

b
  

1) DVB:MMA (100:0) 51 52 98 

2) DVB:MMA (50:50) 63 60 105 

3) DVB:MMA (30:70) 59 60 98 

 

a 
TGA thermogram  

b 
Calculated using the following equation: 

 Loading (wt %)= [ A / {A + B (% Conversion - % Free polymer)/ 100}] x100 

 Where A and B are, respectively, weights of OD and monomer in the recipe 

shown in Table 3.1  

c 
% Encapsulation= (% Loading experiment /Loading calculation) x 100  
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Figure 4.25  TGA thermograms (scanning rate 5°C/min ) of a) bulk OD and dried 

P(DVB-MMA)/OD microcapsules of DVB:MMA (wt %): b) 100:0; c) 

50:50 and d) 30:70 

 

The obtained cooling/heating peak areas (Fig. 4.26) expressed the 

latent heats in the unit of Joules per 1g of sample. To compare the latent heats of the 

encapsulated OD in the microcapsules having different OD amount, the latent heats 

were expressed in a unit of Joules per 1g of OD as shown in Table 4.14 using equation 

3.1. It was found that the latent heats (both Hm and Hc) increased with the MMA 

comonomer content. This supported our idea that the polarity of the polymer shell 

improved the encapsulated OD latent heats. In addition, at the ratio of 30:70 of 

DVB:MMA, the latent heats (Hm =  222 J/g-OD and Hc = 230 J/g-OD) closed to those of 

the bulk OD (Hm = 233 J/g-OD and Hc = 234 J/g-OD). This indicated that the obtained 

P(DVB-MMA)/OD microcapsules represented high performance of the heat storage 

materials which possible to apply in heat storage application.  
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Figure 4.26   DSC thermograms (scanning rate 5°C/min ) of heating (1) and cooling (2) 

curves: (a, a´)  bulk OD and dried P(DVB-MMA)/OD microcapsules of 

various DVB:MMA  (wt %): (b, b´) 100:0; (c, c´) 50:50 and (d, d´) 30:70 

 

Table 4.14  Thermal properties of bulk OD and dried P(DVB-MMA)/OD 

microcapsules prepared by microsuspension polymerization of 

DVB:MMA (wt %) at 100:0, 50:50 and 30:70 with the additional rate 

of 2 mL/min at 24 h  

 Latent heats Transition temperatures 

 Hm 

(J/g-OD) 

Hc 

(J/g-OD) 

Tm (°C) Tc (°C) 

   Start 

point 

Peak 

point 

Start 

point 

Peak 

point 

a) OD 233.1 233.7 22.7 31.7 21.1 14.4 

b) DVB:MMA (100:0) 189.1 192.7 22.6 30.1 12.4 0.4 

c) DVB:MMA (50:50) 218.2 221.4 22.4 28.0 12.7 6.7 

d) DVB:MMA (30:70) 222.5 229.7 22.1 27.4 13.4 7.3 
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CHAPTER 5 

CONCLUSIONS 

 

5.1  Summary of experimental results 

In this research, the preparation of DVB-based microcapsules encapsulated 

OD by microsuspension polymerization was studied using PIE for oil droplet generation 

compared with the conventional emulsification method. In the first step, using PIE, the 

PDVB/OD microcapsules were successfully prepared at 80°C for 24 h using PVA 3 wt 

% in oil phase and SDS 0.1 wt % in aqueous phase as surfactant and cosurfactant, 

respectively. The microcapsules were about 2 μm with narrower PSD and higher 

colloidal stability than those of the conventional emulsification method. The OM 

showed that OD was completely encapsulated with the PDVB shell. From SEM, regular 

spherical capsules with a dent and smooth outer surface were observed. The Hm and Hc 

of the encapsulated OD (189.1 and 192.7 J/g-OD, respectively) were lower than those 

of the bulk OD (Hm = 233.1 and Hc = 233.7 J/g-OD, respectively).  

In the second step, the hydrophilic monomer as MMA was introduced in 

DVB-based microcapsules to improve latent heats of the encapsulated OD. 

Approximately 3 µm sized with a good colloidal stability microcapsules were 

successfully prepared by microsuspension polymerization of (DVB-MMA)/OD droplets 

produced by PIE using aqueous phase additional rate at 2 mL/min. However, the PSD 

was higher than that of PDVB/OD microcapsules due to the increase of hydrophilicity. 

The OM illustrated that OD was completely encapsulated with the P(DVB-MMA) shell. 

In the case of copolymer P(DVB-MMA)/OD microcapsules, the latent heats (Hm and 

Hc) were increased with the increase of MMA content from 50 to 70 wt % and closed to 

those of pure OD. Therefore, the prepared P(DVB-MMA)/OD microcapsules were able 

to used in heat storage applications, because of their large surface area and the excellent 

thermal properties.  
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Preparation of polydivinylbenzene/octadacane microcapsule by modified 

suspension polymerization using phase inversion emulsification for 

monomer droplet generation
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Introduction

Phase change materials (PCMs) are the materials that can store and release

energy above their phase transitions. PCMs are attractive for many industrial

applications such as air conditions of building, solar heat storage, thermal adaptable

fibers and temperature-adaptable greenhouses [1]. Paraffin waxes are used as PCMs

because they are nontoxic, non-corrosive, chemically inert and low cost. However,

they have low thermal conductivity. To overcome this drawback, they require large

surface areas. Therefore, in recent years, the encapsulation of these materials have

been developed due to many advantages such as providing large heat transfer area and

controlling the volume change of the storage materials as phase change occurs [2].

The microcapsules of paraffin are prepared by many techniques. One of the most

famous technique is the polymerization using internal phase separation mechanism [3]

such as suspension and miniemulsion polymerizations. However, they need high shear

rate to generate the oil droplets resulting in high cost and energy expense [4].

Therefore, in this work, the PDVB/OD microcapsules are firstly prepared by

suspension polymerization using phase inversion emulsification (PIE) for oil droplet

generation with low shear rate.

Table 1 Recipes for the preparation of PDVB/OD microcapsules by suspension

polymerizationa of DVB/OD droplets prepared by the mechanical stirring b.

a  80 ̊C, 24 hours, stirring rate at 200 rpm and 10 min N2
b 500 rpm, 20 min
c Experiments 1 is PIE method and experiment 2 is conventional method 

for the monomer droplets preparation

Oil phase

Drop 4 ml/min Polymer capsule

200 rpm, N2 

500 rpm

Oil phase

Water phase

80 ̊C, 24 h

Monomer droplet

Fig. 1 Schematic of the preparation process of PDVB/OD microcapsules by

suspension polymerization.

Experimental

Results and Discussion

Table 2 Number, weight average diameters and particle size distribution a) of

PDVB/OD capsules prepared by suspension polymerization.

a) Measured with DLS 
b) Experiments 1 and 2 according to the recipes of Table1 
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Dw = 1.55 µm 

Dw = 2.32 µm 

Dn = 1.49 µm 

Dn = 0.19 µm 

Fig. 2 Weight and number average diameters (Dw and Dn), respectively of (a, b)

experiment 1 and (a´, b´) experiment 2 according to the recipes of Table 2.

1µm

a

1µm

b

Fig. 3 SEM micrographs of PDVB/OD microcapsules prepared by the

suspension polymerization of DVB/OD droplets generated by PIE (a) and

conventional method (b)

The PDVB/OD microcapsules are successfully prepared by modified suspension

polymerization using PIE for the monomer droplets generation. The PDVB/OD

microcapsules using PIE gave much narrower particle size distribution (Dw/Dn = 1.04)

than that of the conventional one (Dw/Dn = 12.21). Moreover, the capsules prepared by

the conventional suspension polymerization represented bimodal PSD.

Conclusions
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