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CHAPTERI

INTRODUCTION

1.1 Phase change material (PCM)

Phase change material (PCM) is the latent heat storage system that can store heat
approximately isothermally within a very narrow temperature range. PCM can change
status between the solid and liquid. When the temperature is above the melting point,
PCMs liquefy and absorb and store heat, thus cooling the surrounding temperature. On
the other hand, when the temperature is below the melting point, PCMs solidify and
release heat, thus warming the surrounding temperature. In recent years due to increasing
energy consumption, PCM has been studied and used to control and manage heat transfer
in many applications including thermoregulated building materials [1], heat and solar
energy storage devices and thermoregulated fabric [2]. Recently, application of PCM in
the sport wears, and the clothing textiles is well-known. PCM-microcapsules have been
incorporated into textile structures. In 2004, Ulfvengren [3] developed a cooling vest for
athletes for reducing body temperature. PCMs have also been proposed for cooling a
newborn baby [4] Phase change technologies can also be used for cryosurgery, which is a

technique for destroying the unwanted cell by freezeing and thawing [5]

Working principle of PCM. When a material converts from one state to another
state, this process is called phase change, such as solid to liquid, liquid to gas, solid to gas
and solid to solid. Heat absorbed or released during the phase change process is called
latent heat. PCM which can change from solid to liquid or from liquid to solid state at
desired temperature can generally be used as latent heat storage material. The phase
change from solid to liquid occurs when the melting temperature of PCM is reached.
Because PCM absorbs large quantities of energy from the surrounding, the ambient
temperature decreases. In the opposite way PCM releases large quantities of heat storage
energy from itself to surrounding area during the solidification process. This makes the

ambient temperature increase.



1.2 Classes of materials

The organic and inorganic materials are used PCMs. More than 500 natural

PCMs, and synthetic PCMs are known [6] which depend on molecular effects.

1.2.1 Inorganic materials

The inorganic materials cover a wide temperature range when compared with the
organic materials. Inorganic materials used as PCM include hydrated inorganic salt with

‘n’ water molecules (Table 1.1)

Advantages. Low cost and abundant of salt hydrate make them attractive for heat storage
applications [7] Materials in this group usually possess sharp melting point, high heat of
fusion, and high thermal conductivity when compared with other PCMs.

Disadvantages. Segregation, a formation of other hydrate or dehydrated salt, usually
occurs with many salt hydrates. Salt hydrate show the super-cooling because it does not
start to crystallize at the freezing point of other PCMs. Salt hydrate causes the corrosion

in the metal containers.



Table 1.1 Examples of salt hydrates that have been investigated as PCM

Melting Melting Thermal
Material temperatur | enthalpy conductivity Density (kg/m’)
e (°C) (kJ/kg) (W/m-K)
- 1530 (liquid)
LiCl05-3H,0 8 155
- 1720 (solid)
- 1447 (liquid, 20°C)
KF-3H,0 18.5 231
- 1455 (solid, 18°C)
0.540 (liquid) 1562 (liquid, 32°C)
CaCl,'6H,0 29, 30 171,190
1.088 (solid) 1710 (solid, 25°C)
LiNO;-3H,0 30 296
Na,SO410H,O 32 254
0.554 1485 (solid)
0.476 (liquid) 1442 (liquid)
Na,HPO4-12H,0 35-44 280
0.514 (solid) 1522 (solid)
- 1670 (liquid)
Na,S,0;-5H,0 48-55 187,209
- 1750 (solid)
0.570 (liquid) 1450 (liquid,120°C)
MgCl,-6 H,O 117 165, 169

0.704 (solid°C)

1569 (solid, 20 °C)




1.2.2 Organic materials

Popular organic materials used as PCM include paraffins, fatty acids, and sugar
alcohols. They covered the temperature range between 0 °C to approximately 200 °C. The
generally used organic PCMs are alkane, with the general formula of C,Hj,+, (Figure
1.1). These materials are non-toxic, inexpensive, and harmless to the environment.
Examples of alkene that have been investigated as PCM, are presented in Table 1.2. The
melting point of N-eicosane is near the human body temperature. N-Eicosane is chosen
for PCMs in the thermo-regulated textiles and clothing in order to control human body
temperature. In this research, N-eicosane and paraffin were used as core material for

PCM encapsulation.

H H H H
y/AN ]
H~C—=C—..—C—C—H
ol |
H H H H

Figure 1.1 Chemical structure of linear alkanes.

Advantages. Alkanes are chemical stabilities and they show high heats of fusion. Alkanes
are safe and non-reactive [8-9]. They are compatible with all metal containers and easy to

incorporate into the heat storage systems [10].

Disadvantages. The thermal conductivity is low. Alkanes are flammable, but this can be

easily alleviated by a proper container [11].



Table 1.2 Examples of alkene that have been investigated as PCM.

Material Melting Melting Thermal Density
temperature enthalpy conductivity (kg/m®)
(°C) (kJ/kg) (W/m-K)
n-Hexadecane 18 210, 238 - 760 (liquid,20°C
C16H34 0.21 (SOlld) -
n-Heptadecane 19 240 - 776 (liquid,20°C
Ci7Hs6 - ;
n-Octadecane 28 200, 245 0.148 (liquid,40°C) |774 (liquid,70°C
CigHss 0.358 (solid, 25 °C) |814 (solid,20 °C)
n-Eicosane 38 283 - 779
CaoHar - B}
n-Triacontane 66 - - 775
CsoHe2 - -
n-Tetracontane 82 - - -
CaoHg2 - }
n-Pentacontane 95 - - 779
CsoHioz - -
Polyethylene - -
CnHoniz 110-135 200 - 870-940

n up to 100000




Fatty acidgeneral formula is CH3(CH;),,COOH (Figure 1.2). Tables 1.3 show the

examples of fatty acids that have been investigated as PCM.

H H H -

| | /
H—C—C—.—C—C_

| |

H H H oL

Figure 1.2 Chemical structure of fatty acids.

Table 1.3 Examples of fatty acids that have been investigated as PCM.

Material Melting Melting Thermal Density (kg/m’)
temperature | -~ enthalpy conductivity
(°C) (kJ/kg) (W/m'K)
Caprylic acid 0.149 (liquid, 38°C)|901 (liquid, 30 °C)
16 149
CH3(CH;)sCOOH - 981 (solid, 13 °C)
Capric acid 0.149 (liquid, 40°C)|886 (liquid,40°C),
32 153
CH;3(CH;)sCOOH - 1004 (solid, 24°C)
Lauric acid 0.147 (liquid, 50°C)|870 (liquid, 50°C),
42-44 178
CHj3(CHz),0COOH - 1007 (solid, 24°C)
Myristic acid - 861 (liquid, 55°C),
56 186, 204
CH;3(CH,;),,COOH 0.17 (solid) 990 (solid, 24 °C)
Palmitic acid - 850 (liquid, 65 °C
61, 64 185, 203
CH3(CH;),4.COOH - 989 (solid, 24 °C)




Sugar alcohols are a hydrogenated form of a carbohydrate. The general formula is

HOCH,[CH(OH)],CH,OH, (Figure 1.3). Examples of sugar alcohols that have been

investigated as PCM, are presented in Table 1.4.

T—O0—0— T

IT—O—O—I

I—O0—0O—xI

T—0—0O— I

Figure 1.3 Chemical structure of sugar alcohols.

Table 1.4 Examples of sugar alcohols that have been investigated as PCM.

Material Melting Melting Thermal Density (kg/m’)
temperature enthalpy conductivity
(°C) (kJ/kg) (W/m-K)
D-Sorbitol - -
97 185
CeHg (OH)s - 1520 (solid, 20°C)
Erythritol 0.326 (liquid,140°C),| 1300(liquid,140°C),
120 340
C4Hg (OH)4 0.733 (solid, 20 °C | 1480 (solid, 20 °C)
D-Mannitol - -
167 316
CeHsg (OH)s - 1520 (solid, 20 °C)
Galactitol - -
188 351
CeHsg (OH)s - 1520 (solid, 20 °C)




Polyethylene glycol, or PEG, is a polymer with the general formula Cy,H4n+20n+1.
The repeating unit of PEG is oxyethylene (-O-CH,—CH,—), (Figure 1.4). The melting
temperature of PEG depends on the molecular weight of polymer. The examples of PEG
that have been investigated as PCM, are presented in Table 1.5.

Figure 1.4 Chemical structure of polyethylene glycols.



Table 1.5 Examples of PEGs and some of their properties.

Material Melting Melting Thermal Density (kg/m’)
temperature enthalpy conductivity
(°C) (kl/kg) (W/m'K)
Diethylene -
- 1120 (liquid,20°C)
glycol 10 to -7
C4H 1003
Triethylene -
- 1120 (liquid,20°C)
glycol
-7
CoH,40, ¢ ) )
0.19 (liquid, 38 °C)|1125 (liquid,25°C),
PEG400 8 100
- 1228 (solid, 3 °C)
0.19 (liquid, 38 °C)|1126 (liquid,25°C),
PEG600 17-22 127
- 1232 (solid, 4 °C)
PEG1000 35-40 -
PEG3000 52-56 -
- 1085 (liquid,70°C),
PEG6000 55-60, 66 190
- 1212 (solid, 25 °C)
PEG10000 55-60 -
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1.3 The encapsulation of PCM

Encapsulation of PCM it is normally required to 1) avoid the contact of PCM with
the environment, which might harm the environment or change the composition of the
PCM, 2) improve heat transfer to the surrounding through a better contact between the
capsules and the environment, 3) improve in cycling stability and mechanical stability
and 4) prevent PCM leakage during the melting stage.

Encapsulations are wusually classified by their sizes into macro- and
microencapsulation. Microencapsulation is the packaging of micronized materials in the
shape of capsules with approximately 10—-50 um in diameter (Fig 1.5). The wall material
of the capsule can be formulated by using a wide variety of materials including natural
and synthetic polymers.

Parattin

Polymer

a~40pum,b~2pum

Figure 1.5. Microencapsulation: Paraffin core material with a hard polymeric
shell.

Mechanical stability

Composition of PCM and the other material is a mechanically stable structure. It
is called the shape-stabilized PCM. Independent of the phase of the PCM, solid or liquid,
the shape is maintained by the supporting structure.

Thermal conductivity

All non-metallic liquids, including PCM possess low thermal conductivity, thus
causing the low heat exchange rate between the PCM and environment. One possibility

to increase the thermal conductivity of the PCM is to add materials with larger thermal
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conductivity into the system. Therefore, thermal conductivity enhancer would be useful
in many PCM applications [12] The thermal conductivities of PCM can be enhanced by
adding metal filler, carbon nanofiber/fiber fillers etc [12—15] into the blend and usually

carbon fibers are strong resistance to corrosion.
Examples of microencapsulation

Today microencapsulation of PCM is technical possibility for organic PCM
materials. The commercial products seem to use exclusive paraffins. Fig.1.6 shows
commercial paraffin-microcapsules, their diameters are 2-20 pm ranges, produced by the

company BASF.

] A
ISE 5.0V 14 7mm =800 SE(L) 80.0um

Figure 1.6 Electron microscope images of many capsules and an opened microcapsule.
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The microencapsulated PCM is available as fluid dispersion or as dried powder (Fig.1.7).

Figure 1.7 Microencapsulated paraffin produced by BASF, on the left as fluid dispersion,
and on the right as dry powder.

Amphiphilic polymers are interesting to be used as polymer wall because they
can entrap hydrophobic molecules. Their loading capacity properties depend on the
matching of the loaded hydrophobic core and polymer. In this research, ethyl cellulose,
methyl cellulose, and N-succinylchitosan are experimented as shell material for N-

eicosane and paraffin encapsulation.

Ethyl cellulose (EC)
OCoHs OCyHs OC,H5
"y Q o] o) |
C2Hs0 ) 1
3'50 C,Hs0 ©
OC,Hs OC2Hs5 OCzHs
_ Jn

Figure 1.8.Structure of ethyl cellulose

Ethyl cellulose (EC) is a cellulose derivative which some of the hydroxyl groups
on the repeating glucose units are converted into ethyl ether groups. It is used mostly in
pharmaceutical industry as drug binder such as thin-film coating material, and in food
industry as a food additive and a. Ethyl cellulose is the most stable cellulose derivatives.

It is resistant to alkalis but sensitive to acids. Ethyl cellulose takes up little water from
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moist air or during immersion, and water evaporation leaves the ethyl cellulose with
unchanged property. Light such as the visible and ultraviolet radiant do not discolor
Ethyl cellulose. The glass-transition temperature of ethyl cellulose is 140 °C [16]

Ethylcellulose is non-toxic and biocompatible [17].

Methyl cellulose (MC)

Methyl cellulose (MC) is a cellulose derivative which some of the hydroxyl
groups on the repeating glucose units are converted into methyl ether groups. It is a
hydrophilic polymer and it dissolves in water as the clear viscous solution or gel. It is
sold under a variety of trade names and it is used as the thickener and emulsifier in

various food and cosmetic products. It is not toxic and not allergenic [18].

OCH, OCHj, OCH;
B ) 0 @) L
*Thyco o o1
3CO H;CO
OCHj, OCH; OCH,
L dn

Figure 1.9 Structure of methyl cellulose
Chitosan

The chemical structure in chitosan or alpha-(1-4)-amino-2-deoxy-beta-D-glucan
is similar to glycosaminoglycans. Chitosan is a derivative of chitin, a natural
polysaccharide found in the shells of crustaceans such as crabs and shrimps. It is
polycationic biopolymer which generally obtained by alkaline deacetylation of chitin
(Figure 1.10). Chitosan is insoluble in water, but it dissolves in the aqueous solutions of
organic acids such as acetic, formic, citric, and inorganic acids such as diluted
hydrochloric acid. Chitosan is biocompatible and possesses anti-microbial activity [19-

22]
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H oH H oH
Ho H OH Ho H OH
0 NaOH o)
HO 0 ko - HO o o
— -
H NHH HO © deacetylation H NHZH HO NH, o
O=< H NH H H H
CH3 o n
CH;,
chitin chitosan

Figure 1.10 Deacetylation of chitin
Chemical modification of Chitosan

The structure of chitosan is widely modified in order to improve its solubility and
applications [22-24] N-succinyl-chitosan, a water dispersible chitosan derivative (Figure

1.11) was investigated in this research.

OH OH OH OH OH
% o O of o N0 % 0 % o % o
HO HO vﬂ Y HO HO
L e | 2% acetic acid NH NH, WH
0 n P X
< ~ :
0
HO

Figure 1.11 Preparation of N-succinylchitosan
1.4 Natural rubber

Natural rubber (NR) is one of the most important commodities of Thailand,
Thailand has become the world’s largest producer and exporter of natural rubber since
1991. This research also involves the development of natural rubber with thermo-
regulation property via the use of the novel encapsulated PCM, also developed in this

project.

NR is an unsatulateted elastomer with excellent mechanical properties. It is
isolated from the Hevea brasiliensis tree However, NR has poor resistance to oxidation
and organic solvent. NR is a hydrocarbon polymer of isoprene (methylbuta-1, 3-diene)
(Figure 1.11) with the cis- configuration of ethylene. In other words, natural rubber (NR)

contains 93-95% cis-1, 4-polyisoprene.
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CHz CHz CHa H CHz 'CHE-‘I‘JJ
trans-Polyisoprene

CH CH H
—CHg/ \\CHI CH3/ \H CHgf/ \Cﬂz—-

cis-Polyisoprene

Figure 1.12 Cis and trans isomers of natural rubber

NR latex is a white liquid; similar to milk with a pH of 6.5-7.0 and a density of
0.98 g cm™. Fresh NR latex has the dry rubber content (DRC) of about 25-40% and 5-
10% non rubber substances. The non rubber components are proteins, carbohydrates,
lipid, and inorganic salt. The traditional preservative is concentrated ammonia solution;
ammonia is added in small quantities to the latex collected from the cup. The

compositions of fresh NR latex are shown in Table 1.6 [25-26].
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Table 1.6 Composition of fresh natural rubber latex

Composition Content (% by weight)

Totol solid content 36

Dry rubber 33
Proteinous substance 1.0-1.5
Resinous substance 1.0-2.5
Carbohydrates 1.0

Inorganic matter Upto 1.0

Water 60

Latex concentrate is used as a raw material for many dipped products such as gloves,

furniture, etc.
1.5 Literature reviews of PCM
New PCM innovation

In 2002, Cabeza et al. [27] reported that the PCM could be used for transporting
temperature sensitive medications and food because of the PCM’s capability to stabilize
the temperature for a range of several degrees. Several companies are engaged in the

research of using PCMs to transport temperature sensitive products [237 - 241].

In 2000, Vasiliev et al. [28] developed the latent heat storage module for motor vehicles
so the heat is stored when the engine is stopped, and can be used to preheat the engine on
a new start. It is possible to reach an optimized working temperature within the engine in

a much shorter time using heat storage comparing to without heat storage.
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In 2004, Tan et al. [29] conducted an experimental study on the cooling of mobile
electronic devices, such as personal digital assistants (PDAs) and wearable computers,
using a heat storage unit (HSU) filled with the phase change material (PCM) of n-
eicosane inside the device. The high latent heat of n-eicosane in the HSU absorbs the heat
dissipation from the chips and can maintain the chip temperature below the allowable

service temperature of 50 °C for 2 h of transient operations of the PDA.

In 2004, Koschenz et al. [30] developed a thermally activated lightweight ceiling panel
for retrofitted buildings. It was demonstrated, by means of simulation calculations and
laboratory tests, that a 5 cm layer of microencapsulated PCM (25% by weight) and
gypsum surface will maintain a comfortable room temperature in standard office

buildings. Hexadecane was tried as a PCM in this prototype set-up.

In 2005, Zhang et al. [31] fabricated microencapsulated n-alkanes (n-octadecane, n-
nonadecane, and n-eicosane) by in situ polymerization using urea—melamine—
formaldehyde polymer as shells in order to study crystallization and prevention of
supercooling of microencapsulated n-alkanes. The X-ray diffraction results showed that
the crystal system of the n-alkane in the microcapsule was the same as that of the bulk.
The enthalpies of the microcapsules containing approximately 70 wt% n-alkanes were
approximately 160 J/g. The melting temperatures of the microencapsulated n-alkanes
were the same as those of the bulk. There were multiple peaks on the DSC cooling
curves that could be attributed to liquid—rotator, rotator—crystal, and liquid—crystal
transitions. The DSC cooling curves of microencapsulated n-octadecane were affected by
the average diameters. The maximum degree of supercooling of microencapsulated n-
octadecane was approximately 26.0 °C at a heating and cooling rate of 10.0 C/min.
Supercooling causes the latent heat to be released at a lower temperature, which is
disadvantageous for the energy storage application. Adding 10.0 wt% of 1-octadecanol
inside the microcapsules as a nucleating agent decreased the degree of supercooling of
microencapsulated n-octadecane from 26 °C to approximately 12 °C at a heating and

cooling rate of 10.0 °C/min.
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In 2009, Wang et al. [32] prepared a novel shape-stabilized composite of PEG and
silicon dioxide. PEG and SiO, were chosen as phase change material and supporting
material, respectively. Because of the effect of capillary force and surface tension force,
there was no leakage of liquid PEG from the porous of SiO2 network. The maximum
weight percentage for PEG dispersed in the PCM composites without any leakage of the
melted PEG was as high as 85%.The PEG (85%)/SiO2 composite had a large enthalpy of
162.9 J/g and suitable melting temperature (Tm = 61.61 "C).

In 2009, Fang et al. [33] fabricated nanocapsule of phase change material by using in situ
polymerization methods. N-Tetradecane was used as the core material. Urea and
formaldehyde were used for the shell polymerization. The morphology of the
nanocapsules observed by a scanning electronic microscope (Figure 1.13.), indicated that
the nanocapsules had general size of about 100 nm and the core material was well
encapsulated. DSC analysis indicated that the mass content of n-tetradecane was up to
60%, which resulted in a high latent heat of fusion at 134.16 kJ/kg.

Figure 1.13 SEM photos of nanocapsules.
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Use of N-Eicosane as PCM

In 2009, Deveci et al. [34] fabricated PCM microcapsules with reasonable size and
encapsulation efficiency by complex coacervation of chitosan and silk fibroin. Results
showed that microcapsules produced by the coacervation process had a spherical shape.
Microcapsules obtained at a relatively low silk fibroin/ chitosan ratio of 5 had a dense,
homogeneous, and nonporous wall. At relatively high silk fibroin/ chitosan ratio of 20, in
the other hand, microcapsules had an inner layer with a smoother surface and a rough
outer surface with a sponge-like appearance. It is possible that the extra layer improves
the mechanical strength of capsule wall. In terms of microcapsule size and encapsulation
efficiency, silk fibroin/ chitosan polymer ratio had the strongest influence. At the high
silk fibroin/ chitosan ratio, both microencapsulation efficiency and microcapsule size
increased. The N-Eicosane content affected microencapsulation efficiency as well. A
high n-icosane content improved microencapsulation efficiency particularly at higher silk
fibroin/ chitosan ratios. A raise in cross-linking agent content had a positive effect on
microencapsulation efficiency and microcapsule size at low n-icosane contents. This
study confirms that the silk fibroin/ chitosan wall system can be utilized to encapsulate a

phase change material

In 2011, Alkan et al. [35] prepared PMMA microcapsules containing N-Eicosane by
emulsion stirring at 2000 rpm. The PMMA microcapsules possessed average diameter of
0.7 um. The SEM results indicated that the PMMA/eicosane microcapsules were
successfully prepared by emulsion polymerization and they possessed smooth and
compact surface. The temperatures and latent heats of melting and crystallization of
microcapsules were determined using DSC analysis method. Thermal properties
evaluated from the curves indicate that the microcapsules melt at 35.2 + 0.12 °C,
crystallize at 34.9 + 0.15 °C while pure N-eicosane has a melting point of 34.6 = 0.09 °C
and crystallization point of 33.4 £ 0.13 °C. Latent heats of melting and freezing of the
microcapsules were found to be 84.2 + 1.12 J/g and 87.5 + 1.35 J/g, respectively, while
latent heats of melting and freezing of pure N-eicosane were found to be 242.8 J/g and
244.6 J/g respectively. The encapsulation ratio of n-eicosane was calculated to be 35

wt%. The PMMA/eicosane microcapsules were stable for 5000 rounds of thermal cycling
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test. The latent heats of melting and crystallization of the microcapsules after repeated
5000 thermal cycling were measured as 99.1 + 1.72 J/g and 102.9 £ 1.31 J/g,
respectively. There was no significant temperature or enthalpy change of latent heat
storage capacity after thermal cycling. The chemical stability of PMMA/eicosane
microcapsules after repeated thermal cyclings was also investigated by FT-IR analysis.
The peak positions were consistent in the samples before and after thermal cyclings,
indicating that chemical structure of microcapsules was not affected by thermal cyclings.
This means that no chemical degradation of PMMA/eicosane occurred during thermal

cyclings.

In 2010, Sarl et al. [36] prepared PMMA/heptadecane microcapsules by emulsion
polymerization technique. SEM analyses showed that the microcapsules had smooth and
spherical shape with average diameter of 0.26 um (Figure 1.14). The temperatures of
melting and freezing and latent heats of melting and freezing of the PMMA/heptadecane
microcapsules were determined as 18.2 and 18.4 °C and 81.5 and 84.2 J/g, respectively.
The ratio of the heptadecane in the PMMA microcapsules was 38 wt. %. Thermal cycling
test showed that the microPCMs had good thermal reliability after 5000 melting and

freezing cycling.

Figure 1.14 SEM image of PMMA/heptadecane microcapsules.
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In 2010, Sanchez et al. [37] prepared polystyrene microcapsules containing paraffin wax.
Fabric coated with 35% of microcapsules was capable of absorbing 7.6 J/g of heat. A
thermoregulatory effect of 8.8, 6.3, 5.6 and 2.5 °C after 6, 12, 44 and 75 s, respectively,
was observed by means of infrared thermography (Figure 1.15).

Textile with Textile without Textile with Textile without
microcapsules microcapsules microcapsules microcapsules

Textile with Textile without Textile with Textile without
microcapsules microcapsules microcapsules microcapsules

Figure 1.15 Comparison of thermal images obtained for SUPERMOR-35 and a normal

textile preheated at different times.

Research goals
The aim of this research is to prepare the phase change microcapsule using
biocompatible/non-toxic polymer. N-Eicosane and paraffin molecules were used as PCM.

The obtained PCM-microcapsule was also used in fabricating thermoregulated NR.



CHAPTER 11

EXPERIMENTAL
2.1 Materials and Chemicals

Ethylcellulose (EC) and methylcellulose (MC) were purchased from Sigma-
Aldrich (St. Louis, Mo, USA). Chitosan powder with approximately 85% degree of
deacetylation and 30,000 Da of viscosity-average molecular weight was purchased from
Seafresh Chitosan (Lab) Co., Ltd (Bangkok, Thailand). Succinic anhydride was
purchased from Acros organics (Geel, Belgium). N-eicosane (C20) 99% was from Acros
organics (Geel, Belgium). Dialysis membranes with a molecular weight cut off of 12000-
14000 Daltons (size 76 mm. x 49 mm) were purchased from Aldrich Chemical Company
(Steinheim, Germany). Natural rubber (60 DRC) (Thai Rubber Latex Corporation,
Bangkok, Thailand)

2.2 Encapsulation of /V-eicosane
2.2.1 Chitosan shell

Preparation of N-succinylchitosan (NSCS)

OH OH OH OH OH
% o O o] po N0 — A 0 % o % o
HO HO! v I L HO HO:
NH NH, 2% acetic acid NH NH, NH
" : = p JL |

Ls]
HO

Scheme 2.1. Preparation of N-succinylchitosan.
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N-succinylchitosan (N-SCS) was prepared according Scheme 2.1. This
experiment was carried out at chitosan to succinic anhydride mole ratios, 2:1, 4:1. For
each mole ratios, 1 g of chitosan (6.25 mmole) was dissolved in 50 mL of 2 % v/v acetic
acid. The 0.3125 and 0.156 g of succinic anhydride (3.125 and 1.562 mmoles,
respectively) in 10 mL of acetone were slowly dropped into chitosan solution. Then the
solution was stirred for 12 hours at room temperature and precipitated by excess acetone.
The precipitate was collected by filtration and washed with acetone several times.
Finally, a yellow powder was obtained. The product was characterized by Nuclear
magnetic resonance (NMR), a Varian mercury spectrometer (Variance Inc., Palo Alto,

USA), operating at 400 MHz.

N-succinylchitosan (N-SCS 1): 70% yields of yellow powder and 0.43 degree of
succinyl grafting. "H NMR (D,0, 400 MHz, &, ppm): 1.95 (H of acetyl groups), 2.46-
2.52 (methylene protons of the succinyl), 2.97 (H2 of glucosamine, GIcN), 3.40-3.80
(H2" of N-acetylglucosamine, GlcNAc, H3, H4, H5 and H6 of GlcNAc and GIcN), 4.40
(H1 of GIcNAc and GIcN).

N-succinylchitosan (N-SCS 2): 73% yields of yellow powder and 0.24 degree of
succinyl grafting. "H NMR (D,0, 400 MHz, &, ppm): 1.98 (H of acetyl groups), 2.42-
2.50 (methylene protons of the succinyl), 2.98 (H2 of glucosamine, GIcN), 3.40-3.83
(H2" of N-acetylglucosamine, GlcNAc, H3, H4, H5 and H6 of GIcNAc and GIcN), 4.41
(H1 of GIcNAc and GIcN).

Encapsulation of N-eicosane with N-succinylchitosan by solvent displacement

method.
Encapsulation at 1: 2 of polymer to PCM ratio.

For each NSCS, (N-SCS 1) and (N-SCS 2) 400 mg were dispersed into 25 mL of
deionized water. N-eicosane (800 mg) was dissolved into 20 mL mixture solvent of
ethylacetate to ethanol (1:2 V/V). Then N-eicosane solution was added into NSCS
solution and then 80 mL of deionized water was slowly dropped into the mixture while

the mixture was continuously homogenized by homogenizer at 6000 rpm for 30 min. The
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sample was characterized by scanning electron microscopic (SEM, JEM 6400, JEOL,

Tokyo, Japan) and optical microscope.

Encapsulation of N-eicosane with N-succinylchitosan by a novel liquid to solid

encapsulation process.
Encapsulation at 1: 2 of polymer to PCM ratio.

(NSCS 1) 400 mg was dispersed into 100 mL of deionized water. N-eicosane (800
mg) was added into NSCS 1 solution which was maintained at 60 °C. The mixture was
continuously homogenized by homogenizer at 6000 rpm and the temperature was
maintained at 60 °C. Then the emulsion was cooled down to 0 °C while the mixture was

still homogenized at the same speed for another 15 min.

2.2.2 Ethyl cellulose shell

Encapsulation of N-eicosane with Ethyl cellulose by solvent displacement method.
Encapsulation at 1: 2 of polymer to PCM ratio.

Two hundred milligrams of EC was dissolved in 75 mL of ethanol. N-eicosane
(400 mg) was dissolved into 25 mL mixture solvent of ethylacetate to ethanol (1:2 V/V).
Then N-eicosane solution was added into EC solution while the mixture was continuously
homogenized by homogenizer at 6000 rpm for 30 min. Then the suspension was dialyzed

against deionized water (5x1000 mL) to remove ethylacetate and ethanol.

Encapsulation of N-eicosane with Ethyl cellulose by liquid to solid encapsulation

process.
Encapsulation at 1: 2 of polymer to PCM ratio.

Two hundred milligrams of EC was dissolved in 25 mL of ethanol Then, N-
eicosane (400 mg) was added into EC solution which was maintained at 60 °C. Then 80
mL of hot water (80 °C) was slowly dropped into the mixture while the mixture was
continuously homogenized by homogenizer at 6000 rpm and the temperature was

maintained at 60 °C. Then the emulsion was cooled down to 0 °C while the mixture was
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still homogenized at the same speed for another 15 min. The obtained encapsulated N-
eicosane (encap- N-eicosane) suspension was subjected to ethanol removal under vacuum
and the water suspension was either freeze-dried or centrifuged and dried under vacuum

to remove water.

2.2.3 Blend of ethyl cellulose and methyl cellulose shell

Encapsulation of N-eicosane with Ethyl cellulose by solvent displacement method.
Encapsulation at 1: 2 of polymer to PCM ratio.

Two hundred sixty six milligrams of EC was dissolved in 65 mL of ethanol then 133
milligrams of the MC were dissolved in10 mL of distilled water and stirred until clear transparent
solution was obtained. N-eicosane (800 mg) was dissolved into 25 mL mixture solvent of
ethylacetate to ethanol ( 1:2 V/V). Then N-eicosane solution was added into EC/MC
solution while the mixture was continuously homogenized by homogenizer at 6000 rpm
for 30 min. Then the suspension was dialyzed against deionized water (51000 mL) to

remove ethylacetate and ethanol.

Encapsulation of N-eicosane with Ethyl cellulose by liquid to solid encapsulation

process.

The microencapsulation of N-eicosane was carried out at various polymers to

PCM ratios. Encapsulation at 1: 4 of polymer to PCM ratio.

Two hundred sixty six milligrams of EC were dissolved in 35 mL of ethanol then
133 milligrams of the MC were dissolved in10 mL of distilled water and stirred until
clear transparent solution was obtained. Then, N-eicosane (1.6 g) was added into
polymeric solution which was maintained at 60 °C. Then 80 mL of hot water (80 °C)
were slowly dropped into the mixture while the mixture was continuously homogenized
by homogenizer at 6000 rpm and the temperature was maintained at 60 °C. Then the
emulsion was cooled down to 0 °C while the mixture was still homogenized at the same
speed for another 15 min. The obtained encapsulated N-eicosane (encap- N-eicosane)
suspension was subjected to ethanol removal under vacuum and the water suspension was

freeze dried. The dry samples was characterized by scanning electron microscopic (SEM,
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JEM 6400, JEOL, Tokyo, Japan), transmission electron microscopic (TEM, HITACHI,
H-7650, 100 kV,Canada), differential scanning calorimetry (at the heating and cooling
rate of 10 'C/ min under nitrogen atmosphere (20 mL/min ), METTLER, DSC 822,
USA) and X-ray powder diffraction (XRD, a Rigaku DMAX 2200/Ultima+
diffractometer, Rigaku International Corporation, Tokyo, Japan), dynamic light scattering
(DLS) analysis.

Encapsulation at 1: 10 of polymer to PCM ratio.

Two hundred sixty six milligrams of EC were dissolved in 35 mL of ethanol then
133 milligrams of the MC were dissolved in10 mL of distilled water and stirred until
clear transparent solution was obtained. Then, N-eicosane (4.0 g) was added into
polymeric solution and next step was done similar to encapsulated 1: 4 of polymer to

PCM ratio.
Encapsulation at 1: 20 of polymer to PCM ratio.

Two hundred sixty six milligrams of EC were dissolved in 35 mL of ethanol then
133 milligrams of the MC were dissolved in10 mL of distilled water and stirred until
clear transparent solution was obtained. Then, N-eicosane (8 g) was added into polymeric

solution and next step was done similar to encapsulated 1: 4 of polymer to PCM ratio.
2.2.4 Encapsulation of Paraffin wax
Blend of ethyl cellulose and methyl cellulose shell

The microencapsulation of Paraffin wax was carried out by a liquid to solid
encapsulation process at two polymers (EC and MC) to Paraffin wax weight ratios, 1:10.
Two hundred sixty six milligrams of EC were dissolved in 25 mL of ethanol then 133
milligrams of the MC were dissolved in10 mL of distilled water and stirred until clear
transparent solution was obtained. Then Paraffin wax (3.99 g) was added into polymeric
solution which was maintained at 60 °C for N-eicosane,. Then 80 mL of hot water (80 °C)
were slowly dropped into the mixture while the mixture was continuously homogenized
by homogenizer at 6000 rpm and the temperature was maintained at 75 °C. Then the

emulsion was cooled down to 0 °C while the mixture was still homogenized at the same



27

speed for another 15 min. The obtained encapsulated Paraffin wax suspension was
subjected to ethanol removal under vacuum and the water suspension was freeze dried.

The dry sample was characterized by SEM, TEM, DSC, XRD and DLS analysis.
2.3 Finding the optimum ratio between Ethylcellulose and methylcellulose

For finding the optimum ratio between ethylcellulose and methylcellulose (as
shell material), the weight ratio of ethylcellulose and methylcellulose of 1:1, 2:1, and 5:1

were investigated.
2.4 Morphology of PCM-microcapsule

The morphology of encap-C,, was determined with scanning electron microscope
(SEM) and transmission electron microscope (TEM). Particle size distribution and the

potential were determined by Zetasizer nano series (Malvern Instruments).

TEM photographs were acquired on a transmission electron microscope
(HITACHI, H-7650, 100 kV, Japan). A drop of encap-Cyy suspension was placed on a

carbon film coated on a copper grid and dried. Observation was performed at 100 kV.

SEM photographs were obtained using a scanning electron microscope (JEM-
6400, JEOL, Tokyo, Japan). A drop of the encap-C,, suspension was placed on a glass

slide and dried. The sample was coated with a gold layer under vacuum at 15 kV for 90 s.

An average particle size (z-average size) was measured by Zetasizer (Nano Series
Model) (Malvern Instruments, Worcestershire, UK) equipped with a He-Ne laser beam at
632.8 nm (scattering angle of 173°) at 25 + 2°C. Each measurement was repeated three

times and an average value was reported.
2.5 Determination of thermal properties of the microcapsules

The phase change properties of the dried PCM-microcapsules such as melting and
freezing points and latent heats, were obtained by differential scanning calorimeter
(METTLER, DSC 822). Two milligrams of the dried encap-PCM were precisely weight
into aluminum cups and sealed. A small hole was done at the top of the cup in order to

allow the release of water. An empty cup was used as reference. The experiment
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consisted of two runs. The first one heat up from -50 to 150°C and the second one cool
down from 150 to -50°C. The experiments were run at the heating and cooling rate of 10

°C/ min, under nitrogen atmosphere (20 mL/min).
2.6 Recycling of the microcapsules

The dried PCM-microcapsules were subjected to repeated cycle of melting and
solidification (heat to 50 °C for 5 min and then cooled to 25 °C for 5 min). This process
was repeated for 200 times and PCM-microcapsules were characterized by SEM and
DSC analysis. Water dispersion ability of the repeated heat-cool cycle PCM-

microcapsules was tested by dispersing PCM-microcapsules in distilled water.

2.7 Preparation of Thermo-regulated NR

2.7.1 Preparation of Thermo-regulated NR by mixing the dried encap-PCM
Thermo-regulated NR was prepared at two ratios, 1:1 and 1:2 NR to encap C20

and NR to encap Paraffin wax by adding the dried encap-PCM into NR latex. The 60%

DRC NRL 60 g of the dry rubber matter in 100 mL latex was mixed with dried encap-

C20 by stirring for 20 min.

2.7.2 Preparation of Thermo-regulated natural rubber by mixing the encap-PCM
suspension

Thermo-regulated NR was prepared at two ratios, 1:1 and 1:2 of NR to encap —
C20 and NR to encap — Paraffin wax by mixing the encap-PCM suspension with NR
latex. The amount of materials used in the preparation of thermo-regulated NR was
shown in Table 3. The 60% DRC NR latex was mixed with water slurry of encap-C20 by
stirring for 20 min. Then, the solution was poured into a 14 x 14 x 0.2 cm mold and air-
dry at 25 °C. The obtained rubber sheet was then subjected to determine the mechanical
properties by Universal Tasting Machine (LR 10K PLUS, England). The
thermoregulation test of the PCM-rubber piece was carried out using a circle rubber piece
(diameter of 5.2 cm and thickness of 0.315 cm). The control rubber was the rubber piece

with no PCM microspheres added.
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Table 2.1 Recipe for the preparation of thermo-regulated natural rubber

Content (g)
material Ratio of NR to Ratio of NR to
encap — C20, 1:1 encap — C20, 1:2
60 DRC NR latex 12 12
Encap — C20 7.2 15.4
( or Encap — Paraffin wax)
water 2 4

2.8 Dispersion of PCM capsules in the rubber piece

The dispersion of PCM microspheres in PCM-rubber piece was analyzed by
SEM. The fractured surface of the PCM-rubber piece was fractured under liquid nitrogen.
The fractured samples were sputter-coated with gold. The images recorded by SEM
(JEM-6400, JEOL, Tokyo, Japan). The SEM images were used to estimate the degree of
PCM particle dispersion.

2.9 Thermo-regulation test of the PCM-rubber piece

The PCM-rubber piece and the control rubber were tested using a circle rubber
piece (diameter of 5.2 cm and thickness of 0.315 cm). The control rubber piece and the
PCM-rubber piece with the temperature of 29 °C were put onto a temperature controlled
surface which was maintained at 50 - 52 °C. Both rubber samples were then characterized
by thermal camera (ISI, Infrared Solutions SnapShot®, USA) at various times. For the
releasing heat of PCM-rubber piece and control rubber, the rubber pieces with
temperature of 47 °C was left at room temperature (29 °C). The releasing heat of rubber

samples were characterized by thermal camera at various times.
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2.10 Thermal stability test of the PCM microspheres in PCM-rubber piece

The thermal stability test of PCM microspheres in PCM-rubber piece was
analyzed by keeping the PCM-rubber piece (diameter of 5.2 cm and thickness of 0.315
cm) in oven at 80 and 100 °C for 20 min in order to check the stability of PCM

microspheres in PCM-rubber piece after curing.
2.11 Tensile Measurement

Tensile test was analyzed by Universal Tasting Machine LR 10K PLUS, England.
In accordance with ASTM-D412 at room temperature and a crosshead seed of 500
mm/min. Tensile testing is accomplished by molding a flat sheet of rubber about 2 mm

thick, from which dumbbell shaped pieces were cut (show in Figure 2.1)

gage length

Figure 2.1 Dumbbell shaped test pieces for tensile testing.



CHAPTER I

RESULT AND DISCUSSION

We have prepared the PCM microcapsules of N-eicosane and paraffin using
various polymeric shell materials. The shell materials included N-succinylchitosan, ethyl
cellulose, and methyl cellulose. These biopolymers are biocompatible, harmless to human

and non toxic to the environment.
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Appliedto rubber
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Scheme 3.1 Over view of the research.
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3.1 N-succinylchitosan as shell material

Preparation and characterization of /NV-succinylchitosan

OH OH OH OH OH
% o O o] 4o N0 —— % 0 % o % o
HO HO v ... |Ho HO HO
Ho | NH | 2% acetic acid NH NH, WH
G:‘< 0=< n L i x

0
HO

Scheme 3.2 Preparation of N-succinylchitosan

The N-succinylchitosan was prepared via a succinylation reaction between amino
group and succinic anhydride to form AN-succinylchitosan (N-SCS). Two N-SCS with
different degrees of succinylation, namely N-SCS1 and N-SCS2, were prepared. The

reaction is presented in Scheme 3.1.

The N-succinylchitosan (N-SCS1) structure was confirmed by '"H NMR. The 'H
NMR spectrum of N-SCS1 in D,O shows signals at 2.42-2.50 ppm which can be assigned
to dimethylene protons of the grafted succinyl group. Using the integral ratio between 4H
from ethyl group of succinyl and 1H from C2 of glucosamine unit (at 2.98 ppm), the
degree of grafting could be estimated as 0.43.
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Figure 3.1 "H NMR spectrum of N-SCSI.

Similarly, the drgree of succinylation in N-SCS2 could be estimated as 0.24. The N-SCS1
and N-SCS2 were then used as shell material for the encapsulation of N-eicosane. Two
encapsulation processes were tried, the solvent displacement and the novel liquid to solid

encapsulation process.
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Figure 3.2 "H NMR spectrum of N-SCS2.
Encapsulation of N-eicosane with N-succinylchitosan by solvent displacement method.

The formation of N-eicosane into N-SCS shell was also prepared through solvent
displacement method. The hydrophobic parts of N-SCS chain interacted with N-eicosane
while solution of N-eicosane and N-SCS were slowly added water into the N-eicosane /
N-SCS suspension under homogenizing condition, the hydrophilic parts of the polymer

form the hydrogen bonding with water molecules.

The encapsulation of N-eicosane with NSCS1 and NSCS2 by solvent
displacement method gave colloidal suspension but the colloidal suspension showed
some waxy residue on the surface, probably the remaining unencapsulated N-eicosane.
The suspension of the sample was characterized by SEM and optical microscope
analysis. The optical microscope image showed the spherical particles in microscale size

(Figure 3.3 and 3.4). The N-eicosane particles could not withstand the electron impact
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during SEM analysis, they burst and melted during that process, therefore their SEM
images are not clear (Figure 3.3). The optical microscope images, however showed a
better morphology. The optical microscope images showed the spherical shape of the N-

eicosane particle.

Figure 3.3 SEM images of N-SCS1 and N-SCS2 microparticles, (a) N-SCSI
microparticles (b) N-SCS2 microparticles.

Figure 3.4 optical microscope images of N-SCS1 and N-SCS2 microparticles, (a) N-
SCS1 microparticles and (b) N-SCS2 microparticles.



36

Encapsulation of N-eicosane with N-succinylchitosan by a novel liquid to solid

encapsulation process.

The formation of N-eicosane into N-SCS shell was prepared through liquid to
solid encapsulation process. When the N-eicosane was added into warm water solution of
N-SCS under homogenizing condition, solidifying formed microspheres by lower the
temperature of the system to 4 °C (lower than the melting temperature of the N-
eicosane).The formation of N-eicosane microdroplets in warm water with simultaneous
covering of N-SCS chains around the formed N-eicosane droplets, the N-SCS chains had
time to arrange themselves in such a way that the hydrophobic side of the N-SCS chains
interacts with the hydrophobic N-eicosane inside the microdroplets while the hydrophilic
moieties of the N-SCS chains (hydroxyl moieties) interact with water medium at the
outer surface of the microspheres. Such an arrangement makes the obtained microspheres
dispersible in water medium without the need of any additional surfactant molecules. The
novel liquid to solid encapsulation process was study in order to compare with solvent

displacement method.

The N-eicosane encapsulated with both NSCS1 and N-SCS2 in aqueous system
showed colloidal suspension but the colloidal suspension showed some waxy appearance
in the surface. The result is similar to the encapsulation of N-eicosane with N-
succinylchitosan by solvent displacement method. The SEM and optical microscope
image showed the spherical particles in microscale size (Figure 3.5). The N-eicosane
particles could not withstand the electron impact during SEManalysis, they burst and

melt during that process.



Figure 3.5 SEM images of N-SCS1 and N-SCS2 microparticles, (a) N-SCSI1
microparticles (b) N-SCS2 microparticles.

Figure 3.6 Optical microscope images of N-SCS1 and N-SCS2 microparticles, (a) N-
SCS1 microparticles and (b) N-SCS2 microparticles

In conclusion, the N-succinylchitosan(N-SCS1 and N-SCS2) were not suitable for
N-eicosane encapsulation because the N-succinylchitosan(N-SCS1 and N-SCS2) shell
could not withstand the electron impact during SEM analysis which indicated the N-
succinylchitosan(N-SCS1 and N-SCS2 were not strong shell for the N-eicosane

encapsulation.
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3.2 Ethyl cellulose as shell material

Ethyl cellulose was used as shell material for the encapsulation of N-eicosane.
Two encapsulation processes were tried, the solvent displacement and the novel liquid to

solid encapsulation processes.
Encapsulation of N-eicosane with ethyl cellulose by solvent displacement method.

The formation of N-eicosane into EC shell was prepared through solvent
displacement method. The ethanolic solution of N-eicosane and polymers were slowly
displaced with water across the dialysis membrane. When the polarity of the medium
increases, the polymer chains had time to arrange themselves in such a way that the
hydrophobic side of the EC polymer (ethyl moieties) interacts with the hydrophobic N-
eicosane inside the microdroplets while the hydrophilic moieties of the EC chains
(hydroxyl moieties) interact with water medium at the outer surface of the microspheres.

Such an arrangement makes the obtained microspheres dispersible in water medium.

The Encapsulation of N-eicosane with ethyl cellulose by solvent displacement
method although showed colloidal suspension but the colloidal suspension contained
some waxy appearance on the surface, indicating probably the remaining unencapsulated
N-eicosane from the encapsulation. In addition some EC chain cannot interact with N-
eicosane, thus some materials percipitated at the bottom. Therefore, this method was not

suitable for N-eicosane encapsulation by EC.
Encapsulation of N-eicosane with ethyl cellulose by liquid to solid encapsulation process.

The formations of N-eicosane into EC by liquid to solid encapsulation process gave
similar result to the formations of N-eicosane into ethyl cellulose by solvent displacement
method. The encapsulation of N-eicosane with ethyl cellulose by liquid to solid
encapsulation process showed colloidal suspension with some EC precipitates at the
bottom.. The formation of N-eicosane into EC shell by liquid to solid encapsulation process,

therefore, were not suitable.
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3.3 Ethyl cellulose/methyl cellulose-blend as shell material

Ethyl cellulose/methyl cellulose-blend was used as shell material for the
encapsulation of N-eicosane. Two encapsulation processes were tried, the solvent

displacement and the novel liquid to solid encapsulation process.

Encapsulation of N-eicosane with Ethyl cellulose blend methyl cellulose by solvent

displacement method.

The formations of N-eicosane into EC/MC blend shell by solvent displacement
method gave colloidal suspension with big gelatinous masses together with some waxy
materials on the surface. The waxy matter was the remaining unencapsulated N-eicosane
from encapsulation. This method, therefore, was not suitable for N-eicosane

encapsulation.

Encapsulation of N-eicosane with Ethyl cellulose/methyl cellulose-blend by liquid to solid

encapsulation process.

N-eicosane encapsulated into EC/MC blend shell (encap- N-eicosane) was
successfully prepared through our novel liquid to solid encapsulation process. The
process involved slowly adding warm water into warm ethanolic solution of PCM and
polymers under homogenizing condition, then solidifying the formed microspheres by
lower the temperature of the system to 4 “C (lower than the melting temperature of the N-
eicosane). The mechanism involves the formation of N-eicosane microdroplets in warm
water with simultaneous covering of EC polymeric chains around the formed N-eicosane
droplets. When the polarity of the medium increases slowly during the slow addition of
water into the N-eicosane /polymer suspension, the polymer chains had time to arrange
themselves in such a way that the hydrophobic side of the EC polymer (ethyl moieties)
interacts with the hydrophobic N-eicosane inside the microdroplets while the hydrophilic
moieties of the EC chains (hydroxyl moieties) interact with water medium at the outer
surface of the microspheres. Such an arrangement makes the obtained microspheres
dispersible in water medium without the need of any additional surfactant molecules.
During the self-assembling of the EC around the N-eicosane droplets, the MC chains are
likely to be trapped and entangled into the polymeric shell of the microspheres. The
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presence of the MC chains at the polymeric wall of the microspheres helps the spheres to

be more stably dispersible in water.

The encapsulation of N-eicosane with ethyl cellulose/ methyl cellulose blend by
liquid to solid encapsulation process showed homogeneous colloidal suspension with no
precipitation, therefore, the EC/MC blend shell was suitable for N-eicosane encapsulation
using liquid to solid encapsulation process. As a result, the PCM microcapsules prepared
by liquid to solid encapsulation process using EC/MC blend shell were further

investigated in this research.
3.4 Finding the optimum ratio between Ethylcellulose and methylcellulose

The optimal ratio between ethylcellulose and methylcellulose for the PCM
microparticle formation was investigated. Three ratios, 1:1, 2:1 and 5:1 were compared
by evaluating the precipitation of EC/MC blend in the suspension. The best ratio between
ethylcellulose and methylcellulose was 2:1, since the obtained suspension showed no
precipitates. Therefore the PCM microcapsules prepared at the weight ratios of

ethylcellulose to methylcellulose of 2:1 was further investigated in this research.
Encapsulation of Paraffin wax

Paraffin wax is the most used commercial organic heat storage PCM. It consists
mainly of straight chain hydrocarbons that have melting temperatures ranging from 23 to
67 °C. Paraffins are easily available from many manufacturers and are usually less
inexpensive than pure N-eicosane. Paraffin was, therefore, further investigated in this

research.

The encapsulation of paraffin into EC/MC blend shell with paraffin: polymer
weight ratios of 10:1 by liquid to solid encapsulation process gave colloidal suspension

with some paraffin remained unencapsulated on top of the suspension (waxy matter).
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3.5 The morphology of microcapsules

The colloidal suspension of the obtained N-eicosane and paraffin encapsulated
into ethyl cellulose/methyl cellulose-blend by liquid to solid encapsulation process was
subjected to SEM and DLS analyses. The preparation of three N-eicosanes:polymers,
weight ratios 4:1, 10:1and 20:1, which had 20%, 9% and 4.76% weight contents of
polymer material (EC and MC) respectively corresponded to the final dry products with
N-eicosane loading of 80%, 91% and 95.24% by weight, respectively. SEM and TEM
analyses of the encapasulated N-eicosane showed core-shell microspherical architecture
(Figure 3.7) with the diameters of 4.73+0.62 and 5.92+1.15 pum for the particles with 20
and 9 % polymer, respectively. Dynamic light scattering analysis gave agreeable particle
sizes of 7.69 + 5.95 and 6.78 £+ 2.90 um for the 20 and 9% polymer particles, respectively
(Table 3.1). Particles size obtained from DLS was bigger than particles size from SEM.
The result concluded that the encap- N-eicosane spheres could swell in water medium.
Whereas SEM characterization, used dried sample gave smaller particles size. The N-
eicosane:polymer weight ratio 20:1was not characterized because the dry products

dispersed poorly in water medium.

The particles with paraffin wax:polymer, weight ratio of 10:1 were prepared.
SEM and TEM analysis of the products showed the microspherical architecture core-shell
with the diameters of 3.71+0.79 um (Figure 3.8). Dynamic light scattering analysis gave
agreeable particle sizes of 6.17 = 2.37 um. The zeta potential of obtained suspension in

water was -10.04 mV

Hydrodynamic diameters and Zeta potential of the encapsulte N-eicosane and
encapsulated paraffin obtained by DLS are shown in Table 3.1. Theoretically, the high
negative or positive zeta potential of the microparticles will make them repel each other
and thus minimize their aggregations. Normally the zeta potentials of stable suspension
should be more positive than +30 mV or more negative than -30 mV [38]. The obtained
zeta potentials of the obtained suspension was below -30 mV, indicating unstable
suspension of the two particles in water medium. The encapsulated N-eicosane and
encapsulated paraffin suspension can aggregate when the suspension was left for 1 hr,

however, upon stirring they all dispersed back into water nicely.
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Figure 3.7. SEM and TEM images of encapsulated N-eicosane, (A) SEM image of N-
eicosane:polymer weight ratios 4:1, (B) SEM image of N-eicosane:polymer weight ratios
10:1, (C) TEM image of N-eicosane:polymer weight ratios 4:1, (D) TEM image of N-

eicosane:polymer weight ratios 10:1.
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Figure 3.8. SEM and TEM images encapsulated paraffin, (A) SEM image of Paraffin
wax:polymer weight ratios 10:1, (B) TEM image of Paraffin wax:polymer weight ratios
10:1.
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Table 3.1 Hydrodynamic diameters and Zeta potential the microcapsules

Hydrodynamic diameter | Zeta potential
Spheres
(um.) (mV)
N-eicosane:polymer
weight ratios 4:1 7.69 +£5.95 -10.60+ 1.22
N-eicosane:polymer
weight ratios 10:1 6.78 £ 2.90 -10.73+0.93
Paraffin:polymer
weight ratios 10:1 6.17 +2.37 -10.04+0.58

3.6 Determination of thermal properties of the microcapsules

The thermal properties of the PCM-microcapsules were evaluated by differential
scanning calorimetry (DSC). The DSC curves of the pure N-eicosane and EC/MC blend

are shown in Figure 3.8.
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Figure 3.9 The DSC curves of the pure N-eicosane (A) and EC/MC blend (B)
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The DSC curves of the pure N-eicosane and EC/MC blend at 30-45 °C showed
only enthalpy values of pure N-eicosane, indicating that the enthalpy values at 30-45 °C
(figure 3.9).
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Figure 3.10 DSC curves of N-eicosane, N-eicosane:polymer (4:1)W/W, N-
eicosane:polymer (10:1)W/W.

The DSC curves of the encapsulated N-eicosane are shown in Figure 3.10. The
melting temperature, crystallizing temperature, melting enthalpy and crystalline enthalpy
were tabulated in Table 3.2. The thermogram curves of the N-eicosane showed an
exothermic crystallization. The first transition was the formation of rotator phase at 34.2
°C and the second transition was the formation of stable phase (triclinic crystal) [39] at
30.6 °C (Figure 3.9). The enthalpy of the transition into the rotator phase during the
cooling down was -50.47 + 4.02 J/g, while the second transition was -135.61 + 6.10 J/g.
The endothermic melting showed only single transition at 38 °C with an enthalpy value of
202.37 + 5.95 J/g which was closed to the total enthalpy value of the two step
crystallization (-186.07 £ 2.08 J/g). The freezing range (20-35 °C) and the melting range
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(35-45 °C) of the two encapsulated N-eicosane microspheres were wider than that of the
pure N-eicosane (Figure 3.9). This indicated interaction between the polymer chains and
the N-eicosane molecules. The exothermic crystallization of the encap-C20 led to a
multiple but overlapped transitions at 20- 35 °C with the total absolute enthalpy values of
-204.54 £+ 8.46 J/g and -239.82 + 3.76 J/g, which corresponded to the 9.93 and 28.89 %
increased, comparing to the value of the pure N-eicosane of -186.07 J/g. The
encapsulated N-eicosane prepared at the N-eicosane:polymer weight ratios of 4:land
10:1, respectively. The increase in the absolute enthalpy value during the phase transition
of the encapsulated N-eicosane was also true for the heating process. When the
temperature of the system increased, the bulk N-eicosane showed single transition with
an enthalpy value of 202.37 + 7.29 J/g while the encapsulated N-eicosane prepared at the
N-eicosane:polymer weight ratios of 4:1 and 10:1showed a single transition with enthalpy
values of 208.22 + 9.36 J/g and 251.42 + 6.19 J/g, which corresponded to the 2.89 and

24.24 % increased in the energy storage capacity, respectively.

Table 3.2 DSC results of PCMs.

. Transition | Peak | Peak Enthalpy
Loading |
Material interval =L T J/g)
(% wt) . ? o
(©) (©) (0 endothermic | exothermic
Unencapsulated 3650- 306, 20237 + -18607 +
20 100 37.87
40.5 34.2 5.95 208
Encap-C20 at
P 36.35- | 31.0, 208.22 + -204.54 &
C20:polymer 80 39.00
43.3 34.0 9.36 8.46
wt ratio of 4:1 :
Encap-C20 at
P 36.24- | 32.5, 251.42 + -239.82 &
C20:polymer 91 38.79
43.6 34.0 6.19 376
wt ratio of 10:1 :
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Figure 3.11 DSC curves of Paraffin, Polymer: Paraffin (1:10) W/W

The thermogram curves of the paraffin showed an exothermic crystallization. At
first transition was the rotator phase at 37.88 °C and the second transition was the stable
phase of triclinic crystal at 58.41 °C (Figure 3.11). The enthalpy of the transition into the
rotator phase during the cooling down was -8.66 + 1.18 J/g, while the second transition
was -135.51 + 2.06 J/g. The endothermic melting was at 45.43 °C and 62.69 °C with an
enthalpy value of 158.36 + 0.68 J/g which was closed to the total enthalpy value of the
two step crystallization (-144.16 = 3.23 J/g). The endothermic crystallization of
encapsulated paraffin showed an exothermic crystallization. At first transition was the
rotator phase at 39.71 °C and the second transition was the stable phase of triclinic crystal
at 60.95 ° C (Figure 3.10). The enthalpy of the transition into the rotator phase during the
cooling down was -16.54 + 0.63 J/g, while the second transition was -114.83 + 1.77 J/g.
The endothermic melting showed at 42.94°C and 60.77 °C with an enthalpy value of
138.12 + 2.31 J/g which was closed to the total enthalpy value of the two step
crystallization (-131.37 + 2.40 J/g) which corresponded to the 8.54% decreased in the

energy storage capacity, respectively.
3.7 The crystallinity of microcapsules

The crystallographic structure of pure N-eicosane, EC/MC blend shell and the
encapsulated N-eicosane were determined using X-ray powder diffraction (XRD)

analysis (Figure 3.12). The XRD pattern of EC blend MC exhibited broad peaks at 26 of
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7.8° and 20°. Pure N-eicosane exhibited peaks at 20 of 6.26°, 19.22°, 19.7°, 20.5°, 22°,
23.04°, 24.42°, and 34.4°. Peaks at 20 of 6.74°, 10.36°, 13.6°, 17.04°, 20.5°, 34.42°, and

39.62° were obvious in the XRD pattern of encapsulated N-eicosane.

The XRD patterns of encapsulated N-eicosane indicated more crystallinity of the
material comparing to pure N-eicosane. It was speculated that interaction of C20 and
polymeric wall affected to crystallinity of N-eicosane inside the spheres. The difference
in crystallinity of encapsulated N-eicosane and pure N-eicosane was the result in the
differences in the observed melting enthalpy. It was speculated that the interaction of N-
eicosane and polymeric wall material interferes the solidification of N-eicosane inside the
spheres in such a way that make transition to be multistep and more exothermic with
solid product of different XRD pattern than that of the pure N-eicosane. The melting of
crystalline N-eicosane inside the spheres was also more endothermic comparing to the

melting of the pure N-eicosane.

Pure C20

N-eicosane:polymer(10:1) W/W

N-eicosane:polymer(10:1) W/W

s ema—— EC/MC blend
0 10 20 30 40 50

2theta (drg.)

Figure 3.12 X-ray diffraction patterns of the pure N-eicosane, the EC and MC blend

and the two encapsulated N-eicosane samples.
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Figure 3.13 X-ray diffraction patterns of the pure paraffin, the encapsulated paraffin

samples.

The Figure 3.13 showed the X-ray diffraction patterns of the pure paraffin and the
encap paraffin. The XRD pattern of pure paraffin exhibits peaks at 20 of 21.42°, 23.76°,
29.42° and 35.58°. The encapsulated paraffin exhibits peaks at 20 of 21.38°, 23.72°
28.92° and 35.74°. The situation of paraffin is different from that of C20. The free and
loaded paraffin showed similar XRD pattern and encapsulation did not increase the
enthalpy of phase transition of the material. Instead, enthalpy decreased upon

encapsulation and this is likely to be the contribution from the polymer mass.
3.8 Recycling of the microcapsules

The encapsulated N-eicosane into EC/MC blend by liquid to solid encapsulation
process gave particles with good thermal stability, the average latent heats of melting and
freezing of the N-eicosane microcapsule prepared at the PCM to polymer weight ratio of
1:4 was subjected to stability evaluation. After 200 repeated thermal cyclings, its
enthalpy value of melting and crystallization were 212.80 J/g and 207.13 J/g,
respectively. The values were similar to those obtained from the untreated N-eicosane

microcapsules. More importantly, the material still showed good water dispersibility
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which indicated no leakage of the N-eicosane from the microspheres. In contrast, the heat
treated microcapsule of encapsulated N-eicosane and encapsulated paraffin prepared at
the PCM to polymer weight ratio of 10:1 showed the leakage of the liquid N-eicosane
(poor dispersion in water). It was thus concluded that the polymeric wall must be thick

enough to prevent the leaking of the encapsulated N-eicosane.
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Figure 3.14 DSC curves of encapsulated N-eicosane after 200 thermal cycling, N-
eicosane:polymer (4:1)W/W.

The shape stability of the N-eicosane microcapsule prepared at the PCM to
polymer weight ratio of 4:1 after repeated 200 thermal cycling was characterized by SEM

analysis as shown in Figure 3.15 that still showed spherical shape.

Figure 3.15 SEM image of encapsulated N-eicosane after 200 thermal cycling, N-
eicosane:polymer (4:1)W/W.
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3.9 Preparation of Thermo-regulated NR
Preparation of Thermo-regulated NR by mixing the dried encap-PCM

The encapsulated N-eicosane at weight ratio 4:1and 10:1 of N-eicosane to EC/MC
blend, and the encapsulated paraffin at weight ratio 10:1 of paraffin to EC/MC blend
were used for the preparation of Thermo-regulated NR. The thermo-regulated NR was
prepared at two ratios, 1:1 and 1:2 of NR to encap- PCM by adding the dried
encapsulated PCM into 60% DRC NR latex. However, the obtained latex coagulated very
quickly and thus the process failed.

Preparation of Thermo-regulated NR by mixing the encap-PCM suspension

The water suspension of the three encap-PCM microspheres (encap-N-eicosane
4:1, 10:1 and encap paraffin 10:1) could easily be mixed with the NR latex. The encap-
PCM was added to the 60% DRC NR latex. It was prepared at two ratios, 1:1 and 1:2 NR
to encap- PCM, calculating by the weight of dry encap-PCM and dry rubber mass. The
obtained milky white liquid could be easily poured into a mold. The dry PCM-rubber
piece showed good homogeneity when observed by eyes, only at 1:1 NR to encap- PCM.
This ratio was used to prepare the PCM-rubber piece for Thermo-regulation test of the
PCM-rubber piece. The obtained rubber piece prepared by the ratio of NR to encap- PCM
of 1:2 easily cracked into small pieces so it was concluded that the amount of PCM
material was high.

The two PCM-rubbers were prepared at the weight ratio 1:1 of NR: Encapsulated
N-eicosane 4:1 and 10:1. The water suspension of encapsulated N-eicosane could easily
be mixed with the 60% DRC NR latex to obtain of the latex with 50% (w/w) PCM
microspheres content, as calculated using the weight of dry PCM particle and dry rubber
mass. The dry PCM-rubber piece showed good homogeneity when observed by eye. In
addition, the SEM images of the PCM-rubber clearly indicated an excellent dispersion of
the encapsulated N-eicosane into EC/MC blend in the rubber matrix (Figure 3.16 A, B).
A higher percentage of PCM microspheres in the rubber, such as 70% (w/w), resulted in

rubber piece being easily cracked.
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The PCM-rubber was prepared at the weight ratio 1:1 of NR: Encapsulated
paraffinl0:1. The water suspension of encapsulated N-eicosane could easily be mixed
with the 60% DRC NR latex to obtain of the latex with 50% (w/w) PCM microspheres
content, as calculated using the weight of dry PCM particle and dry rubber mass. The dry
PCM-rubber piece showed good homogeneity when observed by eye. In addition, the
SEM images of the PCM-rubber clearly indicated an excellent dispersion of the
encapsulated N-eicosane into EC/MC blend in the rubber matrix (Figure 3.16 C). A
higher percentage of PCM microspheres in the rubber, such as 70% (w/w), resulted in
rubber piece being easily cracked.

3.10 Thermo-regulation test of the PCM-rubber piece

Thermo-regulation property of the PCM-rubber could be observed clearly through
a thermal camera. The test was carried out on the circular rubber piece with the radius of
5.2 cm and a thickness of 0.315 cm (containing 7.2 g of the rubber mass and 7.2 g of the

encap-C20 mass).

The PCM-rubbers were prepared at the weight ratio 1:1 of NR: Encapsulated N-

eicosane 4:1

The thermo-regulation property of the PCM-rubber could be observed clearly
through a thermal camera. When the PCM-rubber piece transferred from room
temperature (28 °C) onto a heated surface at 50-52 °C, the PCM-rubber piece maintained
a temperature of lower than 40 ~C for 20 min, compared to the control which reached 50
‘C within 9 min (Figure 3.17). Similarly, when the warm PCM-rubber pieces
(temperature of 46 "C) were placed on the room temperature surface (28 ~C), the PCM-
rubber piece could maintain the temperature of over 30" C for more than 40 min, while

the control rubber piece dropped to 29 *C within 15 min (Figure 3.17).
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The PCM-rubbers were prepared at the weight ratio 1:1 of NR: Encapsulated N-

eicosane 10:1

The thermo-regulation property of the PCM-rubber could be observed clearly
through a thermal camera. When the PCM-rubber piece transferred from room
temperature (28 °C) onto a heated surface at 50-52 °C, the PCM-rubber could maintain
the temperature of lower than 40 *C for 20 min but showed some liquid waxy appearance
on surface of the PCM-rubber piece, indicated leakage of the hydrophobic C20 from the
microspheres. While the control rubber piece raised temperature to 50 ~C within 9 min
(Figure 3.18). When the warm PCM-rubber pieces (temperature of 46 'C) were placed on
the room temperature surface (28 " C), the PCM-rubber piece could maintain the
temperature of over 30" C for more than 40 min, while the control rubber piece dropped

to 29 °C within 15 min (Figure 3.18).
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Figure 3.16 SEM image of the PCM-rubber at ratios 1:1 NR to encap- PCM, (A) Encap-
N-eicosane rubber 4:1, (B) Encap-N-eicosane 10:1 rubber, (C) Encap-paraffin 10:1

rubber.
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Figure 3.17 Images from thermal camera showing thermo-regulation property of the
PCM-rubber at ratios 1:1of NR to Encap-N-eicosane 4:1. Left: The cool circular piece of
control rubber and that of PCM-rubber were put onto the warm surface (50 °C) and the
pictures were taken periodically. Right: The warm rubber pieces were left at room

temperature (28 °C) and the pictures were taken periodically.
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Figure 3.18 Images from thermal camera showing thermo-regulation property of the
PCM-rubber at ratios 1:10f NR to Encap-N-eicosane 10:1. Left: The cool circular piece
of control rubber and that of PCM-rubber were put onto the warm surface (50 °C) and the
pictures were taken periodically. Right: The warm rubber pieces were left at room

temperature (28 °C) and the pictures were taken periodically.
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Figure 3.19 Images from thermal camera showing thermo-regulation property of the
PCM-rubber at ratios 1:1 of NR to Encap paraffin 10:1. Left: The cool circular piece of
control rubber and that of PCM-rubber were put onto the warm surface (50 °C) and the
pictures were taken periodically. Right: The warm rubber pieces were left at room

temperature (28 °C) and the pictures were taken periodically.
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The PCM-rubbers were prepared at the weight ratio 1:1 of NR: Encapsulated
paraffin 10:1

The PCM-rubber could be observed clearly through a thermal camera. When the
PCM-rubber piece transferred from room temperature (28 °C) onto a heated surface at
50-52 °C, the PCM-rubber piece maintained a temperature of lower than 40 ~C for 5 min,
compared to the control which reached 50 ~C within 9 min (Figure 3.19). Similarly, when
the warm PCM-rubber pieces (temperature of 46 C) were placed on the room
temperature surface (28 ~ C), the PCM-rubber piece could maintain the temperature of
over 30  C for more than 15 min, while the control rubber piece dropped to 29 ~C within

9 min (Figure 3.19).
3.11 Thermal stability test of the PCM microspheres in PCM-rubber piece

The thermal stability test of PCM microspheres in PCM-rubber piece was
analyzed by keeping the PCM-rubber piece (diameter of 5.2 cm and thickness of 0.315
cm) in oven at 80 and 100 °C for 20 min in order to check the stability of PCM

microspheres in PCM-rubber piece after curing.

The PCM-rubber prepared at 1:1 of NR: Encapsulated N-eicosane (4:1) could be
kept at 80 °C for 20 min without any evidence of N-eicosane leaking out of the rubber
piece, as evaluated by the absence of an oily liquid in the rubber piece but kept at 100 °C

for 20 min showed the liquid N-eicosane leaking out of the rubber piece.

The PCM-rubber at ratios 1:1 NR to Encapsulated N-eicosane (10:1) kept at 80
and 100°C for 20 min showed the leakage of liquid N-eicosane leaking from the rubber

piece.
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3.12 Tensile Measurement
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Figure 3.20 Tensile stress-strain curve of the PCM-rubber and the control rubber

The mechanical properties of PCM-rubber and the control rubber are shown in
figure 3.20. The modulus at 150% elongation (M;so) and tensile strength (Tg) indicated
clearly that the two PCM-rubbers possessed an increased tensile strength with the
compensation of reduced elongation property, compared to the control rubber. The stress-
strain curves of the two PCM-rubbers revealed similar modulus (stress values at a given
strain) up to the applied strain of 50 %, but thereafter at higher strain the two PCM-
rubbers showed higher stress value. The hardness of the two PCM-rubbers increased
when compared to the control rubber with the PCM-rubber at ratios 1:1 NR to
Encapsulated N-eicosane 4:1 showed higher hardness. This means that the encap- C20
microspheres can be used as filler to not only inherit thermo-regulation property to the

rubber but also to improve the mechanical strength of the rubber.



CHAPTER IV

CONCLUSION

We have demonstrated a successful fabrication of N-eicosane -loaded
microspheres through the simple novel liquid to solid encapsulation process, using EC
blend MC as the shell material, to give encap- N-eicosane microspheres with increased
heat storage capacity, comparing to the capacity of the pure N-eicosane,. The best weight
ratio between ethylcellulose and methylcellulose was 2:1for the formation of PCM
microcapsules. The obtained PCM microspheres contain only biocompatible materials

and show good thermo-regulation property.

The encap-C20/EC/MC microspheres with an increased heat storage capacity
compared to the capacity of the pure C20. The encap-C20 with the 20% (w/w) polymer
content gave 9.93% and 2.89% increase in the absolute enthalpy value during
crystallization and melting over that for the unencapsulated C20. The SEM and TEM
analysis showed core-shell microspherical architecture and dynamic light scattering
analysis gave the agreeable particle sizes of 7.7 £ 5.9 um, showed good thermal stability
after 200 thermal cycling repeating, the average latent heats of melting and freezing were

212.80 J/g and 207.13 J/g, respectively.

A 28.89% and 24.4% increase in the absolute enthalpy value during
crystallization and melting were observed for the encap-C20 with the 9% (w/w) polymer
content over that of the unencapsulated C20. The SEM and TEM analysis showed core-
shell microspherical architecture and dynamic light scattering analysis gave the agreeable
particle sizes of 6.8 £ 2.9 um. The encapsulated paraffin with the 9% (w/w) polymer
content showed good absolute enthalpy value but possess poor thermal stability, showed
the leakage of the liquid paraffin and could not disperse in water. The SEM and TEM
analysis showed the core-shell microspherical architecture, and dynamic light scattering

analysis gave agreeable particle sizes of 6.2 + 2.4 pm.
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The encapsulated N-eicosane and encapsulated paraffin microcapsules can be
used as filler to inherit improved thermo-regulation property of rubber. The thermo-
regulated capacity of the PCM rubber depended on PCM component. The C20
microspheres dispersed well in natural rubber latex and produced thermo-regulated

rubber with improved mechanical strength.
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1. Determination of degree of succinyl substitution
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Figure Al. "H NMR spectrum of N-succinylchitosanl (N-SCS1)
The degree of grafting could be determined using equation (1):
(M

Igraft x DD
nx g

DG =
Iorait = the intensity of grafted moiety
DD = the amount of deacetylation degree

n = number of protons of grafted moiety

I, = the intensity of hydrogen atom of chitosan’s glucosamine unit
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From the '"H NMR spectrum (Figure A1), using the integral ratio between 4H from ethyl
group of succinyl (2.42-2.50 ppm) and 1H from C2 of glucosamine unit (at 2.98 ppm)
with 85% deacetylation degree:

G_2.02 x 0.85
4x1

DG =0.43

The degree of succinyl substitution could be estimated as 0.43.
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Figure A2. '"H NMR spectrum of N-succinylchitosan2 (N-SCS2)

The degree of grafting could be determined using equation (1):

s L X DD M
nx Il
Lorat = the intensity of grafted moiety
DD = the amount of deacetylation degree
n = number of protons of grafted moiety

Is = the intensity of hydrogen atom of chitosan’s glucosamine unit
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From the '"H NMR spectrum (Figure A1), using the integral ratio between 4H from ethyl
group of succinyl (2.42-2.50 ppm) and 1H from C2 of glucosamine unit (at 2.98 ppm)
with 85% deacetylation degree:

G_1.13x0.85
4x1

DG =0.24

The degree of succinyl substitution could be estimated as 0.24.
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