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ABSTRACT

DEVELOPMENT OF LIGHT ABSORPTIVE POLYMERIC FORM
STABLE COMPOSITE PHASE CHANGE MATERIAL FOR
THERMAL STORAGE

Kee Shin Yiing

Thermal energy storage (TES) are utilized when there is a mismatch between
thermal energy supply and energy demand. Among all TES, phase change
material (PCM) is popular because it has a high thermal storage density with a
small temperature variation during phase change process. However, the practical
applications of PCM as TES face two major issues: volume change during phase
change process and lack of study on light absorption of PCM which can convert
light energy into thermal energy. Therefore, the development of a new light
absorptive polymeric form stable composite phase change material is proposed
to improve is thermal stability and light absorption ability over phase change
process. In this study, light absorptive polymeric form stable composite phase
change material was prepared using solution blending and dip coating method.
Myristic acid (MA) was used as PCM to store latent heat; Polymer coating was
used to contain the PCM; reduced graphene oxide (RGO) was incorporated into
the polymer coating as light absorption materials. This study was carried out in

three phases. First phase is to apply polyacrylic (PA) and silicone conformal



coatings on composite PCM (MA/PMMA) with different weight percentage of
MA to determine which coating is suitable to be used as polymer coating.
Leakage test result showed that PA coating performed better in preventing
leakage. However, adding PA coating and PMMA supporting material on PCM
reduced latent heat significantly as the latent heat for coated PCM (MA/PMMA)
in 60:40 wt% had low latent heat which was 91.42+7.22 J/g. Second phase is
continued by maximizing the latent heat of PCM by directly applying different
combination of PA and nitrile butadiene rubber (NBR) on MA pellet without
PMMA supporting material. NBR was used in this phase because it was elastic
to withstand the expansion during phase change process. The result showed that
PANBR/MA pellet with 1-layer NBR (inner layer) and 1-layer PA (outer layer)
was thermally stable and the melting latent heat was increased from 91.42+7.22
J/lg to 131.84+5.76 J/g. Third phase is to improve light absorption of
PANBR/MA pellet by adding RGO. RGO-PANBR/MA pellet with 1.5 wt%
RGO loading had the highest amount of stored heat energy which was 48.91%
higher than pellet without RGO. The average solar energy conversion of 1.5 wt%
RGO-PANBR/MA pellet was about 21%. The melting point and latent heat of
1.5 wt% RGO-PANBR/MA pellet were 54.79+0.07 °C and 119.91+6.67 J/qg,
respectively. All the above results showed that 1.5 wt% RGO-PANBR/MA

pellet has potential to be used as light absorption thermal energy storage.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

In the face of depleting energy resources and the need to curb greenhouse
gas emissions, solar energy has again raised to the forefront of renewable and
sustainable energy studies. Thermal energy storage (TES) has become an
important part of renewable energy technology systems because it is able to
absorb and store heat during high solar gain and release the stored heat energy
during low solar gain for heating and cooling applications (Sarbu and
Sebarchievici, 2016). Therefore, development of TES would reduce the fossil
fuel usage for generating heat and indirectly reduce the emission of harmful

greenhouse gases.

There are three main types of TES which is sensible heat, latent heat and
chemical heat storage (Tian and Zhao, 2013). Among all, latent heat storage
material, also known as phase change material (PCM) is one of the most popular
TES storage types because it has high storage density and able to store large

amount of heat at a nearly constant temperature (Agyenim et al., 2010).

PCMs are generally divided into organic PCMs, inorganic PCMs and
eutectic PCMs (Tyagi and Buddhi, 2007; Iten et al., 2016). In this study, the

organic PCM -myristic acid (MA) is used as TES because it has suitable phase



change temperature, high latent heat, good thermal properties and thermal
reliability (Sar1 et al., 2008a). However, fatty acid is acidic and it can cause the
corrosion of container. Therefore, many studies were carried out to develop form
stable composite fatty acids using three different methods: (i) adsorption; (ii)
polymer blending and (iii) encapsulation. There are many advantages of using
form stable composite fatty acid PCMs, including the enhancement of thermal

stability and the increase of specific heat transfer area (Yuan et al., 2014).

Recent researches also study on enhancement of light absorption of PCM
by adding light absorption materials. Light absorption materials serve as a
photon antenna to capture sunlight and convert light to heat energy due to its
strong absorbance and excellent light-thermal conversion capability (Wang et
al., 2012d). Therefore, PCM with light absorption material is able to convert

light to heat energy and thus improve the efficiency of TES system.

In this research, a new light absorptive polymeric form stable composite
phase change material (FSCPCM) is developed with improved thermal stability
and light absorption ability during phase change process. The concept of light
absorptive polymeric FSCPCM is shown in Figure 1.1. PCM is encapsulated by
light absorptive polymer coating to absorb sunlight and store heat energy in
latent heat form. It is expected to improve light harvesting and solar energy
conversion efficiency of the PCM. Besides, a new in-house design setup was
developed to quantitatively measure stored heat energy and solar energy

conversion efficiency at outdoor environment.
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1.2 Problem statement

Malaysia climate is very suitable for the application of TES system
because the average daily solar radiation is 4000 — 5000 Wh/m?, with the average
daily sunshine duration about 6 hours (Irwan et al., 2013; Markos and Sentian,
2016). However, the practical application of PCM as TES has two major issue
which is large volume change during phase change process and the lack of study

on light absorption of composite PCM which can convert light energy into heat

energy.



Solid-liquid PCMs undergo phase change from solid to liquid during
melting or vice versa. The large volume change and pressure build up during
melting and cooling are associated with the containment problem and hence
limits its practical application. Furthermore, PCMs such as fatty acid which is
weak acid will cause the corrosion of the container (Ferrer et al., 2015).
Therefore, FSCPCM is develop to maintain its shape and minimize the volume
change, although it is heated above its melting point (Sar1, 2004). Coating is one
of the methods to produce FSCPCM. Few studies showed that coating applied
on composite PCM with supporting material has improved thermal stability and
minimized the volume change during phase change process (Ramakrishnan et
al., 2015; Kheradmand et al., 2015; Kong et al., 2016). However, adding both
supporting material and coating reduced PCM mass percentage which contribute

to the latent heat. An efficient TES require high latent heat PCM.

Despite PCMs have the ability to improve the utilization of heat energy
efficiency, but majority of PCMs have low solar energy conversion ability which
limits its practical application (Yang et al., 2017). To address this problem, light
absorption material is added on PCM to improve the light harvesting
effectiveness of solar irradiation and solar energy conversion, storage and
utilization. Previous studies showed that light absorption materials such as dye
and nano materials with good optical absorption properties able to absorb light
efficiently and convert it to heat energy for storing (Tang et al., 2017b). The stored

energy will be released during phase change process.



Since the development of PCM with light absorption properties is a new
field of interest, this study focuses on exploring new materials which can absorb
wider range of wavelength to promote solar energy conversion and energy
storage. Thin sheet reduced graphene oxide (RGO) is chosen to be used because
it has never been used as light absorptive material in FSCPCM before. Carbon
and carbon-based material are worth to be explored because of their unique
optical, electrical, and mechanical properties (Dai et al., 2012; Chen et al., 2012).
Recent studies showed that graphene provide good optical properties as it
absorbs a 2.3% fraction of incident white light (Bablich et al., 2016). New in-
house design setup is introduced for measuring solar conversion efficiency to

heat energy by composite PCM with light absorption material.

1.3 Aims and Objectives

The aim of this research is to develop new light absorptive polymeric
FSCPCM with high thermal stability, latent heat and solar energy conversion

efficiency. Specific objectives are listed below:

I. To produce FSCPCM using new coating material.

I1. To enhance latent heat of FSCPCM by directly applying coating film

on PCM.



I1l. To characterize the light to heat conversion properties of RGO-

FSCPCM.

1.4 Research Methodology

This research aims to develop light absorptive polymeric FSCPCM for
TES using dip coating method. The research methodology for producing this

light absorptive polymeric FSCPCM is shown in Figure 1.2.



Literature Review

Y

Phase 1: Determine the suitable coating among Polyacrylic and silicone
conformal coatings to be applied on composite PCM (MA/PMMA) in
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Figure 1.2: Flow Chart of the Research Methodology




Step 1: Literature Review

All the topics related to the FSCPCM and light absorption materials were
reviewed. The relevant topics includes: categories of FSCPCM, preparation

methods, potential coatings and light absorption materials.

Step 2: Phase 1 - Determine the Suitable Coating among Polyacrylic and
Silicone Conformal Coatings to be Applied on Composite PCM

(MA/PMMA) in order to Prevent Leakage

Prepare and characterize two types of coatings - polyacrylic coating (PA)
and silicone conformal coating - on composite PCM (MA/PMMA) with different
weight percentage of MA to prevent leakage. The chemical property and thermal
stability of the composite PCM (MA/PMMA) with these two coatings are
accessed and compared. The results are used to determine which polymer

coating is the best in preventing leakage and continue to be used in phase 2.

Step 3: Phase 2 - Develop the Best Polymer Coating Combination that can
be Applied Directly on MA Pellet without PMMA Supporting Material to

Maximize Latent Heat

The polymer coating identified in phase 1 which has better performance

in preventing leakage is then combined with nitrile butadiene rubber (NBR) in



different layer combinations to enhance its elasticity properties. Different
polymer coating layer combinations are directly applied on MA pellet without
PMMA supporting material to maximize the latent heat of PCM. The chemical
properties and thermal stability of the MA pellet with different coating layer
combinations are accessed. The best polymer coating layer combination which
can prevent leakage is continue to be used in phase 3 to produce RGO-FSCPCM

without leakage.

Step 4: Phase 3 - Synthesis RGO and Develop the RGO-FSCPCM to

Improve Light Absorption

RGO is synthesised according to the established method. After that, the
RGO was blended with outer layer of polymer coating in different loading to
determine the optimum loading for light absorption. The light absorption
property and reliability RGO-FSCPCM are evaluated. Besides, solar energy
conversion efficiency and total amount of stored heat for RGO-FSCPCMs are

determined in this phase as well.

Step 5: Final Product (Light Absorptive Polymeric FSCPCM)

Lastly, the light absorptive polymeric FSCPCM (RGO-FSCPCM), as
shown in Figure 1.3, which is able to absorb sunlight and thermally stable during

the phase change process is developed. The light absorptive polymeric FSCPCM



consists of two main parts: PCM as the core and polymeric coating as the shell.
The PCM is used to store heat energy as latent heat while the polymeric coating
is used to contain the PCM and prevent leakage of the PCM material after the
phase change process. Besides, RGO is also blended into the outer layer of
polymeric coating to absorb solar energy and convert the solar energy into heat

energy.

Reduced graphene oxide in polymeric
coating

absorb solar energy and convert into
heat energy

‘ Phase change material
|_— stores heat energy as

/ latent heat

Polymeric coating
prevent leakage of PCM
material after phase change

Figure 1.3: Schematic of Light absorptive polymeric FSCPCM

1.5 Outline of Thesis

The structure of the thesis is outlined in the following manner:

Chapter 2 is a comprehensive literature review on the topic. The reviews of
several subjects related to the topic are included in the chapter, including the

types of TES, criteria of PCMs as good TES and classification of PCMs. Besides,
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review of recent development of composite PCM as TES to improve thermal
stability and light absorption are also included. The examples, thermal
performance, preparation method and significant finding in the recent
development of composite PCM are summarized. Furthermore, the polymeric
coating materials and light absorption materials used in this study are reviewed

as well.

In chapter 3, the main experimental materials and techniques used in this study,
including the synthesis of RGO and the development of light absorptive
polymeric FSCPCM are presented. The instruments used for characterization
tests such as chemical properties, mechanical properties, morphology analyses,
thermal stability and reliability analyses are also listed down in this chapter.

Experimental setup for solar energy conversion system is presented as well.

In Chapter 4, result and discussion for phase 1 of the research study are presented.
PA and silicone conformal coating are applied on composite PCM (MA/PMMA)
to prevent leakage. This chapter also contains characterization and performance
analysis tests of the composite PCM with coating, such as leakage analysis,
tensile test, Fourier-transform infrared spectroscopy (FTIR), field emission
scanning electron microscopy (FESEM), differential scanning calorimetry (DSC)
and thermal cycling test. The coating material suitable for the next phase is

identified from the results.
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Chapter 5 comprises the result and discussion for phase 2 of research study. MA
pellet is dip coated with different polymer coating combination to determine the
best polymer coating combination for MA pellet without PMMA supporting
material to maximize latent heat. This chapter also contains the characterization
and performance analysis tests of MA pellet with coating such as leakage
analysis, tensile test, FTIR, FESEM, DSC and thermal cycling test. Lastly, the
polymer coating combination that provide the best thermal stability for MA
pellet is identified from the results. The product in this phase is known as
FSCPCM because it is thermally stable and leakage free during its phase change

process.

In Chapter 6, the result and discussion for phase 3 of the research study are
presented. RGO is introduced into FSCPCM to improve the light absorption.
This chapter contains characterization analysis of RGO such as FTIR, X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, X-Ray Diffractometer
(XRD), FESEM, transmission electron microscope (TEM) and UV-Visible
absorption analysis. Dispersion of RGO in PA also studied using XRD, FESEM
and atomic force microscope (AFM). Besides, characterization and performance
analysis of dip coated MA pellet with RGO such as solar energy conversion
efficiency, DSC, FTIR, thermal cycling test and weathering test results are
performed and discussed as well. The optimum RGO loading that results in the
highest solar energy conversion efficiency was identified from the results. The

product in this phase is known as light absorptive polymeric FSCPCM because

12



it is thermally stable, able to absorb sunlight and leakage free during phase

change process.

Chapter 7 is the conclusion of the research study where all the results and
discussions of the research as well as the potential future work that can be done

are summarized and presented.
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CHAPTER 2

LITERATURE REVIEW

In this chapter, literature reviews on several topics related to the title of
this research are presented. Types of TES and criteria of PCMs as good TES are
described in the first section, followed by the classification of PCMs. Recent
development of composite PCM as TES to improve thermal stability and light
absorption are introduced next. Polymer coatings such as conformal coating, PA
coating and NBR used in this study is reviewed. Besides, properties and
preparation of RGO used as light absorption material are discussed. Lastly,

summary of the literature review is made.

2.1 Thermal Energy Storage (TES)

Environmental issue, energy shortage, high cost of energy and new power
plant are among the major issues faced by human beings nowadays (Agyenim et
al., 2010). Therefore, TES is developed to store excess heat energy and bridge
the gap between energy generation and consumption (Sarbu and Sebarchievici,
2018). TES is a technology that allow the heat transfer and storage by heating or
cooling a storage medium so that the stored heat energy can be used at a later
time for heating and cooling applications such as in heat pump (Maaraoui et al.,
2012), solar water heater (Mahfuz et al., 2014), and thermo-regulating textile

composite (Siddiqui and Sun, 2015). Hence, it can reduce the fossil fuel usage
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for generating heat and indirectly reduce emission of harmful greenhouse gases

to environment.

There are three main types of TES which are sensible heat, latent heat and
chemical heat storage (Tian and Zhao, 2013). Sensible heat storage media store
heat based on the temperature change in the material. Examples of sensible heat
storage media are water, soil and stone. Whereas latent heat storage media store
heat through phase change process of the material at a certain temperature of
phase change. Therefore, latent heat storage material is also known as phase
change materials (PCMs). Examples of PCMs are paraffin and fatty acid.
Chemical heat storage media store heat energy through sorption or thermo-
chemical reactions of material. Examples of chemical heat storage media are

solid silica gel and metal hydrides (Hastings and Wall, 2007).

Among all, PCM is one of the most popular TES storage types because it
has high storage density and able to store large amounts of heat with only a small
temperature change. Hence, a relatively smaller volume of the PCM is sufficient
to store the required amount of heat energy. Besides, it has near isothermal
behaviour during the charging and discharging processes (Sharma et al., 2004).
An ideal PCMs used as TES should meet a number of criteria related to the
desirable thermal, physical, kinetic and chemical properties as summarized in

Table 2.1 (Sharma et al., 2009; Pielichowska and Pielichowski, 2014).
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Table 2.1: Criteria of Ideal PCM as TES Material

No Properties Criteria

1 Thermal e Suitable phase change temperature.

e High latent heat so that high storage density can be
achieved.

e Good thermal conductivity to assist in the charging
and discharging of the stored energy.

2 Physical e Small volume change during phase change.
e Low vapor pressure at operating temperatures.

e Congruent melting of the PCM for a constant
storage capacity of the material with each
freezing/melting cycle.

3 Kinetic e Little supercooling to assure that melting and
solidification can proceed in a narrow temperature
range.

e High crystallization growth rate to meet demands
of heat recovery from the storage system.

4 Chemical e Long-term chemical stability.

e No degradation after a large number of thermal
cycling.

e Chemical compatibility with materials of
construction.

e Non- toxic, non-corrosive, non-flammable and
non-explosive for safety.

5  Economics e Low cost.
e Good recyclability and long lifetime.
e Abundant and large-scale availability in market.
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2.2 Phase Change Material

Latent heat storage (LHS) media or known as PCM absorbs or releases
heat with the changes of physical state during phase change process. In general,
there are four categories of PCMs: solid-solid, solid-liquid, solid-gas and liquid-
gas PCMs (Ge et al., 2013). However, only solid-liquid PCMs are commonly
used as TES in a wide range of applications because the other three types of

PCMs have following limitations:

a) Solid-solid PCMs have small latent heat (Tatsidjodoung et al., 2013).
b) Solid-gas and liquid-gas PCMs have the large volume variations or high

pressure with the presence of gas phase (Céardenas and Leo6n, 2013).

For solid-liquid PCMs, LHS is achieved by solid to liquid phase change.
During daytime, temperature of PCM rises as it absorbs heat. When the PCM
reaches melting point, it absorbs a large amount of heat at an almost constant
temperature. The PCM continues to absorb and store heat without significant
rise in temperature until all the material has changed from solid to liquid (Cui et
al., 2014). During the night or when heat is withdrawn from the system, the
surrounding temperature of the liquid PCM falls. The PCM solidifies and
releases the stored latent heat to the surrounding environment (Souayfane et al.,

2016).
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Solid-liquid PCMs are generally divided into organic PCMs, inorganic

PCMs and eutectic PCMs (Tyagi and Buddhi, 2007; Kenisarin and Mahkamov,

2007; Sharma et al., 2015). Classification of the solid-liquid PCMs is illustrated

in Figure 2.1 (Kee et al., 2018). They are available in different phase change

temperature ranges. A comparison of these three categories of PCMs is shown

in Table 2.2 (Zhou et al., 2012; Cabeza et al., 2011).

Solid-liquid phase change material

Eutectic

Organic Inorganic
I
| |
Hydrated salt Metal/alloy
| I ||
Paraffin Non-paraffin
Fatty acid Polyethylene glycol —

Organic-organic

Organic-inorganic

Inorganic-inorganic

Figure 2.1: Classification of Solid-liquid PCMs (Kee et al., 2018)
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Table 2.2: Comparison of Different Categories of PCMs (Zhou et al., 2012;

Cabezaet al., 2011)

Classification Examples Advantages Disadvantages
Organic Paraffin, fatty e Low supercooling e Low thermal
PCMs acid, ester and « Chemicallv and conductivity
polyethylene i I yt bl (around
glycol ermaly stable 0.2W/mK)
¢ Available in a large i
e Relatively
temperature range large volume
Sfrom 20°Cupto 70 change
C)
: e Flammable
¢ High latent heat
e Good compatibility
with other materials
Inorganic Hydrated salt, e High latent heat e Supercooling
PCMs mgtl;?;] :r?(ljtséu oys ° High thermal e Latent heat
conductivity (around  decreased
0.5 W/mK) over repeated
thermal
¢ Low volume change .
cycling.
e Cheap
Eutectics Organic-organic, eSharp melting e Lack of
organic-inorganic
X . temperature currently
and inorganic- .
. . . . available data
inorganic eHigh volumetric
of thermo-
thermal storage .
densi physical
ensity )
properties

From Table 2.2, it is clearly seen that each particular group of PCM has its
advantages and disadvantages. The organic PCMs are widely used as TES

because they have suitable phase change temperature and high latent heat. There
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are two main groups of organic PCMs: paraffin and non-paraffin. Paraffin wax
or n-alkane is a family of long chain saturated hydrocarbons with the molecular
formula CnH2n+2. The melting temperatures of paraffin waxes are in the range
from 23 °C to 67 °C due to the variation in hydrocarbon chain length (Akgtin et
al., 2007). Paraffin waxes are non-poisonous, chemically stable and exhibit small
volume change during phase change process (He et al., 2004). However, they

have low thermal conductivity and moderately flammable (Su et al., 2015).

On the other hand, non-paraffin organic PCM consists of fatty acid,
polyethylene glycol (PEG), alcohols and glycols. Among them, fatty acid and
PEG are the two main large group of candidate materials used for TES. Fatty
acid is weak acid with the chemical formula CH3(CH.)2:COOH. The phase
change temperature and latent heat of saturated fatty acids increases with the
increase of the carbon chain length (Yuan et al., 2014). The long carbon chain
tails of fatty acid cause it to exhibit the same characteristics as paraffin. However,
fatty acids generally have higher latent heat than paraffin. Another one main sub
groups of non-paraffin organic PCM is PEG. PEGs also known as macrogols,
are liquid or solid polymers with the general formula of H(OCH2CH2)n-OH.
PEG is a good TES material because of its relatively large latent heat, congruent
melting behaviour and non-corrosiveness (Alkan et al., 2012). However, PEG
undergoes degradation after certain period of exposure to sunlight. Thermal
degradation of PEG produces low molecular weight products, which causes a

lowering of the melting point and the latent heat (Han et al., 1997).
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Among all organic solid-liquid PCMs, fatty acid is chosen to be used as
TES in this study because it has suitable phase change temperature for particular
application in the tropical country likes Malaysia. Moreover, they also show
reproducible melting and freezing behavior and freeze with no supercooling
(Baetens et al., 2010). For example, stearic acid was reported to have stable
properties after 1500 cycles (Sharma et al., 2002). However, fatty acids are

mildly corrosive because they are weak acid.

A few fatty acids that are commonly used as PCMs are shown in Table 2.3
(Sharma et al., 2004). MA which has high latent heat was used as PCM in this
study. This is because thermal storage capacity of the PCM is dependent on
latent heat. Latent heat is the amount of thermal energy that a material absorbs
or releases when it changes from solid to liquid or vice versa. The higher latent
heat of PCMs lead to more efficient system in heating or cooling application

(Koschenz and Lehmann, 2004; Socaciu et al., 2014).

Table 2.3: Melting Point, Thermal Conductivity and Latent Heat: Fatty

Acids (Sharma et al., 2004)

Name Meting Point ~ Thermal conductivity Latent heat
(°C) (W/mK) (kJrkg)
Capric Acid 32 0.1533%:5C 152.7
Erucic Acid 33 na. na.”
Lauric Acid ~ 42-44 na.” 178
Elaidic Acid 47 na.” 218
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Pelargoinc 48 n.a. n.a.
Acid

Myristic Acid 49 - 51 n.a. 205
Palmitic Acid 64 0.162684¢ 185.4
Stearic Acid 69 0.1727%¢ 202.5
Valporic Acid 120 na.” na.”

n.a* Not available

2.3 Composite PCM as TES

In early years, researchers studied and discovered different types of PCM
materials which are suitable to be used as TES. They characterized PCMs in the
aspects of melting point, latent heat, thermal conductivity and other properties.
However, none of each particular group of PCM is able to meet up all the
requirements as an ideal TES material. Therefore, current research work is
focused on the development of new composite PCMs and modification of

existing PCM to overcome the limitations.

The issue of volume change of PCM during phase change process limit its
future development as TES. To address these issues, current research work is
focused on the development of new composite PCMs with improve thermal
stability. Thermal stability of PCM can be improved by incorporating PCM into
different supporting materials to produce form stable composite PCM which
have small volume change and low vapor pressure during phase change process

(Wang et al., 2011b). In addition, research on enhancement of light absorption
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of PCM by adding photothermal energy conversion materials are gaining
attention because they are able to convert light to heat energy and thus improve
the efficiency of the TES system (Wang et al., 2014). The next section gives
some examples of solid-liquid organic composite materials developed to

improve different properties of PCM.

2.4 Recent Development of Composite PCM to Improve Thermal
Stability

There are three common methods to produce form stable composite PCM
(FSCPCM): (i) adsorption by layered and porous structure, (ii) blending with
polymer matrix and (iii) encapsulation. FSCPCM is the composite PCM which
can maintain its shape, although it is heated above its melting point (Yuan et al.,
2014). During melting process, FSCPCM contain PCM in liquid phase to
prevent it to interact with surroundings as PCM materials such as fatty acid is
weak acid and corrosive. Moreover, FSCPCM also increase compatibility of
PCM with other materials in the storage system and provide a suitable surface
for heat transfer (Fang et al., 2010a). It also minimizes volume change during
the phase transition (Kenisarin and Kenisarina, 2012)

In many researches works, thermal cycling test had been carried out as a
benchmark to determine thermal and chemical reliability of FSCPCM with
respect to the repeated melting and freezing cycles. FSCPCM is considered as
thermally reliable if it has very little changes of phase change temperature and
latent heat after repeated thermal cycling test. Whereas FSCPCM is durable if

its chemical structure is not affected by repeated thermal cycling. The durability
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could be confirmed if the shape and frequency value of all peaks in Fourier-
transform infrared spectroscopy (FTIR) spectra are consistent before and after

repeated thermal cycling test for the PCM (Mehrali et al., 2013).

2.4.1 Adsorption by layered and porous structure

FSCPCM can be prepared by adsorption PCM in the interlayer and pore
structure of layered and porous matrix (Zhang et al., 2006; Sar1 et al., 2009). The
PCM is physically adsorbed into the matrix because both layered and porous
materials have high surface area and large adsorption capacity (Li et al., 2011;
Song et al., 2014a). During the melting process, the PCM is confined in the
layered and porous structure and the movement of the PCM is restricted. The
following Table 2.4 gives examples of FSCPCMs prepared by adsorption
method and some of their thermal properties. For each reported work, the
FSCPCM with optimum thermal stability had been taken into consideration and

its thermal properties were compared with pure PCM.

Generally, the latent heat for FSCPCM prepared by adsorption method is
lower than pure PCM. Therefore, layered and porous structure with high
adsorption capability should be chosen to maximize adsorption ratio of PCM and

hence producing FSCPCM with high latent heat.
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Table 2.4: Examples of FSCPCM prepared by adsorption into layered and porous structure and some of their thermal properties

Halloysite nanotube

25

Nanotubes possess hollow nanotubular structure and
large specific surface area.

No Materials and method PCM FSCPCM Maximum  Findings Ref.
Melting Melting adts_orptlon
Point (°C),  Point (°C),  &H°
Latent Heat  Latent Heat
(J/9) (J/9)
1  PCM: Lauric acid 44.15, 44.10, 60 wt% Thermally and chemically reliable: After 1000 thermal  (Sar1 et
Porous material: 158.73 93.40 cycling tests, the reduction of latent heat is 1.2% and no  al., 2009)
Expanded Perlit.e ' ' much changes of shape and frequency value of all FTIR
peaks.

:\riegreogdr{a\tﬁﬁurl:]?th od FESEM image of lauric acid/expanded perlite are very
similar after thermal cycling, indicating no degradation
in the structure.

2  PCM: Capric acid 29.62, 29.34, 60 wt% Maintain its original shape perfectly without leakage (Mei et
Porous material: 139.77 7552 after 50 thermal cycling. al., 2011)



Method: Adsorption
by capillary and
surface tension force

PCM: Capric-
palmitic acid

Porous material:
Attapulgite

Method: Vacuum

PCM: PEG

Porous material:
diatomite

Method: Vacuum
impregnation method

PCM: PEG

Porous material:
activated carbon

21.80,
138.20

33.32,
143.16

N/A,
N/A

21.70,
48.20

27.70,
87.09

45-65,
81-86

35 wt%

50 wt%

70 %
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Thermally stable because attapulgite has large surface
area for adsorption of capric-palmitic acid.

Thermally reliable: After 1000 thermal cycling test, the
reduction of latent heat of melting is 1.1%.

PEG was impregnated and confined into the pores of
diatomite because diatomite has high porosity and
absorptive.

Thermal stability is assessed by TGA and no
decomposition was found below 250 °C. It is thermally
stable because activated carbon has extensive pore

(Lietal.,
2011)

(Karaman
etal.,
2011)

(Feng et
al., 2011)



Method: Direct
blending and
impregnating

PCM: PEG N/A,

Porous material: N/A
Expanded graphite

Method: Direct
blending and
impregnating

PCM: Composite 29.94,
paraffin 145.90

Porous material:
Calcined diatomite

Method: Fusion
adsorption method

60-65,
150-160

33.04,

89.5

90 wt%

61%
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structures with high specific surface area and absorption
capacity for PEG.

Expanded graphite with macroporous structures can
effectively stabilize the melted PEG through both the
capillary force of the pores and the hydrogen bonding
resulting from the surface functional groups.

Thermally reliable: After 200 thermal cycling tests, the
reduction in latent heat is less than 5%.

Composite paraffin was impregnated and confined into
the pores of calcine diatomite because diatomite has
high porosity, high permeability and large specific
surface area.

(Wang et
al., 2012a)

(Sunetal.,
2013)



PCM: Stearic acid 74.00, 33.00, 50% Stearic acid was confined well in the interlayer space of (Lietal,

Layered material: 140.90 55.70 GO because strong interface interactions between 2013)
Graphene oxide (.GO) ' ' stearic acid and GO was formed via their functional
groups.

Method: Mixing and
vacuum drying

PCM: Capric-auric-  16.80, 17.20, 80 wt% FESEM image indicated that fatty acid was effectively ~ (Meng et
palmitic acid 140.50 101.60 adsorbed into the porous structure of the carbon al., 2013)

Porous structure: nanotubes as the pore volume is reduced significantly.

Carbon nanotube
Method: Infiltration

method

PCM: Paraffin 53.46, 53.57, 48.3 W% Therm_ally reliable: Afte_r 2500 thermal cycling tests, the (Mehrali
reduction of latent heat is only 1.73%. et al

Layered structure: 131.92 63.76 20 13'

GO sheet )

Method: Vacuum
impregnation method
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12

13

PCM: Lauric acid

Porous material:
Diatomite

Method: Direct
impregnation

PCM: PEG

Porous material:
mesoporous-calcium-
silicate

Method: Facile
blending and
impregnation method

PCM: Paraffin

Porous material:
kaolin

44.40,
141.90

58.95,
183.10

28.27,
150.90

40.90,
57.20

57.03,
122.10

23.88,
27.88

60 wt%

70%

18%
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The decomposition temperature of lauric acid in lauric
acid /diatomite composite occurs from 157 to 203 °C,
higher than that of pure lauric acid, indicating that the
thermal stability of lauric acid increases after the lauric
acid is impregnated into the porous diatomite.

Thermally reliable: After 200 thermal cycling tests, no
leakage of PEG was found.

PEG was confined into the mesopores of calcium
silicate because it has excellent thermal stability and
high storage capacity.

Thermally stable: TGA results showed that no sign of
degradation below 150 °C.

(Fuetal.,
2015)

(Qian et
al., 2015)

(Memon
etal.,
2015)
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Method: Vacuum
impregnation

PCM: Capric-
palmitic-stearic acid

Porous material:
Nano-SiO;

Method:
Impregnation

PCM: Palmitic-
stearic acid

Layered structure:
Bentonite +expanded
graphite

Method:
Impregnation

18.45,
139.30

56.85,
89.47

17.16,
99.43

56.85,
89.12

75 wt%

60%

Thermally reliable: After 500 thermal cycling tests, the
reduction of latent heat is 5.17%.

Low thermal conductivity and ultra-light weight

Thermally reliable: After 50 thermal cycling tests, the
reduction of latent heat is 14.6 %.

(Luo et
al., 2017)

(Huang et
al., 2017)
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2.4.2 Blending with polymer matrix

FSCPCM can be prepared by blending of PCM with polymer matrix. For
blending method, polymer matrix holds the PCM into a polymer network and
restricts its movement during melting process (Sar1 et al., 2009). Polymers such
as poly(vinyl chloride), poly(vinyl alcohol), poly(methyl methacrylate)
(PMMA), styrene maleic anhydride copolymer (SMA) and poly(ethylene oxide)
(PEO) have been used to blend with PCM to produce form-stable composite
PCM (Sari et al., 2006; Sari and Kaygusuz, 2006; Sari and Kaygusuz, 2007;
Alkan and Sari, 2008; Sari et al., 2008b; Piclichowska et al., 2008). Previous
research showed that these form-stable composite PCMs can keep their shape
stabilized even when the PCM state changes from solid to liquid over their phase
change process. The following Table 2.5 gives examples of FSCPCMs and some
of their thermal properties. For each reported work, the FSCPCM with optimum
thermal stability had been taken into consideration and its thermal properties
were compared with pure PCM. Generally, blending of polymeric matrix
reduced the PCM mass percentage which contributes to latent heat. Therefore,

latent heat for composite PCM is generally lower than pure PCM.
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Table 2.5: Examples of FSCPCM prepared by blending with polymer matrix and some of their thermal properties

No Materials and PCM FSCPCM Max Findings Ref.

method Melting Melting ent(_:apsulatlon
Point (°C),  Point (°C),  '°
Latent Heat  Latent Heat
(J/g) (J/9)

1  PCM: Stearicacid 66.87, 67.31, 80 wt% PMMA was compatible with the fatty acid. (Alkan and
Polymeric matrix: ~ 242.15 187.72 Composite PCM do not leak upon leakage test. Sari, 2008)
PMMA
Method: Blending
and solution
casting

2 PCM: Stearic acid  66.87, 67.35, 85 wt% Composite PCM also do not leak over melting point  (Sar1 et al.,
Polymeric matrix: ~ 242.15 202.23 of stearic acid. FTIR analysis also showed that the 2008b)
styrene maleic ' ' ' interaction between ether oxygen of the styrene
anhydride maleic and hydroxyl group of stearic acid, resulting
copolymer good compatibility of both components.
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Method: Blending
and solution
casting

PCM: Stearic acid 66.82,

Polymeric matrix:  258.98
Acylic resin
(Eudragit E)

Method: Blending
and solution
casting

PCM: Soft 58.40,
Fischer-Tropsch 172.20
paraffin wax

Polymeric matrix:
High-density
polyethylene
(HDPE)

Method: Blending
and melt pressed

65.41,
185.64

57.10 &
124.10,

148.4

70 wit%

50%
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Composite PCM also do not leak over melting point
of stearic acid.

Analysis showed that paraffin waxes were distribute
evenly in the polymer matrices and no leakage was
observed.

(Kaygusuz
etal.,
2008)

(Molefi et
al., 2010)



PCM: PEG

Polymeric matrix:
Epoxy resin

Method: Casting
molding method

PCM: PEG

Polymeric matrix:
Chitosan

Method: Blending
and solution
casting

55.3,
186.7

53.23,
208.57

54.2,
132.4

57.18,
152.16

75 %

80 wt%

FESEM cross section photograph showed that PEG
was well dispersed into epoxy network. Epoxy
network restrict movement of PEG upon melting.

Microscope analysis showed that composite PCM do
not leak upon melting because single-phase
morphology was observed. The leakage of PEG will
cause phase separation.

FTIR result also confirmed that the interaction
between PEG and chitosan is hydrogen bonding and
hence PEG was hosted in PEG matrix.

(Fang et
al., 2010b)

(Sentiirk et
al., 2011)
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2.4.3 Encapsulation

FSCPCM can be prepared by encapsulation method. Encapsulation is the
process of coating individual particles or droplets with a film to produce capsule
(Khadiran et al., 2015). Figure 2.2 shows the image of encapsulated FSCPCM
which consisted of two main parts: PCM as core while polymer or inorganic
material as shell. Shell layer serves as wall to contain PCM and keeps the melted
PCM in solid state. Encapsulated FSCPCM can be achieved via two methods

which are chemical and physical method.

Shell

Core

Figure 2.2: Structure of Core-Shell of Encapsulated PCM
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2.4.3.1 Chemical methods

Chemical method is widely used to produce micro or nano-encapsulation
of FSCPCM. In chemical method, the microcapsule wall is chemically formed
through polymerization of monomer around microcapsule core. Examples of
chemical formation are polymerization such as in situ polymerization, emulsion
polymerization and suspension polymerization (Su et al., 2015). Similar to other
FSCPCM, incorporation of polymeric or inorganic matrix reduced the PCM
mass percentage which contributes to latent heat. Therefore, latent heat for
encapsulated FSCPCM is generally lower than pure PCM. To overcome this
problem, high encapsulation efficiency of polymeric or inorganic matrix should
be achieved to maximize PCM mass percentage and hence producing composite
PCM with high latent heat. Table 2.6 gives examples of FSCPCMs and some of
their thermal properties. For each reported work, the FSCPCM with optimum
thermal stability had been taken into consideration and its thermal properties

were compared with pure PCM.
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Table 2.6: Examples of FSCPCM prepared by encapsulation and some of their thermal properties

No Materials and PCM FSCPCM Max Findings Ref.

method Melting Melting entgapsulatlon
Point (°C),  Point (°C), a0
Latent Heat Latent Heat
(J/g) (J/9)

1 PCM: Lauric- 35.18, N/A, 70 wt% FESEM images showed that fatty acid eutectic was (Wang and
myristic acid 162.27 113.2 enwrapped by PMMA so that there was no leakage Meng,
Polymeric matrix: ' ' of melted fatty acid out of the composite during 2010a)
PMMA ' phase change process.

Method: self-
polymerization

2 PCM: Stearic acid 59.90, 60.40, 51.8 wt% Thermally and chemically reliable after 500 thermal ~ (Wang et
Polymeric matrix: 177.80 92.10 cycling al., 2011a)
PMMA
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Method: Dispersion
polymerization

PCM: Paraffin wax

Polymeric matrix:
Polyaniline

Method:
Microencapsulation
using in situ
polymerization

PCM: n-eicosane

Polymeric matrix:
Polyurethane

Method: Bulk
polymerization

PCM: Caprylic acid

Polymeric matrix:
Urea-formaldehyde
resin

53-57,
131.92

38.28,
251.70

19.31,
158.44

53.8, 20%
65.1

37.99/57.43 25%

141.20

13.90, 59 wt%
93.90
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Thermally reliable: After 1000 thermal cycling, no
cracks were observed on the surface of the
polyaniline coating and the reduction of latent heat is
7%.

TGA indicated that the composite PCM degraded at
high temperatures.

FESEM images showed that microcapsules have
spherical structure and well encapsulated.

(Silakhori
etal.,
2013)

(Chen et
al., 2014)

(Konuklu
etal.,
2014)



Method:
Microencapsulation
(coacervation)

PCM: Capric-stearic
acid

Polymeric matrix:
Silica

Method: emulsion
polymerization

PCM: Capric-stearic
acid

Polymeric matrix:
PMMA

Method: emulsion
polymerization

24.1,
161.35

26.04,
176.68

21.4,
91.48

20.20,
116.25

56.7 %

65.8%

Thermally reliable: After 1100 thermal cycling, the
reduction of latent heat is 2.6%.

Morphological results showed that the encapsulate
PCM had spherical structure.

Thermogravimetric analysis (TGA) showed that
encapsulate PCM had good thermal durable up to 80
°C.

Thermally and chemically reliable after 5000 thermal
cycling

(Song et
al., 2014b)

(Sar1 et al.,
2015)
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2.4.3.2 Physical methods

FSCPCM can be prepared by physical method where microcapsule wall is
mechanically applied or condensed around microcapsule core (Jamekhorshid et
al., 2014). For physical method, a thin film is formed to cover the surface of
PCM. Hence, the film acts as a shell to hold PCM during phase change process
(Xu et al.,, 2015). Examples of physical method are spray drying, solvent
evaporation and coating (Jamekhorshid et al., 2014). The following Table 2.7
gives examples of FSCPCMs and some of their thermal properties. However,
only paraffin wax was reviewed in this subsection as no study report on fatty
acid and PEG yet. For each reported work, the FSCPCM with optimum thermal
stability had been taken into consideration and its thermal properties were

compared with pure PCM.
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Table 2.7: Examples of FSCPCM prepared by coating method and some of their thermal properties

No Materials and method PCM FSCPCM Max Findings Ref.
Melting Point  Melting Point entc_:apsulatlon
) °C), ratio
Latent Heat  Latent Heat
(J/9) (J/9)
1  PCM: n-octadecane (C18) 33.00, 28.70, 80% The encapsulated FSCPCM (Feietal.,
Coating material: Titania  233.00 97.00 had diameter of 0.1-0.5 pm 2008)
and two structures of dense or
Method: Aerosol hollow spheres.
2  Composite PCM: Praffin  29.41, 28.40, 49.32 wt% Thermally reliable: After 3000 (Borreguero et
wax (Rubitherm RT27) 199.00 98.14 thermal cycling, no fracture al., 2011)

Coating material: Low
density polyethylene-
ethylvinylacetate
copolymer (LDPE-EVA)
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was observed on surface of
encapsulated FSCPCM under
FESEM.



Method: Spray drying
Composite PCM: Paraffin
(PX25) + cement paste

Coating: hydrophobic
fumed silica

Method: mix and dry

Composite PCM: Paraffin
+ silicone coated perlite

Coating material: silicone
Method: coating

Composite PCM: Paraffin
(R5) + expanded
vermiculite

Coating material: Makote
3 (a waterproofing
bituminous emulsion from
MC-Bauchemie)

24.13, 22.71,
78.11 13.44
24.50, 22.10,
133.30 60.90

1.00-6.00, N/A
180.00

N/A

N/A

N/A
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Leakage was eliminated when
hydrophobic fumed silica was
used in a 2.3% mass fraction
relative to paraffin.

Thermally reliable after 100
thermal cycling.

Coating can minimize the
leaking as only 0.5% leakage
was found after thermal
cycling

(Lietal., 2014)

(Ramakrishnan
etal., 2015)

(Kheradmand
etal., 2015)



Method: soak and dry

PCM: Paraffin + 25.80, 21.60, N/A Thermally reliable: After 1000 (Kongetal.,
expanded perlite thermal cycling tests, the 2016)
107.60 56.30 reduction of latent heat is 0.9

Coating material:
Colloidal silica and
organic acrylate

%

Method: immerse and dry
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2.4.4 Form stable material

Among all preparation methods, coating method was chosen in this study
to produce FSCPCM with improved thermal stability. This is because coating
method is applicable to PCM in different shapes, either spherical, pellet or
cylindrical. It also involves less complicated process (Fei et al., 2008; Xu et al.,
2015). Moreover, there is no study on preparation of form stable composite fatty

acid using coating method yet.

Three types of coatings were used in this study which is silicone conformal
coating, PA coating and NBR. Silicone conformal coating (Dow corning 1-2620)
is a commercial product from Dow Corning, United States. It is transparent low
viscosity coating solution. It forms a firm, abrasion resistance surface after cure
(Dow Corning, 2018). Besides, it also exhibits good barrier properties to
moisture. Silicon conformal coating is used in electronic components such as
printed circuit boards to minimize the degradation in electrical performance due

to contamination (Montemayor and Midland, 2012).

PA coating is a terpolymer synthesized by Dr. Chee Swee Yong and her
research team. This coating solution is the combination of methyl methacrylate
(MMA) and butyl acrylate (BA) with acrylic acid (AA) as the tertiary co-
monomer. MMA is the major segment of the copolymer as it has high

mechanical strength, UV retention and transparency upon film processing
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(Imperiyka et al., 2013). Rubbery BA (at room temperature) is copolymerized in
a random arrangement with PMMA to improve chain flexibility. Short AA
segment present within the P(MMA-co-BA) chain may show a good wetting
property. Hence, PA coating may bond well to the surface of substance during
coating. PA coating was used as polymeric solid state electrolytes for dye

sensitized solar cell (Shanti et al., 2016).

Nitrile butadiene rubber (Synthomer X6311) is also commercial elastomer
product from Synthomer, United Kingdom. It is an aqueous, colloidal dispersion
of carboxylated butadiene-acrylonitrile copolymer with a medium acrylonitrile
level. The dispersion contains an emulsifier system and is stabilized with an
antioxidant (Synthomer, 2018). NBR is lightweight, resistance to corrosion and
also having high tensile strength (Singh et al., 2012). It is widely used in paint,

flexible multilayered coatings and rubber textile applications.

Literature review showed that these three coatings solution have never
been used on PCM before. Besides, they also have common properties such as
high tensile strength and able to dried off at room temperature to make them

suitable to be used as new coating material on PCM.
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2.5 Recent development of composite PCM to improve light absorption

Solar energy is one type of popular renewable energy in Malaysia because
Malaysia receive a large amount of sunlight throughout the year. Therefore,
conversion of solar energy to heat energy is important to improve solar energy

utilization efficiency of TES.

In recent years, some studies focused on the enhancement of PCM’s light
absorption by adding light absorption materials such as dye and good optical
absorption nano-materials. Light absorption materials serve as a photon antenna to
capture sunlight and convert light to heat energy due to its strong absorbance and
excellent light-thermal conversion capability (Wang et al., 2012d). The light to
thermal conversion occurred due to the nonradiative decay process (vibrational
relaxation, internal conversion, and intersystem crossing) of the light absorption
materials under sunlight (Wang et al., 2012b). Therefore, composite PCM with light
absorption materials can harvest sunlight efficiently and convert it to heat energy.

Heat energy is effectively stored and released during phase change process of PCM.

The following Table 2.8 gives examples of solid-liquid organic PCMs with
light absorption properties. Table 2.8 also shows that different light absorption
materials have different light absorption wavelength. However, light absorption

wavelength of materials can be controlled by changing its chemical structure.
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Therefore, future work can be focused on modifying and exploring more materials
which can absorb wider range of wavelength to promote solar energy conversion

and energy storage.
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Table 2.8: Examples of FSCPCM with light absorption and some of their thermal properties

No Materials and method Pure  PCM/ Composite Optimum Aabs  Findings Ref.
Composite PCM with - (nm)
PCM light Loading
absorption
Melting Point Melting Point
(°C), (°C),
Latent Heat Latent Heat
(J/9) (J/9)
1 PCM: PEG 6000 65.90, 54.80, N/A 500- PEG 6000-co-Dye exhibit (Wang
. . 650  higher temperature (70 °C) than  etal.,
Light absorption 178.7 78.70 pure PEG-6000 (55.1 °C) after  2012d)

material: 1,4-bis((2-
hydroxyethyl) amino)
anthracene-9,10-dione
dye

Method: condensation
polymerization
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34 min exposure under solar
light irradiation (0.30W).



Composite PCM:
methoxypolyethylene
glycol (MPEG-750) +
polyethylene
polyamine

Light absorption
materials: yellow dye
(dye Y)

Method: replacement
and Williamson
reaction

PCM: hexadecanol

Light absorption
material: dye-linked
polyurethane

Method: step
condensation reaction
and vacuum
evaporation

30.80,
113.20

42.10,

232.60

500

350-
500

32.70, Molar ratio of MPEG  300-
103.70 750:po|_yethylene
polyamine:dye Y
4:1:0.5
39.60 36.2% dye-linked
&50.30 polyurethane
229.50
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MPEG has no absorption in (Wang
visible region. etal.,

PCM with dye Y exhibit higher ~ 2012€)
temperature (about 58 °C) than

pure MPEG-750 (about 27 °C)

after exposure for 2750 s in light
irradiation from simulated light

source.

Hexadecanol/dye-linked (Tang et
polyurethane exhibit higher al.,
temperature (60 °C) than pure 2016)
hexadecanol (32 °C) after

exposure for 12000 s in

irradiation under solar simulator

(500W).



Composite PCM: PEG
+ silicon dioxide
(SiO2)

Light absorption
material: titanium
black (TisO7)

Method: doping TisO7
through acid-alkali
catalytic sol-gel
method

Composite PCM:
paraffin + multi walled
carbon nanotubes
(MWCNTS)

Light absorption
material: Copper (1)
oxide —copper (Cu20-
Cu)

Method: organic
precursor thermal
decomposition method

61.00,
145.20

52.40,
147.49

59.80,
129.80

52.32,
136.11

3% Ti407

6 wt.% Cu,0-Cu
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N/A

N/A

Ti4O7 IPEG/SiO; exhibit higher
temperature (67.9 °C) than pure
composites without TisO7 (about
49 °C) after exposure for 6600 s
under light radiation.

This is because TisO7 has high
thermal conductivity and broad
range of UV-Vis light
absorbance.

Cu20-Cu-MWCNT/paraffin
exhibits higher temperature
(about 88 °C) than
MWCNT/paraffin (about 83°C)
after exposure for 1500 s under
simulation light radiation from
four 60W lamps. This is due to
the high light absorption ability
of Cu20 and Cu. Moreover,
Cu20 and Cu also reduce of
interface thermal resistance
between paraffin and MWCNTS.

(Tang et
al.,
2017a)

(Xu et
al.,
2017)



6

PCM: PEG 64.15, 65.06,

Light absorption 182.90 177.70
material: Graphene
oxide aerogel

Method: vacuum
impregnation

N/A

N/A

Therefore, it enhanced heat
transfer process of composites.

Graphene oxide aerogel-PEG (Tang et
exhibits higher temperature al.,
(70.0 °C) than PEG (55.4 °C) 2017b)
after exposure for 20 min under

simulation light from xenon

lamps.
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2.5.1 Light absorption material

In this study, RGO is proposed to be used as light absorption material because
RGO is efficient in light absorption because of its large optical absorptivity, tunable
bandgap and band-position (Mukhopadhyay and Gupta, 2012; Sadasivuni et al.,
2015). Graphene has very large charge mobilities, which are useful for charge
collection and transportation. Optical absorption in graphene is dominated by
intraband transitions at low photon energies (in the far-infrared spectral range) and
by interband transitions at higher energies (from mid-infrared to ultraviolet) (Mak
et al., 2012). The absorption of light by intraband transitions involves lattice
vibration quanta or known as phonons. When a phonon has been exchanged with
the lattice, the composite receive heat energy and temperature will raise up

(Hummel, 2013).

Besides, previous studies showed that graphene oxide aerogel is a good light-
driven heating unit that can effecctively capture photons and subsequenty convert
light to heat energy (Tang et al., 2017b). Therefore, in this study, synthesised RGO
in thin sheet structure is expected to have larger surface area and higher light
absorption. Moreover, no study using RGO dispersed in polymer caoting as light

absorption material on fatty acid yet.
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2.5.1.1 Overview of graphene and graphene/polymer

Graphene is a two-dimensional single layer of sp? bonded carbon atoms
densely packed in a honeycomb crystal lattice (Okhay et al., 2016). The carbon-
carbon bond (sp?) length in graphene is approximately 0.141nm (de Andres et al.,
2008). Recently, graphene has attracted significant attention due to it has high
carrier mobility, ballistic transport, large specific surface area, chemical inertness,
high thermal conductivity, optical transmittance and excellent mechanical
properties (Choi et al., 2010; Bramhaiah and John, 2012). Moreover, graphene is
efficient in light absorption because of its large optical absorptivity, tunable
bandgap and band-position (Mukhopadhyay and Gupta, 2012; Sadasivuni et al.,

2015).

Nowadays, graphene system and graphene/polymer hybrid are popular to be
used in energy applications such as solar cells, lithium ion batteries, supercapacitor,
fuel cells and others (Cui et al., 2016). Graphene/polymer hybrid can be prepared
by solution blending, melt blending and in situ polymerization method. In solution
blending method, graphene and the polymer or prepolymer are dispersed in the same
solvent system, and then followed by sonication and evaporation to produce
uniform nanocomposite (Verdejo et al., 2011). While in melt intercalation method,
graphene is mixed with the polymer matrix in molten state at high temperatures and

strong shearing force (Das and Prusty, 2013). In the situ polymerization method,
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graphene is first disperse within the liquid monomer, followed by adding initiator
and the polymerization is initiated either by heat or radiation (Hu et al., 2010). In
this study, RGO is blended with coating solution because solution blending is one

of the most adopted method to produce uniform nanocomposites.

2.5.1.2 Overview and synthesis of RGO

Graphene is a single carbon layer of graphite. Graphene can be produced by
few methods such as exfoliation and cleavage, chemical vapor deposition, chemical
reduction and thermal decomposition methods. Among all, chemical reduction of
GO is one of the conventional procedures to produce graphene in large quantities
(Bhuyan et al., 2016). Besides, chemical reduction method is simple, reliable, low
material and versatility in chemical functionalization (Tien et al., 2012). Chemical
reduction of graphene is also known as reduced graphene oxide (RGO). RGO is
graphene-like material but it still contains remaining oxygen functional group on the
surface of carbon plane after the reduction process (Pei and Cheng, 2012). The

chemical structure of RGO is shown in Figure 2.3.
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Figure 2.3: Chemical Structure of RGO

There are two main steps in producing RGO: (i) oxidation of graphite using
oxidants, (ii) sonication and reduction of graphene oxide (GO) to RGO using
reducing agent. Oxidants used for oxidizing graphite are concentrated sulfuric acid,
nitric acid and potassium permanganate based on Brodie method (Brodie, 1860),
Staudenmaier method (Staudenmaier, 1898) and Hummers method (Hummers and
Offeman, 1958). Hummers method is safer and require lesser time for the reaction
if compared to other two methods. After that, some modifications based on the
Hummers method have been proposed. However, conventional Hummers method is

chosen to be used in this study as it is one of the primary routes to prepare GO.

GO produced by the oxidation reaction is lighter in color than graphite due to

loss of electronic conjugation. GO contains oxygen functional group such as
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epoxide, hydroxyl, carbonyl and carboxyl groups as shown in Figure 2.4. Next, GO
is reduced to RGO using reducing agent likes the addition of hydrogen gas occurs
across the alkenes, coupled with the extrusion of nitrogen gas, large excess of
NaBHjs (Shin et al., 2009). Other reducing agents used include phenyl hydrazine
(Pham et al., 2010), hydroxylamine (Zhou et al., 2011), glucose (Zhu et al., 2010),
ascorbic acid (Zhang et al., 2010), hydrazine hydrate (Tripathi et al., 2013),
hydroquinone (Wang et al., 2008a), alkaline solution (Fan et al., 2008), and pyrrole
(Amarnath et al., 2011). Among all, hydrazine hydrate is chosen to be used as
reducing agent in this study because it is the best reducing agents to produce a very

thin graphene-like sheet with high specific surface area (Stankovich et al., 2007).

Figure 2.4: Chemical Structure of Graphene Oxide (GO)
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2.6  Summary

In this chapter, criteria of PCMs as good TES has been reviewed. The
categories of PCM used in TES such as paraffin wax, fatty acid and PEG were
discussed. Besides, the development of composite PCM has also been reviewed.
Recent development of composite PCM with improved thermal stability was
discussed in term of materials, preparation method, encapsulation/ absorption
efficiency, thermal performance and reliability. Coating materials that haven’t been
used on PCM - conformal coating, PA and NBR - has also been reviewed.
Furthermore, recent development of composite PCM with improved light absorption
was discussed also in term of light absorption materials, optimum loading,
preparation method, thermal performance and light absorption wavelength. Light
absorption material used in this study-RGO was also review in term of its

advantages and synthesis method.
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CHAPTER 3

MATERIALS AND METHODOLOGY

This chapter describes the main experimental materials and techniques used
in this study, including synthesis of RGO and development of FSCPCM with
improved light absorption. Instruments used for characterization tests are listed as

well. Experimental setup for solar energy conversion system is presented in details.

3.1 Materials and Chemicals

All of the chemicals used were analytical grade and thus further purification
was not needed. The chemical used for preparation of FSCPCM and RGO were

listed in Table 3.1.

Table 3.1: List of Chemicals Used

Chemical Purpose Properties Supplier

Polymethyl Supporting Molecular Sigma Aldrich

methacrylate material for weight ~ 120,

(PMMA) FSCPCM 000

Myristic acid (MA) PCM core for purity >98%  R&M Chemicals
FSCPCM

Chloroform Solvent used to Purity~99% R&M chemicals
dissolve PMMA
and MA prior
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Silicone conformal
Coating- Dow
corning 1-2620

Polyacrylic coating
(PA)

Nitrile butadiene
rubber (NBR)-
Synthomer X6311

Graphite nanofiber
(GNF)

Sulphuric acid

Hydrogen peroxide

Hydrochloric acid

Potassium

Permanganate

Sodium nitrate

Hydrazine hydrate
solution

blending to form
FSCPCM

Coating material

Coating material

Coating material

Precursor to

synthesis graphene

oxide (GO)

For oxidation of
GNF to produce
GO

For oxidation of
GNF to produce
GO

For oxidation of
GNF to produce
GO

For oxidation of
GNF to produce
GO

For oxidation of
GNF to produce
GO

For reduction of

graphene oxide to
produce RGO
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Total solid
content:
36.35%

Total solid
content:
44.70%

95%

30%

37%

78-82%
iodometric

Celtite Sdn Bhd

Provided by Dr.
Chee Swee Yong
from faculty of
Science, UTAR

Synthomer Sdn.
Bhd

Platinum
Senawang Sdn.
Bhd

R&M chemicals

R&M chemicals

R&M chemicals

Bendosen
Laboratory
Chemicals

Bendosen
Laboratory
Chemicals

Sigma Aldrich



Triton X-100 Emulsifier for - Sigma Aldrich
better dispersion
of RGO during
blending with PA
coating solution

3.2 Methodology for preparation of FSCPCM to improve thermal stability

In this study, two different form of FSCPCMs were prepared. The

preparation method and coating method are summarized in the following section.

3.2.1 Form stable composite PCM (MA/PMMA) in powder form

In phase 1 of the research study, form stable composite PCM (MA/PMMA)
with different weight percentage of MA (20, 40, 60 and 80 wt%) were prepared.
They were coated with two different types of coating solution which are PA coating

solution and conformal coating solution in order to solve leakage problem.

3.2.1.1 Preparation method

Composite PCM (MA/PMMA) was prepared by solution blending method
(Alkan and Sari, 2008). Solution of PMMA and MA in chloroform were prepared
in separate beakers at concentration of 0.01g/mL and 0.05g/mL, respectively. After

that, MA solution was poured into a separating funnel fixed on retort stand whereas
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PMMA solution was poured into a Teflon folder container which placed on the hot
plate. MA solution was added to PMMA solution dropwise using titration method
as shown in Figure 3.1. The mixture solution was stirred during the titration process
to ensure even mixing. The blend in the Teflon folded container was then dried at
room temperature for 48 hours to remove chloroform. It is then followed by drying
in Memmert universal oven UN110 at 40°C for 48 hours to complete the removal
of solvent. Finally, the composite PCMs were obtained in powder form. Composite

PCM (MA/PMMA) were prepared at different weight percentage of MA (20, 40, 60

and 80% w/w).
Retort stand
"-\\ / Separating funnel
\ju\ PMMA solution
{ Teflon container
/ MA solution

¢ ) Magnetic stirrer

| & @)\

‘ Hot plate

( 3]

Figure 3.1: Solution Blending Setup for Preparation of Composite PCM
(MA/PMMA) in Powder Form
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3.2.1.2 Immersion and filtration coating method

Composite PCMs (MA/PMMA) with different MA weight percentage were
immersed into coating solution for 10 minutes. It is followed by sonication in
Elmasonic S 180 (H) ultrasonic water bath for five minutes to eliminate bubbles.
After that, the composite PCMs (MA/PMMA) were filtered and taken out to dry on
Teflon sheet at room temperature for 48 hours. The coating process is completed

when the coating material changed into solid. The immersion and filtration method

are shown in Figure 3.2.

Immerse composite Filter composite Coated composite
PCM into coating PCM using strainer PCMs were dried on
solution followed Teflon sheet

by sonication

Figure 3.2: Immersion and Filtration Method

3.2.2 Form stable PCM (MA) in pellet form

In phase 2 of the research study, MA was compressed into MA pellet without

PMMA supporting material. MA pellets were then coated with two different types
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of coating solution which are PA coating solution and NBR coating solution in

different combination.

3.2.2.1 Preparation method

MA was weighed in the range from 0.2750 to 0.2800g. After that, MA was
ground into powder with pestle in a mortar. Next, MA powder was put in a pellet
die. It was followed by compressing MA powder into pellet using hydraulic press at
4000 psi. When the pressure dropped to 3800 kPa, the die was removed from the
hydraulic press. The pressed MA pellet was then carefully removed from die and
kept in a desiccator. Lastly, the die was cleaned with absolute ethanol and the steps

were repeated for next pellet.

3.2.2.2 Dip-coating method

The mass and thickness of the pellet were measured and recorded prior
coating. To coat one layer of coating, the MA pellet was immersed into the coating
solution for five seconds as shown in Figure 3.3. Next, the MA pellet was taken out
and dried in a Teflon sheet at room temperature for 4 days. After the MA pellet was
dried, the same steps were then repeated with the same pellet being flipped upside
down and dipped into same coating solution. These steps were done to ensure the
top and bottom surface of the pellet was well coated and minimize the difference in

coating thickness of both sides due to the effect of gravity. The mass and thickness
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of the MA pellet was recorded after each layer of coating was done. For MA pellet

with two layers of coating, the same steps were repeated for another layer of coating.

Dip coat pellet into coating Coated pellet was dried on
solution using forcep Teflon sheet

Figure 3.3: Dip Coating Method

3.3 Preparation of FSCPCM to improve light absorption

RGO was synthesized by oxidizing graphite nanofiber (GNF) to graphene
oxide (GO) (Hummers and Offeman, 1958) followed by reduction of GO using
hydrazine hydrate (Tripathi et al., 2013). After that, RGO was blended with PA
coating solution. This coating solution was used to dip coat MA pellet. The dip

coating method is same as the method reported in section 3.2.3.2.

3.3.1 Synthesis of RGO

Firstly, GNF was oxidized to GO using the conventional Hummer’s method

(Hummers and Offeman, 1958). 5 g of GNF was added into a beaker filled with 115
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mL of sulfuric acid which was placed and stirred under an overhead stirrer. An ice
bath was used to keep the temperature of the reaction at 0 °C. Subsequently, 2.5 g
of sodium nitrate was added into the beaker. 15 g of potassium permanganate was
added slowly into the beaker once the sodium nitrate was dissolved to prevent
overheating of reaction mixture. Visible green suspension formed almost
instantaneously. The ice bath was then removed. As the procedure progress, purplish
vapour can be seen. The solution was then stirred for 3 hours. 230 mL of deionized
water was then added slowly into the solution. After the water was completely added,
the mixture was stirred for five minutes before being poured into another 700 mL of
deionized water. 12 mL of hydrogen peroxide was added, resulting formation of a
light-yellow suspension. The mixture was then left overnight and filtered using
Whatman Anodisc membrane. The filtrate cake was first washed with 5%
hydrochloric acid and then with deionized water for few times. Washing was carried
out repeatedly by using centrifugation followed by decantation of supernatant. As
the pH of the supernatant reached the range of 5-7, the product (GO) was dispersed

in deionized water and dried overnight in an oven at 60 °C.

The prepared GO was then reduced to RGO. 500 mg of GO was dispersed
in 500 mL of deionized water and then exfoliated in ultra-sonicator bath for 1 hour.
Subsequently, 5 mL of hydrazine hydrate was added, and the solution was refluxed
for 24 hours as shown in Figure 3.4. The solution turned from brown to black
precipitate. The product (RGO) was filtered using vacuum filter manifold and then

washed with deionized water. Lastly, RGO was dried at 60 °C in vacuum oven.
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Figure 3.4: Experiment Setup for Reduction of GO to RGO under Reflux

3.3.2 Preparation of RGO blended PA coating solution

RGO obtained from section 3.3.1 was mixed with Triton X-100 prior

blending with PA coating solution. The solution was stirred for 1 hour to obtain
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homogenous blend solution. The blend was prepared with 0, 0.5, 1.0, 1.5 and 2.0

wt % of RGO.

3.4 Chemical Properties

In this study, characterizations of chemical properties were done using FTIR,
XRD, Raman spectroscopy and XPS to identify and confirm the chemical structure
of GO and RGO after chemical reaction. FTIR was also used to determine whether

FSCPCM are well coated by comparing the FTIR spectra before and after coating.

3.4.1 Fourier transform infrared spectroscopy (FTIR)

Infrared spectra of GNF, GO and RGO were recorded on a FTIR
spectrometer (Nicolet photo-spectrometer 8700) to obtain information about the
functional groups present. The analysis was carried out using potassium bromide
(KBr) pellet to determine the absorption band with a wavelength range of 4000 cm’
! to 400 cm?, 32 scans. Polymer coating films and form stable composite PCM
were examined using FTIR photospectrometer (PerkinElmer Spectrum Two FTIR
spectrometer) to obtain the information about chemical functional grups. The
scanning wavelength range was from 4000 cm™ to 400 cm™ at 4 scans. Attenuated

Total Reflectance (ATR) was used because it is a useful sampling accessory that
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virtually eliminates the need of sample preparation. Therefore, it can analyse the

samples in their natural states without destroying the coating.

3.4.2 X-ray diffraction (XRD)

XRD diffractograms of GNF, GO and RGO were recorded on a X-ray
diffractometer (Siemens XRD Diffractometer 5000) to obtain the information about
crystalline structures and interlayer spacings of GNF, GO and RGO. The analysis
was carried out at room temperature with specular reflection mode. The results were
recorded in the scanning range of 20 between 5° to 90° using copper Ka radiation

(0.1542 nm wavelength). The scanning speed was 1 °/min.

3.4.3 Raman spectroscopy

Raman spectra of GO and RGO were recorded on a Raman spectroscopy
(NT-MDT NTEGRA Sepctra) to determine structural changes during the reduction
of GO to RGO. The analysis was carried out at 473 nm laser power 1.7 mW, 100x
objective lens and numerical aperture of 0.9. All powder samples were directly

deposited on the glass slide in the absence of solvents.
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3.4.4 X-ray Photoelectron spectroscopy (XPS)

XPS data were taken on ULVAC-PHI Quantera Il equipped with
monochromatic Al Ko (hv = 1486.6 eV) X-ray source. Spectra were collected at
room temperature. Calibration was performed by alignment of the spectra
with reference to the C 1s line at 284.8+0.2 eV associated with graphitic carbon.
XPS was employed to measure the ratio of C and O atomic element composition of

GNF, GO and RGO by calculating the peak areas of C and O elements from spectra.

3.5 Tensile

Tensile test was carried out in accordance with the standard test method
ASTM D882-02 to measure the E-modulus, tensile strength and elongation at break
of polymer film. Polymer film was casted in Teflon mold and dried in room
temperature. Polymer film was cut into dumbbell-shape using dumbbell press cutter
as shown in Figure 3.5. The average thickness of the film was measured using digital
Vernier caliper. The gage length of the specimen is 30 mm. The tensile test was
carried out by employing lightweight tensile tester (Tinius Olsen H10KS) with a
load cell of 500N, at a crosshead speed of 500 mm/ min. Three tensile tests were

performed for each types of polymer film to obtain average values.
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Figure 3.5: Specimen for Tensile Test

3.6  Morphology analysis

Morphology analysis is the analysis using high spatial resolution imaging
instrument to produce image of surface structure of substances that cannot be seen
with naked eye. In this work, morphology of GNF, GO, RGO and surface of
FSCPCM in powder form were studied using FESEM, TEM or AFM in high
magnification. Cross section of FSCPCM in pellet also be examined using

metallurgical analysis microscope to determine thickness of the coating film.

3.6.1 Metallurgical analysis microscope

Optical micrograph images were taken on metallurgical analysis microscope
(BX51M, Olympus) to analyse surface and cross section morphology of FSCPCM
at 10x magnifications. For cross section imaging, FSCPCM was freezing by liquid
nitrogen gas, followed by cutting using scalpel. Each sample was placed on

microscope slide before examining under microscope at room temperature. The
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thickness of coating film also can be measured using Vis Plus ver.3.30 image

analysis and measurement software.

3.6.2 Field Emission Scanning electron microscopy (FESEM)

Morphologies of GNF, GO, RGO and FSCPCM at different magnifications
were captured and recorded using JEOL JSM 6701F field emission scanning
electron microscope. Each sample was deposited on a disc with scope tape. All
samples were examined after sputter coating with thin layer of platinum to avoid

electrostatic charging and poor image resolution.

3.6.3 Transmission electron microscopy (TEM)

TEM images of RGO were recorded using Hitachi HT7700 transmission
electron microscope at an accelerating voltage of 100 kV and 60000x magnification.
Samples were sectioned in epoxy resin embedment using cryo-ultramicrotomy

before being viewed under TEM at room temperature.

3.6.4 Atomic Force Microscope (AFM)

AFM is a very high-resolution type of microscope for studying samples at

nanoscale. AFM images were taken on AFM, Park system, XE-70 to analysis three-
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dimensional surface topography of RGO/PA film on a 10 x 10 umzarea. A non-

contact AFM mode was used in this work.

3.7 Thermal properties

Thermal properties are the analysis of the changes in material when heat
energy is applied as temperature determines the heat energy level of the atoms. In
this work, thermal properties of FSCPCM are studied using DSC to determine phase

change temperature and latent heat.

3.7.1 Differential Scanning Calorimetry (DSC)

DSC spectra were measured using Mettler Toledo TOPEM according to test
method ASTM D3418 to obtain melting point, freezing point, latent heat of melting
and freezing of the FSCPCM. Ideal sample geometries for DSC measurement is in
fine powder form. FSCPCM in powder can be ground and directly used in
measurement. However, FSCPCM in pellet form was dissolved in chloroform and
stirred for 1 hour before dried in a Teflon folded container in order to obtain
homogenous fine powder. The powder obtained was then placed into 40 uL
crucibles. The weight of the FSCPCM powder were measured and recorded. Next,
the crucible was sealed with its lid and ready for analysis. Nitrogen gas was used as

the purge gas and the flow rate was 20 ml/min. The DSC measurement of FSCPCM
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was carried out at the temperature range of 25-100 °C as well as 5 °C/min heating

and cooling rate under a constant stream of nitrogen gas.

3.8 Thermal stability analysis

Thermal stability analysis is to determine the stability of FSCPCM over
phase change temperature. In this work, thermal stability analysis was done on

litmus paper.

3.8.1 Leakage analysis

The leakage test method is modified from the diffusion-oozing circle test
proposed by Ma et al. to evaluate exudation stability of a shape-stabilized PCM (Ma
et al., 2013; Kong et al., 2016). The leakage tests of FSCPCM were carried out on
litmus papers as the leakage can be observed through the color changes of litmus
paper from blue to red. The 13-mm diameter of a standard circle was drawn on
litmus papers as shown in Figure 3.6. For FSCPCM in powder form, 0.1g of
FSCPCM were uniformly distributed into the standard circle on the litmus papers.
Whereas for MA pellet with different polymer coating combination, they were
placed on the standard circle on the litmus paper. The thermal stability test was done
in oven at temperature of 65 °C. After finish testing, the leakage area of composite

PCMs were measured using GIMP 2 and Image J software.
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Figure 3.6: Leakage Test Layout

3.9 Durability analyses

In this study, durability analyses were done under thermal cycling setup and
weathering at outdoor. Thermal cycling is the analysis of thermal reliability of
FSCPCM with respect to repeated melting and freezing cycles. Weathering test is

to investigate the UV stability of polymeric film at outdoor.

3.9.1 Thermal cycling

Thermal cycling test was carried out using a thermal cycling system of in-
house design by University of Malaya to determine thermal reliability of FSPCMs.

The thermal cycling system was designed to operate from 30°C to 80°C. The image
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of thermal cycling setup is showed in Figure 3.7. The specific amount of PCMs was
put in DSC crucible and then placed in PCM storage box to undergo repeated
heating and cooling. The heating and cooling process were done using heater and
fan, respectively. The thermal cycling test were done up to 1000 cycles and the
temperature variations of FSCPCM was automatically recorded in computer by
accuracy of 0.1 °C. The DSC spectra before and after thermal cycling were

compared to determine the changes of latent heat and melting point of FSCPCM.

Figure 3.7: In house Thermal Cycling Test System

3.9.2 Weathering

FSCPCM and polymer coating film were placed on Teflon sheet in petri dish.
All the petri dishes were put in basket and exposed to sunlight for duration of 30
days. The picture of weathering setup is shown in Figure 3.8. The mass and FTIR

spectra of all samples were compared before and after weathering test.
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Figure 3.8: Experiment Setup for Weathering

3.10 Light absorption measurement

Light absorption measurement is to determine the ability of light absorptive
polymeric FSCPCM (RGO-PARB/MA) in conversion of solar energy into heat
energy. In this work, UV-VIS absorption analysis was used to determine absorption
wavelength of RGO. Outdoor solar energy conversion efficiency experiment was
carried out to determine the amount of stored heat and solar energy conversion

efficiency of light absorptive polymeric FSCPCM (RGO-PARB/MA).

3.10.1 UV-Vis absorption analysis

UV absorption analysis of RGO was done using UV-Visible
Spectrophotometer (UV-1700, Shimadzu) to determine absorption wavelength

range of RGO. Before RGO was used for analysis, it was dispersed in distilled water
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at concentration of 0.0001g/ml. The solution was then sonicated for 10 minutes to
ensure better dispersion of RGO. The scanning wavelength of analysis is in the

range of 200 to 700nm. The maximum absorbance of this instrument is 4.0.

3.10.2 Solar energy conversion efficiency

Prior to solar energy conversion efficiency measurement, the specific heat
capacity of every sample was measured. The solar energy conversion efficiency
measurement was carried out under the sunlight. The experimental apparatus can be
divided into 2 main components: solar energy conversion system, as well as data

collection and processing devices.

3.10.2.1 Specific heat capacity measurement

The specific heat capacity of MA, PA and NBR were measured by using
Mettler Toledo DSC1 differential scanning calorimetry (DSC). The heating of the
sample inside the crucible in the DSC is illustrated in Figure 3.9. The DSC
measurement setting for MA is same as the setting for FSCPCM in section 3.7.1.
For NBR, measurement was carried out at the temperature range of -25-200 °C and
5 °C/min heating rate under a constant stream of nitrogen gas at the flow rate of 20

mL/min. On the other hand, PA was carried out at the temperature range of 10-
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200 °C as well as 5 °C/min heating and cooling rate under a constant stream of

nitrogen gas at the flow rate of 20 mL/min.

Nitrogen gas

Yy

f Quw) Ques)
Empty crucible T T Crucible with sample
Qsw) Qs(s)

Figure 3.9: Specific Heat Capacity Measured by Using DSC

Eg. (3.1) and Eq. (3.2) are the specific heat equations for the empty crucible and

crucible with the sample,

QS(R) _QL(R) = mcCcAT (3.1)
QS(S) _QL(S) = msCsAT + mcCcAT (3.2)
Where,

Qs(r) = Heat energy supplied to the empty crucible (J);
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Qs(s) = Heat energy supplied to the crucible with the sample (J);
Qur) = Heat energy loss from the empty crucible (J);

Qvs) = Heat energy loss from the crucible with the sample (J);
mc = Mass of the crucible (g);

ms = Mass of the sample (g);

cc = Specific heat capacity of the crucible (JgtK™);

¢s = Specific heat capacity of the sample (Jg™K™);

AT = Change in temperature (K);

Assuming the heat losses of both crucibles are the same,

Qur =Qus) (3.3)

Substitute Eq. (3.3) into Eq. (3.1) and subtract the resulting equation from Eq. (3.2).

AQ =Qy5) — Qs (r) =M,CAT (3.4)

The specific heat capacity can be calculated from the DSC result by using Eq. (3.5)

obtained by rearranging Eq. (3.4),
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AQ

AQ At
C = =
T mAT (ATJ (3.5)
mS
At

Where,
At = The period of time for the change in temperature AT (5s).

In the DSC result, the unit of the differential heat flow AQ/At is mW. Therefore, Eq.

(3.6) is used to calculate the specific heat capacity at different temperature.

sn:ﬁ’ nz2 (3.6)
m,| 1L

Where,

Y, :% = Differential heat flow from the DSC result (mW).

The calculation of the specific heat capacity is shown in Table 3.2
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Table 3.2: Calculation of the Specific Heat Capacity

AQ
n tn Yo = E Tn Co
1 t1 Y1 T:L =
y, /1000
C.,=
? N . * . m (Tz _Tl)/(tz _tl)
y,/1000
C =
3 t3 Y T3 K m, (Ts -T, )/(t3 - tz)
y,, /1000
N T Y Ty Con =

" m (TN _TN—l)/(tN _tN—l)

To calculate the specific heat capacity at any temperature T, linear interpolation of

the results as shown in Figure 3.10 can be used.
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Figure 3.10: Linear Interpolation of Cs at Any Temperature T

From Figure 3.10,

Con — Cs(n—l) _ fcs (T )_ Cs(n—l)
Tn _Tn—l T _Tn—l

. T, <T<T (3.7)

The function to calculate specific heat capacity fcs at any temperature, T in Eq. (3.8)

can be obtained by rearranging Eq. (3.7),

C,,—C T.C -T,,C
f T)= sn s(n-1) T+ n*~s(n-1) n-1 sn’ T <T<T 38
cs( ) |: Tn _Tn71 Tn _Tn71 n-1 ( )
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3.10.2.2 Outdoor solar energy conversion efficiency measurement

The solar energy conversion system consists of light absorptive polymeric
FSCPCM samples and thermal insulated polystyrene box. The samples were placed

in the polystyrene box and exposed under the sunlight as illustrated in Figure 3.11.

Samples

Polystyrene box

Figure 3.11: Solar Energy Conversion System

The KiPP & Zonen CMP3 Pyranometer was used to record the solar
irradiance. The thermopile sensor construction of the pyranometer measured the
solar energy per unit area that is received from the sun and the field of view extended
to the whole hemisphere (180° field of view). The output was expressed in Watts
per meter square. Type-T thermocouples were used in this setup to measure the
temperatures of the samples under the sunlight. The thermocouples were connected

to Graphtec data logger GL820. All the data was processed and recorded by a
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computer. The outdoor experiment setup for solar energy conversion efficiency

measurement is shown in Figure 3.12.

The experiment was conducted on three sunny days. The room temperature
and the temperature of the polystyrene box were measured. To make a fair
comparison of the solar conversion efficiency of all the pellet, only the results from
the first 20 minutes are used in the calculation when the temperature difference is
less than 5°C. In these periods of time, the effect of the heat loss to the environment
which is mainly affected by the difference between the pellet temperature and the

temperature inside the PMMA container is the minimum.

Acrylic
ontainer

30 == §

ok - Data logger
!_yranome er 1

Figure 3.12: The Outdoor Experiment Setup for Solar Energy Conversion
Efficiency Measurement
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The energy transfer of a sample in the outdoor experiment setup is shown in
Figure 3.13. The sample absorbed solar energy Esolar from the sunlight at the top
surface. A portion of the solar energy was converted into heat energy, Eneat Which
increased the temperature of the sample. The rest of the solar energy was the energy
loss: the sunlight reflected by the top surface, as well as the heat energy transferred

to the environment via convection and radiative heat transfers.

Sunlight

o
........
----------
--------------------

Figure 3.13: Energy Transfer of a Sample

The energy transfer mechanism is represented by Eq. (3.9).

heat — —solar — Eloss - msCsATs (3-9)

Where,

Eneat = Heat energy absorbed by the sample which increase the temperature (J);
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Esolar = Solar energy from the sun (J);

Eioss = Energy loss (J);

ms = Mass of the sample (g);

¢s = Specific heat capacity of the sample (JgK™?);
Ts = Temperature of the sample (°C);

The solar energy can be calculated from the solar irradiance measured by the

pyranometer and the top surface area of the sample by using Eqg. (3.10).

Iy
Esolar = I Isolar(t)' A dt (310)

t=0

Where,

Isolar = Solar irradiance measured by using the pyranometer (Wm-2);

A =nD?4 = Top surface area of the sample (m?).
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The heat energy can be calculated from the result by using Eq. (3.11).

N
Eheat = zms fcs (Tsn )[Tsn _Ts(n—l)] (3-11)
n=2

Where,

fs(T) = The function to calculate specific heat capacity by using Eq. (3.8) (Jg'K-

1);

Numerical integration is used to calculate the solar energy from the solar irradiance
and top surface area. The integration of solar irradiance using trapezoidal rule is

shown in Figure 3.14.

/

solar(n)

/

solar(n-1)

Solar irradiance (Wm)

Time (s)

Figure 3.14: Numerical Integration of Solar Irradiance with Respect to Time
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The area of trapezoid under the line from tn-1 to tn can be found by,

1

_(tn _tn—l)[l solar(n) +1 solar(n-1) ] (312)

A[rapezoid = 2

Summing up all the areas and multiplying the result by the top surface area,

N|>

t _t [ solar(n) + Isolarn 1)] (313)

N
solar Z

n=2

The calculation of the solar energy and heat energy using Eq. (3.11) and Eq. (3.13),

respectively is shown in Table 3.3.

Table 3.3: Calculation of the Solar Energy and Heat Energy

A
n tn Isolar(n) Tsn E(tn _tn—l)[lsolar(n) + Isolar(n—l)] ms fcs (T )[Tsn _Ts(n71):|

1 t I solar(l) Tsl - -

A
2 I solar(2) TsZ E (t2 - t1)[' solar(2) +1 solar(1) ] ms fcs (Tsz )[Tsz _Tsl]

3 1:3 Isolar(3) TsS ty _tZ)[I solar(3) + ISOlar(Z)] ms 1:cs (Ts3)[T53 _Tsz]

N tN Isolar(N) TsN

tN _tN—l)[Isolar(N) + Isolar(N—l)] ms fcs (TsN )[TSN _Ts(Nfl)]
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E E

solar — heat —

N
g(tn _tn—l)[l solar(n) +1 solar(n-1) ] ; mg fcs (Tsn )[Tsn - Ts(n—l) ]

M=z

>
Il
N

The solar energy conversion efficiency can be calculated by Eq. (3.14).

n= Bt x100% (3.14)

solar

Where,

n = solar energy conversion efficiency of the sample (%).

3.11 Summary

In this chapter, specification of the chemicals and materials used in this work
are listed. They were purchased from chemical companies and used as received. The
methodology to synthesize RGO and develop FSCPCM is also presented in details.
The RGO was synthesis in the laboratory, using the published method. All
FSCPCMs were constructed in the laboratory. Besides, the characterization tests,
instrument and also its setting used in analysis have been presented. The

measurement setup for solar energy conversion efficiency was also described.
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CHAPTER 4

RESULTS AND DISCUSSION FOR FORM STABLE COMPOSITE PCM
WITH SUPPORTING MATERIAL AND COATING TO PREVENT
LEAKAGE

This chapter presents the result and discussion for phase 1 of the research
study- FSCPCM (MA/PMMA) with supporting material and coating to prevent
leakage. The contents of the chapter were outlined into eight subsections. This
chapter begins with the introduction of the work flow in this research study.
Characterization and performance analysis tests such as leakage analysis,
morphology, durability study, thermal, mechanical and chemical properties were
presented and discussed. Lastly, summary of this phase was made as well. The

suitable coating material used for next phase was identified from the results.

4.1 Introduction

The work flow of this phase research study was summarized in Figure 4.1.
Composite PCMs (MA/PMMA) were prepared by blending of PMMA and MA at
different weight percentage of MA (20, 40, 60 and 80 wt%). The MA and PMMA
were selected as PCM and supporting material, respectively. PMMA was used
owing to its compatibility with fatty acid and good thermal stability (Wang et al.,

2011a). As liguid MA may leak out during phase change, this study proposes the
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use of two coatings, namely PA and conformal coating to solve the leakage problem.
Both coatings have high transparency and UV resistance, stable to environment
condition and exhibit good barrier properties to moisture (Moghbelli et al., 2014).
Despite several researches on PA and conformal coating, there is a lack of study on
the application of these coatings for composite PCM (MA/PMMA). Therefore, the
objective of this phase is to prepare and characterize coatings on composite PCM
(MA/PMMA) for solving the leakage problem. Performance of composite PCM
(MA/PMMA) with the coatings would be compared to determine which coating is
better in preventing leakage. Leakage analysis was investigated through leakage test
technique. Besides, tensile test was also carried out for the coating films to
determine their mechanical properties. Chemical compatibility, thermal properties
and morphology of composite PCM (MA/PMMA) were studied using DSC, FTIR
and FESEM, respectively. Thermal cycling test were also carried out to determine
the thermal stability of composite PCM (MA/PMMA) after 1000 melting and

freezing cycles.
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Figure 4.1: Work Flow of Phase 1 Experiment
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4.2 Leakage Test

The leakage area of all the composite PCMs (MA/PMMA) after two hours
heating in oven at 65 °C are presented in Table 4.1. The leakage area increased with
increasing weight percentage of the MA for all samples. This is due to the weight
percentage of PMMA that provides physical hooks between the chains and form a
network structure to hold the melted MA reduced (Xiao et al., 2002; Sar1 and
Karaipekli, 2007). As a result, a continuous and dense polymer network cannot be

formed, thus leakage was seen.

Table 4.1: Leakage Area for Composite PCMs (MA/PMMA) with and those

without Coatings

Leakage Area (cm?)

MA:PMMA

Lof . | . PA

(Wt %) Without Coating Conformal Coating )
Coating

20:80 1.68 0.00 0.00
40:60 4.17 0.00 0.00
60:40 4.32 1.74 0.00
80:20 8.68 1.82 1.61

The effect of the coatings in leakage prevention is apparent in Table 4.1. For
instance, the leakage percentage of composite PCM (MA/PMMA, 80/20 wt %) was

reduced by at least 80% after coating. This is attributed to the coating films that
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form a barrier to prevent leakage during phase change process. It is also noticeable
that the PA coating performs slightly better than the conformal coating in preventing
leakage. No leakage was seen when the PA coating was used in composite PCM
(MA/PMMA, 60/40 wt %), compared to that of conformal coating which leakage
area was 1.74 cm?. The samples did not have leakage were marked bold in Table

4.1.

Figure 4.2 shows the image of MA on blue litmus papers after 2 hours
heating at 65 °C. It is clearly seen that MA (melting point, 55.90 °C) is completely
melted and turn the blue litmus paper to red. Figure 4.3 (a) shows that the composite
PCM (MA/PMMA, 60/40 wt %) remains solid over the melting temperature but a
certain amount of MA still leaks out. However, the leaking of composite PCM
(MA/PMMA, 60/40 wt %) has been reduced after coating with conformal coating
as shown in Figure 4.3 (b). The composite PCM (MA/PMMA, 60/40 wt %) with PA
coating shows better thermal stability and no leaking was found as shown in Figure
4.3 (c). Therefore, it can be concluded that the coating can prevent the leaking of

composite PCM (MA/PMMA) over the melting temperature.
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Figure 4.2: Leakage Image of MA After Heating in Oven.

(a) (b) (c)

Figure 4.3: Leakage Comparison for Composite PCM (MA/PMMA, 60/40
wt %): (a) Without Coating (b) With Conformal Coating (c) With PA Coating
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4.3 Tensile Properties

Conformal and PA coating were casted into thin sheet film on Teflon mould
for tensile test. E-modulus measures stiffness and rigidness of the polymer coating
film (Swallowe, 2013). E-modulus is defined as the stress per unit area divided by
the strain resulting from the applied force. Therefore, it measures the resistance of
polymer film being deformed when a force is applied to it. Figure 4.4 shows stress
strain curves for conformal and PA coating. Figure 4.5 shows that PA had 144.61%
higher E-modulus than conformal coating. This shows that PA had higher resistance
over the volume change of MA during phase change process if compared to
conformal coating. The higher the resistance towards deformation, the lesser the
chain movement and free volume in the coating and thus PA coating had improved

barrier properties and higher leakage resistance.
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Figure 4.5: E-Modulus of PA and Conformal Coating Film
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Tensile strength measures the strength of the polymer film under tension. It
also measures maximum strength that a polymer coating film can withstand while
being stretched before it ultimately breaks (Davis, 2004). Therefore, a good polymer
coating material should have high tensile strength to prevent cracking during phase
change process. Figure 4.6 shows that tensile strength for PA and conformal coating
were 12.19 MPa and 4.11 MPa, respectively. Thus, PA had 196.59% higher tensile

than conformal coating.

16 T

10 +

Tensile strength (MPa)

PA Conformal

Figure 4.6: Tensile of PA and Conformal Coating Film

Elongation at break measures the elongation that causes the breakage in the

test specimen with sufficient tension developed under the particular conditions of
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the test (i.e., cross-head speed and initial gauge length)(Brown, 1999). It is also
known as the ratio between changed length and initial length after breakage of the
test specimen. It is expressed in percentage. Figure 4.7 shows that PA had 137.53%
higher elongation at break than conformal coating. This shows that PA coating film

can stretch and elongate more during phase change process of MA before it breaks.
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Figure 4.7: Elongation at Break of PA and Conformal

Overall, PA has better mechanical properties in term of E-modulus, tensile
strength and elongation at break compared to the conformal coating. Therefore, PA
has better performance in preventing leakage. These results support the leakage test

result in section 4.2.
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4.4 Chemical Properties: Fourier Transform Infrared Spectroscopy (FTIR)

Interaction between MA and PMMA were investigated using FTIR
spectroscopy.  Figure 4.8 shows the FTIR spectra for pure PMMA, MA and
composite PCM (MA/PMMA, 60/40 wt %). For PMMA, the peaks at 2999-2953
cm?, 1735 cm?, 1458 cm™ and 1147cm™ are assigned to -CH stretching, C=0
stretching, CHs stretching and —O-CHs stretching vibrations, respectively
(Abdelrazek et al., 2016). Other peaks for PMMA at 985-844 cm™ correspond to
CHs bending (Tomar et al., 2011). For MA, C=0 peak and C-H symmetrical
stretching peak are occurred at 1697 cm™ and 2917cm™, respectively (Cellat et al.,
2015). The O-H stretching of MA can be observed in the range of 2500 to 3300 cm"
! (wang and Meng, 2010a). The peaks corresponding to the out of plane bending
vibration and in-plane swinging vibration of —OH functional group in MA are found
at 939 and 720 cm™2, respectively (Ince et al., 2015). The peaks for composite PCM
(MA/PMMA, 60/40 wt %) are almost similar as MA due to the high mass fraction
of fatty acid in the composite (60% w/w). The hydroxyl peak (O-H) of MA in the
range of 2500 to 3300 cm™* has small change in the composite due to the interaction
between oxygen atom of carbonyl group (C=0) in PMMA and hydrogen atom of
hydroxyl group of MA (Alkan and Sari, 2008). Hydrogen bonding between MA and
PMMA increase the compatibility between both components of the composite.
However, no new functional group is found. Therefore, it can be concluded that the

interaction of MA and PMMA does not involve any chemical reaction.
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Figure 4.8: FTIR Spectra for the Pure PMMA, Pure MA and Composite
PCM (MA/PMMA, 60/40 wt %)

FTIR spectra for the composite PCM (MA/PMMA, 60/40 wt %), pure
silicone conformal coating film and composite PCM (MA/PMMA, 60/40 wt %)
with conformal coating is shown in Figure 4.9. The silicone conformal coating
film’s peaks at 2965 cm™, 1426 cm?, 1257 cm?, 1014 cm™ and 792 cm™ are
assigned to C-H stretching, C-H bend, Si-CHs, Si-O bond, and Si-C, respectively
(Park et al., 2012). Silicone conformal coating has very intense peak in the region
of 1500 to 700 cm™ due to the interaction of Si atom. The result shows that

composite PCM (MA/PMMA, 60/40 wt %) with conformal coating has similar peak
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wavelength as conformal coating film. Therefore, composite PCM (MA/PMMA,

60/40 wt %) is well coated because only conformal coating peak is detected after

coating.
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Figure 4.9: FTIR Spectra for Composite PCM (MA/PMMA, 60/40 wt %),
Pure Silicone Conformal Coating Film and Composite PCM (MA/PMMA,
60/40 wt %) with Conformal Coating

FTIR spectra for the composite PCM (MA/PMMA, 60/40 wt %), pure PA
coating film and composite PCM (MA/PMMA, 60/40 wt %) with PA coating is

shown in Figure 4.10. PA coating peaks at 3225 cm™, 2955-2851 cm™, 1726 cm™,
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1448 cm™ and 1142cm™ are assigned to O-H stretching, CH stretching, C=0
stretching, CHz stretching and —O-CHjs stretching vibrations, respectively (Shanti et
al., 2017). Similar with previous result, composite PCM (MA/PMMA, 60/40 wt %)

with PA only showed PA coating peak and none of the MA peak is detected.
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Figure 4.10: FTIR Spectra for the Composite PCM (MA/PMMA, 60/40
wt %), Pure PA Film and Composite PCM (MA/PMMA, 60/40 wt %) with
PA Coating
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4.5 Morphology Analysis: Field Emission Scanning Electron Microscope
(FESEM)

Surface morphology analysis of composite PCMs (MA/PMMA, 60/40 wt %)
were conducted by using FESEM at 500 times magnification. Figure 4.11 shows
fibrous surface morphology for composite PCM without coating. The surface of

composite PCM was rough and uneven.

UTAR LEI 4.0kV X500 WD 11.5mm 10um

Figure 4.11: FESEM Photograph of Composite PCM (MA/PMMA, 60/40
wt %0)
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Figure 4.12 (a) and (b) shows that the surface of composite PCM becomes
flat and smooth after coatings. This is because a thin layer of film without cracks
and holes were formed on surface of composite PCM. The observation verified that
both coating acted as barrier to prevent the leakage of MA during phase change

process.

Figure 4.12: FESEM Photograph of Composite PCM (MA/PMMA, 60/40
wt %): (a) with Conformal Coating and (b) with PA Coating

4.6 Thermal Properties: Differential Scanning Calorimetry (DSC)

Thermal properties of MA and composite PCMs (MA/PMMA) at different
weight percentage of MA were studied using DSC. The melting point, freezing
point, latent heat of melting and freezing are shown in Table 4.2 and Figure 4.13. In

composite PCMs (MA/PMMA), the latent heat of melting and freezing increased
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with increasing weight percentage of the MA. This is because MA contribute to

latent heat. The differences of melting and freezing temperature between composite

PCMs (MA/PMMA) and MA are small and thus insignificant.

Table 4.2: Thermal Properties of Composite PCMs (MA/PMMA) at Different

Weight Percentage of MA

Composite PCMs
(MA:PMMA, wt.%)

Melting Latent heat  Freezing Latent heat
Point (°C)  of melting Point (°C)  of freezing
(J/9) (J/9)

20:80

40:60

60:40

80:20

Pure MA

55.53+0.58 30.77+2.26 52.35+0.50 29.61+2.45

55.15+0.13 76.83+3.59 52.90+0.21 73.9%+4.63

55.45+0.06 129.04+5.63 53.06+0.24 128.76+5.59

55.87+0.19 163.77+5.29 52.65+0.35 163.77+5.49

55.97+0.12 215.65+4.69 52.72+0.27 218.44+5.02
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Figure 4.13: DSC Curves of Composite PCM (MA/PMMA) at Different
Weight Percentage of MA

Thermal properties of composite PCMs (MA/PMMA) with coating at
different weight percentage of MA are summarized in Table 4.3. Overall, both
coatings: conformal and PA coating reduced the latent heat of melting and freezing
as shown in Figure 4.14 and Figure 4.15, respectively. The latent heat is the amount
of heat energy per unit mass of the substance undergoing a change of state (Bond
and Hughes, 2013). In the pure fatty acid all the substance mass is the fatty acid. On
the other hand, the substance mass of the composite consists of the coating, fatty
acid and PMMA. Only part of the substance mass is the fatty acid which contributes
to the latent heat. Therefore, the latent heat reduces when more composite material
or coatings were added to the fatty acid. However, DSC results also show that the

coating does not affect much on melting and freezing point of PCMs.
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Composite PCMs (MA/PMMA) which did not have leakage during leakage

test were marked bold in Table 4.3. Among all leakage-free samples, composite

PCMs (MA/PMMA, 60/40 wt %) with PA exhibit the highest latent heat. The

melting and freezing temperature of composite PCM (MA/PMMA, 60/40 wt %)

with PA measured by DSC as 54.94+0.23 °C and 51.39+0.61 °C, respectively, while

the melting and freezing latent heat were 91.42+7.22 J/g and 91.38+8.13 J/g,

respectively. If compared to MA, the latent heat of composite PCM (MA/PMMA,

60/40 wt %) with PA was reduced about 57.61%.

Table 4.3: Thermal Properties of Composite PCMs (MA/PMMA) in Different

Weight Percentage of MA

Coatin MA:PMMA Melting Latent Heat of Freezing Latent Heat of
g (Wt %) Point (°C)  Melting (J/g)  Point (°C)  Freezing (J/g)
20:80 56.43+0.51 20.76+5.61 49.39+0.34 20.94+6.07
40:60 57.95+0.88 46.39+7.33 50.49+0.76 46.6+6.92
Conformal
coating 60:40 55.3940.09  85.39+8.44 52.240.39 85.58+8.21
80:20 60.25+0.89 114.98+2.05 47.52+0.72 116.06+£3.42
20:80 55.49+0.13 21.03+3.30 47.57+0.53 18.73£2.85
PA coating
40:60 54.90+0.03 55.59+2.31 51.04+0.67 55.05+3.05
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60:40 54.94+0.23 91.42+7.22 51.39+0.61 91.38+8.13

80:20 54.79+0.41  112.78+8.59 50.66+0.38 112.34+9.03

A 15 —MA:PMMA 20:80, conformal coating
10 MA:PMMA 40:60, conformal coating
—MA:PMMA 60:40, conformal coating

Exo —MA:PMMA 80:20, conformal coating

Heat flow (mW)
=)

30 40 50 60 70 80
Sample Temperature (°C)

Figure 4.14: DSC Curves of Composite PCMs (MA/PMMA) with Conformal
Coating in Different Weight Percentage of MA
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Figure 4.15: DSC Curves of Composite PCMs (MA/PMMA) with PA Coating
in Different Weight Percentage of MA

4.7 Durability: Thermal cycling

For thermal reliability, the thermal properties of composite PCM (MA/PMMA,
80/20 wt %) with and without coating after 1000 times thermal cycling test were
analyzed by DSC. Table 4.4 shows that the variances in melting and freezing
temperatures of all samples before and after thermal cycling were small and less

than 2%.
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Table 4.4: DSC Results of Melting and Freezing Point before and after 1000

Thermal Cycling.

PCM Melting point (°C) Freezing point (°C)
composite
(MA:PMMA) Before After Changes  Before After  Changes

. percentage percentage
80:20 (%) (%)
Without 56.62 56.23 0.68 51.86 5151 0.68
coating
With 58.84 58.79 0.09 49.73 49.64 0.18
conformal
With PA 5419 5418 0.02 48.47 47.79  1.40

Table 4.5 shows the changes of latent heats of melting and freezing for

composite PCM without coating were 2.85% and 3.53%, respectively. The changes

of latent heats of melting and freezing for same composite PCM (MA/PMMA) with

coating dropped within a narrow range of 0.16%-1.22% after thermal cycling,

indicating the good thermal reliability of the composite PCM (MA/PMMA) after

coating. The DSC curves before and after repeated thermal cycling of composite

PCM with and without coating are given in Figure 4.16 and Figure 4.17.
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Table 4.5: DSC Results of Melting and Freezing Latent Heat before and after

1000 Thermal Cycling.

PCM Latent heat of melting (J/g) Latent heat of freezing (J/g)
composite
(MA:PMMA) Before After  Changes  Before After  Changes
80:20 percentage p;rce”tage
(%) (%)

Without 170.65 165.79 2.85 171.89 165.82 3.53
coating
With 106.12 105.95 0.16 106.75 106.40 0.33
conformal
With PA 103.14 102.09 1.02 103.27 102.01 1.22

A ——Composite PCM _no

80 coating Before

60

Exo 40 Composite PCM no
. coating_After
20

= -20 \ /
-40)
Endo v

Heat flow (mW)

-60

-80
30 40 50 60 70 80
Sample Temperature (°C)

Figure 4.16: DSC Curves of Composite PCMs (MA/PMMA, 80/20 wt%o)
without Coating before and after 1000 Thermal Cycling
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Figure 4.17: DSC Curves of Composite PCMs (MA/PMMA, 80/20 wt%o): (a)
with Conformal Coating and (b) with PA Coating before and after 1000
Thermal Cycling

4.8 Summary

Composite PCMs (MA/PMMA) with conformal coating and PA coating
have been produced in this work. Characterization test results are summarized in
Table 4.6. Leakage test indicated that the coating can be used to prevent and
minimize the leaking of composite PCMs (MA/PMMA). PA performs better
compared to conformal coating as no leakage was found on composite PCM
(MA:PMMA, 60:40 wt%) with PA coating compared to those with conformal
coating whose leakage area was 1.74 cm? under the same weight percentage of MA/
PMMA. This result was supported by tensile result as PA showed 144.64%,
196.76% and 137.56% higher E-modulus, tensile strength and elongation at break

(%), respectively, as compared to conformal coating. FTIR result shows that the
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composite PCM (MA/PMMA) was well coated with coating because only coating
film peak was detected after coating. This finding was supported by FESEM images
because the surface morphology of composite PCM with coating was smooth as a
thin layer of coating without crack was form on the surface of composite PCM. DSC
result shows that the coating did not affect much on melting and freezing point but
it will reduce latent heat of melting and freezing of composite PCMs. Among all
leakage-free samples, composite PCMs (MA/PMMA, 60/40 wt %) with PA had the
highest latent heat. The melting and freezing temperature of composite PCM
(MA/PMMA, 60/40 wt %) with PA were 54.94+0.23 °C and 51.3910.61 °C,
respectively, while the melting and freezing latent heat were 91.42+7.22 J/g and
91.38+8.13 J/g, respectively. Furthermore, composite PCMs with coating were
thermal reliable as the changes of melting and freezing latent heat after 1000 thermal

cycling was in the range of 0.16% - 1.22%.

Table 4.6: Summary of the Outcome of the Characterization Tests

No Characterization  Outcome

Tests
1. Leakage analysis  PA had better performance in preventing leakage.
2. Tensile properties PA had better mechanical properties than conformal

coating.
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3. FTIR Analysis Both composite PCMs are well coated because only
the coating functional groups were detected on the
PCM after coating.

4. FESEM Surface morphology of composite PCM with coating
was smooth because a thin layer of coating film was
form on the surface of composite PCM.

5 DSC Latent heat of composite PCM were reduced after
adding coating. However, coating did not affect much
on melting and freezing point of composite PCM.

6 Thermal cycling  Composite PCMs with coating were thermal reliable
as the changes of melting and freezing latent heat
after 1000 thermal cycling was in the range of 0.16%
- 1.22%.

Based on the results above, it can be concluded that PA is ideal to be used
as a coating material on preventing leakage. However, the latent heat of composite
PCM was reduced significantly after adding coating and PMMA supporting material.
Therefore, next phase will be focused on developing the enhanced polymer coating
combination that can be applied directly on MA pellet without PMMA supporting

material to maximize latent heat.
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CHAPTER 5

RESULT AND DISCUSSION FOR FORM STABLE COMPOSITE PCM
WITH ENHANCED COATINGS COMBINATION TO MAXIMIZE
LATENT HEAT

This chapter presents the result and discussion for phase 2 of the research
study — FSCPCM with enhanced coating combination to maximize latent heat. In
this phase, coatings with different mechanical properties are directly applied on MA
pellet without PMMA supporting material to maximize latent heat. The contents of
the chapter were outlined into eight subsections. This chapter begins with the
introduction of the work flow used in this phase. Characterization and performance
analysis tests such as leakage analysis, tensile, FTIR, FESEM, DSC and thermal
cycling were also presented. Lastly, summary of this phase was made. The polymer
coating combination which gave the best thermal stability for MA pellet was

identified from the results.

5.1 Introduction

The work flow in this phase of research study was summarized in Figure 5.1.
First, MA flakes were compressed into pellet using hydraulic press. Then, MA pellet
was dip coated with two types of polymer coating solution which were PA and nitrie

butadiene rubber (NBR) in different combinations. MA pellet was used as PCM core
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to store latent heat while polymer coating was used as a shell to contain the PCM.
In this phase, PA was continued to be used because it had higher mechanical strength
to withstand the pressure during the volume change as reported in phasel. Whereas
NBR was used because it is lightweight, resistant to corrosion, possess high tensile
strength and able to perform under wide range of temperatures -20 to +125 ° (Singh
et al., 2012; Board, 2013). It also has good flexibility at low temperature (Lawindy
et al., 2002). Therefore, it was proposed to be used on MA pellet to withstand the
expansion of melted MA during phase change process. Despite several researches
on PA and NBR, there is a lack of study on the application of these two coatings for
PCM. Besides, most of the researchs were done by applying polymer coating on
PCM with supporting material, resulting reduction of latent heat. This is supported
by phase 1 result which also showed significant reduction of latent heat after adding
PMMA suporting material and polymer coating. Therefore, the objective of this
phase is to maximize the latent heat by directly applying polymer coating on MA
pellet without supporting material. Hence, the latent heat of PCM is expected to
increase. Performance of MA pellet with different polymer coating combination
would be compared to determine which combination gave the best thermal stability.
The thermal stability was investigated through leakage test analysis. Besides, tensile
properties of the coating films were analysed to determine their mechanical
properties. Chemical compatibility, thermal properties and morphology analysis of

MA pellet with different polymer coating combinations were characterized using
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DSC, FTIR and FESEM, respectively. Thermal cycling test were also carried out to

determine the thermal stability of samples after 1000 melting and freezing cycles.

Compressed MA flakes into pellet

Y

Coat with two types of coating solution:
polyacrylic and nitrile butadiene rubber in
different combination

Y

Collection and drying

Y

Characterization and performance analysis

Mechanical
. Thermal
Leakage Properties properties
Test of film DSC
Tensile
Chemical Du;til:i]{}ty' Morphology
Properties Thermal Optical
FTIR erma microscope
cycling

Figure 5.1: Work flow of Phase 2 Experiment
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5.2 Leakage Analysis

Leakage analysis was carried out in oven at 65 °C. Leakage area of all samples
were measured every 2 hours for a duration of 10 hours as shown in Figure 5.2. The
leakage area of all samples after 10 hours heating in oven is summarized in Table
5.1. The samples that did not have leakage were marked bold in Table 5.1.
2NBR/MA pellet and PANBR/MA pellet were most thermally stable over phase

change temperature as no leakage were found.

Table 5.1: Leakage Area for MA pellet with Different Polymer Coating

Combination after 10 Hours Heating

Leakage area

Abbreviation Types of coating (cm?)
MA No coating 22.71
PA/MA 1-layer PA 22.84
NBR/MA 1-layer NBR 18.91
2PA/MA 2-layers PA 16.56
2NBR/MA 2-layers NBR 0.00

1-layer PA (outer layer) and 1- layer

PANBR/MA NBR (inner layer)

0.00
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Figure 5.2: Changes of Leakage Area for Samples Over 10 Hours

Figure 5.2 shows that MA pellet without coating (melting point, 55.90 °C)
was completely melted in first 2 hours. PA/MA pellet and NBR/MA pellet with 1-
layer coating exhibit smaller leakage area in first 2 hours duration of heating in oven
if compared to pure MA pellet. This shows that 1-layer coating can minimize the
leakage but still not strong enough to hold the volume change of melted MA during
phase change process. 2PA/MA pellet with 2-layers of PA coating was stronger and
only started to leak after 8 hours of heating in oven. Moreover, 2NBR/MA pellet
and PANBR/MA pellet did not show any leakage after 10 hours of heating. The

leakage can be evidenced by leakage comparison image for all samples after heating
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10 hours in oven as shown in Figure 4.2. In overall, the leakage area after 10 hours
heating in oven were reduced with increasing number of coating layers. Therefore,

it can be concluded that 2 layers of coating perform better than the 1-layer of coating.

(a) (b) (c)

(d) (e) (f)

Figure 5.3: Leakage Comparison for (a) MA Pellet, (b) PA/MA Pellet, (¢)
NBR/MA, (d) 2PA/MA, (e) 2NBR/MA (f) PARB/MA after Heating in Oven at
65°C for 10 Hours
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Among all samples, 2NBR/MA pellet and PANBR/MA pellet were the most
thermally stable samples. Therefore, these 2 samples were put in oven continuously
for 24 hours to further verify thermal stability. Lastly, PANBR/MA pellet which
was coated with 1 inner NBR layer and 1 outer PA layer showed better performance
and no leakage after 24 hours heating in oven as shown in Figure 5.4. Hence, it can
be concluded that the combination of NBR and PA is the best polymer coating

combination for MA pellet in preventing leakage.

Figure 5.4: Leakage Comparison for (a) 2NBR/MA Pellet and (b)
PANBR/MA Pellet after Heating in Oven at 65°C for 24 Hours

5.3 Mechanical Properties of Film: Tensile

NBR, PA and combination of PA and NBR (PA+NBR) coating were casted
into thin sheet film on Teflon mould for tensile test. Figure 5.5 shows stress strain
curve for PA, NBR and PA+NBR. NBR film had extremely low E-modulus and

tensile strength but very high elongation at break. This was because NBR is an
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elastomer with very long polymer chains that could be stretched under tension (Zhao
etal., 2007). Whereas PA film is a thermoplastic with higher E- modulus and tensile
strength but lower elongation at break than NBR. A good coating film must have
moderate E-modulus, tensile strength and elongation at break to hold and sustain the
expansion of melted of PCM (Zhou et al., 2012). Therefore, NBR and PA film were

combined to enhance the mechanical properties.

—PA —NBR —PA+NBR
10

9
8 (\/

Stress (MPa)

S = N W Rk W

0 200 400 600 800 1000 1200 1400
Strain (%)

Figure 5.5: Stress Strain Curve for PA, NBR and PA+NBR

Table 5.2 shows that PA had high E-modulus (130.84 + 9.88 MPa) whereas
NBR had very low E-modulus (9.22x1072 + 3.94x103 MPa). Thus, PA as outer layer
of coating had higher resistance to deformation over the volume change of MA

during phase change process if compared to NBR. The combination of PA and NBR
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gave a moderate E-modulus (76.10 + 5.43 MPa). PA as outer layer of coating also
had high tensile strength to prevent cracking during phase change process. The
combination of PA and NBR gave a moderate tensile strength (8.21 + 3.14 x 10
MPa). NBR (1250.22 + 10.01%) had higher elongation at break than PA (167.86 +
11.76%). This shows that NBR as inner layer of coating able to stretch and elongate
more during phase change process of MA before it breaks. The combination of PA

and NBR gave a moderate elongation at break (193.92 + 2.88%).

Overall, combination of PA and NBR improved the mechanical properties
of the film in the aspect of E-modulus, tensile strength and elongation at break.
Therefore, this combination had better performance in preventing leakage. These

results support the leakage test result in section 5.2.

Table 5.2: Tensile Properties of Polymer Coating Films

Polymer E-modulus (MPa) Tensile Strength ~ Elongation at

coating (MPa) break (%)

NBR 9.22x102 +3.94x10° 2.32+2.88x10"  1250.22 +10.01
3

PA 130.84 +£9.88 12.19+1.34 167.86 £ 11.76

PA+NBR 76.10 £5.43 8.21+3.14x 101 193.92+2.88
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5.4 Chemical Properties: Fourier Transform Infrared Spectroscopy (FTIR)

Figure 5.6 shows the FTIR spectra of pure MA pellet, pure PA film and pure NBR
film. For MA, C=0 and C-H stretching peaks are recorded at 1697 cm™ and 2917
cm?, respectively (Cellat et al., 2015). The peaks corresponding to the out of plane
bending vibration and in-plane swinging vibration of —OH functional group for MA
are found at 939 cm™ and 720 cm™2, respectively (Wang and Meng, 2010b). For PA
film, the peaks at 3225 cm™, 2957-2800 cm™, 1728 cm™, 1449 cm™ and 1146 cm™?
are corresponding to O-H stretching, CH stretching, C=0 stretching, CHz stretching
and —O-CHjs stretching vibrations, respectively (Shanti et al., 2017). For NBR,
characteristic peaks occur at the broad range of 3200-3550 cm™ for O-H symmetric
stretching vibration and N-H stretching vibration. The peaks at 2922 cm™ and 2848
cmt correspond to asymmetric stretching vibration of methylene in the saturated
hydrocarbon backbone and symmetric stretching vibration of methylene,
respectively (Liu et al., 2016) . Besides, peak at 2237 cm™, 1698 cm™, 1642 cm™,
1440 cm™ and 967 cm™ are corresponded to C=N bond, C=0O stretching, C=C
stretching vibration, CH> deformation vibration and CH deformation vibration,

respectively (Aly, 2016).
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Figure 5.6: FTIR Spectra for the NBR Film, PA Film and MA Pellet

The FTIR spectra for PA film, PA/MA pellet, 2PA/MA pellet and
PANBR/MA pellet are shown in Figure 5.7. The result shows that all MA pellet
coated with PA coating has similar peak shape and frequency value as PA film. It
indicates that MA pellets are well coated because only the functional groups of outer

layer of polymer coating materials are detected after coating (Sar1 et al., 2014).
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Figure 5.7: FTIR Spectra for PA Film, PA/MA Pellet, 2PA/MA Pellet and
PANBR/MA Pellet

The FTIR spectra for NBR film, NBR/MA pellet and 2NBR/MA pellet is shown in
Figure 5.8. Similar with previous result, MA pellet coated with NBR only shows
NBR coating peak and none of the MA peak is detected. Therefore, it can be
concluded that MA pellet was well coated with coating. Moreover, both spectra:
Figure 5.7 and Figure 5.8 show that no new functional groups are found on FTIR
spectra of dip coated MA pellet. It further confirms that the dip coating method is

physical method with no chemical reaction between MA pellet with coating film.
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Figure 5.8: FTIR Spectra for NBR Film, NBR/MA Pellet and 2NBR/MA
Pellet

5.5 Morphology Analysis: Microscope

Cross-section of the dip coated MA pellet was observed using metallurgical
microscope at 10 times magnification. Figure 5.9 - Figure 5.11 show that all polymer
coating films adhere compactly to the core MA material in the pellet as no defects
such as holes, gaps, and cracks could be observed at the interface between the

coating film and MA pellet.
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Figure 5.9: Optical Micrograph of the Cross Section of PA/MA Pellet

Figure 5.10: Optical Micrograph of the Cross Section of NBR/MA Pellet
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Figure 5.11: Optical Micrograph of the Cross Section of PANBR/MA Pellet

The thickness of the coating film for all samples were measured using digital
Vernier Caliper. The thickness of pellet before and after coating for each sample
were measured and recorded 3 times, then the average thickness was calculated from

the readings recorded. The coating film thickness can be calculated by Eq. (5.1)

_ Tac— Tge (5.1)
Tfilm - T

Where,

Tsm = Thickness of one side coating film

Tac = Thickness of pellet after coating
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Tsc = Thickness of pellet before coating

The average thickness of 1-layer PA and NBR coating for 20 samples
measured using Vernier Caliper were 0.104038+0.029853 mm and
0.114851+0.032975 mm respectively. These measurement results were further
confirmed by the measurement from microscope image using the Plus ver.3.30
image analysis and measurement software. Figure 5.9 shows the thickness of 1-layer
PA coating was in the range of 0.09-0.10 mm. Whereas Figure 5.10 shows that the
thickness of 1-layer NBR coating was in the range of 0.11-0.12 mm. Figure 5.11
shows that the thickness for inner layer of NBR coating and outer layer of PA were
in the range of 0.10-0.14 mm and 0.12-0.13 mm, respectively. These optical
micrograph measurement results obtained were in the range of measurement result
obtained using Vernier Caliper. Therefore, Vernier Caliper can be used to measure

thickness of coating for large number of PCM samples with coating.

5.6 Thermal Properties: Differential Scanning Calorimetry (DSC)

Thermal properties of dip coated MA pellet with different polymer coating
combination were studied using DSC. The melting point, freezing point, latent heat
of melting and freezing are shown in Table 5.3 and Figure 5.12. When compared to
phase change temperatures of the dip coated MA pellet with pure MA, the changes
in melting point was -0.53, -0.88, -0.84, -1.31, and -1.25 °C and the changes in

freezing point was -0.18, -0.79, -0.98, -0.91, and -1.16 °C for PA/MA, NBR/MA,
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2PA/MA, 2NBR/MA and PANBR/MA, respectively. These small changes
indicated that both coatings did not significantly affect the melting and freezing
point of pure MA. However, latent heat decreased with the increased of coating
weight percentage. It can be seen that dip coated MA pellet with two layers of
coating had lower latent heat. This is because the coating material fraction reduce

the mass percentage of MA which contribute to latent heat (Alkan and Sari, 2008).

Table 5.3: Thermal Properties of Dip Coated MA Pellet with Different

Polymer Coating Combination

PCM Coating Coating PCM  Melting Latent Freezi Latent
layers  (wt%)  (wt%) Point heat of ng heat of
(°C) melting Point  freezing

(J/9) °C) (o)

MA No 0 100 5597+ 216.04 52.72+ 216.85%
coating 0.12 +4.72 0.27 4.54

PA/MA  1-layer 18.62 81.38 55.44+ 161.62 5254+ 160.91+
PA 0.18 +4.06  0.16 3.85

NBR/ 1-layer 19.87 80.13 55.09+ 157.52 5193+ 157.80%
NBR 0.33 +9.10 0.73 9.61

MA

2PA/MA  2- 36.43 63.57 55.13+ 130.53 51.74+ 129.16%
layers 0.11 +6.09 0.16 7.94
PA

2NBR/ 2- 38.84 61.16 54.66+ 124.83 51.81+ 124.22+
layers 0.24 +7.78 0.42 8.29

MA NBR

PANBR/ 1-layer 37.78 62.22 5472+ 131.84 5156+ 130.97%

MA NBR + 0.27 1576  0.58 7.40
1-layer
PA
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Figure 5.12: DSC Curves of Dip Coated MA Pellet with Different Polymer
Coating Combination

PANBR/MA pellet is the most thermally stable sample as indicated earlier
in Table 5.3. The melting and freezing temperature of PANBR/MA pellet measured
by DSC as 54.72+0.27 °C and 51.56+0.58 °C, respectively, while the melting and
freezing latent heat were 131.84+5.76 J/g and 130.97+7.40 J/g, respectively. If
compared to the latent heat of the most thermal stable sample in chapter 4 (Phase |
of the research study), PANBR/MA pellet (131.84+5.76 J/g) exhibit 30.66% higher

latent heat.
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5.7 Durability: Thermal cycling

For durability analysis, the thermal properties of PANBR/MA pellet after 1000
times repeated thermal cycling test were analyzed by DSC as shown in Figure 5.13.
The DSC curve shape for PANBR/MA pellet did not change much after 1000
thermal cycles. Table 5.4 shows that the variances in melting temperature, freezing
temperatures, latent heat of melting and freezing for PANBR/MA pellet before and
after thermal cycling were small and less than 2 %. Therefore, it can be concluded

that PANBR/MA pellet had good thermal reliability.
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Figure 5.13: DSC Curves of PANBR/MA Pellet before and after 1000
Thermal Cycling
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Table 5.4: DSC Results of PANBR/MA Pellet before and after 1000 Thermal

Cycling
Melting Latent heat of  Freezing Latent heat of
Point (°C)  melting (J/9) Point (°C) freezing (J/g)
Before 55.79 131.77 51.70 130.98
After 55.27 129.66 51.28 129.77
Changes 0.93 1.60 0.81 0.92

percentage (%)

5.8 Summary

Dip coated MA pellet with PA and NBR in different combination have been
produced in this work. Characterization test results are summarized in Table 5.5.
Leakage test showed that the MA pellets coated with 2-layers of coating were more
stable if compared to those without coating and coated with 1-layer of coating.
Among all samples, PANBR/MA pellet with the combination of NBR (inner layer)
and PA (outer layer) performed better as no leakage was found after heating in oven
for 24 hours. Besides, tensile test showed that the combination of NBR and PA had
moderate mechanical properties. NBR as inner layer of coating was elastic and able
to withstand the volume change of PCM inside the core, while PA as outer layer of
coating was able to provide good structure to hold the PCM from deforming. FTIR
result shows that the MA pellet was well coated because only polymer coating’s

functional group was detected after the coating. This finding was supported by
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optical micrograph as polymer coating film were compact and adhered well to the
MA pellet. No defects such as holes, gaps, and cracks could be observed at the
interface between film and MA pellet. For thermal performance, melting
temperature and latent heat of PANBR/MA pellet were recorded at 54.72+0.27 °C
and 131.84 £5.76 J/g, respectively. The latent heat of PANBR/MA pellet in this
phase was 30.66% higher than previous phase where latent heat of composite PCM
(MA/PMMA, 60/40 wt %) with PA coating was 91.42+7.22 J/g. Furthermore,
PANBR/MA pellet was thermal reliable as the changes of melting and freezing

latent heat after 1000 thermal cycling was less than 2 %.

Table 5.5: Summary of the Outcome of the Characterization Tests

No Characterization Outcome
Tests

1. Leakage Analysis PANBR/MA pellet with the combination of NBR
(inner layer) and PA (outer layer) had better
performance in preventing leakage.

2. Tensile Combination of NBR and PA had moderate
mechanical properties.

3. FTIR Analysis MA pellet are well coated because only the coating
functional groups were detected after coating.

4.  Microscope Polymer coating film was compact and adhered well
to the MA pellet as no gaps could be observed at the
interface between film and MA pellet.

5 DSC Latent heat of PANBR/MA pellet was 131.84+5.76
J/g.
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6  Thermal cycling =~ PANBR/MA pellet were thermal reliable as the
changes of melting and freezing latent heat after 1000
thermal cycling was less than 2 %.

Based on the results above, the objective of this phase was achieved as the
latent heat was increased by directly applying polymer coating on PCM without
supporting material. Therefore, PANBR/MA pellet is the most ideal form stable
composite PCM because it had high latent heat and good thermal reliability. This
combination will be continue used on phase 3 by adding RGO to enhance light

absorption of PCM.
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CHAPTER 6

RESULT AND DISCUSSION FOR FORM STABLE COMPOSITE PCM
WITH ENHANCED COATINGS BLENDED WITH RGO TO IMPROVE
LIGHT ABSORPTION

This chapter presents the result and discussion for phase 3 of research study—
FSCPCM with enhanced coatings blended with RGO to improve light absorption.
The contents of the chapter were outlined into five subsections. This chapter begins
with the introduction of the work flow used in this phase. Characterization of RGO
through FTIR, XPS, Raman spectroscopy, XRD, FESEM, TEM and UV-Visible
absorption analysis were presented and discussed. Dispersion of RGO in coating
were studied using XRD, FESEM and AFM. Characterization and performance
analysis of FSCPCM with RGO such as solar energy conversion efficiency, DSC,
FTIR, thermal cycling test and weathering test were discussed as well. Lastly,
summary of this phase was made. The optimum RGO loading which gave the

highest solar energy conversion efficiency was identified from the results.

6.1 Introduction

Work flow in this phase of research study was summarized in Figure 6.1.
First, RGO was synthesized by oxidizing graphite nanofiber (GNF) via conventional

Hummer’s method (Hummers and Offeman, 1958) followed by reduction using
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hydrazine hydrate (Tripathi et al., 2013). Then, a few analyses such as FTIR, XPS,
Raman, XRD, FESEM and TEM were used to determine successful oxidation of
GNF and reduction of graphene oxide (GO) to RGO. Absorption wavelength of
RGO was also determined using UV-Visible spectroscopy. Next, RGO was mixed
with Triton X-100 prior blending with PA coating solution. The dispersion of RGO
in PA film was studied using XRD, AFM and FESEM. The polymer coating
combination which gave the best thermal stability in phase 2 will be continued to be
used in this phase. MA pellet was coated with one layer of NBR first then followed
by second layer of PA coating blended with RGO. MA was used as PCM core to
store latent heat; polymer coating was used as a shell to contain the PCM; RGO was
used as light absorptive materials. RGO is proposed to be used in this phase because
RGO is efficient in light absorption. RGO has large optical absorptivity, tunable
bandgap and band-position (Mukhopadhyay and Gupta, 2012; Sadasivuni et al.,
2015). Besides, a new in-house design setup for measuring solar conversion
efficiency is presented. This work is carried out at outdoor setup to determine solar
energy conversion efficiency and the total amount of stored heat energy. Then the
chemical compatibility and thermal properties of FSCPCM with RGO (RGO-
PANBR/MA) were characterized using DSC and FTIR, respectively. Thermal
cycling test were also carried out to determine the thermal reliability of RGO-
PANBR/MA pellet after 1000 melting and freezing cycles. Moreover, RGO-

PANBR/MA pellets were also exposed to sunlight for weathering test.
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Figure 6.1: Work Flow of Phase 3 Experiment
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6.2 Characterization of RGO

The chemical composition and morphology of GNF, GO and RGO were studied
using following instruments such as FTIR, XPS, Raman spectroscopy, XRD,
FESEM and TEM. These characterization analyses were carried out to confirm GO
was reduced to RGO successfully. Characterisation analysis such as FTIR, XPS,
Raman, XRD is to determine chemical structure of RGO. FESEM and TEM is to
determine morphology of RGO. Besides, UV-Vis analysis is to determine light

absorption properties of RGO.

6.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 6.2 shows the FTIR spectra of GNF, GO and RGO. The peak of GNF
at 1565 cm™ corresponds to the C=C aromatic ring chain stretching. The FTIR
spectrum of GO represents the characteristic peaks corresponding to the oxygen
functionalities such as C=0 stretching, C-O stretching and C-O bending vibration
at 1723, 1256 and 1032 cm™, respectively (Deshmukh and Joshi, 2014). The peak
at 3402 and 1386 cm™ corresponds to hydroxyl groups (OH) and the broad range
from 2500 to 3500 cm™ confirms the presence of carboxylic group (COOH). The

peak at 1623 cm™ represents the unoxidized graphitic domain (C=C) (Shen et al.,
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2013). The GO spectrum shows that the oxidation of GNF using Hummer’s method
was successful through the incorporation of oxygen functional group. The reduction
of GO was proved by the FTIR spectrum of RGO where the peak intensity of all
oxygen functionality group (C=0 and C-O) was reduced significantly as shown in
the square box in Figure 6.2. The peak at 3435 cm™ in the FTIR spectrum of RGO
represents the hydroxyl groups (OH) which indicates the incomplete reduction of

GO (Konios et al., 2014).
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Figure 6.2: FTIR Spectra of GNF, GO and RGO
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6.2.2 X-Ray Diffraction (XRD)

XRD patterns of GNF, GO and RGO are shown in Figure 6.3. The strongest
peak of GNF was found at 2 theta degree (20) value of 26.3281° which represents
the typical graphitic structure, similar to the XRD pattern of graphite found in other
publications (Peng et al., 2013; Spyrou and Rudolf, 2014). The interlayer spacing of
GNF was 3.382A. By comparing the XRD patterns of GNF and GO, GO has less
intense and broad-diffraction peak at the region of 9°-12°, corresponding to the
increase in the interlayer spacing from 3.382A in GNF to 7.110-9.732A in GO. The
results were similar to those obtained by previous works (Wang and Hu, 2011;
Ashori et al., 2015). This is because oxygen functional groups were attached to both
sides of the single graphene layer during its oxidation and enlarged the interlayer
spacing (Lerf et al., 1998; Jeong et al., 2008; Szabo et al., 2006; Boukhvalov and
Katsnelson, 2008). The results can be further supported by the FTIR spectra shown
in Figure 6.2. Several oxygen functional group can be found on the FTIR spectrum
due to the oxidation of GNF. Besides, RGO had very low intensity peak at 20 value
of 26.3867°. The interlayer spacing of RGO was 3.378A. The decrease in interlayer
spacing is due to the removal of oxygen during reduction process (Thema et al.,

2012). Therefore, it confirms GO was reduced to RGO successfully.
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Figure 6.3: XRD Diffractogram of GNF, GO and RGO

6.2.3 X-ray Photoelectron Spectroscopy (XPS)

Figure 6.4 shows the core-level shift (Cls) XPS spectra of GO and RGO,
respectively. In Figure 6.4 (a), it is clearly showed that GNF was oxidized to GO
successfully. The Cls XPS spectrum of GO are represented by the characteristic
peaks corresponding to carbon atom with different functional groups: the non-
oxygenated ring C (C-C, 284.80 eV), ether C (C-0O, 286.93 eV), carbonyl C (C=0,
288.55 eV) and carboxylate C (COOH, 291.01 eV) (Zhang et al., 2014). The Cls
spectrum of RGO also exhibits these same oxygen functionalities. However, their

peak intensities are much smaller than those in GO which indicates the reduction of
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oxygen functional groups. There is also an additional peak at 285.79 eV
corresponding to nitrogen bound to carbon atom (Yang et al., 2009). Therefore, the
results indicated that the reduction of GO to RGO using hydrazine hydrate will

incorporate nitrogen to the carbon atom (Ren et al., 2011).
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Figure 6.4: The C1s XPS Spectrum of (a) GO; (b) RGO

6.2.4 Raman Spectroscopy

Figure 6.5 shows that both the GO and RGO have strong G and D peaks,
suggesting that they have very small crystal sizes (Childres et al., 2013). In the
Raman spectrum of GO, the G and D bands are at 1597 cm™ and 1353 cm™ The G
band corresponds to the first-order scattering of the E2g mode while the D peak
indicates the reduction in size of the in-plane sp? domain. This is due to the extensive

oxidation and the attachment of hydroxyl and epoxide groups on the carbon basal
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plane. The Raman spectrum of the RGO also contains both G and D bands at 1603
cm* and 1363 cm™?, respectively). However, with an increased D/G intensity ratio
compared to that in GO. This change suggests a decrease in the average size of the
sp? domains upon reduction of the exfoliated GO, and can be explained if new
graphitic domains were created that are smaller in size to the ones present in GO

before reduction, but more numerous in number (Stankovich et al., 2007)
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Figure 6.5: Raman Spectra of GO and RGO

6.2.5 Morphology Analysis: Field Emission Scanning Electron Microscopy
(FESEM)

Figure 6.6 - Figure 6.8 show the FESEM image of GNF, GO and RGO at
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20,000 times magnification, respectively. It can be seen that both GNF and GO
possessed hair-like fiber structure. However, GO fiber structure was torn into
smaller pieces and the surface was rougher as compared to GNF. This could be
attributed by the oxygen-containing groups present on the surface of the graphitic
layer. Figure 6.8 shows that RGO has different morphology where the surface is
smooth and it is in layered form. This FESEM image confirm the RGO is in thin

sheet structure.

SEI 20kY  X20,000 WD6.1mm

Figure 6.6: FESEM Image of GNF
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Figure 6.7: FESEM Image of GO
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Figure 6.8: FESEM Image of RGO
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6.2.6 Transmission Electron Microscopy (TEM)

Figure 6.9 shows the TEM image of RGO at 60,000 times magnification.
TEM image further confirm that RGO is a smooth and thin layer of graphene sheets
stacked together. The number of layers ranges from 2 to 4 by visual inspection, and
the average length is found to be 738.5 £ 141.1 nm. This finding is important as
RGO in thin sheet structure is expected to have larger surface area and higher light

absorption.

1 HC-1 100.0kV 201:5”1;‘30 10: Dz 17
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Figure 6.9: Cross Section TEM Image of RGO
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6.2.7 UV-Visible Absorption Analysis

Figure 6.10 shows the absorption peak of RGO in aqueous dispersion which
was at 255.10 nm but it still absorbed significant amount of visible light. The
absorption peak around 260 nm was generally regarded as the excitation of p-
plasmon of graphitic structure (Wang et al., 2008b). This finding indicated that RGO
Is able to absorb UV and visible light. Therefore, RGO is suitable to be used as light

absorption material to absorb sunlight and convert it to thermal energy.
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Figure 6.10: UV-Visible Spectrum of RGO Disperse in Water

6.3 Dispersion Analysis of RGO in PA film

The dispersion of various loading of RGO in PA film was studied using XRD

and FESEM and AFM.
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6.3.1 X-ray Powder Diffraction (XRD)

XRD diffractogram of RGO and PA at various RGO loading is shown in
Figure 6.11. The XRD pattern for pure PA showed no diffraction peaks which
indicated amorphous nature of PA (Flora et al., 2012). While RGO had a peak at 26
value of 26.3867°, indicating RGO nanosheets had packed into an ordered structure.
PA with 0.5 wt%, 1.0 wt% and 1.5 wt% of RGO loading had a small peak at 260
value of 26°. Large reduction of RGO characteristic peaks in PA at 0.5, 1.0 and 1.5
wt% loading could be observed. Another broad and less intense peak could be
observed at 20 value of 23 -15° for all the three samples. This indicates an expansion
of interlayer spacing of RGO from 2.05 A to 4.50 A. Thus RGO is more likely to be
intercalated inside the PA matrix rather than exfoliated. The regular and ordered
structure of RGO layers had been expanded with insertion of polymeric chains

(Liang et al., 2009).

PA with 2.0 wt% RGO loading had an intense peak at 26 value of 26.25052°,
indicating that the RGO was not well dispersed. Similar results were obtained for
polymer nanocomposites incorporated with other multilayer nanofillers such as clay
at high loading (Liu et al., 2003). PA with 2.0 wt% of RGO also contain smaller
amount of RGO exhibit larger interlayer spacing at 26 value of 23.6329°. This

indicates the formation of intercalated structure of RGO in PA at certain extend.
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Figure 6.11: XRD Diffractogram of RGO and PA at Various RGO Loading

6.3.2 Field Emission Scanning Microscopy (FESEM)

Cross section FESEM images of PA at 1.5 wt% and 2.0 wt% RGO loading
are shown in Figure 6.12 (a) and (b), respectively. Apparently, PA with 2.0 wt%
RGO loading has more agglomerated multi-layer RGO if compared to PA with 1.5
wt% RGO, as indicated by the darker image of multilayer RGO. This indicated that
2.0 wt% RGO is not well dispersed in PA and formed agglomerates. This images

further support the results obtained from XRD diffractogram where the 26 value

peak for 2.0 wt% RGO filled PA was similar as the 26 value peak for original RGO.
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Agglomeration of RGO will reduce the effective surface area for sun light

absorption.

SEl i SEl 40KV  X5000 WD72mm  1am

(a) (b)

Figure 6.12: Cross Section FESEM Images of PA at Various RGO Loading.
(a) 1.5 wt% RGO Loading. (b) 2.0 wt% RGO Loading

6.3.3 Atomic Force Microscope (AFM)

AFM images of PA at 1.5 wt% and 2.0 wt% RGO loading are shown in
Figure 6.13 (a) and (b), respectively. The roughness values for PA at 1.5 wt% and
2.0 wt% RGO are 18.60 nm and 76.80 nm, respectively. PA with 2.0 wt% RGO
loading has rougher surface if compared to PA with 1.5 wt% RGO. This indicated
that PA with 2.0 wt% RGO loading is not well dispersed and has more aggregate

number of multi-layer RGO.
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Figure 6.13: AFM Images of PA at Various RGO Loading. (a) 1.5 wt% RGO
Loading. (b) 2.0 wt% RGO Loading

6.4 Characterization and Performance Analysis of Light Absorptive
Polymeric Form Stable Composite PCM

Characterization and performance analysis of light absorptive polymeric
FSCPCM can be studied via solar energy conversion efficiency, FTIR analysis,

DSC and reliability analysis.

6.4.1 Solar Energy Conversion Efficiency

To verify the light absorption of RGO, PCM samples with different RGO
loading were placed under sunlight. The outdoor environment measurement setup
is shown in Figure 3.12. Compared with pure PANBR/MA pellet (0.0 wt% RGO),

the temperature of all RGO-PANBR/MA pellet rapidly increased upon sunlight
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irradiation. This is because RGO in PANBR coating absorb sunlight and transform
it into heat through non-radiation thermal decay. Similar finding was reported by
Tang et al. (2016) who used dye as light absorptive material on PCM. Figure 6.12
shows that 1.5 wt% RGO-PANBR/MA pellet had higher temperature (61.1 °C) than
pure PANBR/MA pellet (55.2 °C) after exposing to sunlight for 8000 seconds. An

increment of 10.69% in temperature was recorded.
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Figure 6.12: Temperature of RGO-PANBR/MA Pellets with Various Loading
after Exposing to Sunlight for 8000 seconds

The total heat energy stored in RGO-PANBR/MA pellet with different RGO
loading is shown in Figure 6.13. The total stored heat energy is calculated by Eq.

(3.9) in section 3.10.2 over the period of 3 sunny days. The RGO-PANBR/MA pellet
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with 1.5 wt% RGO loading stored the highest amount of heat energy among the
pellets: 49 wt% higher than the PANBR/MA pellet without RGO. The total stored
heat energy was lower when the RGO loading is further increased to 2.0 wt%. This
is because RGO is agglomerate at 2.0 wt% loading and thus reduce the effective

surface area for sunlight absorption.
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Figure 6.13: Total Stored Heat Energy in RGO-PANBR/MA Pellets with
Various Loading

Solar energy conversion efficiency calculated by Eq. (3.14) in section 3.10.2
for RGO-PANBR/MA pellets with different loading is shown in Figure 6.14. The

efficiency is dependent on the solar energy absorbed by the top surface as well as
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heat loss to the environment which is mainly affected by the difference between the
pellet temperature and the temperature inside the PMMA container. All pellets
absorb the same amount of solar energy on their top surfaces. However, the heat
loss is the same at the beginning of the experiment on each day, but the hotter pellets
has significantly higher heat losses than the colder pellets after a short period of
time. Therefore, to make a fair comparison of the solar energy conversion efficiency
of all the pellets, only the results from the first 20 minutes are used in the calculation
when the temperature difference is less than 5°C. The result shows that the 1.5 wt%
RGO-PANBR/MA pellet had the highest solar energy conversion efficiency which
was 21%. This is because 1.5 wt% RGO-PANBR/MA has the highest loading of

RGO before RGO start to aggregate.
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Figure 6.14: Solar Energy Conversion Efficiency of RGO-PANBR/MA Pellets
with Various Loading

6.4.2 Chemical Properties: Fourier Transform Infrared Spectroscopy
(FTIR)

Figure 6.15 shows the FTIR spectra of RGO, PANBR/MA pellet and 1.5 wt%
RGO-PANBR/MA pellet. As can be seen, 1.5 wt% RGO-PANBR/MA pellet had
broader and more intense peak at 3435 cm™ due to the presence of hydroxyl group

in the RGO as compared to the neat PANBR/MA pellet without RGO. In addition,
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interaction of PMMA and RGO does not involve chemical reaction because no new
functional group was found. Therefore, it can be concluded that the blending of
RGO with PA is physical blending. Besides, FTIR result also shows that the MA
pellet was well coated with coating because only polymer coating’s functional group

was detected after coating.
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7 3435 — 1.5wt% RGO-
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Figure 6.15: FTIR Spectra of RGO, PANBR/MA Pellet and 1.5 wt% RGO-
PANBR/MA Pellet
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6.4.3 Thermal Properties: Differential Scanning Calorimetry (DSC)

Thermal properties of PANBR/MA pellet at different RGO loading were studied
using DSC. The melting point, freezing point, latent heat of melting and freezing
are shown in Table 6.1 and Figure 6.16. When compared to phase change
temperatures of the PANBR/MA pellet at different RGO loading with pure MA
pellet, the changes in melting point was -1.25, -0.77, -1.32, -1.18, and -1.04 °C and
the changes in freezing point was -1.16, -0.30, -0.54, -0.34, and -0.64 °C for
PANBR/MA pellet, 0.5 wt% RGO-PANBR/MA pellet, 1.0 wt% RGO-PANBR/MA
pellet, 1.5 wt% RGO-PANBR/MA pellet and 2.0 wt% RGO-PANBR/MA pellet,
respectively. These small changes indicated that coatings and RGO did not
significantly affect the melting and freezing point of pure MA. However, RGO-
PARB/MA pellet had lower latent heat of melting and freezing than pure MA pellet.
This is because RGO and coating material reduced mass percentage of MA which

contribute to latent heat (Alkan and Sari, 2008).
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Table 6.1: Thermal Properties of RGO-PARB/MA Pellets in Various RGO Loadings

PCM RGO Coating PCM Melting Point Latent heat of melting Freezing Latent heat

(Wt%) (Wt%) (Wt%) (°C) (J/9) Point (°C)  of freezing
(J/9)

MA pellet 0 0 100.00 55.97+0.12 216.04+4.72 52.72+0.27 216.85+4.54

PARB/MA 0 37.78 62.22 54.72+0.27 131.84+5.76 51.56+0.58 130.97+7.40

0.5wt% RGO- 0.5 40.12 59.88 55.20+0.10 118.72+4.89 52.42+0.15 117.9145.19

PARB/MA

1.0wt% RGO- 1.0 39.79 60.21 54.65+0.13 121.02+5.06 52.18+0.20 120.76+5.07

PARB/MA

1.5wt% RGO- 15 39.83 60.17 54.79+0.07 119.91+6.67 52.38+0.24 119.66+6.60

PARB/MA

2.0wt% RGO- 2.0 39.23 60.77 54.93+0.19 121.05+6.19 52.08+0.06 121.13+6.49

PARB/MA
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Figure 6.16: DSC Curves of PANBR/MA Pellet with Different RGO
Loadings

1.5 wt% RGO-PANBR/MA pellet had the highest solar energy conversion
efficiency and the amount of stored heat energy were marked bold in Table 6.1.
The latent heat obtained from present work is comparable with other works done
by other researchers as shown in Table 6.2. Therefore, it is ideal to be used as

light absorptive PCM.

Table 6.2: Comparison Survey of Thermal Performance for Light

Absorptive PCM

No PCM/PCM Light Meltin  Latent  Reference
Composite Absorptive g Point Heatof s
Materials (°C) Melting
(J/9)
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1 Methoxypolyethylen  Yellow dye 32.70 103.70  (Wang et

e glycol (MPEG-750) al., 2012c)
+ polyethylene
polyamine
2 PEG 6000 1,4-bis((2- 54.80 78.70 (Wang et
hydroxyethyl al., 2012d)
) amino)
anthracene-
9,10-dione
dye
3  PEG +silicon Titanium 59.8 129.80 (Tang et
dioxide (SiOy) black (TisO7) al., 2017a)
4  MA +PANBR RGO 5479+ 119.91 Present
coating 0.07 * study
6.67

6.4.4 Durability

Durability of RGO-PANBR/MA pellet was examined under thermal

cycling and weathering test.

6.4.4.1 Durability: Thermal cycling

For thermal reliability, the thermal properties of 1.5 wit% RGO-
PANBR/MA pellet after 1000 times repeated thermal cycling were analyzed by
DSC as shown in Figure 6.17. The DSC curve shape for 1.5 wt% RGO-
PANBR/MA pellet did not change much after 1000 thermal cycles. Table 6.3

shows that the variances in melting temperature, freezing temperatures, latent
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heat of melting and freezing for 1.5 wt% RGO-PANBR/MA pellet before and

after thermal cycling were

small and less than 2 %. Therefore, it can be

concluded that 1.5 wt% RGO-PANBR/MA pellet had good thermal reliability

and it can be used for 1000 days (about 2.7 years) without any changes in

performance, assuming that it undergoes 1 thermal cycle per day.

A
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Heat flow (mW)

Endo =20

25

30

Figure 6.17:

—1.5 wt% RGO-
PANBR/MA Before

1.5 wt% RGO-
PANBR/MA_Afier

40 50 60

Sample Temperature (°C)

70 80

DSC Curves of RGO-PANBR/MA Pellet before and after

1000 Thermal Cycling

Table 6.3: DSC Results of

RGO-PANBR/MA Pellet before and after 1000

Thermal Cycling

Melting Latent heat of Freezing Latent heat of
Point (°C)  melting (J/g)  Point (°C)  freezing (J/g)
Before 54.44 122.97 51.98 123.78
After 54.31 121.69 51.48 122.28
Changes 0.24 1.04 0.96 1.21

percentage (%)
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6.4.4.2 Durability: Weathering

Weathering test is carried out for a duration of 30 days to the reliability
of 1.5wt% RGO-PANBR/MA pellet at actual outdoor environment.Thermal
reliability of 1.5wt% RGO-PANBR/MA pellet can be determined by calculating
mass loss percentage of sample through weathering test. The mass of PCM
determine the latent heat and thermal storage performance of PCM. Therefore, a
good TES material must has small mass loss percentage to maintain its high TES
performance in practical outdoor application. The mass loss percentage of 1.5

wt% RGO-PANBR/MA pellet can be calculated by Eq. (6.1).

(6.1)

Maw =Msw 1 600
Mgy,

Myoss (%) =
Where,
Mioss = mass loss percentage (%)
Maw = mass pellet after weathering

Mgw = mass pellet before weathering

The mass loss percentage of 1.5wt% RGO-PANBR/MA pellet after
weathering test was only 2.1%. It is considered as acceptable as the mass loss

percentage did not exceed the maximum value of 5% (Huang et al., 2013). It also
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indicates t no leakage of PCM during phase change process when exposed to

actual outdoor environment.

Besides, the changes in chemical functional groups of 1.5wt% RGO-
PANBR/MA pellet can be measured using FTIR spectroscopy to determine the
effect of natural environmental factors on chemical structure of polymer coating
film. Figure 6.18 shows no significant peak shifting after weathering test.
However, minor changes in the peak intensities were found, indicating minor
chemical changes in the polymer coating upon UV irradiation. The peaks at
2876-2954 cm™ (C-H stretching), 1727cm™ (C=0 stretching), 1449 cm™ (C-H
bending) and 1142 cm™* (C-O-C stretching) were slightly reduced. The reduction
of C=0 peak is associated to the photo destruction of = bond in C=0 (Shanti et
al., 2017). The decrease C-O-C and C-H peak are might due to side chain
scission of ester group and chain scission, respectively (Torikai et al., 1990;
Yang et al., 2001). The increase in intensity of the peak at 3442 cm™ (OH

stretching) might due to moisture absorption by the samples.
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Figure 6.18: FTIR spectra of 1.5 wt% RGO-PANBR before and after
weathering test

6.5 Summary

Light absorptive polymeric FSCPCM (RGO-PANBR/MA pellet) was
developed in this phase. Characterization test of RGO and performance analysis
of RGO-PANBR/MA pellet are summarized in Table 6.4. FTIR, XRD, XPS,
and Raman tests confirmed the chemical structure of RGO as all oxygen
functional groups were reduced. UV-Visible absorption analysis showed that
absorption peak of RGO in aqueous dispersion was at 255.10 nm but it still
absorbed significant amount of visible light. Among all samples, 1.5 wt% RGO-

PANBR/MA pellet had the highest amount of stored heat energy which was
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48.91% higher than pure sample. The solar energy conversion efficiency of 1.5
wt% RGO-PANBR/MA pellet was 21%. XRD, FESEM and AFM results also
showed that 1.5 wt% of RGO well dispersed in PA coating film. For thermal
performance, melting temperature and latent heat of PANBR/MA pellet were
recorded at 54.79+0.07 °C and 119.91+6.67 J/g, respectively. 1.5 wt% RGO-
PANBR/MA pellet were thermal reliable as the changes of melting and freezing
latent heat after 1000 thermal cycling was less than 2 %. Moreover, 1.5 wt%
RGO-PANBR/MA pellet also stable under exposure to natural environment as
the mass loss percentage was only 2.1% after 30 days weathering test. FTIR
spectra also showed that RGO-PANBR film only had minor changes of peak

intensity after weathering test.

Table 6.4: Summary of the Outcome of the Characterization Tests

No Characterization Outcome
Tests

1. FTIR, XRD, XPS, Confirm the reduction of GO to RGO.
and Raman

2. FESEM and TEM RGO is in thin layer with high surface area.

3. UV-Visible Peak absorption of RGO was observed at 255.10
nm but it still absorbed significant amount of
visible light.

4,  XRD,FESEMand 0.5, 1.0 and 1.5 wt% of RGO intercalated in PA.
AFM 2.0 wt% of RGO was not well dispersed and
maintain the original ordered structure RGO with
little intercalation.
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5 Solar Energy

Conversion
Efficiency
6 FTIR
7 DSC

8  Thermal cycling

9  Weathering test

1.5 wt% RGO-PANBR/MA pellet had the highest
amount of stored heat energy which was 48.91%
higher than pure sample.

The solar energy conversion efficiency of 1.5
wt% RGO-PANBR/MA pellet was 21%.

Blending of PA and RGO is physical method as
no new functional group was found.

Latent heat of 1.5 wt% RGO-PANBR/MA pellet
was 119.91+6.67 J/g.

1.5 wt% RGO-PANBR/MA pellet was thermal
reliable as the changes in melting and freezing
latent heat after 1000 thermal cycling was less
than 2 %.

1.5 wt% RGO-PANBR/MA pellet was stable
under natural environment as the mass loss
percentage was only 2.1% after 30 days
weathering test. FTIR also showed that RGO-
PANBR film only had minor changes of peak
intensity after weathering test

Based on the results above, the objective of this phase was achieved as

RGO is able to absorb sunlight and convert it to heat energy. The optimum RGO

loading for RGO-PARB/MA pellet was 1.5 wt% because it had the highest

amount of stored heat energy and solar energy conversion efficiency. Therefore,

1.5 wt% RGO-PANBR/MA pellet has the potential to be used as light absorptive

polymeric form stable composite PCM.
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CHAPTER 7

CONCLUSION & FUTURE WORK

7.1 Conclusions

In conclusion, light absorptive polymeric FSCPCM was developed
successfully using blending and dip coating method. The main experiment works

can be divided into 3 phases:

I.  Apply PA and conformal coating on composite PCM (MA/PMMA) to
determine which coating can be used to prevent leakage.

Il.  Develop the best polymer coating combination and applied directly on
MA pellet without PMMA supporting material to maximize latent heat.

I1l.  Synthesis and blend RGO into FSCPCM to improve light absorption.

A series of experiments were done in phase 1 to produce FSCPCM using
new coating materials such as conformal coating and PA. Leakage test indicated
that these two polymeric coating can be used to prevent and minimize the
leakage. The PA coating performs better compared to conformal coating as no
leakage was found on composite PCM (MA:PMMA, 60:40 wt%) with PA
coating compared to those with conformal coating whose leakage area was 1.74
cm? under the same weight percentage of MA/ PMMA. This result was

supported by tensile result as PA had 144.64%, 196.76% and 137.56% higher E-
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modulus, tensile strength and elongation at break (%), respectively compared to
the conformal coating. Among all leakage-free FSCPCM, composite PCMs
(MA/PMMA, 60/40 wt %) with PA coating had the highest melting latent heat
(91.42+7.22 J/g). However, the latent heat is reduced about 57.61% if compared
to pure MA (215.65+4.69 J/g). This is due to the addition of supporting material
and coating material which reduced the mass percentage of MA which contribute

to the latent heat.

In phase 2, different polymer coating combination of PA and NBR was
directly applied on MA pellet without PMMA supporting material to maximize
latent heat. Among all samples, PANBR/MA pellet with the combination of NBR
(inner layer) and PA (outer layer) was thermally stable as no leakage was found
after heating in oven for 24 hours. This is because NBR as inner layer of coating
was elastic and able to withstand the volume change of MA inside the core, while
PA as outer layer of coating was able to provide good structure to hold the MA
from deforming. Moreover, PANBR/MA pellet was thermally reliable as the
changes of melting and freezing latent heat after 1000 thermal cycling was less
than 2 %. DSC results also showed that the latent heat of PANBR/MA pellet
(131.84 £5.76 J/g) was 30.66% higher than composite PCM (MA/PMMA, 60/40
wt %) with PA coating (91.42+7.22 J/g) produced in phase 1. Therefore, it can
be concluded that PANBR/MA pellet is a new polymeric coating FSCPCM

which has high latent heat, thermal stability and reliability.
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In phase 3, PANBR/MA pellet is blended with RGO to improve light
absorption. UV-Visible absorption analysis showed that absorption peak of RGO
in aqueous dispersion was at 255.10 nm but it still absorbed significant amount
of visible light. Among all samples, 1.5 wt% RGO-PANBR/MA pellet had the
highest amount of stored heat energy which was 48.91% higher than pure
sample. The solar energy conversion efficiency of 1.5 wt% RGO-PANBR/MA
pellet was 21%. For thermal performance, melting temperature and latent heat
of 1.5 wt% RGO-PANBR/MA pellet were recorded at 54.79+0.07 °C and
119.9146.67 J/g, respectively. 1.5 wt% RGO-PANBR/MA pellet were thermally
reliable as the changes of melting and freezing latent heat after 1000 thermal
cycling was less than 2 %. Moreover, 1.5 wt% RGO-PANBR/MA pellet is also
stable under exposure to natural environment as the mass loss percentage was
only 2.1% after 30 days weathering test. FTIR spectra also showed that RGO-

PANBR film only had minor changes in peak intensity after weathering test.

As a conclusion, 1.5 wt% RGO-PANBR/MA pellet was formed as a new
light absorptive polymeric FSCPCM which is thermally stable and able to
convert light to heat energy. This novel light absorptive polymeric FSCPCM is
suitable to be used as TES in solar heating application, solar green house and

green building.
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7.2 Future Work

The focus of the future work in this research is the enhancement of latent
heat of light absorptive polymeric FSCPCM. Therefore, future research can be
carried out to improve mechanical properties of polymeric coating film by
adding crosslinking agent. Crosslink polymeric coating film is expected to have
higher tensile and elasticity to withstand the volume change of MA. Therefore,
this strong and elastic film will reduce the mass percentage of coating materials
and hence it can maintain high latent heat with elimination of leakage and

reduction of volume expansion.

Besides, practical application of this light absorptive polymeric
FSCPCM has not been studied in this research yet. Therefore, future research
can be carried out by applying it in solar water heater tank or PV cooling to test
its thermal performance. Optimization work for improving performance
efficiency of this light absorptive polymeric FSCPCM in practical application

will be carried out also.
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Abstract: Tn this study, reduced graphene oxide (RCO)/polymethyl methacrylate (PMMA)
nanocomposites were prepared by employing in situ palymerization and solution blending methods.
In terms of mechanical properties, RGO loading increased the Young's modulus but decreased
the elongation at break for RGO/PMMA nanocomposites. Tensile strength for solution blended
RCO/PMMA nanocomposites increased after adding 0.5 wt % RGO, which was attributed to the
good dispersion of RGO in the nanocomposites as evidenced from SEM and TEM. Sclar energy
conversion efficiency measurement results showed that the optimum concentration of RGO in the
RGO/PMMA nanocomposites was found to be 1.0 wt % in arder to achieve the maximum solar
energy conversion efficiency of 25%. In the present study, the solution blended nanocomposites
exhibited better overall properties than in situ polymerized nanocomposites owing to the better
dispersion of RGO in solution blending. These findings would contribute to future work in search of
higher conversion efficicncy using nanocomposites,

Keywords: RGO; PMMA; solar energy conversion efficiency; morphology; synthesis method

1. Introduction

Graphene is a monolayer hexagonal sp? hybridized carbon sheet. It has received much attention
in recent years due to its high mechanical strength, large specific surface area, and excellent
thermal and clectrical conductivity [1,2]. Graphene can be synthesized through various methods,
such as chemical vapor deposition (CVD), plasma enhanced CVD (PECVD), graphitization of
a carbon-containing substrate, solvothermal, organic synthesis, and chemical reduction of graphene
oxide [3-5]. Graphene obtained by the reduction of graphene oxide through thermal, chemical
or clectrical treatments is gencrally known as reduced graphenc oxide (RGO). Rescarch works
involving graphene/polymer nanocomposites have been carried out widely with regard to many
applications, such as electromagnetic shielding, corrosion-resistant coating, antistatic, lithium ion
batteries, supercapacitors, fuel cells, photovoltaic devices, biosensing systems and photocatalysts [6-8].
Researchers have synthesized graphene/polymer nanocomposites with several polymer matrices
such as polystyrene, poly(vinyl alcohol), low density polyethylene, polymethyl methacrylate, epoxy
and natural rubber composite using different preparation methods like melt intercalation, solution
blending, in situ polymerization, etc. [9-17]. Despite various materials having been proposed for heat
dissipation [18,19], the highly thermally conductive graphene-based nanocomposites have recently
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Abstract: The composite PCM was prepared by blending polymethyl methacrylate (PMMA) and
myristic acid (MA) in different weight percentages. The MA and PMMA were selected as PCM
and supporting material, respectively. As liquid MA may leak out during the phase transition, this
study proposes the use of two coatings, namely a polyacrylic coating and a conformal coating to
overcome the leakage problem. Both coatings werc studied in terms of the leakage test, chemical
compatibility, thermal stability, morphology, and reliability. No leakage was found in the PCMs with
coatings compared to those without under the same proportions of MA/PMMA, thus justifying the
use of coatings in the present study. The chemically compatibility was confirmed by FTIR spectra: the
functional groups of PCMs were in accordance with those of coatings. DSC showed that the coatings
did not significantly change the melting and freezing temperatures, however, they improved the
thermal stability of composite PCMs as seen in TGA analysis. Furthermore, the composite PCMs
demonstrated good thermal rcliability after 1000 times thermal cycling. The latent heat of melting
rectuced by only 0.16% and 1.02% for the PCMSs coated with confermal coating and polyacrylic coating,
respectively. Therefore, the proposed coatings can be considered in preparing fatty acid/PMMA
blends attributed to the good stability, compatibility and leakage prevention.

Keywords: phase change material; PMMA; myristic acid; polyacrylic coating; conformal coating

1. Introduction

The greenhouse effect is the main driving force for switching from fossil fuel energy to various
renewable energy sources such as solar, wind, and hydro energy. Solar energy is a popular renewable
resources for electricity generation and thermal energy storage (TES). A comparative study on
world energy consumption released by the International Tnergy Agency pointed out that solar array
installations will supply about 45% of worldwide energy demand in 2050 [1]. TES is rapidly growing
in mitigating energy crises and reducing environmental pollution [2]. In particular, the use of phase
change material (PCM) for TES is one of the most prospective techniques [3-6]. PCM has high latent
heat and capable of storing heat energy with a small temperature change during phase transition [7,8].
It stores five to 14 times more heat per unit volume than sensible storage materials such as water,
masonry, and rock [9]. Moreover, a significant reduction in storage velume can be achieved using PCM
compared to sensible heat storage [10].
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HIGHLIGHTS

« Thermal and light absorption properties of composite FCMs are reviewed.

« Research gap thal limits the practical application of PCMs in SWH is discussecl.

« Types of PCM and their performance in SWH are reviewed,

« Recent development in the designs of SWHs incorporating PCMs as TES is reviewed.
» Recommendation on tank design is included to optimize performance of SWH.

ARTICLE INFO ABSTRACT

Article history: Solar water heater (SWH) incorporating solid-liquid organic phase change materials as thermal energy
Recewed 19 July 2017 storage (TES) have attracted atrention since 1970s. However, the development of these PCMs to practical
Revised 5 Novemher 2017 application had been restricted by its low thermal stability and thermal conductivity. Recently many type

Accepred 7 December 2017

e bog 2017 of composite solid-liquid organic PCMs had been developed and studied ta overcome thesc problems, The

effect of polymerfporous materials composition, nanoparticles loading and photo-absorption properties
of photothermal energy conversion material on the thermal stability, thermal conductivity and light
absorpLion of composite PCMs are reviewed and analyzed. Besides, praclical application of PCMs in
Solid-liquid PCM SWHs are reviewed and cuvnpgrcd as wpﬂ. Research gaps for future development and application of com-
Thermal energy storage posite PCMs had been identified and discussed as well,

Solar water heater @ 2017 Fublished by Elsevier Ltd.
Tank design
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Abstract. Phase change material (PCM) is ane of the most popular and widely used as thermal energy storage material
because it is able to absorb and release a large amount of latent heat during a phase change process over a narrow
temperature rmge. In this work. the form-stable composile PCM was prepared by blending of PMMA and myristic acid
in dillerent weight percentage. PMMA was used as a supporting material while my ¢ acid was used as PCM.
Theoretically, PCM can be encapsulated in (he support malerial aller blending. However, a small amount of liquid PCMs
can leak out from supporting material due to the volume change in phase change process. Therefore, a form-stable
composite PCM with polyacrylic coating was studied. Leakage test was carried out to determine the leakage percentage
ol the [orm-stable composite PCM. Fourier translorm infrared spectroscopy (FTIR) was used 1o characterize the chemical
compatibility of the form-stable PCM composile while dilTerential scanning calorimetry (DSC) was used 10 study the
melting, freezing point and the latent heat of melting and freezing for the form-stable composite PCM.

INTRODUCTION

Thermal energy storage (TES) is an imporiant energy storage Lo improve energy saving and elficiency by
overcoming (he incomsistency and mismatch between energy supply and demand. There are three main types of TES
systems: sensible heal, latent heat and (hermo-chemical. Latent heat storage using phase change material (PCM) is
one of the most popular Lype because they have high latent heal and able Lo store a large amount ol heat energy in a
small volume with a small temperature change in the phase change process [1].

PCMs which are commonly used as TES are organic PCMs, inorganic PCMs and eutectic PCMs [2,3]. Among
organic PCMs, fatty acid is popular because they have high latent heat, reproducible melting and freezing behaviour
and freeze with no supercooling [4]. However, fatty acid is acidic and mildly corrosive. Therefore, many studied
were done on form-stable composite PCMs which are prepared by blending of polymer and fatty acid. Generally,
polymer is used as a supporting material to prevent the leaking of melted fatty acid during phase change process.
Polymers such as poly(methyl methacrylate) (PMMA), styrene maleic anhydride copolymer (SMA) and
poly(ethylene oxide) (PEO) have been used to blend with fatty acid to produce form-stable composite PCM  [5—
7].Previous research showed that the polymer has a good compatibility with fatty acid. Besides, the form-stable
PCMs also have proper phase change temperature and good latent heat make it suitable to be used as TES materials
in man application.
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ABSTRACT

Phase change material (PCM) is one of the most widely used thermal energy storage material because it can store a
large amount of latent heat during a phase change process over a narrow temperature range. This work is focused on the
preparation of form stable composite PCM using polymer coating. Form stable PCM composite is developed to
improve thermal stability of PCM over phase change temperature. It also can reduce volume change during phase
change process. Polymer coating and myristic acid (MA) were used as shell and PCM, respectively. Polymer coating
can prevent the reaction of myritic acid with the outside environment. Two types of polymer coating were used in this
study: nitrile butadiene rubber and polyacrylic coating. MA was coated with different polymer coating combination 10
find out which polymer coating give the best thermal stability. Leakage tost was carried out to determine the leakage
percentage of the form-stuble composite PCMs. Fouricr transform infrared spectroscopy (FTIR) was used to determine
chemical functional group of polymer coating, MA and form stable composite PCM. Results showed that sample 5 (MA
pellet coated with 2 layers NBR) and sample 6 (MA pellet coated with 1 layer NBR and layer PA) were the most stable
sample as no leaking was found after heating in oven at 65°C for 10 hours .

Keywords: polymer coating, phase change materia, thermal energy storage.
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Abstract. Phase change material (PCM) is one of the most popular and widely used thermal
energy storage material in solar water heater because it able to absorb and release a large amount
of latent heat during a phase change process over a narrow temperature range. However the
practical application of PCM is limited by two major issues; 1) leakage which leads to material
loss and corrosion of tank and 2) large volume change during phase change process which cause
pressurce build up in the tank. In this work, form-stable PCM was prepared by coating myristic
acid with Poly(methyl methacrylate) (PMMA) to prevent leakage of PCM. PMMA was mixed
with different weight percentage (0.1, 0.2, 0.3, 0.4 and 0.5 wt%) of dicumyl peroxide (DCP).
The purpose of adding DCP to PMMA is to crosslink the polymer and to increase the mechanical
strength of PMMA to hold the myristic acid content inside the coating during the phase change
process. Leakage test results showed that PMMA mixed with 0.1% DCP exhibit 0% leakage.
This result is further supported by Field Emission Scanning Electron Microscopy (FESEM)
images and Fourier transform infrared spectroscopy (FTIR) analysis results, where a compact
and uniform coating without cracks were formed for PCM coated with PMMA with 0.1% DCP.
Ditferential scanning calorimetry (DSC) results shows that the melting point of form-stable PCM
is 55°C, freezing point is 50°C, the latent heat of melting and freezing is 67.59 J/g.

1. Introduction

Phase change material (PCM) is the most common and prospective technique being used to store latent
heat energy. This is because of its storing and releasing capability of very large amount of energy for
each unit mass at nearly a constant temperature [1]. In solar water heater (SWH), effective application
of PCM could increase the reliability of the system during low solar gain hours without the need for
back up eleotrical power. The size of the storage tank on the rool will reduce significantly because PCM
able to store fourteen to fifteen times extra heat for each unit volume compared to sensible storage
materials such as rock masonry or water [2-3].

However throughout the phase change process, PCM tends to melt and corrodes the wall of the SWH
heat storage tank [4-5]. Moreover the PCM will also go through large volume change during the melting
and freezing cycle which can cause pressure build up in the tank during melting and inefficient heat
transfer due to air gap during freezing. Thus, PCM must be well contained to avoid them from leaking
out and minimize the volume change during the phase change process. This measure must be taken into
consideration in order to use them practically.
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