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Preparation of Stearic Acid/Graphene Oxide Based Form-Stable
Composite Phase Change Materials

Stearik Asit/Grafen oksit Esash Form-Kararh Kompozit Faz Degisim Malzemelerinin
Hazirlanmasi
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Abstract

Composite phase change materials (PCM) of stearic acid/graphene oxide were prepared by thiol-alkyne click coupling reaction.Stearic acid
was firstly modified with propargyl to introduce thiol-yneclickable sites. Different amounts of graphene oxide were added to thiol-alkyne
clickable formulation. To evaluate phase change properties of PCMs differential scanning calorimeter (DSC) was used. Thermal stability
and degradation profiles of PCMs were investigated. The structural characterization of stearic propargyl ester and PCMs was performed by
ATR-FTIR spectroscopy. The addition of graphene oxide increased the maximum weigh loss temperature from 328 to 351 °C with respect
to the base formulation. Moreover, the crosslinking of stearic acid prevented the leakage of PCMs.
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Oz

Stearik asit-grafen oksit kompozit faz degisim malzemeleri (PCM) tiyol-alkin klik kapanma reaksiyonu ile hazirlandi. Oncelikle stearik asit
tiyol-yne klik gruplarinin baglanmas1 amaciyla modifiye edildi. Farkli miktarlarda grafen oksit tiyol-klik formiilasyonuna eklendi. PCM’le-
rin faz degisim 6zelliklerini incelemek i¢in diferansiyel taramali kalorimetre (DSC) kullanildi. PCM’lerin termal kararlilik ve bozunma pro-
fil incelendi. Stearik propargyl esteri ve PCM’lerin yapisal karakterizasyonu ATR-FTIR spektroskopisi ile gergeklestirildi. Grafen oksit ek-

lenmesiyle baz formiilasyona gore maksimum kiitle kayb1 sicaklig1 328 dan 351 °C ye yiikseldi. Ayn1 zamanda stearik propargyl ¢apraz
baglanmasiyla PCM’lerin akma problem engellendi.

Anahtar Kelimeler: Faz degisim malzemeleri, tiyol-yne klik, grafen oksit

I. INTRODUCTION

Rapid development and growth of population reveal the need for energy. Hence, the storage of thermal energy has be-
come an important area in modern technology. Phase change materials (PCMs) are a kind of thermal energy storage materi-
als. PCMs have high energy storage density and can storage energy in isothermal process.In addition, PCMs show extremely
small temperature variation during charging and discharging processes [1]. PCM technology has been used for many fields
such as solar energy storage and transfer systems, heat storage cloths and industrial waste heat recovery [2]. PCMs can be di-
vided in three categories; inorganic compounds, organic compounds and eutectic mixtures [3].Inorganic PCMs contain hyd-
rate salts, metals and alloy, which have high volumetric heat storage capacity and good thermal conductivity. However, their
applications are restricted because of their super cooling and phase decomposition [4].

Organic PCMs can be categorized into two major categories: paraffin (hydrocarbons) and non-paraffinic (fatty acids
and theirs derivatives) based materials.Fatty acids have superior properties such as chemical stability, melting congruency,
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non-toxicity andhigh latent heat compared to other available
PCMs. Furthermore, another advantage of fatty acids there
are abundantly available due to derive from common vege-
table and animal oils.The Capric acid, Lauric acid, Palmi-
tic acid and Stearic acid are majorly studied fatty acids [5].

There are some works, which consider the use of fatty
acids in PCMs. For instance, Alva et al. prepared myris-
tic acid—palmitic acid (MA—PA) eutectic mixture with silica
shell and characterized by differential scanning calorimeter
(DSC) [6]. Zhang et al. prepared stearic acid/polymethylmet-
hacrylate (PMMA) PCMs. The latent heats of PCMs with ste-
aric acid percentage of 52.20 wt% are 102.1 and 102.8 J/g
at 55.3 and 48.8°C, respectively [7].Dogiiscii et al.investiga-
ted palmitic acid (PA) and capric acid (CA) eutectic compo-
sition ratio of the mixture. Thephasechange temperatures and
latent enthalpies of PCMs were determined using DSC found
between 13.5-17.9°C and 45.0-77.3 J/g, respectively [8].

Among fatty acids, stearic acid has a suitable phase
change materials.Literature survey shows that the thermal
characteristics of stearic acid and its esters indicated available
for heat storage in buildings [9]. However, stearic acid tends
to leakage when melting. Leakage is an important problem for
PCMs, which limits theirs usage area[10]. Several preparation
techniques have been used to overcome this problem such as
encapsulation,photopolymerization [11], embedding like me-
tal particles and fatty alcohol into PCMs[12].

Carbon nanomaterials such as carbon nanotube, grap-
hene, graphene oxide exhibit high stability and thermal con-
ductivity as well as low density. The excellent properties
of carbon nanomaterials make them suitable additives for
PCMs. Graphene oxide is an oxygen-rich carbonaceous la-
yered material, which is composed by sp3-hybridized car-
bons and sp2-hybridized carbons. Graphene oxide can inte-
ract with hydrophilic groups of polymers through hydrogen
bonding. Also, graphene oxide has a physical crosslinking
agent to obtain interacting polymer[13].

Zhong et al. prepared composite PCMs consisting grap-
hene oxide and octadecanoic acid. The thermal conductivity
of the composite PCM was about 14 times than that of pure
octadecanoic acid [14]. Cui et al. obtained carbon nanotube
and carbon nanofiber containing soy wax and paraffin wax
PCMs. The thermal conductivity of composite PCMs incre-
ases with addition of carbon nanotube and carbon nanofiber
[15]. Li et al. expanded graphite and carbon nanotube added
into stearic acid. The composite PCMs were prepared via melt
blending. The increasing of carbon nanometerials content
from 1 to 9% thermal conductivity increased [10]. Based on
the literature described above, thermal conductivity and ther-
mal stability of the composite PCMs considerably enhance
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with addition carbon nanomaterial. The phase change tempe-
rature of composite PCMs stays almost the same. The latent
heat of composite PCMs very little decreases but is still pre-
serve its high latent heat storage ability. In addition, leakage
of composite PCMs is greatly prevented with the addition of
carbon nanomaterials.

The objective of our study is to prepare crosslinked stea-
ric acid network via thiol-alkyne photopolymerization and in-
vestigate the effect of different amount of graphene oxide on
the latent heat of composite PCMs. Propargyl groups bearing
stearic acid was firstly synthesized to obtain thiol-alkyneclic-
kable network. Photo-curable PCMs were prepared by mixing
propargyled stearic acid, 3SH, different amount of graphene
oxide and photoinitiator (DMAP). The chemical structures of
PCMs were investigated by means of ATR-FTIR technique.
Thermal properties and phase transition behaviors of the na-
nofiber based PCMs were determined by TGA and DSC.

II. MATERIALS AND METHODS

2.1. Reagents and Apparatus

Propargyl alcohol (99%), stearic acid, trimethy-
lolpropanetris(3-mercaptopropionate)  (>95.0%) (3SH),
2,2-dimethoxy-2-phenylacetophenone(99%) (DMPA),

grapheneoxide(4 mg/mL, dispersion in H,O),p-toluensulfo-
nicacid(98%) (p-TSA) were purchased from Aldrich.

The structure of ester of stearic acid was identified by At-
tenuated Total Reflection Fourier Transform Infrared spectros-
copy (ATR-FTIR). The spectra were collected using a Perkin
Elmer Spectrum100 ATR-FTIR spectrophotometer. The spect-
rums were recorded over a scanning range of 4.000 and 400
cm’!. Thermal properties of PCMs were examined by Thermal
Gravimetric Analysis (TGA) using a Perkin-Elmer Thermogra-
vimetric analyzer STA6000 model. TGA curves of the nanofi-
bers were obtained in the 30 - 750 °C temperature range with
heating rate of 10°C/min under air and nitrogen atmospheres.
Phase change properties and phase transitions of PCMs were
examined by Pyris Diamond differential scanning calorimeter
(DSC). DSC analysis was run from 0 °C to 80 with 5 *C/min
heating and cooling rates under nitrogen at 25 ml/min.

2.2. Synthesis of stearate ester

Stearic acid (0.035mol) and propargyl alcohol (0.17 mol)
were stirred at 80 °C in the presence of toluene-4-sulfonic acid
(0.052 mmol) in 25 mL THF for 24 h. After 24 h, the mixture
was washed with water to remove un-reacted propargyl alco-
hol and toluene-4-sulfonic acid. Then THF was removed by
evaporation and the product was dried in vacuum. The synt-
hesis pathway of stearic propargyl ester shows in Scheme 1.
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Scheme |: Preparation of stearate ester

2.3. Preparation of PCMs

All thiol-yne reaction was carried out in Argon filled
glove box. Thiol-yne clickable base formulation (P-0) was
prepared by mixing stearate ester,3SH monomerwith DMAP
as a photoinitiator in a beaker.The mixture was irradiated
with 365 nm light (120 W/cm, distance between lamp and
surface was 15 cm, OSRAM, Turkey) for 1 h to promote the
thiol-yne click reaction. P-5 formulation was prepared by
adding %35 wt. graphene oxide to the base formulation (P-
0). The mixture was sonicated by ultrasonicator (Bandeline
HD3110) for 15 minutes and then irradiated as described
above. P-10 and P-15 formulations were prepared by adding
of 10 and 15wt.%graphene oxide, respectively. An illustra-
tion of the thiol-yne click reaction can be seen in Scheme 2.
The composition of all formulations is given in Table 1.

Table 1. Formulation of thiol-yne samples

Stearate Graphene Graphene
Samples ester (g) 3SH () oxide (%) oxide (g)
P-0 0.25 0.2 0 -
P-5 0.25 0.2 5 0.60
P-10 0.25 0.2 10 0.13
P-15 0.25 0.2 15 0.25
HS ; S
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Scheme 2. Preparation of graphene oxide containing thiol-
ynePCMs

121

Ill. RESULTS

3.1. Structural characterizations

Stearate ester was synthesized was prepared by reacting
propargyl alcohol and stearic acid in the presence of p-TSA.
The structure was characterized via FTIR spectroscopy. Figure
1 shows the FTIR spectrum of the stearic acid, propargyl alco-
hol and synthesized fatty acidpropargyl ester, respectively.

In FTIR spectrum of stearic acid (in black), the bands at
2954, 2914 and 2847 cm’! correspond to the asymmetric and
symmetric stretching vibration of CH. The carbonyl groups
of stearic acid observed was observed at 1700 cm™!. The cha-
racteristic the alkyne peaks of propargyl alcohol (=C-H and
C=C) observe about 3290 and 2122 cm’!, respectively [16].
These peaks of the characteristic propargylalocohol are also
present in the spectrum of fatty acid propargyl ester (in blue).
The peaks at 3290 and 2120 cm! correspond to the alkyne pe-
aks of propargyl. The asymmetric stretching of -CH, as well
as symmetric and asymmetric -CH, stretching vibrations of
stearic acid were observed at 2951, 2910 and 2848 cm-1. The
peaks at 1742 and 1702 cm! are attributed to -carbonyl band
because of the formation of fatty acid ester [17].
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Figure |. FTIR spectra of(A)stearic acid and (B) stearate ester

3.2. Thiol-yne click reaction

Thiol-yne click reaction occurs between propargyl
groups of fatty acid ester and thiol group of 3SH in the pre-
sence of DMPA. The overlapped FTIR spectra of P-0, P-5,
P-10 and P-15 as well as P-0 of before UV-treatment are
shown in Figure 2. In the spectrum A,the peaks at 3286 and
2120 cm™! correspond to the stretching vibration of H-C and
C=C, respectively[18].The thiol groups observed at 2550-
2600 cm™!.

In the spectrum of P-0 (spectrum B), the bands at 2954,
2914 and 2847 cm’! correspond to the asymmetric stretching
of -CH, and symmetric and asymmetric -CH, stretching
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vibrations, respectively. Ester carbonyl band was observed L
at 1700 cm™![17]. In the spectrum C, the peak 1604 cm™! be- %
longing toin-plane vibrations of the skeletal C=C band of ®

hexagonal aromatic ring on the graphene oxide. The peaks at
3026 cm™! corresponding to aromatic =C-H stretching [19].
The characteristic peaks of stearic acid were also observed
at about 3026, 2922, 2852 and 1738 cm’! the all spectrum.
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Figure 2. FTIR spectra of (A) P-0, (B) P-5, (C) P-10, (D) P-15
and (E)P-0 of before UV-treatment

3.3. Thermal Properties of PCMs

Figure 3, Figure 4 and Table 2 show thermal degradation
profiles of composite PCMs (P-0, P-5, P-10 and P-15) under
inert and oxidative atmospheres, respectively. Correspon-
ding derivative curves are also presented in these figures. It
can be seen from figure that the 50%weight loss temperature Temperature (‘C’)
was 332, 335, 345 and 352 °C, respectively under nitrogen
atmosphere. 50%weight loss increase slightly with increa- Figure 3B. DTG curves of the composite PCMs, in nitrogen
sing of graphene oxide. Moreover, the char yields increased
gradually as the graphene oxide content was increased. In
oxidative conditions, graphene oxide was improved 50%we-
ight loss temperature of P-0, P-5, P-10 and P-15. It is clearly
that the addition of graphene oxide has a significant contri-
bution to the thermal stability of the PCMs as 20 and 23 deg-
rees of increase was observed in the 50%weight loss tempe-
rature of P-15 compared to P-0.

PS5

atmosphere

Weight (%0)

Temperature (°C)

Figure 4A . TGA curves of the composite PCMs, in air

atmosphere
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Figure 4B. DTG curves of the composite PCMs, in air
atmosphere

Table 2. Thermal properties of composite PCMs

INERT AIR
Samples T,,S% T§0% Char TOS% T§0% Char
Q) O W] OO (O @
P-0 203 332 296 188 328 1.88
P-5 190 335 4.66 217 346 2.32
P-10 218 345 415 198 338 3.00
P-15 194 352 6.62 216 351 3.24

3.4. Phase Transition Properties of PCMs

Figure 5 shows DSC curves of pure stearic acid and pro-
pargyl ester of stearic acid. The corresponding data of mel-
ting peak temperature (Tm), enthalpy of melting (AHm),
crystallization peak temperature (Tc), and enthalpy of crys-
tallization (AHc) are shown in Table 3. Pure stearic acid ex-
hibits single phase change at 61°C. The latent heats of mel-
ting is 178 J/g. However, propargyl ester of stearic acid
showed two melting peaks at 21 and 58 °C. Moreover the
fattyacidester has considerably high latent heat of melting
as a 65 and 203 J/g compare to pure stearic acid. The total
amount of two latent heats is 268 J/g during melting. As can
be seen from DSC results the melting points between stearic
acid and its ester changed. The physical properties of a che-
mical compound affected to the melting point. Knothe et al.
investigated and reported for melting points of some com-
pounds. For example, the melting pointdifference between
purestearic acid and methyl-branched stearic acid ester is
about 31.7 °C [20].
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Figure 5:DSC curves of pure steric acid and ester of stearic acid

Table 3. Latent heat storage properties of stearic acid, stearic
ester and the composite PCMs

Samples T, T, AH AH T T, AH, AH,
Stearic acid - 61 - 178 - 51 -174 -
Stearate ester 21 58 65 203 25 41 -50 -22
P-0 14 61 11 39 7 43 -6 -40
P-5 20 54 14 30 10 42 -11 28
P-10 22 56 11 23 14 46 -12  -21
P-15 22 52 13 18 7 43 -6 -26

The heating and freezing phase change enthalpy of thi-
ol-yne clicked PCMs were investigated via differential scan-
ning calorimeter and the results are listed in Table 2. As can
be seen Figure6, the melting temperature peaks (Tm) of P-0
were 14 and 61 °C. The latent heat of melting was 50J/g. For
freezing process, the latent heat of P-0 was 46 J/g. While
5 percent adding grapheneoxide, the melting peaks of P-5
were found 20 and 54 °C. The peaks shift to 20 and 54 °C
because of the influence of the graphene oxide framework
[21]. The latent heat of P-10was 44 J/g,which decreases a
little after adding graphene oxide. For freezing process, the
latent heat of SAT-5 was 39 J/g. The latent heat of P-15 in
melting and freezing process was 34 and 33 J/g, respecti-
vely. The melting temperatures of P-15 were 22 and 56 °C
and the freezing temperatures of P-15 were 14 and 46 °C.
The melting and freezing temperatures of composite PCMs
are suitable for low temperature energy storage applications.
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They often are suitable for floor heating systems and operate
at temperatures of approximately 45 and 25-35 °C [22, 23].
Previous researches have been demonstrated that the phase
change temperatures of nanoconfined materials decrease
[24-26]. In nanoconfined systems,the decrease in the phase
change temperatures of organic PCMs are due to the confi-
ned subnanometerspaces that become narrower [27].

Heat flow Endo up (mV)
Heat flow Endo up (mV)

T W 8 B B % ¥ & 6 & % @

Tenperdture ()

Figure 6. DSC curves of composite PCMs

The percentage of stearic acid (X) in PCMs (P-0, P-5,
P-10 and P-15) was calculated by formula [28]

X% = /07100

Where H is the latent heat of PCM (J/g); HO is the latent
heat of pure propargyl stearic acid (J/g). The percentages of
stearic acid were 18, 16, 12 and 11.5 wt.% in P-0,P-5,P-10
and P-15, respectively. The theoretical melting enthalpy of
the nanofibers can be calculated by formula [29]

HT:HD*(X/I _x)

Where HT is for the theoretical melting enthalpy of PC-
M(J/g); HO is for the melting enthalpy of stearic propargyl
ester; X is for the mass percentage of stearic propargyl es-
ter in the PCM. By calculation, the theoretical melting ent-
halpy of nanofiber PCMs were about 58 J/g, 51 J/g,36 J/g
and 34 J/g for P-0, P-5, P-10 and P-15, respectively. Theo-
retical melting enthalpies were close to the measured mel-
ting enthalpies.

To confirm the prevention leakage, stearate acidand
PCMs were heated to 100 °C. Figure 7 shows the digital
photography of stearate ester and PCMs after heating at 100
°C for 2h. It can be seenthat stearate ester completely melts
and spreads onto the filter paper surface. However, UV-c-
rosslinked PCMs no leakage was found. This means that
P-0, P-5, P-10 and P-15 have well form stable performance.
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Figure 7. Photograph views of stearate ester and P-0, P-5, P10
and P-15 after heating 100 °C

IV. CONCLUSIONS

In this study, stearic acid based composite phase change
materials were prepared. Stearic ester was crosslinked with
UV-induced thiol-yne click reaction to overcome the lea-
kage problem of stearic acid. The leakage test indicated that
UV-crosslinked stearate ester do not show leakage. TGA
curves show that the addition of graphene oxide enhanced
the thermal stability of composite PCMs. Furthermore, the
composite PCMs have lowered the melting and freezing po-
ints compared to stearic acid. Therefore, it can be said that
the composite PCMs can potentially be used as form-stable
PCMs for lower temperature applications.
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