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Abstract

A new shape-stabilized composite phase change material (SSCP) was fabricated by using a promising matter, namely n-octa-
decane (n-OD) having 200-244.00 kJ kg~! thermal energy storage capacity. For this aim, one step impregnation method was
conducted in order to obtain the composite PCM. Nano-sized gamma alumina (y-Al,O5) was used as the support material
that enhances the thermal properties of the smart composite. The obtained composite materials were investigated by thermal
analyse and visualization methods in order to determine its thermal energy storage capacity, phase transition temperature,
thermal stability, chemical structure and morphology based on the differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), Fourier transform infrared spectroscopy and polarized optical microscopy analyses, respectively.
Based on the DSC results, composite SSCP4 which could be obtained by using a composition of n-OD/y-Al,05 of 50:50
(mass/%) has highest thermal energy storage capacity (86.00 J g~!) with the suitable transition temperature (18.95-27.40 °C).
Moreover, impregnation ratio of n-OD into the porous framework was found to be 39.58 (mass/%) by TGA. Accordingly,
the obtained composite PCM can be a promising candidate for low-temperature (18-30 °C) thermal applications which are
required to have the favorable phase change temperature and high energy storage capacity with thanks to its good thermal
stability and durability performance.

Keywords n-octadecane - Gamma alumina - Composite phase change material - Energy storage

Introduction

Phase change materials (PCMs) are significant substances
that allow achieving energy efficient designs via thermal
energy storage. By using these materials, the latent heat
energy of the material can be stored/released when the con-
venient conditions achieved [1]. Phase change materials are
also called as smart materials owing to its phase transition
behavior depending on the ambient temperature without any
external intervention [2].
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Porous materials are extensively preferred many appli-
cations such as catalysis, adsorption due to their attractive
properties like large specific surface area, high porosity
and pore volumes, superior heat and mass transfer proper-
ties. Porous materials can also use as support matrix for
bounding organic-based latent heat storage materials to
overcome leakage problem during the phase transition [3,
4]. Synergetic combination of porous templates and PCMs
via shape-stabilization approach not only prevents the leak-
ing of melted phase, but also improve some properties such
as thermal and chemical stability and durability besides to
ensure high thermal energy storage density [5]. Porous car-
bon, graphite scaffolds, polyurethane foams, silica scaffolds
and clays are the porous materials used for shape stabiliza-
tion of PCMs [6, 7]. Moreover, metal foams such as copper
[8, 9], nickel [9], aluminum [10] with thanks to desirable
skeleton structure and high thermal conductivity have been
used as support for shape-stabilization of PCMs.

Organic, inorganic and eutectic types of PCMs are exten-
sively used in thermal energy storage applications [11, 12].
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For this purpose, paraffins that are in the organic materials
class are also highly preferred [13]. Among them, n-octa-
decane has been investigated by many scientists due to its
favorable thermal energy storage capacity (200-244.00 kJ
kg~!) and phase transition temperature (28-28.4 °C). When
the literature is examined, it has been seen that the prepara-
tion of micro/nano-encapsulated, emulsion type and form
stable PCMs containing n-octadecane has been studied
[13-15]. Ho and Gao performed the dispersion of 5 mass/%
and 10 mass/% alumina nanoparticles in n-octadecane in
order to obtain emulsion type phase change material. They
concluded that the addition of Al,O; had no significant effect
on the phase change temperatures of the PCM, and it was
observed around 26 °C and 25 °C, respectively, for melt-
ing and freezing processes. The latent heat of fusion of the
obtained PCMs was found as 243.1 kJ kg™!, 225.6 kJ kg~!
and 212.3 kJ kg_l, respectively, for mass/0%, mass/5% and
mass/10% [16]. Fang et al. carried out the preparation of pal-
mitic acid/ active aluminum oxide composites as form stable
phase change material. Aluminum oxide (average particle
diameter: 3—5 mm) was chosen as the support material for
obtaining the composite PCM while the fatty acid percent-
age (mass/%) was 45%. The latent heat of fusion and crys-
tallization was obtained as 84.48 kJ kg™! and 78.79 kJ kg™!
while the phase transition temperatures were 60.25 °C and
56.86 °C, respectively [17]. Wei et al. studied the fabrication
of fatty acid mixture/expanded vermiculite phase change
material with and without alumina addition. Eutectic mix-
ture of lauric, myristic and stearic acids having 59.5:32.0:8.5
mass percentages was prepared and used as the PCM. The
latent heat of fusion of the obtained composites was 91.6
kJ kg=! and 113.7 kJ kg~! for with and without alumina,
respectively, while the melting temperature was measured
as about 28 °C. They noted that the doping of alumina into
the expanded vermiculite enhanced the thermal conductiv-
ity of the composite PCM [18]. Zhao et al. [19] studied the
microencapsulation of n-octadecane with TiO, shell via
sol—gel method. They obtained spherical-shaped microcap-
sules having 42.57 J g~! thermal energy storage capacities
with a melting temperature around 25 °C. Furthermore, it
was noted that the use of TiO, shell exhibited a good ther-
mal stability. In a previous work of us, a paraffin mixture
composed of n-octadecane and n-hexadecane with poly(St-
co-DVB) shell were prepared by inverse emulsion polym-
erization [20]. According to the findings, the phase change
temperature and the latent heat of melting of the microPCM
were found as 21.06 °C and 88 kJ kg~!, which were reported
as a suitable material for low level thermal storage applica-
tions based on the good thermal stability of the obtained
PCM [20]. In another work, a fatty acid mixture besides to
n-hexadecane was microencapsulated with the addition of
modified gamma alumina in order to improve the thermal
conductivity of the composite PCM. The supplement of 2%
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y-Al,O; into the composite lead the enhancement of the
heat transfer rate by 6.23% while the latent heats of fusion/
crystallization declined with the increasing load amounts of
M-y-AlL,O5 [21].

To the best of our knowledge until today, no study has
been reported on n-octadecane impregnation into nano-
sized y-Al,O5 (<50 nm) used as supporting material for
developing shape-stabilized composite PCM. Hence, in the
present study, it was aimed to obtain n-octadecane/y-Al,O;
composite phase change material by one-step impregnation
method for low-temperature heat storage applications. The
shape-stabilized composite PCMs (SSCPs) were prepared
by one step impregnation method at different compositions,
and their thermal properties besides to thermal energy stor-
age capacity were investigated. Commercially purchased
nano gamma alumina used as framework due to its superior
properties such as large specific surface area and suitable
pore volume, while the n-octadecane selected as PCM with
thanks to high latent heat storage capacity and favourable
phase transition temperatures. Firstly, the latent heat stor-
age capacity and phase transition temperatures of produced
SSCPs, which are crucial for thermal energy storage applica-
tions, were determined by DSC. Then the composite mate-
rial which has the highest thermal energy storage capacity
was selected. Its thermal stability by TG, the chemical struc-
ture by FT-IR, the morphologic characterization by POM
and durability by leakage test were investigated. Moreover,
demonstration of thermal performance of composite phase
change material being one of the aim of this work was tested
in a in a system which was equipped with temperature con-
trolled circulating bath and data logger. Consequently, pro-
ducing of a shape-stabilized composite material, which has
improved durability performance, thermal and chemical sta-
bility via combination of porous nano alumina as a support
material and n-octadecane as a PCM is the main objective
of this study.

Materials and method
Materials and characterization

n-octadecane (n-OD) (paraffin, Merck, Darmstadt, Ger-
many) as a PCM and gamma phase alumina nano powder
(nanoparticle, < 50 nm, Sigma-Aldrich) as a framework were
used as purchased.

The thermogravimetric analysis (TGA) of the n-OD, pure
gamma alumina (y-Al,O5) and shape stabilized composite
PCM (SSCP) were carried out with a thermal analyzer (Seiko
TG / DTA 6300 thermal analysis system instrument, Seiko
Instruments, Tokyo, Japan) at a heating rate of 10 °C min~"
under nitrogen atmosphere. FT-IR spectra of the n-OD, pure
gamma alumina (y-Al,O3) and shape stabilized composite
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PCM (SSCP) were obtained by Perkin Elmer, Spectrum 100
FT-IR spectrophotometer at a wavelength of 650-4000 cm ™
at room temperature. Determination of the melting temper-
ature (7,,), crystallization temperature (7), latent heat of
melting (AH,,) and latent heat of crystallization (AH,) of
PCMs were conducted with Differential Scanning Calorim-
etry (DSC 7020 HITACHI) under nitrogen atmosphere and
at 5 °C min~! heating rate. The incorporation rate (mass/%)
of n-OD in the y-Al,O; skeleton was calculated using the
following equation [1]:

MXIOO

n-OD content in composite (mass/%) = N7
n-O0D

here in, AHgqcp is the latent heat of melting of shape-sta-
bilized composite containing n-OD (J g7!), and AH, ¢, is
the latent heat of melting of pure n-OD without supporting
material (J g71).

The morphological characterization of the neat gamma
alumina (y-Al,O5) and SSCP was examined by POM (Leica
DM2700P polarizing microscope). Specific surface area,
pore volume and pore size of gamma alumina (y-Al,05)
were determined by applying Brunauer—-Emmet—Teller
(BET) and Barrett-Joyner-Halenda (BJH) model equations
on N, adsorption/desorption isotherms, respectively. For this
purpose, Micromeritics Gemini VII 2390 t Overall Auto-
matic Surface Area and Porosity Analyzer (Micromeritics
Instrument Corporation, USA) was used. Prior to analysis
the sample was degassed at 100 °C for 24 h on a Micromer-
itics FlowPrep 060 Sample Degas System (Micromeritics
Instrument Corporation, USA).

Thermal behaviors of samples during cooling process
were also investigated in a system which was equipped with
temperature controlled circulating bath and data logger. For
this aim, samples were placed into test tubes and immersed
in the bath, which was filled with ethanol as a heat transfer
liquid. The bath was cooled from 40 to 15 °C, which tem-
perature range was comprised the crystallization temperature
of PCM.

Experimental
Preparation of shape-stabilized composite PCMs (SSCPs)

Shape-stabilized n-OD/y-Al,O, composite PCMs were pre-
pared by one step impregnation method [1] in accordance
with the compositions given in Table 1. The nano sized pow-
der y-Al,O; was dried in a vacuum oven at 110 °C for 24
h for removing moisture in its pores. n-OD was placed in
a glass reactor and heated to 35 °C above its melting tem-
perature. 50 mL ethanol was added into melted n-OD and
stirred at 35 °C for 30 min. The n-OD solution was poured
onto a certain amount of powder y-Al,0O5, and mixture was

Table 1 The composition of

o . Samples  y-Al,O4 n-OD
shape-stabilized composite (mass % ) (mass/%)
PCMs (SSCPs) prepared by one
step impregnation method SSCP1 ) 20

SSCP2 70 30
SSCP3 60 40
SSCP4 50 50

homogenized in an ultrasonic bath at 35 °C for 30 min. After
that, n-OD/y-Al,O; solution mixed with a mechanical stirrer
at 350 rpm for 24 h at temperature above melting tempera-
ture of n-OD. At the end of the mixing process, solution was
placed in a vacuum oven, and ethanol was removed at 80
°C for 24 h. The obtained composites were called as SSCP.

Results and discussion
Nitrogen adsorption-desorption

The porous nano materials are frequently preferred as a tem-
plate due to their ideal surface area in order to form-stable
PCMs. The N, adsorption/desorption isotherm of gamma
alumina was illustrated in Fig. 1 while the measured proper-
ties such as BET spesific surface area, pore volume and pore
diameter were also given in Table 2. As shown in Fig. 1, N,
adsorption—desorption isotherm of y-Al,O5 which exhibited
adsorption hysteresis loop at the range of relative pressure
(p/p°) of 0.9-1.0 was coherent with typical type IV isotherm.
Thus, it could be said that type IV isotherm of y-Al,O; was
consistent with mesoporous structure of it [22, 23]. BET spe-
cific surface area of y-Al,0; was found to be as 145.92 m?
g~ ! while the BJH adsorption cumulative volume of pores
and BJH adsorption average pore width were determined as
1.51 cm? g~! and 34.80 nm, respectively (Table 2). The large
pore volume and pore width of the y-Al,O; were advanta-
geous for n-OD to easily integration into the y-Al,O; pores.

Thermal properties and latent heat storage
capacities of shape-stabilized composite PCMs
(SSCPs)

DSC curves of n-OD and SSCPs acquired during melt-
ing and crystallization were given in Fig. 2, and the data
obtained from DSC curves were presented in Table 3. As
seen from the Fig. 2, the presence of melting and crystal-
lization peaks affirm that the impregnation of n-OD into
the gamma alumina framework. As expected (Table 3),
latent heat of melting (AH,,) and latent heat of crystalli-
zation (AH,) values of composite PCMs were declined in
comparison with unconstrained n-OD due to impregnation
of n-OD into the nano alumina skeleton. Although melting
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Fig. 1 N, adsorption—desorp-
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Table 2 The measured properties of nano gamma alumina

Gamma Alumina (y-Al,0O5)

BET surface area (m? g_l) 145.92
BJH adsorption cumulative volume of pores (cm® g™") 1.51
BJH adsorption average pore width (nm) 34.80

temperatures during heating and crystallization temperatures
during cooling also decreased by comparison to n-OD, these
values generally increased by increment n-OD content. As
also seen from Table 3, the latent heat of melting of samples
was found to be 220.0J g~!, 28.60J g~!, 31.30J g7, 63.30
Jg7'and 86.00J g~! for n-OD, SSCP1, SSCP2, SSCP3 and
SSCP4, respectively.

Moreover, the calculated n-OD contents in SSCP1-SSCP4
according to Eq. (1) were found to be 13.00%, 14.22%,
28.77% and 39.09%, respectively, although theoretical PCM
contents were to be 20%, 30%, 40% and 50% in correspond-
ing recipes (Table 1). This difference could be attributed to
restriction of the molecular chains of n-OD by the drag and
steric effects of the mesopores of y-Al,O; [24]. Moreover,
v-Al,O5 has mesoporous structure with different pore size
distribution as given in Fig. 1. The pore structure of y-Al,0;
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Relative Pressure/p.p°

could have effect on the phase transitions of n-OD filled in
the pores because of the capillary and surface tension forces
between the n-OD and pores. It could be caused to inhibiting
the molecular mobility of n-OD during the phase transitions
[25, 26]. As a consequence of this phenomena, n-OD content
which calculated from the enthalpy values measured by DSC
being lower than theoretical values.

It can be safely stated that from the DSC results that
SSCP4 has the highest latent heat storage capacity as a result
of having the highest n-OD content. Accordingly, among
the composite materials, SSCP4 with the highest thermal
energy storage capacity (86.00 J g~') is a good candidate as a
shape-stabilized composite PCM with the suitable transition
temperature (18.95-27.40 °C) for low temperature (18-30
°C) thermal energy storage applications. Moreover, Table 4
presents the comparison of shape-stabilized composite phase
change materials prepared by using porous materials in lit-
erature [27-35]. According to this table, SSCP4 as a shape-
stabilized n-OD/nano gamma alumina composite phase
change material has a remarkable potential owing to latent
heat capacity for the thermal energy storage applications.

The thermal stability of obtained composite SSCP4 was
also investigated by TGA. TG curves of n-OD, y-Al,O; and
SSCP4 were given in Fig. 3. As seen from the TG curves,
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Fig.2 DSC curves of the n-OD 35.00 -
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Table 3 DSC data of the n-OD o o o - o o o -
o SSCPe ata ot the n Sample T,,/°C* T,,/°C° T,/°C° AH/Jg™'" T,/°C° T,/°C" T,°C® AHJIg™ n-OD
content
(mass%)
n-OD 2854 3516 3841  220.0 22.08 2031 17.01 —-218.0 100
SSCP1 17.19  24.71 27.54 28.60 20.70  16.58  12.00 - 1530 13.00
SSCpP2 1970 25.09  27.63 31.30 20.87  17.09 12.15 —-19.70 1422
SSCP3  20.56 2779  34.04 63.30 2231 1779 9.50 -59.30 2877
SSCP4 2193 2740  32.34 86.00 2291 1895 1353 —68.70  39.09

4Onset melting temperature during heating

®Peak melting temperature during heating

“Endset melting temperature during heating

dLatent heat of melting

“Onset crystallization temperature during cooling

fPeak crystallization temperature during cooling

£Endset crystallization temperature during cooling

"Latent heat of crystallization

one step-degradation process was obtained for n-OD in
the temperature range of 145 °C to 228 °C with the mass
loss of 98.5, whereas mass loss of pure nano gamma alu-
mina used as supporting material was found to be as 5.2%

at near 100 °C due to the removal of present moisture
in structure. Moreover, nano y-Al,O; was maintained its
thermal stability until at 600 °C without any thermal deg-
radation. Furthermore, SSCP4 composite which has the
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Tgble 4 Compari.son of Composite PCM Melting Latent heat of Reference

dlff.erent c.ornpos.m: PCMs temperature/°C melting/J g~

available in the literature
Paraffin RT20/montmorillonite 20.8 53.6 [27]
Stearic acid/graphene-decorated silica 51.5 51.3 [28]
Paraffin RT21/expanded perlite 22.1 60.9 [29]
Paraffin/bentonite 44.3 39.8 [30]
Capric-myristic acid/vermiculite 233 27.4 [31]
n-octadecane/TiO, 28.2 85.8 [32]
n-octadecane/meso-porous carbon 13.5 18.6 [33]
n-heptadecane/biochar 13.9 53.3 [34]
n-heptadecane/activated carbon 14.1 85.4 [34]
Capric acid-stearic acid/silica fume 23.2 65.6 [35]
n-octadecane/gamma nano alumina 274 86.0 This study

100 _—
80
SSCP4
39.58 %
R 60
S
'_
40
20
n-OD
98.5 %
0 100 200 300 400 500 600 700
Temperature/°C

Fig.3 TG curves of the n-OD, y-Al,O; and SSCP4

highest latent heat storage capacity exhibited degradation
until to 245 °C which corresponds to evaporation/decom-
position of the n-OD. It could be clearly seen from the TG
curve of SSCP4 that degradation of n-OD which was in
gamma alumina framework shifted to higher temperatures
in comparison with pure n-OD. In addition, the mass loss
of SSCP4 composite was found to be 39.58%, which is
coherent with the n-OD content (mass/%) calculated from
DSC results. Although char residue (%) of the n-OD at
600 °C was near to zero, SSCP4 indicated higher residual
mass due to the presence of nano-gamma alumina frame-
work which was led to decelerate the escape of volatile
products during the thermal decomposition step. It could
be concluded that obtained higher char residue mass for
SSCP4 than this of the n-OD is as a reflection of improve-
ment thermal stability of composite PCMs with thanks to
shape-stabilization.

@ Springer

Chemical and morphologic characterization
of SSCPs

The chemical characterization of obtained composite SSCP4
besides to n-OD and y-Al,0; was conducted with FT-IR
analysis, and the spectra of samples were given in Fig. 4. As
seen from the n-OD spectrum, the absorbance bands at 2953,
2911 and 2847 cm™! could be attributed to the stretching of
aliphatic C-H groups. The characteristic peaks for paraffin
observed at 1470 cm™', 1369 cm™! and 716 cm™! are due
to C-H bending vibrations, methyl bending vibration and
long-chain methyl bending vibration, respectively. As seen
in y-Al,O, spectrum, the peaks at 3412 cm™! and 1635 cm™!
were due to stretching and the bending vibrations of OH
groups located on the surface of nano-gamma alumina. The
bands located at 1378 cm™" and 910 cm™" were due to the
stretching and bending vibrations of Al-O. The peak shift
observed in the spectrum of SSCP4 between 1200 and 800
cm™! in comparison with spectrum of the v-Al,O; was due
to weak physical interactions between the n-OD and Al-O
based on the capillary and surface tension forces. As seen
from the Fig. 4, all the characteristic peaks of n-OD and
v-Al,O; were available in SSCP4 spectrum while the any
new peak was not observed. This result confirms that n-OD
was physically adsorbed into y-Al,O; scaffold.

Moreover, the impregnation of n-OD into porous y-Al,0;
was investigated by POM analysis. As given in Fig. 5, moni-
toring of more dark and opaque brownish areas in SSCP4
view in comparison with image of neat transparent y-Al,O,
framework signified well penetration of n-OD into porous
supporting material.

Leakage test of SSCPs
Limiting PCM into a framework provides advantages such

as reducing exposed to external influences and holding
PCM in specific volume. Hereby, testing possible leakage of
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Fig.5 POM views of nano y-Al,O; and SSCP4

shape-stabilized PCM is crucial for prevention of problems
that will be occurred during the phase transition. SSCPs and
n-OD were kept in a vacuum oven tuned at 45 °C +5 °C for 2
h, which is higher than melting temperature of n-OD. Then,
the test paper placed onto samples and applied pressure in
order to check the oily spot formation. As a consequence, all
the SSCPs maintained their stability, and there was no leak-
age of melted n-OD from SSCPs with thanks to the capillary
effect and surface tension forces (Fig. 6).

Investigation of thermal behavior of SSCPs
The changes in thermal behavior of SSCP4, n-OD and nano

v-Al,O; framework related with latent heat storage capac-
ity during the cooling process were expressed on Fig. 7. As

2400 2000 1800 1600

Wavelength/cm~?

1400 1200 1000 800 650

SSCP4

expected from y-Al,O; framework, neat porous y-Al,O; not
demonstrated any phase transition due to the absence of
PCM in the structure. On the other hand, as noticed from the
solidifying curve given in Fig. 7, SSCP4 indicated the phase
transition during cooling with thanks to incorporation of
n-OD in porous structure of the gamma alumina. However,
it could be noticed that SSCP4 started phase transition from
liquid to solid state later than pure n-OD. It could be a result
of the limitation of n-OD with gamma alumina framework
used as a shell material. This result is consistent with DSC
results showing that the initial crystallization temperature
during cooling of SSCP4 was shifted to lower temperatures
compared to pure n-OD.

Thermal reliability of SSCP4 was also tested by expos-
ing to thermal cycle of 100 times with a thermal cycler
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Fig.6 Leakage test of shape-stabilized composite PCMs (SSCPs): before heating (a) and after heating and applying pressure (b)

Fig.7 The heat storage curves GG CP4 === Y-AlLO, === n.0D
of n-OD, y-Al,O; and SSCP4 457

during cooling

Temperature/°C

0 . . i
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Time/hours

(BIORAD, T100). DSC curves of SSCP 4 obtained before respectively, while the latent heat was found to be 84.45J
and after melting—freezing thermal cycling test were  g~'. As seen from the Table 5, the decline in magnitude of
given comparatively in Fig. 8, and data were presented latent heat is only 1.55 J g~!. This slightly changes within
in Table 5. As given in Table 5, after thermal cycling  the acceptable range for applications have affirmed the
test, the temperatures of onset, peak and endset belong-  thermal reliability of the composite.

ing to SSCP4 have changed only 1.34, 0.22 and 0.12 °C,
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Fig.8 DSC curves of SSCP4 4.000F
before and after thermal cycling
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o
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o
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A
o
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Table 5 Phase change properties of SSCP4 before and after thermal
cycling

Number of T,./°C Tom°C T,./°C AH, /T g1
thermal turns

0 21.93 27.40 32.34 86.00

100 20.59 27.18 3222 84.45
Conclusions

A series of shape-stabilized n-OD/nano gamma alumina
composite phase change materials were successfully pre-
pared by one step impregnation method and characterized.
n-OD was used as PCM while the nano-sized gamma alu-
mina employed as framework. Based on the DSC results that
SSCP4 was found to be the composite which has the highest
latent heat storage capacity (86.00 J g~!) as a consequence of
having the highest n-OD content (39.09 mass/%). Moreover,
the melting and crystallization peak temperatures of SSCP4
were found to be 27.40 and 18.95 °C, respectively. Addition-
ally, based on the TGA result thermal stability of SSCP4 was
not only improved but also form stability was performed,
which was checked out with leakage test on account of the
providing of shape-stabilization with alumina template. It
could be concluded that the composite of SSCP4 is a good
candidate for low temperature thermal storage applications
such as the maintaining thermal comfort in buildings or solar
thermal energy storage systems.
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