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Abstract This study focuses on the preparation of cam-
phene/palmitic acid mixture as novel phase change mate-
rial for the first step of composite-based phase change
materials. Camphene—palmitic acid-based composite phase
change materials (PCMs) for thermal energy storage were
prepared by vacuum impregnation method. The maximum
incorporation percentage for camphene—palmitic into
pyroclastic, fly ash, barite and marble powder were found
to be 33.09, 55.5, 31.5 and 35.96 %, respectively. The
differential scanning calorimetry analysis revealed that the
composite PCMs were suitable applicants for building
applications in terms of their appropriate phase change
temperatures and extensive latent heat values. The SEM
results showed that the homogeneity of the samples is
good, and according to supporting materials porosity for-
mation is observed. Thermal cycling test indicated that the
form-stable composite PCMs have good thermal reliability
and chemical stability although they were subjected to
2,000 melting/freezing cycling.
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Introduction

In today’s technological developments and consume of
energy resources, people are studying to find renewable
energy sources and energy storage materials. In the aim of
this, energy storage materials such as phase transition
materials are good candidates for technological and envi-
ronmental applications. The temperature of phase change
materials (PCMs) remains constant or just shifts gently,
while they absorb and release great amounts of thermal
energy by changing from one phase to another [1-4]. Or-
ganic and inorganic PCMs can be used as phase change
thermal energy storage materials. When organic PCMs
compared with the inorganic PCMs, organic PCMs have
lower heat of fusion than that of the inorganic PCMs. But
the main advantages of the organic PCMs are that they
have no subcooling and no corrosiveness. Besides these,
they are not toxic and have stabilized performance, and
many studies have been performed in this field [5—-14].

In the whole of energy consumption, building sector is
the major energy consumer with a total 40 % share [15-17].
In the last decade, the energy demand for buildings have
increased popularity, due to enhancement of the building
services and thermal comfort levels [18]. In addition, it is
estimated that fossil fuels will continue to produce
75-80 % of the world’s primary energy by 2030 [19]. So,
deficiency of fossil fuels and environmental apprehension
has provided impetus to the development of sustainable
building and renewable energy resources. One of the most
potential sources of solar energy is believed to be direct
solar energy [20]. But, the solar energy is interrupted, and
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its utilization requires efficient and appropriate energy
storage system [21]. The phase change materials have at-
tracted a large number of applications. PCMs that melt
above 90 °C are used for absorption refrigeration, while
PCMs that melt below 15 °C are used for storing coolness
in air conditioning applications [22]. All other materials
that melt between these two temperatures can be applied in
solar water heater [23-26], solar air heating systems
[27, 28], solar cookers [29, 30] and solar greenhouse
[31, 32]. Besides these, PCMs have been considered for
thermal storage in buildings since before 1980. With the
progression of PCM implemented in wallboards, shutters
and Trombe wall, under-floor heating systems and ceiling
boards can be used as a part of the building for heating and
cooling applications [33—41]. In this case, the heat indoors
are stored in PCMs at the temperature higher than the
melting point of PCMs, and the stored heat is released at
the temperature lower than the melting point of PCMs at
night. So, PCMs can decrease the temperature fluctuation
indoor clearly and cut down the energy consumption in the
buildings [42-47]. PCMs in building materials are gener-
ally enclosed in polymeric and metallic capsules. The en-
capsulating of PCM is expensive, and it may induce to
seepage during the melting period of PCM as well as it may
affect the mechanical strength of the building material.
Thus, it is required to direct heat exchange between PCM
and medium to provide higher thermal energy storage
performance. Hence, mixing fatty acid with other organic
and inorganic PCMs is an effective way to get a composite
with a suitable phase change temperature and high latent
heat. From this point of view, the PCMs including com-
posite are promising materials that provide opportunity, no
corrosion, quick heat transfer and suggest a large heat
storage density [48—50]. Besides these, palmitic acid is one
of the most important PCMs because of its attractive
thermal and heat transfer characteristic, and camphene is
bicyclic monoterpene, which is a minor constituent of
many essential oils such as turpentine and cypress oil.
Camphene can be an important organic phase change ma-
terial for thermal energy storage that has a melting point at

Fig. 1 Vacuum operation Vacuum
image of composite-based operation
PCMs (VP vacuum pump)
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37.90 °C with melting latent heat of 220.45 kJ kg~ ' and a
solidifying point at 28.7 °C with solidifying latent heat of
234.5 kJ kg~'. Consequently, these eutectic mixtures for
supporting composite materials can be evaluated in build-
ings for thermal energy storage.

In this study, form-stable PCM consisting of camphene
and palmitic acid was prepared. After this stage, cam-
phene/palmitic acid (CP)-based composites were produced
as novel potential PCMs for thermal energy storage in
building practices. These composite-based PCMs were
prepared by directly incorporation of camphene/palmitic
acid in pyroclastic, fly ash, barite and marble powder as
building materials. The CP and composite PCMs were
characterized structurally by SEM and FTIR analyses
techniques. Thermal energy storage properties and thermal
reliability were determined by using DSC and thermal
cycling test, respectively.

Materials and methods
Materials

All reagents were of analytical grade and were used
without further purification. Camphene and palmitic acid
were chosen to produce organic phase change material
(PCM). Fly ash, barite, pyroclastic and marble powder are
provided from Technology Faculty in Firat University.

The preparation of PCMs

The camphene and palmitic acid are weighted and uniformly
mixed together in the beaker. After that, they are placed in a
water bath with constant temperature of 80 °C and com-
pletely melted. Then, they are put in an ultrasonic cleaner for
dispersion. Fatty acid mixture can be dispersed and mixed
evenly by shock wave and micro-jet that are induced by
ultrasonic. The above steps are repeated until they are uni-
formly mixed. After this step, vacuum operation was done to
produce composite-based PCMs. Figure 1 demonstrates the
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process steps for making composite PCMs. The cam-
phene/palmitic acid (CP) and building materials were embed
in a vacuum furnace. As a beginning, the vacuum impreg-
nation was done by vacuum furnace under vacuum pressure
for 100 kPa for 6 h to depletion air from pores of building
materials. After this step, CP was melted in 80 °C in the
vacuumed furnace, and building materials were physically
submerged in liquid CP for 4 h. Finally, the vacuum pump
was switched off, and air was permitted to rejoin the furnace
again to force the CP liquid to saturate into the pore space of
the barite, fly ash, pyroclastic and marble powder compos-
ites, respectively [51].

Characterization of camphene—palmitic acid
and composites

The morphology and microstructure of the camphene—
palmitic acid and composite-based PCMs were observed
using a scanning electronic microscope (SEM, LEO 440
model). The structural analysis of camphene—palmitic acid
(CP) and camphene—palmitic acid-based composites was
analyzed by using FTIR spectrometer. The spectra were
recorded on a Perkin-Elmer infrared spectrometer as KBr
pellets with a resolution of 4 cm™' in the range of
400-4,000 cm™~'. The thermal properties of PCMs were
obtained using a differential scanning calorimeter (DSC,
Shimadzu 60 WS), and DSC curve is tested with a heating
rate of 5 °C min~' in nitrogen atmosphere. The thermal
stability of the composite PCMs was studied by means of
thermogravimetry on a Shimadzu TA-60WS from room
temperature to 600 °C with a heating rate of 15 °C min™"
in air atmosphere. The thermal reliability of the CP and the
composite-based PCMs was evaluated with respected to
change in the phase temperatures and latent heats after

Fig. 2 FTIR spectra of the

large number of thermal cycling. The thermal cycling
consisted of exposing form-stable composite PCMs to a
melting and freezing process. This was done by Applied
Biosystem 96-well Thermal cycler.

Results and discussion

FTIR analysis of camphene/palmitic acid
and camphene/palmitic acid composites

The FTIR spectra of the camphene, palmitic acid and their
composite-based PCMs are shown in Figs. 2 and 3. Figure 2a
shows the spectrum of the camphene, and the peak at
3,066 cm™ ! signifies the stretching vibration of =C—H group,
and the peak at 2,955-2,870 cm ™' represents the stretching
vibration of its—CHj groups. The peak at 1,656 cm ™' signifies
the vibration of C=C group. The absorption peak at
1,484-1,359 cm™! is assigned to the bending vibration of C—
H groups. Figure 2b shows the spectrum of the palmitic acid.
The peak at 2,951 cm ™' represents the symmetrical stretching
vibration of its —CH, group. The absorption peak at 28 cm ™ is
assigned to the symmetrical stretching vibration of its -CHj3
group. The peak at 1,695 cm™' signifies the C=0 stretching
vibration. The absorption peak at 1,469-1,327 cm~ ! corre-
sponded to the deformation vibration of its -CH, and —CHj;
groups, respectively. It can be clearly seen from Fig. 2c that
there are no shifts in the above main absorption peaks and in
camphene/palmitic acid fatty acid mixture, and camphene and
palmitic acid absorption peaks can be clearly seen. This shows
that there is no chemical reaction between the functional
groups of camphene and palmitic acid.

On the other hand, as can be seen in Fig. 3, the FTIR
spectra of barite, fly ash, pyroclastic and marble powder
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2
=
‘—-—‘*—_‘H—"\\ A e~ P _asi A Z VY™ Pl |\’l A
Ny R \ / AT TT AN AN ATV
@ [ W T
f
ll’ ﬂ II | \ "lﬂi | l'.;'
I
)
4,000 3,600 3,200 3,000 2,600 2,200 1,800 1,600 1,400 1,200 1,000 800 650

Wavelength/cm™

@ Springer



1682

Z. K. Genc et al.

Fig. 3 FTIR spectra of the
camphene/palmitic acid (CP)
and prepared composite-based

PCMs CP - barite

i CP - marble powder

TI%
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4,000.0 3,600 3,200 2,800

after the incorporation of the camphene/palmitic acid (CP)
showed new absorption bands of the fatty acid. In addition,
there are no new peaks other than characteristic peaks of
fatty acid and the building material (Fig. 3) of FTIR
spectra of the composites. These results remark that there is
no chemical interaction between the fatty acid mixture
PCM and building materials.

Microstructure of camphene/palmitic acid
and camphene/palmitic acid composites

Figure 4 presents the SEM images of the camphene—pal-
mitic acid (CP), pyroclastic, fly ash, barite and marble
powder composite PCMs, respectively. The SEM images
of the samples are taken at room temperature with the same
magnification.

As can be observed from the SEM images, the CP have
both granular and tube structure, where these two consti-
tution dispersed in each other. From the Fig. 4d, it can be
seen that barite composite PCM has small amount of pores
in the structure and include different shapes and different
sizes of disks and particulars. Fly ash composite PCM has
great many pores and due to the high porosity, the structure
has great specific surface area. There is no porosity ob-
served in marble powder composite PCM from SEM im-
ages. And also the grain size of the particulars in marble
powder-based PCM sample is nearly the same as observed
in SEM micrographs. In Fig. 4b, the structure of the py-
roclastic-based PCM is given, and we can observe grains
with different sizes combined to each other in the structure.
And when compared pyroclastic PCM with the CP, barite,
fly ash and marble powder, only the pyroclastic-based
PCM has the same structure as the others. It can be seen
that porosity occurred between the grains consist in the
structure.
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Thermal properties and specific heat capacity
of camphene/palmitic acid and camphene/palmitic acid
composites

Thermal energy storage properties of camphene/palmitic
acid and composite PCMs were investigated by using of
DSC. The DSC curves, enthalpy results and the values of
melting and solidification temperatures of cam-
phene/palmitic acid and camphene/palmitic acid compos-
ites are presented in Fig. 5. From these curves, the melting
and freezing temperatures of CP were determined as
70.88 = 0.5 and 59.22 £ 0.3 °C. The melting temperatures
of the composites were measured as 69.55 & 0.4,
68.32 £ 0.2, 68.06 & 0.5 and 69.14 + 0.3 °C for pyro-
clastic, fly ash, barite and marble powder composite PCMs,
respectively. And their freezing temperatures were mea-
sured to be 59.04 £ 0.4, 60.46 + 0.2, 60.28 = 0.6 and
5991 + 0.2 °C, respectively. However, there are little
changes in the phase change temperatures of the compos-
ites; they are very close to fatty acids. These slight changes
in phase change temperatures of the composite PCMs are
conceivably due to the weak chemical interaction.

And although the latent heats of melting were found to
be 209.65J ¢! for CP, and 61.55, 37.08, 67.54,
58.02 J g~ and freezing were found to be 189.02 for J g~
for CP and 67.03, 34.41, 67.85 and 57.45 ] g71 pyroclastic,
fly ash, barite and marble powder form-stable composites,
respectively. Compared with camphene/palmitic acid (CP),
the latent heats of the composite-based PCMs decrease
slightly. The decrease in the latent heats is the result of the
reduction in percentage of the CP in the composite PCMs.
The percentages of CP (camphene/palmitic acid in this
case) are calculated as follows:

AHpcwm
AHcp

PCM (mass%) = x 100 % (1)
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Fig. 4 SEM images of

a camphene—palmitic acid (CP),
b pyroclastic composite-based
PCM, c fly ash composite-based
PCM, d barite composite-based
PCM, e marble powder
composite-based PCM
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Fig. 5 DSC curves of a camphene—palmitic acid (CP), b pyroclastic composite-based PCM, ¢ fly ash composite-based PCM, d barite composite-

based PCM, e marble powder composite-based PCM

The appropriate mass percentages of the CP in the
composites are 33.09, 55.5, 31.5 and 35.96 %, for pyro-
clastic, fly ash, barite and marble powder-based PCMs,
respectively. As the mass percentage of CP in the com-
posite increases, the leakage formation occurred in com-
posite PCMs. In addition to these, the mass-loss rates of the
pyroclastic, fly ash, barite and marble powder composite
PCMs are constant, when they are heated from room
temperature to 80 °C and 60 min at 80 °C during ther-
mogravimetric analysis. There is no camphene or palmitic
acid loss from the composites even when they are heated
over the melting temperature of the camphene/palmitic
acid binary system. These results show that there were no
seepage of the CP from the composites and can be used
repeatedly in thermal energy storage system.

The specific heat capacity measurements of the CP and
composite-based PCMs were made in air atmosphere with a
heating rate of 10 °C min~"'. Figure 6 is showing these specific

@ Springer

heat values of CP and form-stable PCMs during heating. The
measurement ranges of samples are between 64 and 82 °C.
Alumina was used as standard material for the calculations.
Heat capacity measurements of the CP and form-stable PCMs
were determined according to the following steps:

1. Isothermal at 64 °C for 10 min,
2. Increasing the temperature from 64 to 82 °C with a
heating rate of 10 °C min_l,

3. Isothermal at 82 °C for 10 min.

After the measurements, the specific heat capacity val-
ues can be calculated using Shimadzu DSC-60A Cp soft-
ware program by using the following Eq. [52]:

160 1(5Q/dr)
P mdl  m (A7) @)

where (6Q/dr) is the heat flux given by DSC curve, m is the
mass of sample, (d7/d¢) is the heating rate of the sample,
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Fig. 6 Specific heat changes during heating of CS and composite-
based PCMs

T is the temperature, and ¢ is the time. The peak observed in
Cp-T curves (Fig. 6) for each sample refers to the trans-
formation of samples from solid phase to liquid phase. As
can be seen in Fig. 6, the specific heat capacity of CP/barite
is greater than that of the other composite-based PCMs,
because the phase change material content in barite is
bigger than in the other. In addition of this, increasing heat
capacity in liquid or solid state would enhance the part of
heat storage which can be used in a wider temperature
range, rather than just to absorb or release heat energy near
the melting point or freezing point [53].

Thermal stability camphene/palmitic acid composites
The thermal stability of camphene/palmitic acid, pyro-

clastic, fly ash, barite and marble powder-based PCMs is
depicted in Fig. 7. From the TG curves, it may be thought

that there is one step in the degradation of the composites.
This step degradation occurs at the temperatures between
180 and 340 °C which is attributed to the thermal degra-
dation of the camphene/palmitic acid (CP) molecular
chains. However, the mass-loss rate of fly ash-based
composite PCM is smaller than the other composite PCMs.
The reason is that, less water molecules from the sur-
rounding air were adsorbed in the pores of fly ash. Besides
this, it can be seen from TG curves, the composite PCMs
were not degraded or showed any mass loss at lower
temperature than 180 °C. This consequence means that the
composite PCMs have good thermal reliability in their
working temperature range.

Thermal reliability of camphene/palmitic acid
and camphene/palmitic acid composites

The composite-based PCMs must be chemically and ther-
mally stable, and besides these, they have no or less
changes in their chemical or thermal properties, after long-
term utility period of composite PCMs.

The chemical stability of the composite PCMs after
2,000 thermal cycling was investigated by FTIR. Later,
thermal treatment, no apparent difference can be occurred
between the before and after thermal treatment of the
composite-based PCMs, suggesting that the chemical
structure of CP and form-stable composite PCMs were not
affected by thermal cycling, and chemical degradation was
not found during the thermal cycling period (Fig. 8).

Besides these, DSC curves for CP and its composite-
based PCMs after 2,000 cycling are given in Fig. 9. Later,
repeated 2,000 thermal cycling, the melting and freezing
temperature of camphene/palmitic acid (CP) and the
composites PCMs were changed to 68.82 and 59.2 °C for
CP, 67.85 and 57.31 °C for pyroclastic, 66.89 °C and

Fig. 7 TG curves of CP and the 100.00
composite PCMs |
80.00F
—
52 60.00F
@
[2]
s
40.00+ \
20.00} i
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Fig. 8 FTIR spectra of the
camphene/palmitic acid (CP)
and prepared composite PCMs
after thermal cycling
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Fig. 9 DSC curves of a camphene—palmitic acid (CP), b pyroclastic composite-based PCM, ¢ fly ash composite-based PCM, d barite composite-
based PCM, e marble powder composite-based PCM after thermal cycling

58.14 °C for fly ash, 68.82

67.34 and 58.81 °C for marble powder, respectively.
that

These results indicated
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and 59.2 °C for barite and

the phase transition

temperatures are in applicable level for thermal energy
storage applications. As a result, they have good thermal
reliability.
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Conclusions

In this study, camphene/palmitic acid mixture is firstly
synthesized in the literature as PCM by using the camphene.
Besides this, in this work, fly ash, marble powder, barite and
pyroclastic are firstly used as composite material. These
composites are generally used in construction area as sup-
porting material to prevent heat loss. The FTIR analysis re-
sults reveal that the CP in composites is physically adsorbed.
The adsorption ratio of CP in composites were 33.09, 55.5,
31.5 and 35.96 %, for pyroclastic, fly ash, barite and marble
powder, and the latent heat of the composite PCMs are 63,35,
37,08, 67,54 and 58,02 J g_1 for pyroclastic, fly ash, barite
and marble powder form-stable composites, respectively. In
addition, TG and thermal cycling tests showed that the form-
stable composites are chemically and thermally stable and
reliable. According to the SEM images, the dispersion of the
supporting materials in the matrix is homogenous, and this
observation is in comparison with the thermal analysis. And
as expected, the homogeneity of the matrix is important for
the use of these newly synthesized composites technological
applications such as construction sector. Based on these re-
sults, it is finalized that CP and their composite-based ma-
terials can be regarded as promising PCMs for energy storage
because of their sufficient thermal performance and thermal
reliability.
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