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Summary

Thermal conductive shape-stabilized composite phase change materials

(PCMs) were produced using polyacrylic acid (PAA), dodecanol (DDA) and

carbon nanofiber (CNF) by solution blending route. In the composites, DDA

was used as the material with latent heat thermal energy storage (LHTES)

capability and PAA was introduced as the main supporter and shape stabilizer

material for DDA. CNF was employed for two reasons: (i) to enrich the heat-

storing/releasing rate of the polymer-based composite as the conductive

nanofillers and (ii) to contribute to increasing the DDA adsorption rate in the

shape-stabilized composites. In this regard, a series of LHTES materials were

presented, comprising of PAA/DDA composite, and PAA/DDA composite

PCMs doped with CNF of 4 and 10 wt%. Composite PCMs exhibited well shape

stabilization performance even with a high amount of DDA (70 wt%) due to

both the cross-linked spatial structure of PAA and the uniform dispersion of

CNF in the composite. Fourier transform infrared spectroscopy and X-ray dif-

fraction findings indicated that there was no chemical bonding in PAA/DDA

or PAA/DDA/CNF composites. DSC analysis revealed the highly favourable

LHTES properties of the PAA/DDA(70 wt%)/CNF(10 wt%) composite, melting

at 18.04�C and having a phase change enthalpy as high as 157.03 J/g. The ther-

mal gravimetric analysis results showed that this composite had excellent ther-

mal resistance to mass degradation up to 125�C. Thermal conductivity

measurements indicated the significant effect of the CNF doping on the incre-

ment of the thermal conductivity of the PAA/DDA composite. All test results

suggest that especially shape-stabilized PAA/DDA/CNF composite PCM can

be evaluated as energy-saving materials for thermal management of buildings.
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1 | INTRODUCTION

The most basic requirement for all societies in the world
to develop technologically and economically and have a
better quality of life is energy. Today, most of the world's
energy need is met from fossil fuel resources such as coal,
petroleum and natural gas. However, these fossil fuel
resources in the world are steadily decreasing with the
increase in the energy demand caused by the reasons
such as the rapidly increasing population and the contin-
uous development of science and technology. Moreover,
the excessive use of these fossil fuels has a significant
effect on the increase of greenhouse gases that damage
the atmosphere and cause global warming. In this case, it
is becoming increasingly important to use existing energy
resources more efficiently and to expand the use of alter-
native energy resources. Thermal energy storage (TES)
technology can be evaluated as a remarkable solution in
eliminating all these problems. Among different forms of
advanced TES methods, implementation of phase change
materials (PCMs) has become the most effective way due
to their high latent heat storage density and wide temper-
ature range for different applications.1.2 There are various
organic and inorganic substances and their mixtures
researched as PCMs for thermal energy storage targets.
Dodecanol (DDA) is a kind of organic-based fatty alcohol
and it offers some outstanding characteristics including
high LHTES capacity, good thermal reliability and
cycling stability, nontoxic behaviour and low vapour
pressure for low-temperature TES applications.3.4 How-
ever, two disadvantages limit the use of organic PCMs in
practical TES applications: (i) leakage problem of PCMs
in the liquid phase and (ii) low thermal conductivity of
PCMs causing low heat transfer rate in TES applica-
tions.56.7 A well-known route to obstruct the leakage of
PCMs during their phase transition is their integration
with supporter materials to produce shape-stabilized
PCMs, which are able to keep their solid shape above the
melting temperature of PCMs.89.10 Polymers and porous
inorganic materials are among the most commonly used
supporter materials for the shape stabilization of PCMs.
Some porous inorganic matrices employed as supporter
materials are expanded perlite,11 diatomite,12 fly ash,13

attapulgite,14 expanded vermiculite,15 activated carbon,16

silica17 and bentonite.18 From the other side, some typical
polymer-based supporter materials studied are
polyurethane,19 polypyrrole,20 high-density polyethylene
(HDPE),21 polyvinyl butyral,22 polymethyl methacrylate
(PMMA)23 and polyethylene.24 These polymer materials
have a good shape stabilization function for PCMs and
ensure significant merits such as high latent heat storage
capacity, high thermal and chemical stability and
possessing a hard and rigid morphology at atmospheric

temperature. In this regard, Fauster and Feutchter24 pre-
pared different shape-stabilized composite PCMs com-
prising paraffin waxes (with different molecular weights)
as PCMs and polyolefin matrix materials (polypropylene,
polyethylene and ethylene/propylene copolymer) as sup-
porter materials. Huang et al4 studied the HDPE/cetyl
alcohol shape-stabilized composite PCMs. In another
study, LDPE, HDPE and LLDPE as supporter materials
were employed for shape stabilization of paraffin.25 Kee
et al26 fabricated PMMA/myristic acid shape-stabilized
composite PCMs. Chen et al27 used cellulose acetate as
supporter material and polyethylene glycol (PEG) as
PCM to synthesize shape-stabilized composite PCMs.
Polyacrylic acid (PAA) is a type of polymer presenting
high water absorbance, high chemical corrosion resis-
tance, excellent biocompatibility, firm intermolecular
interaction and high rigidity properties. Moreover, the
miscibility properties of PAA make it a suitable candidate
to be used as supporter materials in the production of
composite PCMs.28

Even though such polymer-based composite PCMs
can offer high shape stabilization and LHTES properties,
the low thermal conductivity issue, which has been
addressed above as the second main defect of PCMs, is
also true of polymer-based composite PCMs. Therefore,
several efficient methods have been employed to boost
the thermal conductivity of polymer-based composite
PCMs. An influential attempt to this deficiency is the
incorporation of high thermal conductivity filler mate-
rials such as CNT, expanded graphite, graphene
nanoplate (GNP), carbon nanofiber (CNF), copper parti-
cles and silver nanowires into the composite PCMs. Tian
et al29 used carbon fiber and expanded graphite as high
thermal conductivity filler materials to enhance the ther-
mal conductivity of shape-stabilized ethylene-vinyl ace-
tate/paraffin composite. Silakhoi et al20 combined
palmitic acid, polypyrrole and GNP to synthesize shape-
stabilized composite PCMs with improved thermal con-
ductivity. He et al2 produced shape-stabilized composite
PCMs comprising of unsaturated polyester resin/PEG/
GNPs. Zeng et al30 utilized exfoliated graphite
nanoplatelets to fabricate palmitic acid/polyaniline
shape-stabilized PCMs with enhanced thermal conductiv-
ity. Lin et al22 developed a series of composite PCMs con-
taining polyvinyl butyral, palmitic acid and expanded
graphite.

In this study, we aimed to fabricate shape-stabilized
PAA/DDA/CNF composites as promising TES materials
to be used in low-temperature thermal management
applications. This study differs from other similar studies
in the literature with a few different original contents:
(i) even though PAA is employed in several fields, it has
been very rarely utilized as supporter material for PCMs.
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In our extensive literature search, we have come across
only one paper, published by Alkan et al,31 in which
PAA was employed as supporter material for PEG used
as PCM. Apart from that study, in a few studies, PAA
was used to coat polymer-based composite PCMs to pre-
vent leakage of PCMs, rather than directly used as
supporting material in the production of composite
PCMs. In one of those studies, PAA was used as the sole
coating material for the PMMA/myristic acid
composite,26 while in the other study, PAA and nitrile
butadiene rubber mix was used as the coating material
for the PMMA/myristic acid composite.32 Lastly, PAA
was utilized to produce comb-like PAA-grafted fatty alco-
hol polymers as TES materials through a different pro-
duction approach.33 As seen in these studies, although it
is not a very distant approach to use PAA for different
purposes in the production of TES materials, there is a
serious lack of research and knowledge gap in evaluating
it directly and solely as supporting material in the shape
stabilization of PCMs. This deficiency can be considered
as the first leg of the originality of this study. (ii) Again,
in our comprehensive literature review, we have not
found a shape-stabilized composite PCM produced via a
simple solution blending method and comprising of DDA
and a polymer-based supporter material. In this context,
this study is also important in terms of demonstrating the
potential of DDA to maintain its superior properties as a
PCM also in polymer-based composites and its high com-
patibility with the polymer material (PAA). (iii) Herein, it
is not only intended to produce a PAA-based shape-
stabilized composite PCM but also to synthesize it with
improved thermal conductivity for the first time in this
study. Through this aim, CNF was selected to improve the
thermal conductivity of the PAA/DDA shape-stabilized
composite. Additionally, a specific focus is to assess the
benefit of CNF nanofillers in terms of the improvement of
the DDA adsorption rate in the PAA/DDA composite. In
this respect, the influence of CNF on the different proper-
ties of PAA/DDA composite including adsorption capacity,
LHTES features, thermal conductivity, microstructure,
thermal stability and chemical structure were extensively
studied. The experiment results indicated that the pre-
pared shape-stabilized PAA/DDA/CNF composites possess
favourable properties to be widely used in low-
temperature LHTES applications.

2 | EXPERIMENTAL

2.1 | Materials

The PAA (Mw � 450 000), DDA (purity ≥98.0%) and
CNF (purity >96%, outside diameter: 190 to 590 nm, spe-
cific surface area: 39 m2/g and average pore volume:

0.12 cm3/g) were obtained from Sigma Aldrich, while
chloroform (purity ≥99) used as solvent was procured
from Merck Millipore Company.

2.2 | Preparation of PAA/DDA and PAA/
DDA/CNF composites

A series of composite PCMs with different ratios of
PAA/DDA/CNF were synthesized. For the production of
PAA/DDA composite, firstly PAA was dissolved in chlo-
roform by mixing with a stir rod at 70�C. Following that,
melted DDA was added to the solution of PAA, and the
obtained mixture was stirred for 60 min at 70�C. As a
final step, the mixtures were kept at 80�C for 48 h to
evaporate the chloroform. On the other hand,
PAA/DDA/CNF composites were produced in a similar
way to PAA/DDA composites. The only difference is that
the CNF was added to PAA/DDA mixture prior to the
chloroform volatilization process and an additional ultra-
sonic mixing process was applied for 30 min for homoge-
neous dispersion of CNF in the solution. The preparation
steps for the PAA/DDA and PAA/DDA/CNF composites
were demonstrated in Figure 1.

Through the all prepared shape-stabilized composite
PCMs it was aimed to find an optimum mixture ratio
with the highest DDA content and also the highest heat
transfer rate. To estimate these ratios, shape stabilization
tests were done. During the test process, each composite
sample was heated onto filter papers over at 35�C PCM
for 1 h. The photographs of the produced composite
PCMs with/and without CNF additive after shape stabili-
zation test were shown in Figure 2. The composite sam-
ples with the highest PCM ratio that did not leach out
after heating were determined as leak-proof composite
PCMs. As can be clearly from this photograph image, for
the PAA/DDA composite, the highest DDA content
within the leak-proof composite was found as 33 wt%.
The resistance preventing the leakage of DDA from the
composite structure during heating is not only due to the
weak capillary forces between the PAA-DDA but also the
hydrogen bridge bond interactions formed between the
C=O groups in the PAA structure and the OH groups in
the DDA structure. Furthermore, the addition of CNF
nanofiller to the PAA/DDA composite has been found to
be beneficial in producing composites with higher DDA
content. In other words, the CNF doping allowed more
DDAs to be held in the hybrid matrices. That is, DDA
mass percentage could be increased up to 48% in the
PAA/DDA/CNF (4 wt%) shape-stabilized composite.
When the CNF amount was increased to 10 wt%, the
DDA mass ratio reached up to 70% within the composite
without any leakage. Here, DDA is held both in PAA
cross-linked matrices and on CNF surfaces. The increase
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in the amount of shape-stabilized DDA ratio with boo-
sting the doping amount of CNF may be probably due to
the following reasons: (i) the surface area of the cross-
linked PAA polymeric network may be increased with
homogeneously dispersed CNF and lead to boosting in
the confinement rate of DDA; (2) the nanostructured net-
work of CNF may provide an additional scaffold for
encapsulation of DDA molecules and (3) the CNF may
provide a contribution to the surface tension and capil-
lary forces, which play role in shape-stabilization
of DDA.

2.3 | Characterization

The microstructure and morphology of the pure samples
and composites were investigated using SEM (Zeiss LEO

440 model). The chemical structures of the composites
were investigated by Fourier transform infrared spectros-
copy (FTIR, JASCO 430 model). The crystallization
behaviour of the composites was identified by X-ray dif-
fraction (XRD) (PANalytical X'-Pert3 model) in the scan-
ning range of 5 to 70�. Melting/freezing points together
with the melting/freezing enthalpies for the composite
PCMs were obtained by DSC (Hitachi 7020 model) mea-
surements at heating/cooling rates of 3 min/�C under
nitrogen atmosphere at a flow rate of 30 mL/min. Ther-
mal stability of the pure DDA, PAA and the shape-
stabilized composites were examined carrying out ther-
mal gravimetric analysis (TGA) (PerkinElmer model)
analysis at heating speeds of 20�C/min under an argon
stream. The thermal reliability of the composites was
investigated through a 1000-times repeated thermal
cycling operation. The thermal conductivity of samples

FIGURE 1 The preparation steps for

PAA/DDA and PAA/DDA/CNF

composites

FIGURE 2 The photographs

of the produced composite PCMs

with/and without CNF additive

after shape stabilization test
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was gauged by a KD2-Pro Decagon working the principle
of heat pulse methodology (Figure 3). The impacts of
enhanced thermal conductivity on heat storage and
releasing performance were proved through the
temperature-time curves obtained using the experimental
set-up shown in Figure 3. The samples were introduced
into the test tubes and placed in a temperature-controlled
water bath. The samples were heated until 35�C to 40�C,
and then cooled to 3�C to 5�C. The temperature changes
into the sample depending on during both heating and
cooling periods were monitored using a thermocouple-
data logger system.

3 | RESULTS AND DISCUSSIONS

3.1 | SEM results

SEM images of pure PAA, DDA, CNF, and shape-
stabilized composites are presented in Figure 4A-E. As
can be seen from the Figure 4A, DDA crystals have a
more compact surface, while the PAA surface consists of
more irregularly shaped particles with different sizes
(Figure 4B). CNF morphology consists of large filamen-
tous heap clusters (Figure 4C. In the morphology of the
PAA/DDA composite (Figure 4D), it can be said that
compact DDA crystal particles are well wrapped by the
amorphous/crystalline PAA cross-linked lattice structure.
The CNF dispersion in the PAA/DDA composite was dis-
played in Figure 4E. As seen from this image, the CNF
additive was dispersed homogeneously across the entire
surface of the PAA/DDA composite. That the PAA/DDA
matrix was wrapped by CNF nanofillers allowed a higher
amount of DDA in the composite, that is, here both PAA
and CNF helped the shape stabilization of the DDA. The

shape stabilizing DDA can be also due to the contribu-
tions of both polymeric framework and CNF nano sized-
network to the surface tension and capillary forces
between DDA molecules and hybrid carrier matrix.

3.2 | FTIR results

FTIR analyses were carried out to examine the chemical
structure of the obtained PAA-based composites. The
FTIR spectra of the prepared PAA-based composites and
their pure components were given in Figure 5. In the
FTIR spectrum of the pure DDA, characteristic peaks are
seen at wavelengths of 719, 1060, 1467, 2848, 2917 and
3265 cm�1. The absorption peak at 3265 cm�1 is caused
by O-H stretching vibrations. The spectra at 2917, 2848,
and 1467 cm�1 arise from the aliphatic C-H stretching
and bending vibrations of the methyl and methylene
groups. The peak at 1060 cm�1 is due to C-O stretching
vibration. The characteristic peak at 719 cm�1 represents
the C-H out-of-plane bending peak.

In the FTIR spectrum of PAA, the characteristic
peaks observed at 2936 and 1698 cm�1 are due to the
non-symmetrical C-H stretching and bending vibrations,
respectively. Peaks observed at 1167 and 1413 cm�1 cor-
respond to C-O and C=O stretching vibrations, respec-
tively. In addition, the shallower peak observed in the
range of 3200 to 3700 cm�1 represents the asymmetric
stretching vibrations of the O-H group.

In the FTIR spectrum of CNF, characteristic peaks
are seen at the wavelengths of 3301, 2842, 1684, 1316 and
1031 cm�1. The characteristic peak at 3301 cm�1 is cau-
sed by O-H stretching vibration while the peak at
2842 cm�1 is due to C-H stretching vibration. The peak
detected at 1684 cm�1 represents the stretching vibration

FIGURE 3 Experimental set-up

designed for measurement A, thermal

conductivity and B, temperature-

time data
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band of C=C. The characteristic peaks are seen at 1316
and 1031 cm�1 correspond to C-H bending and C-O
stretching vibration, respectively.

When inspecting the FTIR spectra of PAA/DDA and
PAA/DDA/CNF composites, a peak, which is different
from the characteristic peaks of the pure components,
was not encountered, and all the existing peaks regarding
pure components were detected. However, small shifts in
the wavelengths of some characteristic bands of the com-
posites can be noticed. For example; the asymmetric
stretching vibration of O-H detected at 3265 cm�1

belonging to DDA shifted to 3248 and 3240 cm�1 value
in spectra of PAA/DDA and PAA/DD/CNF composites,
respectively. These small shifts in the wavelength values
of the characteristic absorption bands may have been
caused by the weak physical intermolecular interactions
between component molecules, as well as the interac-
tions between O-H groups in DDA molecules and C-O
and C=O groups of PAA molecules. Another possible
reason is the hydrogen bridge bond formation that may
have formed between the O-H groups belonging to DDA

and PAA molecules. All these results prove that there
was no chemical interaction between the components of
PAA, DDA and CNF.

3.3 | XRD results

XRD diagrams of the produced composite products and
pure ingredients are depicted in Figure 6. In the XRD dia-
gram of PAA, the wide peak seen at 2θ = 12 to 24� range
corresponds to the amorphous phase, but no other peak
representing the crystal structure was observed. In the
XRD pattern of pure DDA, characteristic peaks belonging
to crystal phases were observed at 2θ values of 7.85�

(small), 21.55� and 24.50�. In the XRD diagram of CNF, a
prominent large peak at 26.01� and a small peak at
35.38� represent CNF crystal structures.

On the other hand, the peaks regarding the crystal
structures of the DDA component were recorded at 7.83�,
21.57� and 24.51� in the PAA/DDA composite, while they
were detected at 7.85�, 21.54� and 24.53� in the

FIGURE 4 SEM photographs of

samples A, DDA, B, PAA, C, CNF, D,

PAA/DDA(33 wt%) and E, PAA/DDA

(70 wt%)/CNF (10 wt%)
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PAA/DDA/CNF composite. The small peak seen at
35.33� in the PAA/DDA/CNF composite originated from
the crystalline phase of the CNF component. As can be

seen from these findings, all of the characteristic peaks
representing the crystal structures of the components are
also included in the XRD patterns of the composites. This
result demonstrated that there was no change in the crys-
tal structures of the components during the preparation
of PAA-based composites.

3.4 | DSC results

The melting/solidification phase change temperature and
latent heat capacities of DDA, PAA/DDA and
PAA/DDA/CNF composites were determined on the
DSC curves given in Figures 7 and 8. To determine the
melting/solidification phase change temperature points,
a tangent was drawn from the initial point of the peak
such that the maximum slope would be obtained and the
point where this tangent intersected the baseline was
marked and taken as on-set melting and solidification
temperatures. Melting/solidification latent heat capacities
were determined by the integration of the areas below
the respective peaks. This process was done through DSC
software. In this context, measured melting/solidification
phase change temperature and enthalpy values for the
relevant products were given in Table 1. It can be seen
from the DSC curves that PAA/DDA and PAA/DDA/
CNF composites exhibit regular melting and solidifica-
tion behaviour like pure DDA. However, it was observed
that these composites showed bimodal exothermic peaks
differently from the pure DDA. The bimodal solidifica-
tion behaviour may probably be due to the solidification
of α and β forms of DDA, which is commonly noted dur-
ing heterogeneous and homogeneous nucleation pro-
cesses, respectively.34 Similar bimodal solidification

FIGURE 5 FTIR spectrums obtained for PAA/DDA (33 wt%)

and PAA/DDA(70 wt%)/CNF (10 wt%) composites, and their

components

FIGURE 6 XRD diffractograms obtained for PAA/DDA (33 wt

%), PAA/DDA (70 wt%)/CNF (10 wt%) composites and their

components

FIGURE 7 Heating and cooling DSC curves of pure DDA and

PAA/DDA(33 wt%) composite
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behaviour was also observed with the microencapsulated
PCM samples.35

Additionally, according to the data given in Table 1, it
is observed that there is a small change in the melting/
solidification phase change temperatures of the PAA-
based composites compared to pure DDA. The solidifica-
tion temperature of PAA/DDA(60 wt%)/CNF(10 wt%)
and PAA/DDA(70 wt%)/CNF(10 wt%) compared to that
of the other composites and pure DDA were slightly
higher. These results may be due to the concentrated
CNF into the PAA structure may lead to more restrict the
crystallization of the DDA molecules.

On the other hand, to investigate the effect of the
added CNF, the phase change enthalpy values of the pre-
pared PAA/DDA(33 wt%) and PAA/DDA(33 wt%)/CNF
(4 wt%) were also compared in this table. As seen from
the depicted values, the melting and solidification latent

heats of PAA/DDA(33 wt%) composite were reduced
from 75.92 and 77.42 J/g to 74.18 and 75.12 J/g in case of
PAA/DDA(33 wt%)/CNF(4 wt%) while the phase change
temperature of this composite was slightly altered after
doping 4% CNF. Moreover, the measured heat storage
capacities of all composites are very compatible with the
theoretically calculated values.

Additionally, Table 2 presents a comparison of the
LHTES properties of the different polymer-based shape
stable composite PCMs reported in the literature with
that of PAA/DDA/CNF composite. As can be clearly
noticed from tabulated data, the developed PAA/DDA
(70 wt%)/CNF(10 wt%) composite has higher than those
of all polymer-based composite PCMs given here. This
result makes it a promising composite PCM for TES
implementations like heat management of buildings,
solar thermal power plants, textiles, electronic devices
and so on.

3.5 | Thermal reliabilities and structural
stabilities of the PAA/DDA and PAA/DDA/
CNF composites

The ability of the produced composites to remain ther-
mally and chemically stable after being subjected to the
thermal cycle test plays an important role in the use of
those composites in real LHTES applications. For this
reason, the chemical and thermal stability of the
PAA/DDA/CNF(10 wt%) composite, which was selected
as the representative of the other composites, was exam-
ined by FTIR and DSC analysis after 1000 repetitive
melting-solidification processes. As a result of this pro-
cess, the results of the sample that were not cycle tested
and the sample that were cycle tested were compared
and checked for any changes.

In this context, comparative FTIR spectra of the
PAA/DDA/CNF composite regarding the cycles were
given in Figure 9. As can be observed from both spectra,
it can be stated that there is no change in the wave-
lengths and peak appearance of the characteristic peaks.
These results revealed that PAA/DDA/CNF composite
did not change its chemical structure after 1000 times
phase transformation; therefore it has excellent chemical
stability.

On the other hand, the effect of the repeated thermal
cycling process on the LHTES properties of the
PAA/DDA/CNF composite was examined by giving
together with the DSC curves of the samples before and
after the test in Figure 10. The melting and solidification
temperature of PAA/DDA/CNF product after 1000 cycles
decreased by 0.05�C and 0.03�C, respectively, while latent

FIGURE 8 Heating and cooling DSC curves of A, PAA/DDA/

CNF(4 wt%) composites and B, PAA/DDA/CNF (10 wt%)

composites
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heat capacities only decreased by about 2.1% compared to
the non-cycled sample. Based on these values, it can be
concluded that the PAA/DDA/CNF composite has a very
good thermal reliability after 1000 times the thermal
cycling process.

3.6 | TGA results

TGA curves of pure DDA, PAA and prepared composites
of PAA/DDA (33 wt%) and PAA/DDA (70 wt%)/CNF
(10 wt%) were demonstrated in Figure 11. It is observed
that pure DDA undergoes thermal decomposition (with
about 100% mass loss) in a single step in the range of
160�C to 255�C. PAA is decomposed into two steps: the
first step occurs between 200�C and 340�C while the sec-
ond step corresponds to the temperature range of 340�C
to 520�C. The CNF shows little weight loss (about 5%) up
to 130�C probably due to humidity retained within the
nanofiber network. Also, it does not indicate any thermal
degradation up to 600�C. On the other hand, PAA/DDA
(33 wt%) composite decomposed at three-stage in the
range of about 125�C to 520�C, the first one at 125�C to
200�C includes the first weight loss (32.8%,) which is
belonging to the DDA. The second one at 200�C to 340�C
is associated with the first step degradation (22.8%) of
PAA. The third decomposition step of this composite is
carried out between 340�C and 520�C. Moreover, in the

TABLE 1 LHTES properties of pure DDA and the produced composite PCMs with/and without CNF additive

Material
Melting
temperature (�C)

Latent heat of
melting (J/g)

Solidification
temperature (�C)

Latent heat of
solidification (J/g)

DDA 21.17 234.01 19.22 234.03

PAA/DDA(33 wt%) 18.09 75.92 17.50 77.42

PAA/DDA(33 wt%)/CNF(4 wt%) 18.30 74.18 17.80 75.12

PAA/DDA(40 wt%)/CNF(4 wt%) 18.34 92.71 17.82 92.31

PAA/DDA(43 wt%)/CNF(4 wt%) 18.14 97.83 18.08 99.50

PAA/DDA(45 wt%)/CNF(4 wt%) 18.12 101.91 18.42 103.11

PAA/DDA(48 wt%)/CNF(4 wt%) 18.11 112.02 18.93 113.02

PAA/DDA(60 wt%)/CNF(10 wt%) 18.18 136.01 19.42 135.03

PAA/DDA(70 wt%)/CNF(10 wt%) 18.04 157.03 19.86 158.01

TABLE 2 Comparing the LHTES properties of the PAA/DDA/CNF composite with literature

Composite PCM
Melting
temperature (�C)

Solidification
temperature (�C)

Latent heat of
fusion (J/g) Reference

Polyester resin/PEG/GNP 52.8 36.7 140.80 2

Polypyrrole/palmitic acid/ GNP 61.0 61.3 151 20

Polyvinyl butyral/palmitic acid/expanded graphite 56.1 59.4 122.05 22

PMMA/fatty acid eutectic 21.11 to 34.81 - 59.29 to 80.75 23

PMMA/paraffin 21.8 - 142.7 35

Polyaniline/myristic acid 57.35 - 150.63 36

PMMA/stearic acid 60.4 50.6 92.1 37

Polypropylene/paraffin 44.77 53.55 136.16 38

PAA/DDA(70 wt%)/CNF(10 wt%) 18.04 19.86 157.03 This study

FIGURE 9 FTIR spectrum of PAA/DDA (70 wt%)/CNF (10 wt

%) composite obtained for 0th and 1000th cycle
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case of PAA/DDA(70 wt%)/CNF(10 wt%) composite, the
first, second and third degradation steps are taken place
in the range of 125�C to 210�C, 210�C to 390�C and
390�C to 540�C, respectively. The first step corresponds
to 68.2% and the total weight losses regarding the other
steps are about 31%. The PAA component of the com-
posite significantly did not influence the thermal
decomposition temperature of DDA while the CNF
additive slightly affected the initial and ending decom-
position temperatures of DDA and PAA. Furthermore,
the first-step decomposition temperatures of both com-
posite PCMs are still much more above the operating
temperature or phase change temperature of DDA
(about 18�C-20�C).

3.7 | Thermal conductivity results

One of the features that limit the use of organic PCMs in
various applications is their thermal conductivity.
Increasing the thermal conductivity of PCMs, that is,
increasing the heat storage/release speeds, paves the way
for their use in different applications. In this context, the
measured thermal conductivity of the pure PAA, DDA
and the prepared composites were given in Figure 12. As
can be noticed, doping of the prepared PAA/DDA com-
posite with 4 and 10 wt% CNF caused significant
increases in thermal conductivity. According to the
results, an increase of 46.26% was obtained with the addi-
tion of 4 wt% CNF to the PAA/DDA composite compared
with the measured thermal conductivity value for
PAA/DDA. For the same sample, the addition of 10 wt%
CNF provided an increase of 179.77%. These increases
can be attributed to the fact that CNF, which has signifi-
cantly high thermal conductivity, disperses homoge-
neously in the composite and creates heat transfer paths
at different points along the composite surface. Besides,
the comparison of the thermal conductivity of PAA-based
composites with the various polymer-based composite
PCMs reported in the literature was given Table 3.

As can be seen from the table, different types of addi-
tives have been used in the literature to improve the ther-
mal conductivity of different polymer/PCM composites.
It can be inferred that the thermal conductivity values of
4 and 10 wt% CNF added PAA/DDA composites pro-
duced in this study are high enough to be comparable to
the values reported for different types of polymer/PCM/
carbon-based additive composites.

Additionally, temperature-time curves of pure DDA,
PAA/DDA(33 wt%), PAA/DDA(48 wt%)/CNF(4 wt%)
and PAA/DDA(70 wt%)/CNF(10 wt%) composites were

FIGURE 10 Heating and cooling DSC curves of PAA/DDA

(70 wt%)/CNF (10 wt%) composite obtained for 0th and 1000th

cycle

FIGURE 11 TGA curves of DDA, PAA, CNF, PAA/DDA

(33 wt%) and PAA/DDA(70 wt%)/CNF (10 wt%) composites

FIGURE 12 Thermal conductivity results of DDA, PAA,

PAA/DDA(33 wt%), PAA/DDA(48 wt%)/CNF (4 wt%) and

PAA/DDA(70 wt%)/CNF (10 wt%)
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presented in Figure 13 to prove the obtained thermal con-
ductivity increments. In the specification of the heat stor-
age and release speed of the samples, the times
corresponding to the points at which the curves show
breaking with the completion of the phase changes were
taken as a basis. In the heating period, the time taken to
reach the defined breakpoints was found to be as
289, 274, 232 and 159 s, respectively, for pure DDA,
PAA/DDA(33 wt%), PAA/DDA(48 wt%)/CNF(4 wt%)
and PAA/DDA(70 wt%)/CNF(10 wt%) samples. In the
cooling period, these times were found to be as 1891,
1727, 1338 and 1066 s, respectively, for pure DDA,
PAA/DDA(33 wt%), PAA/DDA(48 wt%)/CNF(4 wt%)
and PAA/DDA(70 wt%)/CNF(10 wt%) samples. These
results mean that the heat storage and release perfor-
mance of the PAA/DDA composite was improved by
15.32% and 22.52%, respectively, with 4%wt CNF. A 10 wt
% CNF doping enhanced the heat storage and release per-
formance of the PAA/DDA composite by 41.97% and
38.27%, respectively. These data indicate that the effect of
CNF nanofiller on the enrichment of thermal conductiv-
ity of PAA/DDA composite was also verified by the heat
storage and release performance test.

4 | CONCLUSIONS

In this paper, shape-stabilized PAA/DDA and
PAA/DDA/CNF composite PCMs with melting tempera-
tures in the range of 18.04�C to 18.34�C and latent heat
capacities in the range of 75.92 to 157.03 J/g were pre-
pared by solution blending technique. Herein, PAA was
introduced as a sole supporter material for the first time

TABLE 3 Comparing the thermal conductivity of the PAA-based composites with literature

Polymer PCM Additive (wt%) Thermal conductivity (W/mK) Reference

Polyester resin PEG GNP (2) 0.67 2

Polypyrrole Palmitic acid GNP (1.6) 0.43 20

HDPE Palmitic acid GNP (4) 0.82 21

Polyvinyl butyral Palmitic acid Expanded graphite (7) 0.51 22

Polyaniline Palmitic acid Graphite nanoplatelets (7.87) 1.08 30

HDPE Stearyl alcohol Expanded graphite (3) 0.66 39

HDPE Myristic acid Nano-Al2O3 (12) 0.39 40

HDPE Myristic acid Nano-graphite (12) 0.45 40

PAA DDA - 0.36 This study

PAA DDA CNF (4) 0.52 This study

PAA DDA CNF (10) 1.01 This study

FIGURE 13 Heating and cooling time–temperature curves

obtained for DDA, PAA/DDA(33 wt%), PAA/DDA(48 wt%)/CNF

(4 wt%) and PAA/DDA(70 wt%)/CNF (10 wt%)
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in the production of thermally conductive novel compos-
ite PCMs doped with CNF. The mass rate of DDA in the
PAA/DDA/CNF(10 wt%) composite is as high as 70 wt%
without a leak. This was not only achieved with PAA,
but CNF helped reduce DDA leakage in the composite
PCMs by wrapping PAA/DDA blends. The FTIR and
XRD results revealed that the PAA-based composite
PCMs have a consistent chemical structure and well-
remained crystallization behaviours. Microstructure anal-
ysis indicated that DDA was well-wrapped by PAA, and
CNF was uniformly dispersed in the composite. A-600
thermal cycle test was not gave any damage to the chemi-
cal structure or LHTES characteristics of the composite
PCM. TGA results exhibit satisfactory thermal reliability
properties, which were stable up to 115�C. The shape-
stabilized PAA/DDA composites doped with CNF possess
improved thermal conductivity, that is, fast heat storing
and releasing performance. The thermal conductivity of
the PAA/DDA composite doped with 4 and 10 wt% CNF
was increased by 46.26% and 179.77% compared to pure
PAA/DDA composite. In summary, satisfying shape sta-
bilization performance, the improved thermal conductiv-
ity, superior thermal characteristics, well-remained
chemical structure stand out the novel PAA-based com-
posite PCMs as promising materials in the field of many
TES applications.
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33. Baştürk E, Kahraman MV. Thermal and phase change material
properties of comb-like Polyacrylic acid-grafted-fatty alcohols.
Polym-Plast Technol Eng. 2018;57(4):276-282.

34. Singh J, Parvate S, Dixit P, Chattopadhyay S. Facile synthesis of
microencapsulated 1-dodecanol (PCM) for thermal energy stor-
age and thermal buffering ability in embedded pvc film. Energy
Fuel. 2020;34(7):8919-8930. doi:10.1021/acs.energyfuels.0c01019

35. Geng L, Wang S, Wang T, Luo R. Facile synthesis and thermal
properties of nanoencapsulated n-dodecanol with sio2 shell as
shape-formed thermal energy storage material. Energy Fuel.
2016;30:6153-6160. doi:10.1021/acs.energyfuels.6b00929

36. Meng D, Zhao K, Wang A, Wang B. Preparation and properties
of paraffin/PMMA shape-stabilized phase change material for
building thermal energy storage, journal Wuhan University of
Technology. Mater Sci Ed. 2020;35:231-239.

37. Zeng J-L, Zhu F-R, Yu S-B, et al. Myristic acid/polyaniline
composites as form stable phase change materials for thermal
energy storage. Sol Energy Mater Sol Cells. 2013;114:136-140.
doi:10.1016/j.solmat.2013.03.006

38. Wang Y, Xia TD, Feng HX, Zhang H. Stearic
acid/polymethylmethacrylate composite as form-stable phase
change materials for latent heat thermal energy storage. Renew
Energy. 2011;36(6):1814-1820.

39. Tang Y, Lin Y, Jia Y, Fang G. Improved thermal properties of
stearyl alcohol/high density polyethylene/expanded graphite
composite phase change materials for building thermal energy
storage. Energ Buildings. 2017;153:41-49.

40. Tang Y, Su D, Huang X, Alva G, Liu L, Fang G. Synthesis and
thermal properties of the MA/HDPE composites with nano-
additives as form-stable PCM with improved thermal conduc-
tivity. Appl Energy. 2016;180:116-129.

How to cite this article: Hekimo�glu G, Sarı A,
Gencel O, Tyagi VV. Thermal energy storage
characteristics of polyacrylic acid/dodecanol/
carbon nanofiber composites as thermal
conductive shape-stabilized composite phase
change materials. Int J Energy Res. 2022;46(14):
20873-20885. doi:10.1002/er.7732

HEKIMOĞLU ET AL. 20885

 1099114x, 2022, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.7732 by B

artin U
niversity, W

iley O
nline L

ibrary on [22/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1016/j.tca.2018.03.004
info:doi/10.1016/j.tca.2018.03.004
info:doi/10.3390/ma10080873
info:doi/10.1002/aic.11708
info:doi/10.1007/s00289-014-1221-3
info:doi/10.1016/j.enconman.2012.06.003
info:doi/10.1021/acs.energyfuels.0c01019
info:doi/10.1021/acs.energyfuels.6b00929
info:doi/10.1016/j.solmat.2013.03.006
info:doi/10.1002/er.7732

	Thermal energy storage characteristics of polyacrylic acid/dodecanol/carbon nanofiber composites as thermal conductive shap...
	1  INTRODUCTION
	2  EXPERIMENTAL
	2.1  Materials
	2.2  Preparation of PAA/DDA and PAA/DDA/CNF composites
	2.3  Characterization

	3  RESULTS AND DISCUSSIONS
	3.1  SEM results
	3.2  FTIR results
	3.3  XRD results
	3.4  DSC results
	3.5  Thermal reliabilities and structural stabilities of the PAA/DDA and PAA/DDA/CNF composites
	3.6  TGA results
	3.7  Thermal conductivity results

	4  CONCLUSIONS
	REFERENCES


