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thermal properties of crosslinked
polyurethane/lauric acid composites as novel form
stable phase change materials with a low degree of
supercooling

Weibo Kong, Xiaowei Fu, Ye Yuan, Zhimeng Liu and Jingxin Lei*

In this article, a series of crosslinked polyurethane/lauric acid composites was prepared as form stable phase

change materials (FSPCMs) through a brief and solvent-free method. In the FSPCMs, lauric acid functioned

as a phase change substance, and crosslinked polyurethane simultaneously functioned as a supporting

material and phase change substance. Compared with traditional supporting materials in FSPCMs, the

crosslinked polyurethane here obviously reduces the loss of latent heat from the supporting material and

reduces the degree of supercooling of the obtained FSPCMs. The obtained FSPCMs were extensively

studied by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray

diffraction (XRD), polarizing microscopy (POM), differential scanning calorimetry (DSC), thermal cycling

tests and thermogravimetric analysis (TGA). The FTIR confirmed the chemical structure of the obtained

FSPCMs. The XRD and POM results indicated that the FSPCMs exhibit comprehensive crystalline

properties of polyurethane and lauric acid. DSC data showed that the FSPCMs have superior phase

change properties with the phase change temperature and latent heat in the range of 26–38 �C and

90–131 J g�1. Moreover, low or no supercooling of the obtained FSPCMs was detected by DSC. The

phase change temperature is suitable in the fields of solar energy saving and building engineering.

Thermal cycling tests and thermogravimetric analysis (TGA) proved the good thermal reliability and

stability of the obtained FSPCMs.
Introduction

Thermal energy storage (TES) has attracted considerable
attention due to the depletion of fossil fuels, climate issues and
the energy crisis.1–3 The employment of phase change materials
(PCMs) is one promising way of storing thermal energy due to
their high-energy density and small temperature uctuation in
the phase transition.4,5 Fatty acids and their mixtures have
superior properties over the other investigated organic PCMs,
such as high latent heat, low vapor pressure, no or less volume
change during solid–liquid phase transition, low degree of
supercooling, non-toxicity, and good thermal and chemical
stability aer long-term utilisation.6–8 Therefore, fatty acids have
been extensively studied as promising PCMs for TES and have
been applied in many areas such as solar energy applications,9

construction and building engineering,10 renewable energy
saving applications11 and so forth.

It is well known that the fatty acid is a classical solid–liquid
PCM, which must be encapsulated or sealed to prevent leakage
ngineering, Polymer Research Institute of
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during the phase change process.12,13 Cao and his group14

prepared a series of FSPCMs by absorbing liquid fatty acid
eutectics into the carboxy methyl cellulose-1 bers. DSC results
showed that the composites melt at 32.2 �C with latent heat of
114.6 J g�1 and solidify at 29.2 �C with latent heat of 106.8 J g�1.
Wei et al.15 developed expanded perlite/fatty acid composites as
FSPCMs, and the latent heat values of composites are in the
range of 82–89 J g�1. The supercooling degree of obtained
FSPCMs exceeded 10 �C. Fu and his coworkers16 studied a kind of
FSPCM based on lauric acid and diatomite, the melting and
freezing temperature of the obtained FSPCM are 40.9 �C and
38.7 �C with the latent heat of 57.2 J g�1. He17 reported fatty acid/
sludge ceramsite composite as FSPCM, and the melting
temperature of the composite was 26.6 �Cwith the corresponding
latent heat of 47.1 J g�1. However, the fatty acids based FSPCMs
with traditional materials such as expanded perlite, expanded
graphite, diatomite and kaolin as supporting materials have
signicant disadvantage of low energy density and high degree of
supercooling.18 The lower energy density of the PCM indicates the
bigger necessary storage volume required in phase transition.
Meanwhile, lower energy density demands a higher cost for the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The synthetic route of FSPCMs.
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View Article Online
heat storage the same overall volume.19High supercooling degree
in PCM means large temperature difference between charging
and discharging the latent heat, which is undesirable for efficient
This journal is © The Royal Society of Chemistry 2017
energy storage applications.20–23 Therefore, it is necessary and
signicant to improve the energy density and reduce the degree
of supercooling for PCMs.24
RSC Adv., 2017, 7, 29554–29562 | 29555
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In this article, novel FSPCMs were prepared through solvent-
free and brief strategy with the lauric acid (LA) functioned as the
phase change substance. The crosslinked PU based on the
PEG4000 was selected as the supporting materials. Compared
with the traditional supporting materials, the crosslinked PU
Table 1 The composition of PU and FSPCMs

Sample PEG4000 (g) MDI (g) Xylitol (g) LA (g)

PU 40 5 0.608 0
FSPCM-1 40 5 0.608 15
FSPCM-2 40 5 0.608 30
FSPCM-3 40 5 0.608 45
FSPCM-4 40 5 0.608 60

Fig. 2 The FTIR spectra of PU, LA and FSPCMs.

Fig. 3 The fracture surface morphology of (a) PU; (b) FSPCM-2.

29556 | RSC Adv., 2017, 7, 29554–29562
employed in this article is also functioned as the phase change
substance. Hence, PU here could signicantly reduce the loss of
latent heat from the supporting materials. Meanwhile, the
degree of supercooling of obtained FSPCMs will decrease even
vanish due to the overlap of the phase change process of PU and
LA. The obtained FSPCMs were extensively studied by Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscope (SEM), X-ray diffraction (XRD), polarizing micro-
scope (POM), differential scanning calorimetry (DSC), and
thermogravimetric analysis (TG), respectively.

Experimental
Materials

4,40-Diphenylmethane diisocyanate (MDI) was provided by
Yantai Wanhua polyurethane Co., Ltd. (Shandong, China).
Polyethylene glycol (PEG,Mw ¼ 4000 g mol�1), xylitol and lauric
acid (LA) were obtained from Kelong Chemical Reagent
(Chengdu, China). The reagents above are used as received.

Preparation of form stable PCMs (FSPCMs)

0.01 mol PEG4000 and 0.02 mol MDI were putted into three
neck ask equipped with thermometer and stirrer, and the
polymerization continued for 3 hours under 80 �C. Subse-
quently, 0.004 mol melted xylitol were added into prepolymer
and blending for 2 hours at 100 �C, aer introduction of LA the
mixture was transferred into an oven. Thermal curing reaction
was performed at 105 �C for 15 hours before the FSPCMs were
obtained. The detailed synthetic route is showed in Fig. 1.

PU, FSPCM-1, FSPCM-2, FSPCM-3 and FSPCM-4 represent
the result products with different LA content, and the compo-
sition of PU and FSPCMs were listed in Table 1.

Characterization

The FTIR were conducted to study the chemical structure of LA,
polyurethane (PU) and prepared FSPCMs. The FTIR measure-
ments were performed on the Nicolet 560 (Nicolette Co., USA) in
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The XRD spectra of PU, LA and FSPCMs.

Fig. 5 The crystalline morphology of (a) LA; (b) FSPCM-1; (c) FSPCM-2;

This journal is © The Royal Society of Chemistry 2017
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the scanning range of 4000 to 400 cm�1 with a resolution setting
of 4 cm�1, and the prepared FSPCMs and PU were measured by
attenuated total reection model. The fracture surface
morphology of pure PU and prepared FSPCM was detected on
JEOL JSM-5900LV (Japan) at an accelerated voltage of 20 kV.
Prior to the testing, the fracture surface of sample was putter-
coated with gold powder. XRD measurements were conducted
on Phillips X'Pert Pro MPD diffractometer in Bragg–Brentano
geometry to study the crystalline properties of LA, PU and
FSPCMs. The measurement data were collected in a range of 2q
¼ 5–50� by a scanning rate of 0.04� min�1 at room temperature.
Moreover, POM was employed to observe the crystalline
morphology of LA and FSPCMs on the XPR-500D microscope
(China) equipped with a video camera.

Phase change properties including phase change tempera-
ture, latent heat and supercooling degree of LA, PU and FSPCMs
were recorded using the thermal analysis instrument DSC 204
(NETZSCH, Germany). The specimen was rstly heated from
(d) FSPCM-3; (e) FSPCM-4.

RSC Adv., 2017, 7, 29554–29562 | 29557
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ambient temperature to 90 �C to erase prior heat history of the
samples, then the specimen was cooled to �20 �C to collect
crystalline data. The specimen was lastly heated to 70 �C to
record the melting data. Both heating and cooling temperature
scans were carried out at the rate of 10 �C min�1 under a dry
nitrogen atmosphere. Accelerated thermal cycling testing was
conducted in a high-low temperature chamber to evaluate the
thermal reliability of the prepared FSPCMs. The tests were
performed with 100 consecutive heating/cooling processes with
a heating rate of 3 �C min�1 (in the temperature interval of 20–
Fig. 6 The DSC results of PU, LA and FSPCMs.

Table 2 Detailed DSC parameters of PU, LA and FSPCMs

Sample DHm (J g�1) DHm-t (J g
�1) Tm (�C)

LA 172.3 — 43.05
PU 64.25 — 38.44
FSPCM-1 90.82 91.26 36.52
FSPCM-2 105.4 107.5 35.93
FSPCM-3 118.1 118.3 36.17
FSPCM-4 125.4 126.0 34.23

a DT ¼ Tm � Tc.

29558 | RSC Adv., 2017, 7, 29554–29562
100 �C). Subsequently, the phase change temperature and latent
heat of thermal treated samples were assessed by DSC under
previous testing condition. TGA measurements of LA, PU and
FSPCMs were performed on thermogravimetry-differential
thermal analysis instrument SDT-Q600 (TA, America) in the
temperature range of 30–600 �C at a heating rate of 10 �C min�1

under nitrogen atmosphere. The weight loss (TG) and digital
thermogravimetry (DTG) were simultaneously recorded as
a function of temperature.

Results and discussion
Chemical structure

FTIR are conducted to analyze the chemical structure and
composition of FSCPCMs, and the FTIR spectra of PU, LA and
FSPCMs are clearly shown in Fig. 2. As seen from Fig. 2, the FTIR
spectrum of PU presents the characteristic stretching vibration
peak of urethane group at 1726 cm�1 and 1529 cm�1, the distinct
absorption peak of ether in PEG chains at 1119 cm�1. Moreover,
the characteristic absorption peaks at 2878 cm�1, 1332 cm�1, 944
cm�1 and 830 cm�1 are ascribed to C–H vibration. For LA,
characteristic peaks of 2915 cm�1 and 2847 cm�1 are attributed
to C–H stretching vibration, and the absorption peaks of carbonyl
are recorded at 1712 cm�1. As shown in Fig. 2, distinct peaks at
2915 cm�1, 2847 cm�1, 1712 cm�1 and some other tiny peaks are
detected in FSPCMs, results from the vibration of groups in LA,
which indicates the existence of LA in prepared FSPCMs. The
intensity of those peaks mentioned are positive relative to the LA
content in FSPCMs. Meanwhile, the characteristic absorption
peaks at 1590 cm�1, 1529 cm�1, 1119 cm�1 and 830 cm�1 belong
to the vibration absorption of PU are also observed in prepared
FSPCMs, implying the existence of PU in FSPCMs. The existence
of the crosslinked PU plays a very important role in keeping solid
state of FSPCM, when heated above LA's melting point, LA turns
intomolten state but can not translate freely. In addition, no new
peaks occur in the spectra of FSPCMs, suggesting there is no
chemical reaction between PU and LA.

Morphology of fracture face

SEM is performed to detect themicromorphology of the sample,
and Fig. 3a and b demonstrate the fracture surface SEM images
of PU and FSPCM-2, respectively. As shown in Fig. 3, the smooth
and dark gray area are detected in SEM images of PU. Compared
pure PU, FSPCM-2 exhibits obvious three-dimensional network
DHc (J g
�1) DHc-t (J g

�1) Tc (�C) DTa (�C)

179.5 — 41.14 1.91
68.40 — 24.73 13.71
92.18 96.18 26.35 10.14

108.4 112.8 34.17 1.86
121.4 124.0 36.06 0.11
131.8 131.9 37.25 �3.02

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The DSC curves of thermal treated FSPCMs, (a) FSPCM-1; (b)
FSPCM-2; (c) FSPCM-3; (d) FSPCM-4.
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structure, and the dark gray area and brighter rugged structure
on the surface are corresponding to PU and LA, respectively. The
network structure of crosslinked PU will prevent the leakage of
melted LA from FSPCM when the ambient temperature above
the melting point of LA.

Crystalline properties

The XRD is conducted to study the crystalline properties of PU,
LA and FSPCMs and corresponding diffraction spectra are
presented in Fig. 4. Pure PU exhibits two strong and distinct
peaks at 19.2� and 23.3�, which is caused by the crystallization
of PEG chains in PU. XRD diffraction peaks of LA are recorded at
8.78�, 10.1�, 19.6�, 22.14�, 23.84�, 24.8� and 26.2�. As for
FSPCMs, the diffraction peaks of LA and pure PU are simulta-
neously detected, which means that the crystalline structure of
FSPCMs is the combination of PU and LA. The XRD results
indicates that the crystalline structure of LA and PU is not
affected by the blending. However, the diffraction intensity of
LA in FSPCMs is weaker than that of pure LA, which is attrib-
uted to the restricted movement of LA chains in FSPCMs.

POM is employed to further study the crystalline properties
of FSPCMs, the POM images of LA and FSPCMs are presented in
the Fig. 5. It can be seen from Fig. 5a, the LA shows obvious
crystalline cross-extinction patterns (also reported in previous
research25,26), which is different from that of PEG reported in
previous study.27 Seen from Fig. 5b and c, no obvious crystalline
patterns are observed for FSPCM-1 and FSPCM-2, which must
be ascribed to the restricted movement of LA chains in cross-
linked structure of PU. The molecular movement ability of LA in
FSPCMs will inuence the degree of crystallization and the
crystal size. Seen in Fig. 5d and e, with the higher LA content in
FSPCMs, the distinct cross-extinction patterns are observed in
FSPCM-3 and FSPCM-4, and the crystal size exceed 150 mm,
which suggests the good crystallization ability of LA in FSPCM-3
and FSPCM-4. This is because the restriction of crosslinked
structure become weaker with the increasing of LA content,
which can be further proved by the DSC results.

Phase change properties

Phase change properties determine the application value and
serviceable range of PCM, so the phase change properties of PU,
LA and FSPCMs are extensively studied by DSC. The DSC curves
of PU, LA and FSPCMs are given in the Fig. 6 and the detailed
phase change temperature and latent heat are listed in Table 2.
As shown in Fig. 6a, LA exhibits strong and sharp endothermic
and exothermic peak with onset melting temperature (Tm) of
43.05 �C and onset crystallization temperature (Tc) of 41.14 �C.
The latent heat of melting (DHm) and crystallization (DHc) are
172.3 J g�1 and 179.5 J g�1, indicating that LA is a good PCM
with excellent phase change properties in the temperature
range of 20–60 �C. Conversely, PU has broad and blunt endo-
thermic and exothermic peak with Tm of 38.44 �C and Tc of
24.73 �C, and the corresponding latent heat are much less than
that of LA. As seen from Fig. 6b, FSPCMs with different LA
content exhibit endothermic and exothermic peak in the
temperature range of 10–60 �C, which indicate that the
This journal is © The Royal Society of Chemistry 2017
prepared FSPCMs have the reversible thermal energy storage
and releasing ability in the phase change process. FSPCM-1 and
FSPCM-2 exhibit single melting and freezing peak in each curve,
RSC Adv., 2017, 7, 29554–29562 | 29559

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04504b


Table 3 Detailed DSC parameters of FSPCMs before and after 100 thermal cycling

Sample

DHm (J g�1) Tm (�C) DHc (J g
�1) Tc (�C)

Before Aer Before Aer Before Aer Before Aer

FSPCM-1 90.82 90.55 36.52 35.15 92.18 91.45 26.35 25.48
FSPCM-2 105.4 103.0 35.93 36.69 108.4 105.5 34.17 32.64
FSPCM-3 118.1 113.3 36.17 35.38 121.4 117.5 36.06 35.91
FSPCM-4 125.4 123.1 34.23 39.96 131.8 130.7 37.25 37.03
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by contrast, the FSPCM-4 have two peaks in the cooling and
heating curve. This may be due to the formation of two micro-
phase in the FSPCM-4. Meanwhile, the endothermic and
exothermic peak intensity of FSPCMs increase with the
increasing of LA content, which is accordance with the latent
heat value in Table 2. Seen from Table 2, each FSPCM has high
latent heat exceeding 90 J g�1, which suggests that the prepared
FSPCMs strong capability of absorbing or releasing latent heat
during the phase change process. Especially for FSPCM-4, the
melting and freezing latent heat aremeasured as 125.4 J g�1 and
131.8 J g�1 respectively, which indicate that the FSPCM with PU
as supporting materials and LA as phase change substance
exhibit excellent capacity of storing energy. Phase change
temperatures (Tm and Tc) of FSPCMs are slightly lower than that
of LA, this is possibly due to the higher degree of crystallinity
and larger crystal size of LA compared with FSPCMs. This
phenomenon is also caused by the restriction movement of LA
in the FSPCMs, which is consistent with the results of XRD and
POM.

In order to study the restricted movement of LA chains, the
theoretical (DHt) and experimental (DH) latent heat value for
FSPCMs are taken into comparison. DHm-t/DHc-t is the theoret-
ical latent heat of prepared FSPCMs for melting and crystal-
lizing, which is calculated by the following formula:

DHm-t(DHc-t) ¼ DHm-PU(DHc-PU) � uPU

+ DHm-LA(DHc-LA) � uLA (1)

where DHm-PU(DHc-PU) and DHm-PEG(DHc-PEG) are latent heat of
PU and LA in the melting (crystallization) process respectively,
uPU and uLA are PU and LA content in the FSPCMs
respectively.

As can be seen from Table 2, the DH value is slightly lower
than DHt value for FSPCMs, which further prove the adverse
effect of crosslinked structure on the crystalline properties of
LA. With the additional content of LA increase in FSPCMs, the
difference between DHt and DH decrease. This is because the
restriction of crosslinked structure on LA become weaker with
the increasing of LA content, which is accordance with the POM
results. Moreover, the DH value of FSPCM-3 and FSPCM-4 is
almost close to DHt value, which show great practical value in
the eld of TES.

It is well known, supercooling is a thermophysical property
of PCMs that is problematic in TES applications.28 The degree of
supercooling (DT) is the temperature between the Tm and Tc,29

DT can be calculated by the equation:30
29560 | RSC Adv., 2017, 7, 29554–29562
DT ¼ Tm � Tc

Seen in Fig. 6, the obvious supercooling phenomenon is
detected in PU, LA, FSPCM-1 and FSPCM-2, however, there is no
supercooling detected in FSPCM-3 and FSPCM-4, this is because
the superposition of the LA and PU phase change process. The
detailed DT are listed in Table 2, the DT of FSPCMs decreases
even vanish from FSPCM-1 to FSPCM-4. Therefore, employing
PU as supporting materials in obtained FSPCMs can put
supercooling into operation, which will shorten temperature
difference between charging and discharging the latent heat
and improve the efficiency in energy storage applications.

The DSC results of prepared FSPCMs before and aer
thermal cycling are shown in Fig. 7, the corresponding phase
Fig. 8 The TG (a) and DTG (b) results of PU, LA and FSPCMs.

This journal is © The Royal Society of Chemistry 2017
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change temperature and latent heat are listed in Table 3. In
Fig. 7, the DSC curves of FSPCMs before and aer thermal
treating are similar. As shown in Table 3, the Tm and Tc almost
do not vary aer thermal treating; the loss rate of latent heat
value are limited in 5%. The results indicate that the phase
change temperature and latent heat are slightly affected by the
thermal cycling, which means that the crosslinked structure of
PU can prevent the leakage of LA during the thermal cycling. It
can be draw a conclusion, the prepared FSPCMs have good
thermal reliability with regard to the phase change temperature
and latent heat.
Thermal stability

Thermal stability is one of the most important parameters for
FSPCMs because the thermal decomposition temperature
determines the application temperature range of FSPCMs. TG
and DTG results of PU, LA and FSPCMs are shown in Fig. 8a and
b, respectively. As shown in Fig. 8, LA and PU undergo one-step
degradation process; FSPCMs exhibit two-step degradation
mechanism. The rst weight loss between 140 �C and 233 �C is
attributed to the decomposition of LA, which is consistent with
the degradation stage of pure LA. The second weight loss start at
358 �C is assigned to the degradation of PU. Meanwhile, the
DTG peaks of FSPCM are detected at 208 �C and 399 �C, which is
similar to that of pure LA and PU. TGA results show that
FSPCMs are thermal stable at the temperature below 140 �C,
which is higher than their working temperature (phase change
temperature) and will ensure suitability for practical applica-
tion. In addition, the TG results also present the LA content in
FSPCMs, which is almost consistent with Table 1.
Conclusion

Novel FSPCMs based on PU and LA were prepared through
a facile and solvent-free strategy. The LA functioned as the
phase change substance, the PU simultaneously as supporting
materials and phase change substance. The results showed that
the crosslinked PU can prevent the leakage of LA during the
phase change process. FTIR conrmed the chemical structure
of obtained FSPCMs. POM and XRD results showed that the
obtained FSPCMs exhibits crystalline properties of LA and PU.
Meanwhile, the DSC results indicated that the obtained
FSPCMs have superior phase change properties with high
energy density in the temperature range of 26–38 �C, and the
supercooling degree of FSPCMs was decreased even eliminated
due to the overlap of phase transition of LA and PU. TGA and
thermal cycling test veried the thermal stability and reliability
of obtained FSPCMs. It can be concluded that the obtained
FSPCMs show great potential for TES.
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