
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry (2022) 147:4915–4924 
https://doi.org/10.1007/s10973-021-10915-y

Preparation, characterization and thermal properties of dodecanol, 
palmitic acid and hydroxylpropyl methyl cellulose as novel form‑stable 
phase change materials

Meijie Qu1,2 · Chuigen Guo1 · Liping Li1 

Received: 22 July 2020 / Accepted: 19 May 2021 / Published online: 20 June 2021 
© Akadémiai Kiadó, Budapest, Hungary 2021

Abstract
In order to adjust buildings temperature, a dodecanol (DD)-palmitic acid (PA)/hydroxylpropyl methyl cellulose (HPMC) 
composite phase change material was prepared by vacuum impregnation. DD-PA was absorbed into the HPMC, which was 
verified by specific surface area, pore size (BET) and scanning electron microscopy (SEM) analysis. The results of Fourier 
transform infrared spectroscopy (FTIR) and X-ray diffractometer (XRD) indicated that the HPMC and DD-PA were only 
physical combination. The differential scanning calorimetry (DSC) analysis revealed that the phase change temperature and 
latent heat were 19.34 ºC and 113.12 J g−1, which means good energy storage capacity. The 5% mass loss temperatures (T-5%) 
of thermo-gravimetric analysis (TG) was higher than 50 ºC, showing the good thermal stability of composite phase change 
materials. About 60% DD-PA was absorbed in HPMC, which detected by DSC and TG. After 100 thermal cycling, the latent 
heat, onset temperature (T0), peak temperature (Tpeak) and end temperature (Tend) had changed −1.02%, −8.20%, −4.29% 
and −5.60%. The result showed that the composite phase change materials own good thermal reliability. In addition, the 2% 
multi-walled carbon nanotubes (MW CNTs) were added to improve the thermal conductivity. And the thermal conductivity 
was increased from 0.130 to 0.172 W (mK)−1, the total thermal storage-release time was decreased from 3740 to 2310 s.
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Introduction

Thermal energy storage (TES) was attracting more and more 
attention for its widely application in energy conservation, 
utilization of renewable energy resources and ability to 
deal with the discrepancy between the energy demands and 
supply [1–4]. TES was composed of sensible heat, latent 
heat and thermo-chemical reaction heat [5]. Latent heat 
thermal energy storage (LHTES) was also taken as phase 
change energy storage, the most attractive method in TES. 
In LHTES method, energy was stored in phase change 

materials (PCM) in the shape of latent heat [6]. PCM can 
absorb or release quantity of latent energy in the phase 
change process and keep the outer temperature at a rela-
tively constant level [7–9]. There are many advantages in 
LHTES, such as high-energy storage density, suitable and 
broad phase change temperature ranges, stable chemical 
structure, and low-cost [10–12]. Thus, the application of 
LHTES was comprehensive, such as buildings [13], heat-
ing and cooling [14], textile [15], greenhouse [16], thermal 
insulation [17], and food or medicine conserving [18, 19].

The PCM was usually divided into two types: organic 
PCM and inorganic PCM. The organic PCM such as par-
affin, PEG, fatty acids and fatty alcohols owns superior 
properties than inorganic PCM such as water, salt hydrates, 
salt solutions, and metals [20]. These superior properties 
contain low-cost, little or no super-cooling, no phase seg-
regation [21–23]. The super-cooling and phase segregation 
particularly impact on the energy storage capacity. For these 
superior properties, the fatty acids, and fatty alcohols could 
be used into different compartments of buildings such as 
wallboards [24], walls [25], floors and ceilings [26]. But the 
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fatty acids, and fatty alcohols could not be directly used in 
buildings for the following two aspects: the seepage in the 
phase transition process and the low thermal conductivity 
[27]. Palmitic acid (PA), as a fatty acid, could not be directly 
used in buildings not only because of the above two aspects, 
but also for its high melting temperature (62 ºC). In order 
to use the PA in buildings, binary or ternary eutectic mix-
tures were made to instead of single PA. Dodecanol (DD) 
mixed with PA to form the eutectic mixture. And in this way, 
the phase change temperature could be largely decreased. 
Rohitash Kumar et al. tested the thermal properties of the 
palmitic acid and dodecanol eutectic mixtures. The results 
showed that the melting temperature was 20.08 ºC, lower 
than the melting temperature of PA [28]. Though the high 
phase change temperature of PA had been solved, but the 
solution of the seepage and the low thermal conductivity 
had not been mentioned in their study.

Microencapsulation, melt blending and absorption tech-
nique were frequently used to prevent the seepage of PCM. 
Yeliz Konuklu et al. had used melamine-urea–formaldehyde 
resign as wall and capric acid as core, to fabricate the com-
posite PCM without leakage according situ polymerization 
technique [29]. Huang et al. applied melt blending method, 
based on fatty acid as PCM, HDPE-EVA as supporting 
materials, and no leakage was discovered [30]. Yang et al. 
used porous absorption method to prepare myristic-palmitic-
stearic acid/expanded graphite composites and found there 
was no seepage during the phase transition process [31].

Porous absorption method was selected because it is the 
cheapest and simplest method to preventing PCM from seep-
age. Hydroxylpropyl methyl cellulose (HPMC) is one of the 
cellulose derivatives which derived from the natural cellu-
lose or bacteria. HPMC was chosen as adsorption materials 
in this study because of its porosity, low price and large 
surface area. But HPMC owns low thermal conductivity, 
low thermal conductivity caused the little response rate to 
surrounding temperature. At the same time, various prob-
lems also appear such as insufficient energy storage and low 
energy storage efficiency. So, the thermal conductivity must 
be improved.

To solve the low thermal conductivity, many researchers 
had added expanded graphite, expanded perlite, metal and 
carbon nanotubes into PCMs [32]. Patrik Sobolciak et al. 
found only 15% expanded graphite could largely improve 
the thermal conductivity of LLDPE/wax [33]. Zhang et al. 
used carbon nanotubes to enhance the thermal conductiv-
ity of palmitic-stearic acid binary eutectic mixture. And 5% 
carbon nanotubes increased the thermal conductivity about 
20.2% [34].

Multi-walled carbon nanotubes (MW CNTs), as nano-
materials with less dense and high thermal conductivity, had 
shown superior applications to enhance the thermal con-
ductivity of phase change materials [35]. It was used in this 

paper for its higher thermal conductivity, better compatibil-
ity, lower density than other thermal conductivity enhancer. 
Xu et al. used MW CNTs as the thermal conductivity addi-
tive of paraffin/diatomite, only 0.26% MW CNTs, the ther-
mal conductivity increased 42.45% [36].

The main purpose of this study was to develop a PA com-
posite PCM with no leakage, high thermal conductivity and 
suitable phase change temperature for use in buildings. The 
solution of the leakage of DD-PA had not been reported. 
In this paper, the DD-PA eutectic mixture was prepared to 
reduce the phase change temperature of PA. DD-PA eutectic 
mixture was absorbed into HPMC to prevent seepage. Then 
MW CNTs were appended to improve the thermal conduc-
tivity of the DD-PA/HPMC. The thermal conductivity abil-
ity was checked by the thermal conductivity and thermal 
storage/release rate. The phase transition temperature and 
latent heat were checked by DSC. The thermal stability and 
thermal reliability were studied by TG and thermal cycling 
test. The chemical interaction was analyzed by FTIR and 
XRD.

Materials and experimental methods

Materials

Hydroxylpropyl methyl cellulose (HPMC) was obtained 
from Yanxing Chemical Engineering Co., Ltd (Hebei, 
China). Palmitic acid (PA) and dodecanol (DD) were 
acquired from Fuchen Chemical Reagent Co., Ltd (Tian-
jin, China). Multi-walled carbon nanotubes (MW CNTs) 
were got from Beijing Deke Island Gold Technology Co., 
Ltd. (Beijing, China), outside diameter: 10–20 nm, length: 
10–30 μm.

Synthesis of DD‑PA/HPMC phase change material

Synthesis of DD‑PA eutectic mixture

PA and DD can be intermingled with each other to form 
the eutectic mixture to accomplish the eutectic temperature, 
according to the lowest eutectic point theory. Eutectic tem-
perature is far below than the individual component melting 
temperature. The eutectic proportion could be figured up 
with Schrader Eq. (1).

T presents the eutectic mixture temperature, namely the 
phase change temperature of the eutectic mixture. XA is 
on behalf of the mass percentage of component DD in the 
eutectic mixture. Δl

sHA and Tf are the fusion latent heat and 

(1)T = 1∕(1∕T
f
− RT lnX

A
∕Δl

s
H

A
)
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melting temperature of component DD. R is the gas constant 
8.314 J K−1 mol−1.

In this study, the DD and PA have melting temperature of 
24.00 ºC and 62.00 ºC, fusion latent heat of 186.00 J g−1and 
208.00 J g−1, respectively. The calculated ratio of DD-PA 
was 89.60/10.40, and the lowest eutectic temperature was 
22.19 ºC.

DD and PA were weighed up as the above calculated ratio 
and heated at 70 ºC until DD and PA completely melt in 
an Erlenmeyer flask. Then the Erlenmeyer flask was trans-
ferred to an ultrasonic cleaner for 2 h to make DD and PA 
completely dispersion. The eutectic mixture was obtained.

Synthesis of DD‑PA/HPMC phase change materials

50 g HPMC was dried at 80 ºC for 8 h. Fifty grams of HPMC 
was placed in a 500 mL filter flask firstly, and then 200 mL 
DD-PA was added in the filter flask. The filter flask was 
transferred to the ultrasonic cleaner, which made the HPMC 
to absorb DD-PA adequately. Then a rubber stopper was 
put on the neck of the filter flask, and the filter flask was 
vacuumed at 50 kPa for 90 min; then, the rubber stopper was 
taken away and the vacuum pump was turned off for 40 min. 
In this way, the DD-PA was forced in the pore of the HPMC. 
Finally, the sample was heated in a dryer at 80 ºC for 24 h, 
and the purpose was to get rid of the residual DD-PA on the 
surface of HPMC.

Synthesis of DD‑PA/HPMC/MW CNTs phase change 
materials

1 g MW CNTs (2 mass% of HPMC) were added, and above 
step was repeated. The DD-PA/HPMC/MW CNTs were got, 
and the preparation process is shown in Fig. 1. Both cel-
lulose and MW CNTs can adsorb DD-PA. After fully dis-
persed, DD-PA/HPMA/MW CNTs were dispersed evenly, 
thus showing a uniform distribution in Fig. 1.

Characterization

Brunauer–Emmett–Teller (BET)

BET method was used to characterize the pore structure of 
HPMC and DD-PA/HPMC. The surface areas of samples 
were determined by specific surface analysis (JW-BK132, 
JW, China) after samples vacuum-dried at 80 ºC for 12 h. 
The nitrogen adsorption–desorption isotherms curve was 
measured with the sample temperature −196.15 ºC and the 
pressure (P/P0) between 10–6 and 1. The pore size distri-
bution was counted using Barrett–Joyner–Halenda (BJH) 
method for the adsorption curve.

Fourier transform infrared (FTIR) 
spectrophotometer

Fourier transform infrared (FTIR) spectrophotometer (Spec-
trum 100, Perkin-Elmer, America) was used to check the 
chemical structures of DD, PA, DD-PA, HPMC, uncycled 
DD-PA/HPMC and DD-PA/HPMC after 100 times cycle. 
The FTIR spectrum of 400–4000 cm−1 was recorded with a 
resolution of 4 cm−1.

X‑ray diffractometer (XRD)

The crystalloid phases of DD-PA, HPMC and DD-PA/
HPMC were measured using the X-ray diffractometer (XRD, 
Bruker D8 Advance, AXs, Bruker, Germany). The curves of 
XRD were obtained with Ni-filtered CuKα (λ = 0.15406 nm) 
radiation with a continuous scanning speed of 5 º/min.

Scanning electron microscopy (SEM)

Scanning electronic microscope (SEM) was used to observe 
the surface morphology of HPMC and DD-PA/HPMC. The 
SEM images were taken by JEOL JSM-7500F SEM (JEOL, 
Japan). The SEM samples were plated with platinum before 
the observation.

Differential scanning calorimeter (DSC)

Differential scanning calorimeter (DSC, Pyris Diamond, 
Perkin-Elmer, America) was measured the melting, freez-
ing temperature and latent heat of uncycled DD-PA/HPMC 
and DD-PA/HPMC after 100 cycling times. The samples 
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Fig. 1   Preparation process of DD-PA/HPMC/MW CNTs
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(3–5 mg) were positioned in an aluminum crucible. Then 
the samples were heated from room temperature to 200 ºC 
(maintain 5 min at 200 ºC) at a rate of 50 ºC min−1, in terms 
of eliminating thermal history. The thermal storage proper-
ties were detected from 0 ºC to 90 ºC at a rate of 5 ºC min−1.

Thermal cycling test

The thermal cycling test was studied the thermal reliability 
of the DD-PA/HPMC during melting and freezing process. 
The test had been performed continuously for 100 times in 
the range of −10 to 90 ºC. The probable changes in thermal 
and chemical were investigated by DSC and FTIR analyses.

Thermo‑gravimetric analysis (TG)

The TG (Pyris 1, Perkin-Elmer, America) was used to meas-
ure the thermal stability of phase change materials. The sam-
ples (3–5 mg) were heated from room temperature to 600 ºC 
under nitrogen atmosphere at a rate of 10 ºC min−1.

Thermal conductivity test

The thermal conductivity was detected by Hot-disk Ther-
mal Constant Analyzer (TPS 2500 s, Hot Disk AB Com-
pany, Sweden). The samples were measured three times 
at room temperature and took the average to eradicate any 
discrepancies.

The thermal storage‑release test

The glass tube containing 10 g samples was placed into a 
water basin. The samples were heated from 10 to 60 ºC and 
then cooled from 60 to 10 ºC. The temperature was recorded 
by a multi-channel temperature recorder.

Results and discussion

Pore structure of DD‑PA/HPMC and HPMC

BET method was carried out to obtain the pore diameter 
distribution curves and N2 adsorption–desorption curves, 
to check the change of pore state and absorption of HPMC.

Figure 2 shows the pore diameter distribution curves of 
DD-PA/HPMC and HPMC. Double peaks curves were pre-
sented in the pore diameter distribution curves of HPMC. 
The peaks were 2.49 and 13.90 nm. The pore diameter dis-
tribution curves changed to triple-peaks curves in DD-PA/

HPMC, and the peaks were 1.69, 4.91, 12.30 nm. From 
these, it is easy to find that the pore diameter distribution 
of DD-PA/HPMC was decreased a lot. In this way, the pore 
of HPMC was decreased or even disappeared. Thereby, this 
result showed that the DD-PA eutectic mixture was absorbed 
into HPMC, and the pore structure of HPMC changed. On 
the other hand, the vertical coordinates presented the mass 
percentage of corresponding peak, and the mass ratios of 
the peaks for HPMC were all decreased which showed that 
the pore ratio was decreased. So, this result showed that the 
DD-PA eutectics were absorbed into HPMC again.

Figure 3 presents the N2 adsorption–desorption curve of 
HPMC and DD-PA/HPMC. From Fig. 3, the HPMC was II 
type isotherms curve. The adsorption rate rose rapidly when 
the P/P0 in a low region, and this indicated that the interac-
tion between HPMC and N2 was higher than N2 to N2. But 
the isotherm inflection point was showed at B point, and 
monolayer adsorption was formed in this time. However, 
with the pressure rising, the curve rose rapidly again for the 
monolayer absorption formed [37].

The curve of DD-PA/HPMC was III type isotherm. This 
was typical BET multi-molecular layer adsorption curve 
and the DD-PA/HPMC pore was open-ended tubular capil-
lary [38]. Under low pressure, there was small adsorption 
capacity for the interaction between DD-PA/HPMC and N2 
was very weak; on the contrary, the interaction between N2 
and N2 was relatively strong. This result showed that the 
DD-PA eutectic mixture had been adsorbed in the pore of 
HPMC and the pore structure of HPMC had been changed. 
But when at high pressure, the adsorption–desorption go up 
very fast. For only a little adsorption of N2, the adsorption 
of N2 would emerge auto acceleration, and the number of 
adsorption layers is no longer limited.

HPMC has large specific surface area and favorable 
adsorption ability because of its porous fiber structure. The 
total pore volume of HPMC was 0.00419 cm3 g−1, and the 
specific surface area of HPMC was 3.106 m2 g−1. This result 
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showed the good adsorption ability and high specific surface 
area of HPMC. However, the total pore volume of DD-PA/
HPMC was 0.00249 cm3 g−1 and the specific surface area 
of DD-PA/HPMC was 0.265 m2 g−1. The specific surface 
area and total pore volume changed from 3.106 to 0.265 
m2 g−1and from 0.00419 to 0.00249 cm3 g−1, respectively. 
Consequently, it proved that the DD-PA eutectic mixture 
had been absorbed into HPMC. The result was fit with the 
results of pore size distribution and N2 adsorption–desorp-
tion curve.

Microstructure of DD‑PA/HPMC composite

Figure 4 displays the morphologies of HPMC and DD-PA/
HPMC. But the SEM image of DD-PA was not got, for the 
DD-PA was melt when the electron beam focused on it. The 
SEM images of HPMC in Fig. 4a, b showed that HPMC has 

a long fibrous structure and a porous rough surface which 
increased the specific surface area of HPMC. Therefore, the 
absorption rate of DD-PA was very high. In Fig. 4c–f, it is 
easy to find that the porosity was decreased and the surface 
was rougher. In brief, the SEM image of DD-PA/HPMC 
indicated that the DD-PA distributed evenly in the holes 
and surface of HPMC. This result meets the result in BET.

Chemical compatibility and interaction 
between HPMC and DD‑PA/HPMC

FTIR and XRD measured the components of composite 
DD-PA/HPMC, in terms of studying the chemical compat-
ibility and interaction. Figure 5 displays the characteristic 
peaks transmittance spectra of DD, PA, DD-PA, HPMC and 
DD-PA/HPMC. In the pure PA spectrogram, the peaks at 
2929.70 cm−1, 2828.38 cm−1 and 1469.49 cm−1 were the 
symmetrical stretching vibration and bending vibration 
peaks of –CH2. The peak at 721.25 cm−1 represented the 
in-plane rocking vibration of –CH2 group. Similarly, the 
above characteristic peaks were also existed in DD. The 
peak at 1700.91 cm−1 corresponded to the –COOH stretch-
ing vibration.

In the spectrogram of DD, the peak at 3357.46  cm−1 
was given rise to the –OH stretching vibration. The peak 
recorded at about 1043.30 cm−1 ascribed to the C–O stretch-
ing band.

Besides, in the spectra of HPMC, the peak at 
1116.58 cm−1 was contributed by the C–O–C stretching 
vibration.

Contrast to the FTIR spectrogram of PA and DD, DD-PA, 
HPMC and DD-PA/HPMC, it was easy to found that the 
spectrogram of DD-PA, DD-PA/HPMC contained all the 
peaks of PA and DD, DD-PA and HPMC and there was no 
new characteristic peak. The FTIR spectrum proved that the 
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reaction was physical. The only difference is some slight 
peaks shift and peaks weaken. This indicated there are some 
interactions between the –OH of the DD and the –COOH 
of the PA, the –COOH of eutectics and the alkaline region 
of HPMC, which could prevent the seepage from the pores 
of HPMC when the temperature is above the fusing point.

Figure 6 displays the XRD curves of DD-PA, HPMC 
and DD-PA/HPMC. The peak at 2θ = 20.50º was the main 
peak of HPMC. The DD-PA eutectic mixture was regular 
crystallized with peaks at 18.06º, 19.84º, 23.26º and 24.42º 
while the peaks were at 19.02º, 21.49º and 23.83º in DD-PA/
HPMC curve. Therefore, DD-PA/HPMC possesses similar 
crystalline texture and crystal cell type with DD-PA. It fur-
ther confirmed that there was no chemical reaction between 
DD-PA and HPMC, which was accorded with the FTIR 
result.

Thermal properties of DD‑PA and DD‑PA/
HPMC

DSC conducted the thermal storage properties of DD-PA 
and DD-PA/HPMC, such as phase change temperature and 
latent heat. Figure 7 shows the melting and solidification 
DSC curves of DD-PA eutectic mixture and DD-PA/HPMC, 
Table 1 summarizes the phase change parameters calculated 
from DSC curves.

From Fig. 7 and Table 1, the melting and solidifying 
peak phase change temperature was measured as 24.33 ºC 
and 15.78 ºC in the DD-PA curves, much lower than indi-
vidual phase change materials DD and PA. And the melting 
and solidifying latent heat of DD-PA was 189.85 J g−1 and 
157.32 J g−1. The above results showed that the DD largely 
decreased the phase change temperature of PA. So, the PA 
was promising for buildings on account of the appropriate 

phase change temperature and high latent heat. Thankfully, 
after PA was absorbed into HPMC, it could be used directly 
in buildings.

From Table 1, it showed that the T0, Tpeak and Tend values 
of DD-PA/HPMC were 0.08–1.27 ºC lower than DD-PA 
eutectic mixture. These results were agreed with the reported 
by Radhakrishnan and Gubbins [39]. In their studies, they 
found that the slight shift of temperature values was because 
of the slight attractive interaction between the fluid and the 
hole surface. Likewise, in this paper, the depressed phase 
change temperature was caused by the slight interaction 
between the liquid DD-PA and the hole of HPMC.

From Table 1, the melting latent heat was measured as 
113.12 J g−1 for DD-PA/HPMC. The DD-PA percentage was 
counted with 59.58%. Through the data of Table 1, it could 
be found that the thermal properties of DD-PA/HPMC were 
similar to the DD-PA. Luckily, that means DD-PA/HPMC 
was a good phase change material which could be used in 
building energy conversion.

Thermal reliability of DD‑PA/HPMC

It is well known that a perfect PCM should not only have 
superior heat storage ability, but also should have very little 
change in thermal and chemical properties after long-term 
use. This ability was conducted by cycling test. DSC was 
carried out to detect the change of the thermal properties 
before and after 100 times cycling. The results were shown 
in Fig. 8, and the data from Fig. 8 were presented in Table 1.

The latent heat had changed −1.02% for DD-PA/
HPMC, and the T0, Tpeak and Tend had changed −8.20%, 
−4.29%, −5.60% for DD-PA/HPMC, respectively. The lit-
tle changes were acceptable. It can also be concluded that 
the DD-PA/HPMC owns a favorable thermal reliability. 
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From cycling test, there was little change on thermal prop-
erties, and it also be concluded that there was no seepage.

In addition, Fig. 9 shows the FTIR spectrums of uncy-
cled and after 100 times cycle DD-PA/HPMC. There were 
no essential changes in the outline and wavenumbers 
before and after 100 times cycle. These results exhibited 
there was no decomposition in the chemical. The little 
change of latent heat was caused by the repeated cycling. 
The changes were only caused by the certain amounts 
of DD-PA. Accordingly, it could be concluded that the 

DD-PA/HPMC composite phase change material was sta-
ble in chemical and thermal after 100 times cycle.

Thermal stability of DD‑PA/HPMC

It is significant to evaluate the thermal stability of DD-PA/
HPMC. TG was usually carried out to assess the ther-
mal stability. Figure 10 exhibits the TG curves of DD-PA, 
HPMC and DD-PA/HPMC. The DD-PA/HPMC, DD-PA 
and HPMC 5% mass loss temperatures (T-5%) were 131.1 

Fig. 7   Melting (a) and solidify-
ing (b) DSC curves of DD-PA 
and DD-PA/HPMC
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ºC, 128.9 ºC and 337.8 ºC. The T-5% was largely higher 
than 50 ºC (the maximum temperature used in construction 
buildings). So, the thermal stability was enough using in 
buildings. The DD-PA and HPMC had only one degra-
dation peak, and the degradation ranges of DD-PA and 
HPMC were 90–270 ºC and 280–420 ºC. However, the 
DD-PA/HPMC degraded in two processes. The first pro-
cess was corresponding to the degradation of the DD-PA 
(about 60%), and the second process was HPMC (< 40%), 
which included some char residue of HPMC. This value 
was agreed with DSC.

Thermal conductivity of DD‑PA/HPMC

The heat storage efficiency, depending on the thermal 
conductivity, was vital to select energy storage material. 
Thus, 2% MW CNTs were added to increase the thermal 
conductivity of the prepared DD-PA/HPMC.

Figure 11 showed the thermal conductivity results of 
DD-PA, DD-PA/HPMC and DD-PA/HPMC/MW CNTs. 
The conductivity declined 13.90% with the additive of 
HPMC. But when 2% MW CNTs were added into DD-PA/
HPMC, the conductivity improved 32.30%. The thermal 
conductivity was enhanced largely with the additive of 
MW CNTs. For MW CNTs own a very large aspect ratio, 
so the heat exchange performance is very high. Only a 
small amount of MW CNTs doped in the composites, the 
thermal conductivity will be greatly improved [40].

The thermal storage‑release characteristics 
of DD‑PA/HPMC

The enhanced thermal conductivity was also checked by 
the thermal storage, thermal release and the total times of 
DD-PA, DD-PA/HPMC and DD-PA/HPMC/MW CNTs. 
Figure  12 shows the thermal storage-release curves of 
DD-PA, DD-PA/HPMC and DD-PA/HPMC/MW CNTs. 
From Fig. 12, the thermal storage times were 1340 s, 1660 s 
and 720 s for DD-PA, DD-PA/HPMC and DD-PA/HPMC/
MW CNTs. The thermal release times were 1930 s, 2080 
s and 1590 s and the total times were 3270 s, 3740 s and 
2310 s. From the data, DD-PA/HPMC/MW CNTs had the 
fastest thermal storage and release rate, and DD-PA/HPMC 
was the slowest. Namely, DD-PA/HPMC/MW CNTs had the 
highest thermal conductivity and can transfer heat rapidly. 
The results meet the result of the thermal conductivity. In 
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Fig. 12region 1, the temperature increased slower than the 
other temperature ranges, for the heat absorption of melting 
endothermic. But in region 2 and region 3, the temperature 
decreased slower than the other temperature ranges, for the 
heat release of solidification.

Conclusions

In this study, a DD-PA/HPMC was made by vacuum 
adsorption for the further application of thermal storage. 
The DD-PA eutectic was firstly prepared with the ratio of 
89.60:10.40 base on the theoretical calculation. HPMC, a 
new supporting material, can adsorb 59.58% of DD-PA. The 
BET showed the pore structure was changed and the DD-PA 
was adsorbed into the holes of HPMC. DD-PA distributed 
uniformly in the pore of HPMC by physical interaction. The 
melting and solidifying peak phase change temperature of 
DD-PA/HPMC was 19.34 ºC and 15.92 ºC, and the melting 
and solidifying latent heat was 113.12 J g−1 and 94.47 J g−1. 
Thermal cycling test exhibited that the melting peak phase 
change temperature and latent heat changed -4.29% and 
-1.02%, after 100 times cycling. The TG showed that the 
DD-PA/HPMC owned favorable thermal stability in work-
ing temperature. The 2% MW CNTs increased 32.30% ther-
mal conductivity. The thermal storage and release rate rose 
clearly with the MW CNTs loading.
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