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Abstract The shape-stabilized paraffin/silicon dioxide

(SiO2) composite phase change materials (PCM) were

prepared by using sol–gel methods. Paraffin was used as

the PCM, and silicon dioxide was acted as the supporting

material. Fourier transformation infrared spectroscope

(FT-IR) and scanning electronic microscope were used to

determine the FT-IR spectra and microstructure of shape-

stabilized paraffin/silicon dioxide composite PCM, respec-

tively. The thermal properties and thermal stability were

investigated by a differential scanning calorimeter and a

thermogravimetric analysis, respectively. The SEM analy-

sis showed that the paraffin was well dispersed into the

porous network of silicon dioxide. DSC analysis indicated

that the mass content of paraffin in silicon dioxide was up

to 92.1%, and paraffin/silicon dioxide composites had

solidifying temperature of 57.07 �C, solidifying latent heat

of 59.66 kJ/kg, melting temperature of 58.10 �C, and

melting latent heat of 139.59 kJ/kg.

Introduction

Thermal energy storage (TES) plays an important role in

conserving available energy and improving its utilization

due to the discrepancy between energy supply and demand

can be overcome by implementation of a proper energy

storage system. Among the various TES methods (sensible,

latent, and thermochemical), the latent TES employing a

phase change material (PCM) is the most effective way of

the TES due to its advantages of high energy storage

density and its isothermal operating characteristics [1–3].

PCMs which can absorb/release high latent heat during

the melting/solidifying process, have been receiving

attention for different applications such as waste heat

recovery [4, 5], solar heating system [6–9], and building

energy conservation [10–12] in recent years. Many inor-

ganic and organic PCMs (salt hydrates, fatty acids/esters,

paraffins, etc.) and PCM mixtures have been studied for

latent heat storage application [13, 14]. Among the inves-

tigated PCMs, paraffin has been widely used due to their

high latent heat storage capacity and proper thermal

properties such as little or no supercooling, low vapor

pressure, good thermal and chemical stability, and self-

nucleating behavior [15–17]. However, it also has unde-

sirable properties, such as low thermal conductivity and

need encapsulation for preventing leakage of melted PCM

during phase change process, which results in extra thermal

resistance and cost [18]. Now, these problems can be

solved using shape-stabilized or form-stable PCM com-

posites which can be prepared by encapsulation of PCM

into a polymeric structure such as high-density polyethyl-

ene (HDPE) [19–21] and styrene–butadiene–styrene (SBS)

copolymer [22, 23]. In addition, the expanded graphite can

also act as supporting materials of the form-stable PCM

composites [24, 25]. However, due to the chemical con-

stitutions of organic PCMs (paraffins, etc.) and organic-

polymer-supporting materials (HDPE, SBS and so on), the

form-stable PCMs is easily flammable, which has severely

restricted the wide applications [26].

In this article, it is reported that the synthesis of shape-

stabilized paraffin/silicon dioxide composites as PCM. In
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this new composite material, paraffin was used as the latent

heat storage PCM and silicon dioxide was served as the

inorganic supporting material, which provided structural

strength and prevented the leakage of the melted paraffin.

Paraffin which melts at 50.97 �C with a latent heat storage

capacity of 151.56 kJ/kg (experimental data of paraffin in

Table 1) is a favorable organic PCM for TES. The silicon

dioxide is inorganic multiple porous material, which has no

flammability. So the latent heat of this shape-stabilized

composite PCM can be utilized during the thermal energy

charging and discharging cycles in the waste heat recovery

and solar heating systems.

Experiments

Materials

Tetraethyl silicate (Reagent grade, Sinopharm Chemical

Reagent Company) was used as the precursor. Paraffin

(Reagent grade, Nanjing Huakang Chemical Reagent

Company) was acted as latent heat storage PCM. Anhy-

drous ethanol (Reagent grade, Nanjing Chemical Reagent

Company) and distilled water were served as solvent.

Hydrochloric acid (Reagent grade, Nanjing Chemical

Reagent Company) was used as activator.

Preparation of shape-stabilized paraffin/silicon dioxide

composite PCM

20-g tetraethyl silicate, 20-g anhydrous ethanol, and 35-g

distilled water were added into a 250-ml flask. The pH of

the mixture was adjusted to 2–3 by dropping a little

hydrochloric acid, then the mixture was stirred at the rate

of 500 rpm for 60 min and the temperature of the mixture

was controlled at 60 �C by a constant temperature mag-

netic stirrer. After reaction of hydrolysis and polyconden-

sation of tetraethyl silicate, the sol mixture was obtained.

During several experiments, 3-, 5-, and 8-g melted

paraffin were added into above sol mixture, respectively.

The mixture was stirred at the rate of 1000 rpm for 80 min

and the temperature of the mixture was controlled at 70 �C

to form composite PCM sol, then the composite PCM sol

was dried in an oven at 70 �C for 2 h to obtain the com-

posite PCM gel. In order to prepare shape-stabilized par-

affin/silicon dioxide composite PCM, the composite PCM

gel was dried again in a vacuum oven at 70 �C for 12 h.

Finally, three kinds of shape-stabilized paraffin/silicon

dioxide composite PCMs were obtained and named PCM1,

PCM2, and PCM3, respectively.

Characterization of shape-stabilized paraffin/silicon

dioxide composite PCM

The morphology and microstructure of the shape-stabilized

paraffin/silicon dioxide composite PCM were observed

through a scanning electronic microscopy (SEM, S-3400N

II, Hitachi Inc, Japan). The structural analysis of shape-

stabilized paraffin/silicon dioxide composite PCM was

conducted using a FT-IR (FTIR Spectra was recorded on a

Nicolet Nexus 870 from 400 to 4000 cm-1 with a resolution

of 2 cm-1 at room temperature on a KBr pellet.) spectro-

photometer. The thermal properties of the shape-stabilized

paraffin/silicon dioxide composite PCM were obtained

using a differential scanning calorimeter (Pyris 1 DSC,

Perkin–Elmer) at 5 �C/min under a constant stream of argon

at flow rate of 20 mL/min, the accuracy of enthalpy was

±5% and the accuracy of temperature was ±0.2 �C. The

thermal stability of the shape-stabilized paraffin/silicon

dioxide composite PCM was determined by thermogravi-

metric analysis (Pyris 1 TGA, Perkin–Elmer) under a con-

stant stream of nitrogen at flow rate of 20 mL/min, heated

from room temperature to 65 �C in 3 min and kept at 65 �C

for 30 min. The working temperatures of this shape-stabi-

lized paraffin/silicon dioxide composite PCM are usually

between 50 and 60 �C for TES, which is higher than the

melting temperature of paraffin, so in the TGA experiments,

the samples are heated from room temperature to 65 �C

and kept at 65 �C for 30 min to determine their thermal

stability.

Table 1 DSC data of paraffin, PCM1, PCM2, and PCM3

Sample name Melting Solidifying PCM content

ratio (%)
Onset

temperature

(�C)

Peak

temperature

(�C)

Latent heat

of fusion

(kJ/kg)

Onset

temperature

(�C)

Peak

temperature

(�C)

Latent heat

of fusion

(kJ/kg)

Paraffin 50.97 58.52 151.56 58.37 56.18 -144.62 100.0

PCM1 51.42 56.85 35.05 58.62 57.07 -27.70 23.2

PCM2 51.57 57.80 35.80 59.55 56.85 -32.51 23.6

PCM3 50.20 58.10 139.59 58.00 57.07 -59.66 92.1
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Results and discussion

FT-IR analysis of shape-stabilized paraffin/silicon

dioxide composite PCM

The FTIR spectra of the paraffin, SiO2, and PCM3 are

shown in Fig. 1. Figure 1a shows the spectrum of paraffin.

The peaks at 2917 and 2849 cm-1 signify the stretching

vibration of C–H, the peaks at around 1463 cm-1 belong to

the deformation vibration of –CH2 and –CH3, and the peak

at 719 cm-1 represents the rocking vibration of –CH2.

Figure 1b illustrates the spectrum of SiO2. The peaks at

1083, 797, and 455 cm-1 signify bending vibration of

functional group of Si–O. The function group of Si–OH is

seen at 967 cm-1. The absorption band at 3200–

3600 cm-1 and 1650–1700 cm-1 represent, respectively,

the stretching vibration and bending vibration of functional

group of –OH of H2O, which was adsorbed into the pores

of SiO2. The peaks at 2917 and 2849 cm-1 signify the

stretching vibration of –CH3 and –CH2 group, respectively.

It is observed in Fig. 1c that the absorption peaks of

paraffin at 2917, 2849, 1463, and 719 cm-1 also appear in

the PCM3 spectra, which confirm that the paraffin was

dispersed into the network of solid SiO2. As can be seen in

Fig. 1c, there is no shift in the absorption peaks of paraffin/

SiO2 composites when compared with the spectrum of

SiO2. This result indicates that there is no chemical inter-

action between the functional groups of paraffin and SiO2.

The paraffin was retained easily into the pores of SiO2 by

capillary and surface tension forces [27] and so leakage of

the melted paraffin from the composites was prevented.

Microstructure of shape-stabilized paraffin/silicon

dioxide composite PCM

Figure 2 shows SEM photographs of the silicon dioxide,

PCM1, PCM2, and PCM3. It can be observed in Fig. 2a

that silicon dioxide has rough and accidental microstruc-

ture. Figure 2b, c, and d present that paraffin were embedFig. 1 FT-IR spectra of the (a) paraffin, (b) SiO2, and (c) PCM3

Fig. 2 SEM photographs of the

a silicon dioxide, b PCM1,

c PCM2, and d PCM3
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and dispersed into the network of solid silicon dioxide,

respectively. In the photographs, the white and black parts

represent the paraffin and silicon dioxide in the composite

PCMs as can be seen in Fig. 2b–d. The multiple porous

structure of silicon dioxide provided a mechanical strength

to the whole compound and prevented the seepage of the

melted paraffin due to the effect of capillary force and

surface tension force of silicon dioxide porous network.

The maximum mass percentage of paraffin dispersed

into the composites was determined as 92.1 wt%. There

was no leakage of the paraffin from the composites up to

this mass ratio even when it melts.

Thermal properties of shape-stabilized paraffin/silicon

dioxide composite PCM

The DSC results of paraffin, PCM1, PCM2, and PCM3 are

presented in Figs. 3, 4, and Table 1. Comparing the latent

heat data of shape-stabilized composites with that of pure

paraffin, the PCM mass ratio could be determined by Eq. 1.

The g is the mass ration of the PCM in the composites,

DHPCM represents the latent heat of fusion of shape-stabi-

lized composites, and DHPA represents the latent heat of

fusion of paraffin measured by the DSC.

g ¼ DHPCM

DHPA

� 100% ð1Þ

As shown in Table 1, paraffin is used as PCM for TES.

PCM1, PCM2, and PCM3 in Table 1 represent, respec-

tively, shape-stabilized composites prepared, which 3-, 5-,

and 8-g melted paraffin were added into the sol mixtures in

preparation process. When increasing the PCM mass from

3, 5 to 8 g, the mass ration of the PCM in the composites

increases from 23.2, 23.6 to 92.1%. For shape-stabilized

composite PCMs, only the PCMs absorb/release thermal

energy during the melting/solidifying process, so high

PCM content will result in a high latent heat storage

capacity. It is known that the melting latent heat of PCM3

is 139.59 kJ/kg and larger than that of PCM1 and PCM2.

Thermal stability of shape-stabilized paraffin/silicon

dioxide composite PCM

The TG curves of PCM1, PCM2, and PCM3 are illustrated

in Fig. 5. It is observed that the variations of weight loss

rate in PCM1, PCM2, and PCM3 are faster during initial

5 min due to water vapor evaporated, which was adsorbed

into the pores of SiO2, and then the weight loss rates are

nearly invariable, which indicates water vapor in the pores

of SiO2 has been eliminated. As can be indicated in Fig. 5,

Fig. 3 The melting DSC curves of paraffin, PCM1, PCM2, and

PCM3

Fig. 4 The solidifying DSC curves of paraffin, PCM1, PCM2, and

PCM3

Fig. 5 TG curves of PCM1, PCM2, and PCM3
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the weight loss rates of PCM1, PCM2, and PCM3 are

42.72, 35.62, and 25.13%, respectively. The weight loss

rates of PCM1 and PCM2 are larger than that of PCM3

owing to the PCM contents in PCM1 and PCM2 are

smaller than that of PCM3, so much more water molecules

from ambience was adsorbed into the pores of SiO2.

Conclusion

The preparation and characterization of shape-stabilized

paraffin/SiO2 composites are demonstrated, paraffin is used

as the PCM and SiO2 is used as the supporting material.

The mass content of paraffin in SiO2 is up to 92.1%. The

paraffin/SiO2 composites have the solidifying temperature

of 57.07 �C and solidifying latent heat of 59.66 kJ/kg, and

the melting temperature of 58.10 �C, and melting latent

heat of 139.59 kJ/kg. The paraffin is well dispersed into the

porous network of SiO2 by capillary and surface tension

forces and so leakage of the melted paraffin from the

composites is prevented. The shape-stabilized paraffin/

SiO2 composites have better thermal stability after water in

the pores of SiO2 is eliminated. This method can also be

utilized to disperse many other organic PCMs into SiO2 for

different TES applications.
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