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Hydrate salt is an attractive solid-liquid phase change material because of its high energy storage density. 
However, its applications have been limited owing to the supercooling and phase segregation. In order to solve these 
problems, we propose to make the silica gel in the saturated solution of sodium sulfate by means of in-situ polymerization. 
According to our experiments, the latent heat of saturated solution of sodium sulfate in silica gel is about 238.1 J/g and 
the phase change temperature is 30 . With some surfactant, it can endure more than five months of heating-cooling 
cycles stably in subtropical spring and summer. Using scanning electron microscope and Fourier transformation infrared  
spectroscopy, we found that the microstructure of silica gel was mainly amorphous with some small crystals distributed 
in it. We believe that adding the silica gel produces a porous structure, which helps the crystal growth of sodium sulfate 
hydrate and hence, suppresses the supercooling and phase segregation.
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1 Introduction

In recent years, as the energy cost is skyrocketing, 
phase change material (PCM) is attracting much 
renewed attention. PCMs use latent heat to store 
energy and hence shall have high energy storage 
density and small temperature variation in the 
process of storing and releasing heat energy. Various 
organic, inorganic, polymeric and eutectic PCMs 
have been studied[1-3]. Among them, salt hydrate 
is one of the most attractive PCMs[4] owing to its 
moderate cost, easy production, high volumetric 
energy storage density, high thermal conductivity, 
and environment safety. However, its applications 
have been limited by the problems of supercooling 
and phase segregation[5].

In order to solve the problems of supercooling 
and phase segregation, many studies have been 
carried out. Biswas[6], for example, suggested the 
use of extra water to prevent the formation of the 
heavy anhydrous salt. Telkes[7] introduced borax as 
a nucleating agent to minimize subcooling. The use 
of some thickening agents[8], such as polymer and 
gel[9], has been suggested to overcome the phase 
segregation. In general, at least two additives are 
needed to diminish the supercooling and phase 
separation. It is possible to use direct contact heat 
transfer between an immiscible heat transfer fluid 
and the salt hydrate solution without additives[10,11].
The agitation caused by the heat transfer fluid 
minimized the supercooling and prevented phase 
segregation. However, several controlling systems 
were needed in the above process. Until now, there 
is no effective method to solve the problems of 
supercooling and phase segregation. Moreover, the 
preventing supercooling mechanics of amorphous 

nucleating agent for hydrate salt is not well 
understood.

In this paper, we investigate the phase transition of 
salthydrate with silica gel. A temperature recording 
device and the differential scanning calorimeter were 
used to study the phase change characteristics of salt 
hydrate in silica gel. The results showed that silica 
gel was effective in preventing the supercooling and 
phase segregation of salt hydrate.

2 Experimental Methods

In our experiments, the raw materials include 
Na2SO4, Na2SiO3 and H2SO4

. Na2SiO3 was dissolved 
into saturated Na2SO4 solution at 40  (All the raw 
solutions used in our experiments are saturated 
Na2SO4 solution). Through chemical reaction of 
Na2SiO3 with acid, silica sol was obtained. After 
ripening it for a moment, homogeneous silica gel[12] 

was obtained and saturated Na2SO4 solution could be 
dispersed in the silica gel uniformly.

Two methods were used to test the long-time 
cycling stability of silica gel. One was natural 
heating-cooling process which worked by the 
temperature change of a day in the subtropical 
spring and summer in the lab (The lab is located in 
Shenzhen, Guangdong, China, a typical subtropic 
region where the temperature ranges from 18
to 35 ). The other was forcible heating-cooling 
process which worked by two prepared constant 
temperature water baths (One was at 10  and the 
other was at 40 ).

A simple device was made to  record the 
temperature timely. Firstly, samples on test 
tubes with a thermal couple in the center were 
initially heated to 40 . Secondly, the samples 
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change temperature is about 28  and however, 
the supercooling to 13  is obvious. Curve “2” 
corresponds to the saturated sodium sulfate solution 
with silica gel. The phase change phenomenon is 
clearly seen at 30  and there is no supercooling. 
It is also found that after 30 heating-cooling cycles, 
the silica gel is still homogeneous and stable without 
phase separation.

Fig. 1 The t-T

Table 1 summarizes the phase change temperature 
and latent heat of the 7 samples. It shows that except 
sample 1, the characteristics of the other samples are 
similar.

To test the long time stability of saturated sodium 
sulfate solution with silica gel, the same sample 
using forcible heating-cooling method was tested 
in many cycles. Fig. 2 is the t-T curves of a sample. 
Curves 1, 2 and 3 are the t-T curves after 10, 20 
and 30 heating-cooling cycles, respectively. Each 

were immersed into a 10  water cooler with the 
temperature changing recorded using a multipoint 
recorder (IDAQ-8018 ) and stored in a computer 
via an RS-232 port.

Differential scanning calorimeter (DSC) was 
used with nitrogen atmosphere to analyze the phase 
transition in microscopic level. Samples about 15.00 
mg were sealed in an aluminum pan and was placed 
in DSC analyzing from 10  to 60  with a linear 
heating rate of 7
50 mL/min. The accuracy of the DSC is ±0.02
and the latent heat was calculated as the total area 
under the peaks of transitions process. 

The scanning electron microscopy (SEM) and 
Fourier transformation infrared (FTIR) spectroscopy 
were used to study the microstructure of the samples. 
For SEM analysis, a thin layer of gold was coated 
in the surface of sample, and images were acquired 
on a HITACHI S-4700 microscope with a constant 
ambient temperature at 22 . For FTIR spectroscopy, 
viscous samples were mixed with KBr at 10 . Then 
the functional groups of samples were obtained.

3 Results and Discussions

3.1 The Time-temperature Characteristics of the 

Sodium Sulfate Hydrate

Fig. 1 shows two time-temperature (t-T) curves. 
Curve “1” corresponds to the saturated solution 
of sodium sulfate without silica gel. The phase 

Table 1 Summary of the experiment results
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10 heating-cooling cycles was completed in one 
day. Then, the next 10 heating-cooling cycles were 
done after 10 days. It is seen that the phase change 
temperature is stabilized at 30 , and the process is 
very stable. 

Fig. 2 The t-T

To further improve the long-time recycling 
stability of silica gel, span 80 as a surfactant was 
used. Fig. 3 is the t-T curve of a sample. It can be 
seen that the surfactant does not affect the phase 
change characteristics.

Fig. 3 The t-T

Fig. 4(a) is the picture of saturated sodium sulfate 
hydrate without additives. The sample has clear phase 

segregation and bulky crystals can be observed at 
the bottom of the test tube. Fig. 4(b) is the saturated 
sodium sulfate hydrate in silica gel with surfactant. 
The natural heating-cooling method was used to 
test the long-time stability of the sample. After five 
months, it has been found that the sample still shows 
no phase segregation, indicating good stability.

3.2 The DSC Results

Fig. 5 shows the DSC curves of samples with 
and without additives. The curve with solid line 
depicts the peak of heat absorption of saturated 
hydrate salt without additives. The latent heat 
can be measured by the area of the peak. It is 
only 96.7 J/g and the phase change temperature is 
25.4 . The curve with dashed line shows the peak 
of heat absorption of saturated hydrate salt with 
additives (silica gel). As is shown in Fig. 5, the 
latent heat is increased to 238.1 J/g and the phase 
change temperature is 29.9 . This indicates that 
the addition of silica gel improves the heat energy 
storage capability. 

3.3 SEM Results 

Fig. 6 shows the SEM images of sodium sulfate 
hydrate in silica gel, magnified by 10000, 30000 
and 200000 times, respectively. Fig. 6(a) shows 
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the micro structure is complex. The crystals were 
randomly packed with many pores about several 
micrometers in between. Fig. 6(b) shows a couple of 
typical needle-shaped crystals and their lengths are 
about 10 μm. Fig. 6(c) zooms in a pore, which is full 
of tiny holes about 20 nm.

3.4 FTIR Spectroscopy Results 

Fig. 7 shows the FTIR spectroscopy of a sample 
hydrate salt with silica gel in solid phase. The 
absorption bands at 470.63 and 1099.43 cm 1 are 
associated with the bending, stretching of amorphous 
SiO2

[13]. The bands at 617.22 and 796.60 cm 1

[14]. The bending of the 

absorbed H2O molecules is at 1618.22 cm 1. The 
band at 1448.54 cm 1 is attributed to the stretching 
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(S=O) groups. The band at 3477.66 cm 1 is stretching 
(OH) groups[15]. No other bonds are formed. So, it 
can be concluded that sodium sulfate hydrate should 
be lying in the matrix without any interaction with 
silica gel. 

The above analysis indicates that there should 
be two kinds of components in silica gel with 
hydrate salts: the amorphous silicon dioxide and 
the crystallized silicon dioxide. This would be the 
reason that with the silica gel, the bond strength is 
improved.

3.5 Discussions

Based on the testing results, it is clear that adding 
silica gel can suppress the supercooling and phase 
segregation of hydrated salt at the same time, which 
can omit the adding of thickening agents. The main 

can act as a seed of the saturated solution of sodium 
sulfate during the solidification and aided effective 
crystallization; secondly, the existence of the stable 
micro-regions between the crystals can hinder 
convection and hence, decrease dynamic resistance 
of the saturated solution of sodium sulfate; thirdly, 
as Rosa[16] reported, the Gibbs energy necessary for 
heterogeneous nucleation was diminished by the 
presence of foreign substances. Therefore, the phase 
change process can occur homogeneously with less 
impetus.

In addition, silica gel is a good thickening agent. 
The saturated hydrate salt solution is dispersed 
homogeneously in the micro regions, which 
effectively reduces the effect of gravity. Thus, phase 
segregation can be reduced. It may be argued that 
those micro regions are connected. Though, the 
densely packed structure of silica gel minimizes the 
connection channels between the adjacent micro 

regions. In other words, the hydrate salt in each 
micro region can be considered as a single system. 
Thus, silica gel can hinder crystal growth. The small 
crystal of hydrate salt with large surface area can 
contact the water around and hence, improve the 
stability. Therefore, the porous structure of silica 
gel is effective. In fact, compared with the results 
obtained by other researchers, the gel-salt hydrate 
system is more stable and the results are comparable.

4 Conclusions

In this paper, a new process for making sodium 
sulfate hydrate with silica gel was proposed. Based 
on the obtained results and discussions, the following 
conclusions can be made:

(a)Adding the silica gel helps to suppress the 
supercooling and phase separation. 

(b)The latent heat of the sodium sulfate hydrate 
with silica gel is about 238 J/g, and its phase 
transition temperature is around 30  and its life is 
more than 5 months.

(c)The silica gel can act as a seed of the saturated 
sodium sulfate solution during the solidification 
process. Its stable pores structure generates many 
micro regions which can hinder convection, reduce 
thermal resistance and improve the uniformity of the 
hydrate salt. Therefore, it is effective in preventing 
the supercooling and phase segregation.

The future work includes the study of the 
mechanics of the phase change and the development 
of an effective process to produce stable PCM.
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