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ABSTRACT

Silica fume has been used as a replacement for cement, due
to its high early compressive strength, high tensile and flexural
strength, high bond strength, and enhanced durability of
concrete. In this study, enhanced thermal performances of silica
fume by incorporating organic PCMs were examined, for
applying to concrete. Three kinds of organic PCMs were
incorporated into the silica fume. The silica fume/PCM

composites were prepared by the vacuum impregnation method.

Because the silica fume has a high porous structure compared
to the cement, it is useful to incorporate the PCM, to enhance
its thermal storage performance. The characteristics of the
composites were determined by using SEM, DSC, FTIR and
TGA. SEM morphology showed the micro structure of silica
fume/PCM. Also, thermal properties were examined by DSC
and TGA analyses; and the chemical bonding of the composite
was determined by FTIR analysis.

INTRODUCTION

Recently, the use of thermal energy storage with phase
change material (PCM) is considered to be one of the most
important advanced technologies, and a lot of attention has
been paid to utilization of the essential techniques for thermal
applications, ranging from heating to cooling in buildings.
Using thermal energy storage system in a building can smooth
temperature fluctuation, and it can be implemented by sensible
heat, or latent heat [1]. Latent heat storage enables the passive
control of temperature in buildings. The latent heat storage
method provides a much higher heat storage density, with a
smaller temperature difference between storage and release of
heat [2]. Organic PCMs have been widely used in thermal
energy storage applications, due to their large latent heat, and
proper thermal characteristics, such as little or no super cooling,
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low vapor pressure, good thermal and chemical stability, and
self-nucleating behavior [3-9]. However, the application of
PCMs to various fields is difficult, due to their phase instability
in the liquid state. Therefore, PCMs need shape stabilization.
To solve these problems, some investigators have studied the
possibility of a container that can prevent the leaking of liquid
PCMs, by using shape-stabilized PCM (SSPCM),
microencapsulated PCM (MPCM), and incorporated PCM
techniques [10-15]. Actually, PCM should be incorporated into
building construction materials, such as gypsum wallboard,
plaster, concrete, clay minerals, and other wall covering
material [16,17]. Therefore this paper has used silica fume as a
container of PCM. Silica fume has been used as a replacement
of cement, due to its high early compressive strength, high
tensile and flexural strength, high bond strength, and enhanced
durability of concrete. Silica fume is a by-product from electric
furnaces, used in the manufacture of silicon metal or silicon
alloys. These advantages of silica fume derive from a high
specific surface, and the pozzolanic activity of silica fume
particles [18-22]. Considering all those features mentioned
above, silica fume is one of the feasible candidates as an
economical and light-weight building material, to incorporate
PCM for thermal energy storage in buildings. Therefore in this
study, enhanced thermal performances of silica fume were
examined for applying to concrete, by incorporating organic
PCMs. In order to increase the impregnation amount of PCM in
porous silica fume, the vacuum impregnation technology is
applied during the fabrication process [23]. The vacuum
impregnation method guarantees heat storage of PCM after the
incorporation process. Therefore this paper addresses the
enhancing of thermal properties of the silica fume. Also, we
evaluated the applicability of PCM/silica fume composites for
applying to concrete using silica fume, which replaces the



cement. This paper analyzed the microstructure, chemical
bonding, heat capacity and thermal durability of PCM/silica
fume composites, from the results of SEM, FTIR, DSC and
TGA analysis.

EXPERIMENTAL

Materials

In this experiment, we used three types of PCMs to
incorporate the silica fume. Hexadecane, octadecane and
paraffin were used for the experiment as heat storage materials.
Those PCMs have different phase change ranges, which are
20.84°C, 30.4°C and 57.09°C, respectively. Also, the latent heat
capacities are 254.7J/g, 247.6J/g and 144.6J/g, respectively.
The typical bulk density of silica fume is 200-350kg/m?, and
the silica fume contains over 85% SiO2. The silica fume was
placed in a container, and the sample was dried at 80-C for 5h,
before the experiment. Silica fume has a good structure for
incorporating PCM into itself, compared to cement.

Preparation

The PCMi/silica fume composite was prepared using
vacuum impregnation. A schematic of the vacuum
impregnation system is shown in Fig. 1. The dried silica fume
sample was put in a flask, which was connected to a round
bottom flask to evacuate air from the porous structure of silica
fume. Then, the valve between the flask and the container with
liquid PCM was opened, to let PCM into the flask to
impregnate the silica fume. The vacuum process was continued
for 90 min, and then air was allowed to enter the flask again, to
force the liquid PCM to penetrate into the porous structure of
the silica fume. Then we carried out the filtering process, to
remove the extra PCM in the PCM/silica fume composite. The
colloidal state was filtered by 1pm filter paper, until a granular
sample appeared, which was dried in a vacuum drier at 80°C
for 24h, 48h and 72h, for hexadecane, octadecane, and paraffin,
respectively.
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Figure 1 DSC analysis of PCM/silica fume composites.

Characterization techniques

We carried out scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR: 300EJasco),
differential scanning calorimetry (DSC:Q1000) and thermo
gravimetric analysis (TGA: TA Instruments, TGA Q5000). To
confirm the morphology and micro structure of composites, we
performed the SEM analysis at room temperature. A SEM with
an accelerating voltage of 12kV and working distance of 12mm
was used to collect the SEM images. The samples were coated
with a gold coating of a few nano meters in thickness [24].
FTIR was also utilized, to monitor the changes of chemical
groups upon curing. Clear potassium bromide discs were
molded from powder, and used as back-grounds. The samples
were analyzed over the range of 525 — 4000cm-1, with a
spectrum resolution of 4cm-1. All spectra were averaged over
32 scans. This analysis of the composites was performed by
point-to-point contact with a pressure device [25]. Thermal
properties, such as the melting temperature and latent heat
capacity of pure PCMs and composite PCMs, were measured
using a DSC apparatus. The melting temperature was measured
by drawing a line at the point of maximum slope of the leading
edge of the peak, and extrapolating to the baseline [10]. The
latent heat of the samples was determined by numerical
integration of the area under the peaks that represent the solid—
solid and solid-liquid phase transitions. Thermo gravimetric
analysis measurements of the samples were carried out, using a
TGA on approximately 2-4mg samples over the temperature

range 25°C-600°C, at a heating rate of 10-C/min under a
nitrogen flow of 20ml/min. TGA was measured, with the
composites placed in a high quality nitrogen (99.5% nitrogen,
0.5% oxygen content) atmosphere, to prevent unwanted
oxidation.

RESULTS AND DISCUSSION

(a) (b) (c)
Figure 2 Sample images of PCM/silica fume composites: (a)
hexadecane/silica fume composite, (b) octadecane/silica fume

composite, and (c) paraffin/silica fume composite.
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Figure 3 SEM analysis of PCM/silica fume composites: (a)
silica fume, (b) hexadecane/silica fume composite, (c)
octadecane/silica fume composite, and (d) paraffin/silica fume
composite.

Morphology and Microstructures of silica fume with
impregnated PCM

Fig. 2 shows the morphology of the PCM composites,
which were included in the container. When we see the PCM
composites with the naked eye, these seem to be well dispersed
into the silica fume’s structure. In this study, we confirmed that
the minimum mixture ratio of PCM was secured in the structure
of silica fume. Each PCM composite is shown, as these samples
have different morphologies. In the case of hexadecane
composite, this was prepared as a powder type after the
manufacturing process, compared to the other PCM
composites. The octadecane composite and paraffin composite
were made with a granule type. However, although they had
different types of shape, leakage phenomenon due to the liquid
PCM did not occur in the container under the high temperature
condition. This result showed that the PCM was well
incorporated into the structure of silica fume. Also, no leakage
properties of PCM composite were revealed by SEM analysis,
as shown as Fig. 3. Fig. 3 (a) shows a micro structure of natural
silica fume. Silica fume is more porous than cement; and we
found from the BET (Brunauer - Emmett - Teller equation)
analysis that the specific surface area is larger than that of
cement. As mentioned above, the silica fume has a good
structure for incorporating PCM, compared to the cement. As
can be seen in Figs. 3 (b), (¢) and (d), we found that many
porous parts of the silica fume have disappeared. This means
that each PCM was incorporated well into the structure of the
silica fume. In the case of the paraffin, the micro structure
image is not similar to the other PCM/silica fume composites.
This shows the unique characteristics of paraffin. As a result,
from the micro structure analysis, silica fume could contain the
PCM, and PCM maintained its thermal properties, after the
incorporation process.
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Latent heat storage analysis

The DSC curves of PCM/silica fume composites during
heating and subsequent cooling are presented in Fig. 4. As
clearly seen in the figure, the hexadecane/silica fume,
octadecane/silica fume and paraffin/silica fume melt at 22.32,
33.61 and 58.39°C, respectively; also they freeze at 12.85,
22.48 and 49.04-C, respectively. Three types of phase change
temperature range are shown. This graph shows the melting
peaks of composite PCMs have a high temperature range,
because the PCMs were influenced by supercooling. The latent
heat peak and peak temperature, regarding the melting and
freezing of the composite PCMs, are also given in Table 1. The
latent heat capacities are obtained by numerical integration of
the total area under the peaks of the solid-liquid transition
curves of the PCMs in the composite. The latent heat capacities
of each PCM are indicated at 86.16, 90.72 and 56.19J)/g during
the melting process; also they release 86.32, 91.76 and 57.40J/g
of latent heat during the freezing process. As shown in the
paraffin peak line, it can be seen that paraffin has two phase
change peaks. The sharp or main peak near 58°C represents the
solid-liquid phase change of paraffin, and the minor peak on
the left side of the main peak corresponds to the solid—solid
phase transition of paraffin. The first peak of the paraffin/silica
fume indicates 11.97 and 9.15J/g, during the melting and
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Figure 4 DSC analysis of PCM/silica fume composites.

Table 1 Heat storage properties of PCM/silica fume

composites.
PCM Samples Melting Freezing Latent heat (J/g)
P point (°C) | point (°C) | solid-liquid | liquid-solid
melting freezing
Hexadecane/sili
ca fume 22325 1285+ 5 86.16 £ 3 86.32+3
Octadecane/sili
ca fume 3361+5 | 22485 | 9072+3 | 9176+3
Paraﬁ[;r?{j"'ca 5839+5 | 49.04+5 | 56.19+3 | 57.40+3




freezing processes. However, its latent heat capacity is small.
Also, it is not difficult to find that the latent heat peaks of PCM
still exist in the PCM/silica fume composites. The thermal
characteristics of the PCM/silica fume composites, such as the
melting and freezing temperatures, approach those of pure
PCMs. This is because the PCMs are composed of silica fume,
and there are no chemical reactions among PCM and silica
fume during the impregnating process. Also, the incorporation
rate of each PCM is 33.8, 36.6 and 38.8% of value for the pure
PCMs. Although the latent heat capacity of the PCM/silica
fume shows a slight decrease, compared to the pure PCMs, it is
still enough to apply to a building material, such as concrete.
Therefore, considering applications in building materials, the
PCMsilica fume can still act to prevent the leakage of paraffin
occurring, during the phase change from solid to liquid. As a
result, we confirmed that the latent heat properties of PCM
remained in the pores of the silica fume, and we expect that the
PCM/silica fume composites can be used as thermal energy
storage material, to apply to building material.

Thermal durability of PCM/silica fume composites

TGA is frequently used to analyze the thermal-durable
property of PCMs. This property is important, because
processes to manufacture various PCM products are subject to
high temperature. The thermal durability property is one of the
most important parameters for a composite PCM used in
thermal energy storage applications, because it should be
durable over its working temperatures. The thermal durability
limits of the prepared composite PCMs were investigated by
TGA analysis. TGA curves of PCM/silica fume composites are
shown in Fig. 5. As shown in the graph, the weight loss
processes of the PCM/silica fume composites were carried out
in one step. In the case of the hexadecane/silica fume
composite, the initial degradation step started at around 150-C,
and finished at around 200°C. This degradation means
oxidation of hexadecane, and also octadecane/silica composite,
showed similar behavior. However, the thermal degradation
curve of paraffin/silica fume composite started at around
200-C, which is higher than the other composite PMCs. This
means paraffin has a high thermal durability property. For the
hexadecane/silica fume, 50% of weight loss occurred between
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Figure 5 Thermal gravimetric analysis of PCM/silica fume.

150-200-C. As also seen from the octadecane/silica fume and
paraffin/silica fume, composites lost composites, 55% of their
weight in the range of 150-200-C and 200-300-C, respectively.
Generally, PCMpysilica fume composites show 50-55%
degradation of weight. This means that the weight degradation
of PCM/silica fume is attributed to the oxidation of PCM. Also,
we determined that the silica fume remained after the oxidizing
process. This shows that the PCM incorporated into the
structure of silica fume, and the high thermally durable
properties of silica fume, led to enhance the thermal durability
of the PCM/silica fume composite. As a result, we determined
that silica fume supplied not only the porous space to
incorporate the PCM, but also its thermal retardant properties.

Chemical combination analysis

The FTIR absorption spectra of the PCM/Silica fume
composites are shown in Fig. 6. This experiment was carried
out to check whether or not there was the characteristic of
chemical bonding. As can be seen in Table 2, the silica fume is
composed of more than 85% silica. So, the silica peak showed
in the FTIR graph. The most intense band at 1085cm™ is due to
asymmetric stretching of the Si-O-Si bonding. This band
usually appears between 1200 and 1000cm™. Not only is this
band very intense, but it has an asymmetric shape, which can be
used as a diagnostic marker for the presence of silica in a
sample. These stretching vibration bands have appeared after
the compositing process with PCMs. This means that the
chemical properties of silica fume were not changed. Also, the
hexadecane, octadecane and paraffin have the same FTIR
peaks, because these PCMs have a similar molecular structure,
which is C,Hpni). So the peaks of these PCMs show the
stretching vibration of functional groups of —CH, and —CH;.
These FTIR absorption spectra have peaks of 2954, 2955 and
2961cm™, which was caused by C-H; asymmetric stretch, and
of 2870 and 2876cm’™, which were caused by C-H; symmetric
stretch. Also, the 2920 and 2860cm™ peaks were caused by C-
H, groups. As a result, these peaks of PCMs have not

Table 2 FTIR spectra of the PCM/silica fume composites.

Vibration Wave number Range (cm™)

Si-O-Si Asymmetric stretch 1200-1000 +10

silanol Si—O stretch 944 +10

Si—0-Si symmetric stretch 802 +£10

C-H3z Asymmetric stretch 2954, 2955, 2961 +10

C-H3 Symmetric stretch 2870, 2876 £10

C-H, Asymmetric stretch 2920 £10

C-H, Symmetric stretch 2860 +£10
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Figure 6 FTIR analysis of PCM/silica fume composites.
disappeared from the FTIR graphs. Whole peaks of the silica
fume and PCM have not changed, and have not disappeared.
Therefore, this means that these composites are composed of
the PCM and silica fume, by mechanical bonding. So the
thermal properties of PCM were maintained in the structure of
the silica fume; and its latent heat storage performance would
be revealed, after applying mortar or concrete.

CONCLUSION

Recently, many studies have been carried out on the
reduction of energy consumption. Therefore, we prepared
PCM/silica fume composites for the reduction of energy, by
improving thermal efficiency through latent heat storage. We
manufactured these samples to apply to a building material,
such as concrete. PCM/silica fume composites designed to
produce high thermal performance were prepared through
vacuum impregnation. Impregnation of PCM is one way to
prevent leakage of liquid state PCM, and vacuum treatment is
effective in conserving the thermal properties of pure PCM. We
carried out experiments to confirm the characteristics of the
PCM/silica fume composites, by SEM, FTIR, DSC and TGA
analyses. SEM analysis showed that each PCM was completely
incorporated into the pores of the silica fume. The peaks of
pure PCM and silica fume are still shown in the PCM/silica
fume composites peaks from the TGA analysis, because
PCM/silica fume composites are composed of mechanical
bonding between the pure PCMs and the silica fume. From the
latent heat storage analysis, we confirmed that the PCM/silica
fume composites have high latent heat storages, since each
PCM was well incorporated into the structure of silica. Also,
we found that the high thermally durable properties of silica
fume led to an enhancement of the thermal durability of the
PCM/silica fume composites. Consequently, we expect the
PCM/silica fume composites to be useful for applying to
building materials, such as concrete, due to the shape stability
characteristics and high thermal performance of PCM/silica
fume composite. In future research, this experiment has to be
expanded, in order to obtain high heat storage properties and
thermal durability.
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