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Abstract: Thermally expandable microsphere and aerogel composite was prepared by chemical compositization.

Microsphere can produce synergies with aerogel, especially an enhancement of mechanical property. Through con-
densation between sulfonated microsphere and hydrolyzed silica sol, chemically-connected composite aerogel could
be prepared. The presence of hydroxyl group on the sulfonated microsphere was observed, which was the prime func-
tional group of reaction with hydrolyzed silica sol. Silica aerogel-coated microsphere was confirmed through micro-
structure analysis. The presence of silicon-carbon absorption band and peaks from composite aerogel was observed,
which proved the chemical bonding between them. A relatively low thermal conductivity value of 0.063 W/m-K was

obtained.
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1. Introduction

Due to the increase in industrial power generation and
use of coal fuels, environmental problems such as global
warming have become a big issue all over the world."”
Especially, with the development of heavy chemical indus-
try, energy consumption has increased greatly. For these
reasons, reducing energy use in heavy chemical industry
has an important meaning in the energy saving of the
whole country.”’ The easiest way to reduce energy use in
the heavy chemical industry is to reduce heat energy
losses, and designing the effective insulation system is very
important to reduce these losses.' Therefore, it is required
to save energy by improving thermal insulation properties
of industrial materials.” Industrial thermal insulation coat-
ings, which are used to enhance the insulation properties of
various equipment in the industrial field, have a function to
prevent heat exchange with the outside air, which is very
important in energy saving and economical and industrial
aspects.*>

Industrial insulation technology that preserves the heat
energy generated in the industrial field is a very important
area of research for energy conservation technology. Based
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on this trend, effective thermally expandable microsphere
is considered as a good insulation material.”” Thermally
expandable microsphere is a type of insulation material in
which an impermeable copolymer shell surrounds a liquid
hydrocarbon (isobutane or isopentane) coated with a blow-
ing agent.®” The copolymer shell of thermally expandable
microsphere is polymerized with various kinds of polymer
such as vinylidene chloride, acrylonitrile, methacrylonitrile
and methyl methacrylate, polyurethane and polyepoxy.*'?
When microsphere is heated, gaseous blowing agent can
compress the copolymer shell and expand up to 60 times as
spherical form.'" Therefore, the expansion range of ther-
mally expandable microsphere are mainly determined by
the content of blowing agent and copolymer shell.'” Ther-
mally expandable microsphere maintains its shape at room
temperature and cool condition due to plastic deformation
of the copolymer shell, and the expansion is generally not
reversible."'"'¥ The copolymer shell is very dense and can
block external gases. Also, it has good chemical resis-
tance.'” Spherical-formed thermally expandable micro-
sphere is the prime materials which has wide vacancy
inside for high insulation properties, because the heat can-
not be conducted well.'” It can be used at the temperature
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in the range of 85-230°C. So, thermally expandable micro-
spheres can be used as good insulator in industrial field.'®

Aerogel is an outstanding solid material due to high sur-
face area, extremely low thermal conductivity and low
density based on nanoporous structure.!”?* Aerogel is also
very applicable because it can be synthesized using various
silica precursor such as tetraethyl orthosilicate (TEOS),
methyltrimethoxysilane (MTMS), waterglass, and so on.?!%
Because of these good characteristics, aerogel can be used
in various industrial field example like oil filter, drug
agent, absorbent, thermal insulator, and so on.””

In this study, microsphere and silica aerogel composite
was prepared through chemical compositization. Ther-
mally expandable microsphere can form hydroxyl (-OH)
groups on the surface through sulfonation.'”” The aerogel
can also be chemically connected to other material having
a hydroxyl group. Therefore, it is possible that the two
materials are chemically connected through a condensation
reaction.”® Aerogel can occupy empty spaces between
thermally expandable microspheres and can be hybridized
on the surface of thermally expandable microspheres. For
these reasons, spherical form microsphere can make syn-
ergy effect with aerogel.>” Based on this principle, aerogels
can complement the properties of thermally expandable
microsphere composed of organic materials that are weak
in high temperature or heat.**3" Through this conducted
experiment, we have investigated the possibility of com-
positization between thermally expandable microsphere
and silica aerogel, and the verification of microstructure.
Finally, we observed the formation and thermal properties
of a board-like insulation material which can be used in the
insulation industry.

2. Experimental

2.1. Materials

Thermally expandable microsphere (Expancel 920 DET
40 d25, AkzoNobel) and tetraethyl orthosilicate (TEOS,
Sigma-Aldrich) were used as the organic and inorganic
precursor, respectively. For sulfonation of thermally
expandable microsphere, sulfuric acid (H,SO4, Duksan)
was used. Distilled water was used for neutralization of
pH. The acid treated microspheres were filtered through
the Whatmann filter paper (125@). Methanol solvent was
used during sol-gel process. As the acid and base catalyst
for aerogel synthesis, oxalic acid (Sigma-Aldrich), ammo-
nium hydroxide (NH4,OH, Daejung) was used, respectively.
To verify the applicability, curable silicone resin was used
to make board-like insulator material.
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2.2. Sulfonation of thermally expandable microsphere

The principle mechanism of compositization is the sul-
fonation of thermally expandable microsphere by using
sulfuric acid. By sulfonation, thermally expandable micro-
sphere can get the hydroxyl group,'> which is the prime
reaction site of chemical bonding between thermally
expandable microsphere and hydrolyzed silica sol. This
sequence is shown in Fig. 1. Sulfonation was occurred
when the thermally expandable microsphere was immersed
in a certain concentration of sulfuric acid for several hours
with stirring. This acid treated thermally expandable
microsphere was needed to be neutralized, so filter paper
and distilled water were used for neutralization of pH.
After drying in oven for 2 hours, sulfonated thermally
expandable microsphere was prepared. By this sulfonation
process, hydroxyl group can be attached to surface of ther-
mally expandable microspheres.

2.3. Synthesis of thermally expandable microsphere-
TEOS silica composite aerogel

Through chemical compositization, silica aerogel can be
hybridized with sulfonated thermally expandable micro-
sphere which has hydroxyl group. TEOS, methanol and
oxalic acid were introduced in one container to make
hydrolyzed silica sol. Hydrolyzed silica sol has lots of
hydroxyl group from a substitution of ethoxy group of
TEOS. So, silica sol and thermally expandable micro-
sphere can be connected through condensation reaction
between them. Through this process, sulfonated micro-
sphere-silica composite aerogel can be synthesized.? 3”

Microsphere + H,SO, (variable)

¥

Added water to adjust pH (7)

¥

Filtered with Whatmann paper

. 4

Drying for 2 h

¥

Sulfonated microspheres

Fig. 1. Synthesis process of sulfonation of thermally expandable
microsphere.
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Fig. 2. Synthesis process of sulfonation of microsphere and thermally expandable microsphere-silica composite aerogel.

After mixing of the sulfonated thermally expandable
microsphere and silica sol followed by hydrolysis and con-
densation, aging and solvent exchange were conducted. On
the surface of the wet-composite gel, methanol solvent for
aging was introduced softly, and the wet-composite gel
was kept around 48 hours to finish the aging process. Sol-
vent exchange using methanol solvent was also performed
for 2-3 days. After that, through CO, supercritical drying,
the aged wet-composite gel was changed to a porous aero-
gel structure. Finally, the sulfonated thermally expandable
microsphere and TEOS silica composite aerogel was syn-
thesized. The schematic of overall synthesis process is
shown in Fig. 2.

2.4. Sample analysis methods

For chemical bonding structure analysis, sulfonation of
the thermally expandable microsphere was proven by Fou-
rier-transform infrared (FT-IR) using a Perkin Elmer
(Model no. 760) IR spectrophotometer. To verify the pres-
ence of additives in the samples, FT-IR spectroscopic study
was also conducted in the 380-4,000 cm™ range. The sur-
face morphology and composition of samples were
observed using scanning electron microscopy (SEM;
JEOL, JSM-7001F). To analyze the thermal properties,
Thermal Gravimetric Analysis (TGA) analyzer (TA Instru-
ments, Q50) was used. Also, thermal conductivity was
measured by heat flowmeter (ASTM C518-15).

3. Results and Discussion

Fig. 3 shows the FT-IR spectra of pristine thermally
expandable microsphere and sulfuric acid-treated micro-
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Fig. 3. FT-IR spectra of pristine microsphere (black line) and
functionalized microspheres (red line).

spheres. As the chemical mechanism of sulfonation, there
were some differences between pristine and sulfonated
thermally expandable microsphere. The absorption band in
the pristine microspheres at 3700 cm™' is from MgOH,, the
fire-retardant component. Before sulfonation (before
treated), wide peak of hydroxyl group was not detected.
After sulfonation (acid treated) of microsphere, wide peak
of hydroxyl group was observed in the range of 3,500-
3,000 cm™'. Equally, the peaks of other component of
microsphere such as C-H (2,860 cm™), C=N (2,250 cm™)
and C=C (1,460 cm™") bonding were shown in the range of
2,500-500 cm™'. The presence of hydroxyl group on the
sulfonated microsphere was observed, which is the prime
functional group of reaction with hydrolyzed silica sol to

form coating layer. The increased absorption of the band at
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3,300 cm™" was due to the enhanced hydroxyl groups in the
acid treated microspheres.

To further confirm the presence of silica on the thermally
expandable microspheres, FT-IR spectra were recorded.
Fig. 4 shows the FT-IR spectra of pristine silica aerogel
and thermally expandable microsphere-silica composite
aerogel. Typical absorption bands from Si-O, Si-O-Si, Si-O
chemical bonds of TEOS were observed in pristine silica
aerogel in the range of 1,500-500 cm™'. In the thermally
expandable microsphere-silica composite aerogel, the
peaks from both the thermally expandable microsphere and
silica aerogel were all observed. Also, composite structure
of Si-C was also shown at 750 cm™', so it proves they are
chemically connected. Carbon is the component of ther-
mally expandable microsphere, and silicon is the compo-
nent of silica aerogel. The presence of Si-C absorption
band and peaks from microspheres and silica aerogel con-
firms the formation of composites.

Fig. 5 shows the morphology of the pristine thermally
expandable microsphere, pristine silica aerogel and micro-
sphere-silica composite aerogel, observed by SEM. Spheri-
cal particle of pristine expanded microspheres was observed
as shown in Fig. 5(a). It is due to the expansion by heat,
but size ordinally depends on the amount of treated heat.'®
The surface of expanded microsphere looks clear, nothing
is coated on the surface in apparent character. Also, typical
nanoscale sized particle of pristine silica aerogel was
observed in Fig. 5(b). It shows typical porous structure of
aerogel, so it can show good thermal stability and low ther-
mal conductivity.'”?¥ Spherical shape of the microsphere
and chemically coated silica aerogel onto the microsphere
were shown in thermally expandable microsphere-silica
composite aerogel. On the surface of microsphere, aerogel-
coated structure was observed as shown in Fig. 5(c). The
microspheres were coated well with aerogel on the outer
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surface, which confirms the composite formation. The sil-
ica aerogel coating on the outer surface of microsphere was
observed in the image, which confirms the composite for-
mation. Additionally, elemental analysis confirmed the
presence of a silica coating around the microspheres. As
observed in Fig. 5(c), the silica aerogel coating is present
on the outer surface of microsphere is non-uniform. The
EDS conclude that the silica aerogel coating present on
both the areas. At one point the silica content is less com-
pared to the other area, this suggest the non-uniform distri-
bution of silica onto the microspheres. But all the outer
surface of microsphere is covered with silica aerogel. Fig.
5(d) shows EDS at two different points of microsphere.

The TGA results of pristine thermally expandable micro-
spheres and microsphere-silica composite aerogel are
shown in Fig. 6. Before 200°C, decomposition of hydrocar-
bon blowing agent was observed. After 200°C, decomposi-
tion of copolymer contents in thermally expandable
microsphere was observed. The outer shell of thermally
expandable microsphere is made up of copolymers, so it
displayed large amount of weight loss of due to decompo-
sition of copolymers. In other words, it is decomposition of
prime component of pristine microspheres. The remaining
weight loss fraction was expected to be the loss of the
remaining methyl group component. In conclusion, pristine
thermally expandable microsphere and thermally expand-
able microsphere-silica composite aerogel showed similar
trend of decomposition because prime decomposed com-
ponent is organic microsphere, which has lower thermal
stability than silica aerogel component.

In order to confirm the industrial applicability of com-
posite aerogels, the specimens were fabricated in 30x30x4
(cm’®) size and the thermal conductivity was measured. As
the matrix material for composite aerogel, curable silicone
resin was prepared. Curable silicone resin consists of the
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Fig. 4. FT-IR spectra of (a) pristine silica aerogel and (b) thermally expandable microsphere-silica composite aerogel.
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Fig. 5. SEM images of (a) thermally expandable microsphere, (b) pristine silica aerogel, (c) thermally expandable microsphere-silica
composite aerogel and (d) the EDS result of thermally expandable microsphere-silica composite aerogel.
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Fig. 6. TGA result of pristine thermally expandable microsphere
and thermally expandable microsphere-silica composite
aerogel.

base and curing agent, and it can be cured by mixing the
base and curing agent.® So, it is possible to produce
board-type composite insulator by mixing composite aero-
gel with the base of silicone resin and adding curing
agent.*¥ The result of thermal conductivity measurement is
shown in Table 1 with the molar ratio (M) of silicone resin

and microsphere-silica composite acrogel. Pristine silicone

Table 1. Thermal conductivity of pristine silicone resin and
mixture of silicone resin and thermally expandable
microsphere-silica composite aerogel

Sample composition (M=molar ratio of silicone Thermal conductivity
resin:composite aerogel) (W/m-K)

0.200
Silicone resin:composite aerogel (M=1:8.25) 0.063

Pristine silicone resin

Silicone resin:composite aerogel (M =1:9.25) 0.071

resin showed relatively high thermal conductivity as 0.200
W/m-K. However, the optimized composition of silicone
resin and composite aerogel mixture (M=1:8.25) showed
good thermal insulation property as 0.063 W/m-K. How-
ever, when the amount of composite aerogel larger than the
optimized amount was introduced as the sample of silicone
resin and composite aerogel mixture (M=1:9.25), the ther-
mal conductivity rather increased as 0.071 W/m-K.

This phenomenon is due to the open pore structure of the
aerogel. As mentioned before, aerogel can occupy empty
spaces between thermally expandable microspheres and
can be hybridized on the surface of thermally expandable
microspheres. But, when higher amounts of aerogel than
optimized amount was introduced, components of the cur-
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able silicone resin can be adsorbed in the aerogel pores.>”
It caused not only the loss of some porosity of aerogel, but
also the loss of insulation property of composite material as
silicone resin and composite aerogel mixture (M=1:9.25).
In addition, when more than certain amount of acrogel was
mixed, there may be particles which cannot be combined
with the microspheres. In this case, due to external influ-
ences, aerogel can easily be broken and scattered.>® For
these reasons, the nature of the aerogel may not be uni-
formly exhibited in composite material. So, if the appropri-
ate mixing ratio of aerogel is found and applied as the
composition of silicone resin and composite aerogel mix-
ture (M=1:8.25), the thermal conductivity is expected to be
further improved.

4. Conclusion

Silica aerogels hybridized with sulfonated thermally
expandable microsphere were synthesized by chemical
compositization between thermally expandable micro-
sphere and TEOS silica aerogel through sol-gel process to
get good thermal properties. The presence of spectra peaks
about silicon, oxygen, nitrogen and Si-C bonding showed
the evidence of hybridization between thermally expand-
able microspheres and silica aerogels. The structure of sil-
ica aerogel coated microspheres was observed through
SEM images. Pristine thermally expandable microsphere
and thermally expandable microsphere-silica composite
aerogel showed similar trend of decomposition because
prime decomposed component is organic microsphere.
Relatively low thermal conductivity value of 0.063 W/m-K
and applicability were observed by using the curable sili-
cone resin matrix and composite aerogel mixture. If the
optimum mixing ratio is found and applied, the thermal
conductivity is expected to be further improved.
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