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ABSTRACT: Nowadays, silica aerogels with promising properties have gained interest in many fields.
To enhance properties of the silica aerogels and reduce material cost, many approaches such as
preparation of silica aerogels composites using low-cost precursors rich in silica have been developed. In
this study, polyethylene glycol (PEG)/silica and carbon black (CB)/silica aerogel composites were easily
prepared by sol-gel method. Morphological properties of the composites were investigated by field
emission scanning electron microscopy (FESEM) analysis. PEG and CB incorporation improved textural
properties of the silica aerogel. Specific surface area of the silica aerogel was increased from 477 m?/g to
541 m?g and 553 m?/g with the addition of PEG and CB, respectively. Moreover, silica aerogel
composites showed higher pore volume and pore size than silica aerogel. It was determined that
CB/silica aerogel composite exhibited the highest thermal stability. Thermal conductivity of the silica
aerogel (0.035 W/m K) slightly increased with PEG and CB addition highly depending on bulk density.
The bulk density of PEG/silica and CB/silica aerogel composites was specified as 0.048 g/cm? and 0.067
g/cm3, respectively. The obtained results showed that silica aerogel composites with hopeful properties
can be used in many applications.
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Diisiik Maliyetli Silika Aerojel Kompozitlerin Morfolojik, Yapisal ve Termal Ozellikleri

O2Z: Silika aerojeller giiniimiizde umut vadeden ozellikleriyle bircok alanda ilgi gormektedir. Silika
aerojellerin Ozelliklerini gelistirmek ve malzeme maliyetini azaltmak amaciyla yiiksek oranda silika
iceren ucuz malzemelerden silika aerojel kompozitlerin hazirlanmasi gibi yaklasimlar gelistirilmektedir.
Bu calismada sol-jel metodu kullanilarak polietilen glikol (PEG)/silika ve karbon siyahi (CB)/silika aerojel
kompozitler kolayca hazirlanmistir. Kompozitlerin morfolojik ozellikleri alan emisyonlu taramali
elektron mikroskobu (FESEM) analizi ile incelenmistir. PEG ve CB ilavesinin, silika aerojelin yapisal
ozellikleri lizerinde olumlu etkileri olmustur. PEG ve CB ilavesiyle silika aerojelin spesifik yiizey alam
477 m?/g’den sirasiyla 541 m?/g ve 553 m?/g’'ye artmustir. Ayrica silika aerojel kompozitler, silika
aerojelden daha yiiksek gozenek hacmi ve gbdzenek boyutu gostermistir. En yiiksek termal kararlig:
CB/silika aerojel kompozitin gosterdigi belirlenmistir. Malzemelerin yogunluguna bagl olarak PEG ve
CB ilavesiyle silika aerojelin termal iletkenligi (0.035 W/m K) kismen artmistir. PEG/silika ve CB/silika
aerojel kompozitlerin yogunlugu sirasiyla 0.048 g/cm? ve 0.067 g/cm? olarak belirlenmistir. Elde edilen
sonuglar silika aerojel kompozitlerin sahip olduklart olumlu 6zellikleri sayesinde bir¢ok uygulamada
kullanilabilecegini gostermistir.

Anahtar Kelimeler: Silika aerojel, Kompozit malzeme, Morfolojik ozellikler, Yapisal ozellikler, Termal ozellikler
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1. INTRODUCTION

Silica aerogels are porous materials which have interconnected structure with air filled pores (Talebi
et al.,, 2019). Silica aerogels exhibit many unique properties such as porous structure, low density, high
thermal resistance, low thermal conductivity, and so on (Liu et al., 2016; Nazeran and Moghaddas, 2017).
These advantages make silica aerogels potential materials in various fields including thermal and
acoustic insulation, automotive, electronics, sensors, gas capture and liquid adsorption/absorption
processes, catalysts, and biomedical applications (Iswar et al., 2017, Maleki et al., 2016; Pisal and Rao,
2016; Wu et al., 2012). However, their poor mechanical strength, brittleness, hydrophilicity, and high-
cost restrict their utilization in large-scale applications (Choi et al., 2020; Rezaei et al., 2020).

Silica aerogel composites have been prepared by the combination of silica aerogel and different
types of additives (metals, metal oxides, polymers, carbon-based materials, and porogen materials) to
improve current properties of silica aerogels or gain new properties to silica aerogels (Acosta-Rangel et
al., 2018; Gurav et al., 2010). For example, some metals like Fe and La increase specific surface area of
silica aerogels leading to higher efficiency in adsorption and photocatalytic processes (Hernandez-
Campos et al., 2018). Usage of Ag, Au and Pd enhances chemical stability of silica aerogels that provides
many advantages in optical and biomedical applications (Krylova et al., 2009). To change electrical,
optical, magnetic and catalytic properties of silica aerogels, metal oxides (TiO2, Fe20s, NiO, ZnO, etc.) are
commonly used (Casula et al., 2011; Mo et al., 1998; Popovici et al., 2004; Zhu et al., 2009). Mechanical
properties of silica aerogels are improved with the addition of thermoplastic/thermoset polymers such
as epoxy, polystyrene, polyester, nylon-6, and so on (Abdul Halim et al., 2017; Ge et al., 2009; Ilhan et al.,
2006; Krishnaswamy et al., 2017). Carbon-based materials (carbon nanotube, graphene oxide and carbon
black) significantly affect optical properties of silica aerogels (Zhao et al., 2013). Porogen materials
including polyvinyl alcohol and glycerol have synergistic effects on the porous structure of silica
aerogels. Silica aerogel composites with high surface area and controllable pore size are obtained using
these materials (Duraes et al., 2015; Kim et al., 2015).

Silica aerogel composites can be easily prepared the by sol-gel method which consists of gelation,
aging and drying steps. Additives can be added into silica sol before gelation or diffused/adsorbed to
silica gel before drying step (Sachithanadam and Chandrakant Joshi, 2016). In the formation of silica sol,
conventional silicon alkoxides which are expensive and hazardous chemicals are generally preferred
(Zinzi et al., 2019). However, recently, inorganic/organic waste and industrial by-products have been
used as silica precursor that reduces material cost as well as waste accumulation leading to prevent
environmental pollution (Guzel Kaya and Deveci, 2020a; Nazriati et al., 2014). In the formation of silica
sol from these low-cost materials rich in silica, sodium silicate solution is first obtained by the alkali
extraction method. Gelation is initiated with the addition of acid to the sodium silicate solution at
optimum pH value (Affandi et al., 2009; Guzel Kaya et al., 2020; Shi et al., 2010). The gel is strengthened
in different types of solvents such as alcohols, acetone, water, and ionic liquids. In the presence of
solvents with low vapor pressure, highly porous silica aerogel network can be synthesized owing to a
decrease in shrinkage of the silica gel (Aegerter et al., 2011). In the last step, solvents or water in the gel
structure are removed by supercritical drying (Guzel Kaya and Deveci, 2020b). Supercritical drying is an
effective method in which no liquid-vapor interface is observed. This method provides the preservation
of the pore structure of the material with decreasing capillary stresses. COz, which has low critical
temperature, is widely used as a solvent in supercritical drying process (Aravind et al., 2010; Goksu et
al., 2010).

Volcanic tuff, which is a low-cost material rich in silica (71.5%), was utilized as a silica precursor in
this work. With the addition of polyethylene glycol (PEG) and carbon black (CB) into the silica sol before
gelation, composites were prepared. The effects of PEG and CB addition on the surface morphology,
porous structure and thermal behaviour of the silica aerogel were investigated. The properties of the
composites were compared with those of the neat silica aerogel and literature studies.
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2. MATERIALS AND METHOD
2.1. Materials

Volcanic tuff (14.0% Al20s, 71.5% SiOz, 4.2% K20, 4.8% Na20, 1.3% CaO, 2.8% Fe20s, 0.5% MgO, 0.5%
TiOz, 0.1% MnO and 0.3% P20s) was supplied from Kayseri Region, Turkey. NaOH (= 97%) and HCl
(37%) were purchased from Sigma-Aldrich. Isopropanol (= 99.8%, Merck) and n-hexane (98.5%, Merck)
were obtained as aging and washing solvents, respectively. PEG-400 (Merck) and CB (particle size < 45
um) were evaluated as additives in the preparation of silica aerogel composites. All chemicals were used
without further purification. In the solution preparation and aging step, distilled water was used.

2.2. Preparation of silica aerogel composites

Synthesis of silica aerogel was conducted using the sol-gel method as shown in Figure 1. Firstly,
acid treatment was applied to remove impurities from volcanic tuff through mixing volcanic tuff and 3
M HCI at 60 °C for 1.5 h. The tuff was washed with water, and then dried at 70 °C. After the extraction
process in which the tuff and 3 M NaOH were mixed under the reflux for 5 h, obtained Na:5iOs solution
was filtered. Gelation was initiated with adding 3 M HCI solution to Na25iOs solution and formation of
silica gel was observed at about pH 10. The gel was aged in the mixture of isopropanol/water (equal
volume) at 50 °C for 1 day following the aging in isopropanol in the same conditions. To remove
impurities and solvent from the silica gel, the gel was washed with n-hexane. Lastly, solvents or water
were removed from the gel by CO2 supercritical drying (in two steps: (1) 100 bar, 50 °C, 1.5 L/min COs,
30 min and (2) 100 bar, 50 °C, 3.0 L/min COg, 2 h).

In the preparation of silica aerogel composites, same procedure was performed (Figure 1). With the
addition of PEG or CB to the Na:5iOs solution before gelation, silica aerogel composites were obtained.
PEG/silica and CB/silica aerogel composites were prepared using 10 wt% PEG and 0.33 wt% CB,
respectively.
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3 M HCI 3 M NaOH
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2
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Figure 1. Preparation procedure of silica aerogel composites
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2.3. Characterization of silica aerogel composites

X-ray diffraction (XRD) patterns of the samples were obtained using X-ray diffractometer (Bruker
D8 Advanced, 40 kV, 40 mA, Cu Ka radiation). Fourier transform infrared (FT-IR) data was collected to
analyze chemical bonds of the samples by FT-IR spectrometer (Bruker Vertex 70). N2 adsorption-
desorption measurements were conducted to examine textural properties of the samples by
Micromeritics Tristar II 3020 analyzer. Numerical values were calculated from the isotherm data with
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halende (BJH) methods. Morphological
characterization of the samples was conducted by field emission scanning electron microscopy (FESEM)
analyses (TESCAN MAIA3 XMU). Thermogravimetric analyses (TGA) were carried out using thermal
analyzer (METTLER STAR SW, N2 atmosphere (flow rate of 30 mL/min), heating rate of 10 °C/min).
Thermal conductivity of the samples was determined using C-THERM thermal conductivity analyzer
and average value was calculated through five times repeated measurements. Bulk density of the
samples was recorded as mass of sample divided by volume.

3. RESULTS AND DISCUSSION

XRD patterns of the samples are shown in Figure 2a. The peak (20 = ~22°) indicated preparation of
amorphous materials (Jaiboon et al., 2014). There was no peak belonging to any impurities or NaCl
owing to advantages of supercritical drying process. It is known that Na* ions in the material pores
cause surface tension resulting in shrinkage of the materials (Hu et al., 2016). However, Na* ions were
easily removed from the sample pores by preventing pore collapse related to surface tension in this
study.
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Figure 2. a) XRD patterns and b) FT-IR spectra of the samples

FT-IR spectra of the samples are shown in Figure 2b. It was obvious that the silica aerogel and its
composites were successfully prepared from the tuff. The peaks belonging to characteristic Si-O-Si
symmetric and asymmetric stretching vibrations of the silica aerogel were specified at 790 cm and 1070
cm, respectively. At 450 cm, the peak contributed to Si-O-Si bending vibrations was observed (Al-
Oweini and El-Rassy, 2009). The peaks with low intensity at 670 cm™ and 940 cm™ were attributed to Si-
OH stretching vibrations (Liu et al., 2020). The band centered at 3400 cm™ indicated -OH stretching
vibrations. Moreover, the peak related to water molecules on the material surface appeared at 1632 cm-!
(Zhang et al., 2017).
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There was no significant effect of PEG or CB addition on the FT-IR spectrum of the silica aerogel
depending on low amount of additives. The peak C-O-C bonds of PEG molecules at 1100 cm™ could not
be stated due to the high intensity of peak at 1070 cm (Duraes et al., 2015). The intensity of the band at
about 3400 cm™ increased slightly which can be explained with -OH groups of PEG in the FT-IR
spectrum of PEG/silica aerogel composite. However, CB addition slightly decreased the intensity of the
band.

N2 adsorption-desorption isotherms of the samples are shown in Figure 3 and related results are
given in Table 1. The silica aerogel and silica aerogel composites presented type IV isotherm that
indicates formation of mesoporous materials (Alothman, 2012). Moreover, the materials are defined as
microporous materials (< 2 nm), mesoporous materials (between 2 nm and 50 nm), and macroporous
materials (> 50 nm) depending on pore size (Perego and Millini, 2013). It can be said that the samples
obtained in this study were mesoporous materials.
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Figure 3. N2 adsorption-desorption isotherms of the samples

The specific surface area of the silica aerogel was specified as 477 m?/g. PEG and CB incorporation
into the silica network provided synergistic effects on textural properties of the silica aerogel. The
specific surface area of PEG/silica and CB/silica aerogel composite was determined as 541 m?/g and 553
m?/g, respectively. When compared to literature studies as given Table 2, the silica aerogel composites
prepared from volcanic tuff exhibited higher specific surface area than that of the some conventional
silicon alkoxides and other materials rich in silica. The pore volume and pore size of the silica aerogel
were considerably increased with the addition of PEG and CB. It is known that optimum amount of
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porogen materials can increase surface area of the materials and change pore structure.

Table 1. Textural and physical properties of the samples

Properties silica aerogel PEG/silica aerogel CB/silica aerogel
Specific surface area (m?/g) 477 541 553

Average pore size (nm) 19 21 24

Pore volume (cm?/g) 2.76 2.81 3.33

Bulk density (g/cm?) 0.036 0.048 0.067

Thermal conductivity (W/m K) 0.035 0.041 0.043

Table 2. Textural properties of silica aerogels synthesized from different precursors in literature studies

Specific surface Average pore  Pore volume

Precursor area (m?/g) Size (nm) (cm?/g)
Wheat starch (Ubeyitogullari and Ciftci, 2016) 59 22.0 0.24
Bagasse ash (Nazriati et al., 2014) 441 3.8 0.75
Rice hull ash (Li and Wang, 2008) 499 26.5 3.31
Fly ash (Shi et al., 2010) 362 10.4 0.95
Kaolin (Hu et al., 2016) 465 20.0 2.70
Qil shale ash (Gao et al., 2010b) 789 14.1 2.77
Methyltrimethoxysilane (Duraes et al., 2012) 232 37.0 -

FESEM images of the samples are shown in Figure 4. Silica aerogel composites presented similar
surface morphology with the silica aerogel. It was obvious that the samples had interconnected structure
including pores. PEG/silica and CB/silica aerogel composites exhibited more porous structure when
compared to the neat silica aerogel, which was supported with N2 adsorption-desorption isotherms.
Furthermore, in the presence of PEG and CB, more homogeneous dispersion of particles was observed.

silica aerogel PEG/silica aelfqgfél

Figure 4. FESEM images of the samples

TGA curves of the samples are shown in Figure 5. Thermal decomposition of the samples occurred
in three steps. Initially, removal of water molecules and solvents from the materials resulted in mass
loss. Organics belonged to silica network started to decompose in the second step (200 - 600 °C). At high
temperatures, the samples preserved most of the residual mass. The residue of the silica aerogel at 800
°C was approximately 87% that indicated high thermal stability of the sample. Higher mass loss was
determined in the presence of PEG, which can be attributed to lower decomposition temperature of PEG
molecules (Suchithra et al., 2012). In contrast to PEG, CB incorporation into the silica network increased
thermal stability of the silica aerogel depending on high thermal stability of the CB particles.
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Figure 5. TGA curves of the samples

Thermal conductivity of amorphous materials is very low due to the phonon scattering resulted
from disorder in atomic structure of the materials. And also, porosity of the materials significantly
affects their thermal conductivity. High porosity generally decreases thermal conductivity of the
materials with restricting heat conduction through the material (Lei et al., 2017a; Lei et al., 2017b).
Moreover, thermal conductivity of the materials is directly associated with their bulk density. It is
known that materials with low density decrease thermal conductivity. It can be explained with less solid
content of the materials that makes difficult heat conduction (Jain et al., 2002). In this study, the silica
aerogel had considerably low thermal conductivity (0.035 W/m K) as shown in Table 1. With the
addition of PEG and CB, thermal conductivity of the silica aerogel slightly increased. In spite of
formation of silica aerogel composites with high pore volume, slight increase in thermal conductivity
was observed depending on higher bulk density of the composites. The bulk density of PEG/silica and
CB/silica aerogel composite was determined as 0.048 g/cm? and 0.067 g/cm3, respectively. Although silica
aerogel composites presented higher bulk density than silica aerogel, the samples still are better when
compared to silica aerogels in literature studies (from wheat starch (0.29 g/cm?), rice hull ash (0.33
g/cm?), oil shale ash (0.077 g/cm?), sodium silicate (0.084 g/cm?), tetraethylorthosilicate (0.097 g/cm?))
(Bangi et al., 2008; Gao et al., 2010a; Hilonga et al., 2009; Li and Wang, 2008; Ubeyitogullari and Ciftci,
2016).

4. CONCLUSION

Silica aerogel was synthesized with the utilization of low-cost precursor. With the incorporation of
PEG and CB into the silica network, PEG/silica and CB/silica aerogel composites were successfully
prepared. Amorphous structure of the composites was revealed by XRD analyses. Mesoporous structure
of the composites was shown with N2 adsorption-desorption measurements and morphological
characterization. Textural properties of the silica aerogel were improved in the presence of PEG and CB.
According to TGA results, highest thermal stability was belonged to CB/silica aerogel composite.
Thermal conductivity and bulk density of the composites were slightly higher than that of the silica
aerogel that not makes the composites unfavorable materials. The composites still had advantages when
compared to many silica aerogels synthesized from conventional silicon alkoxides, organic/inorganic
waste, industrial by-products, and so on. The results show that low-cost silica aerogel composites with
promising characteristics can find many application fields to be used such as gas capture,
adsorption/absorption processes, sensors, drug delivery, antibacterial applications, etc.
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