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ABSTRACT: Lightweight, surface hydrophobic, highly insulating,
and long-lasting aerogels are required for energy conservation and
ice-repellent applications. Here, we present the conversion of fly
ash to a silica−alumina aerogel (SAA) by utilizing its high silica
content. The extracted silica component replaces expensive
precursors typically used in conventional aerogel production. Ice
adhesion performance was compared to that of polypropylene
(PP), an insulating commodity polymer. First, we removed some
salt impurities and heavy metals via water and alkaline washing
protocols. Then, we produced SAA via the ambient pressure drying
method by using trimethylchlorosilane (TMCS) as an adhesion promoter. The newly produced SAA has a surface area of 810 m2 g−1

and shows hydrophobic properties with a contact angle of 140 ± 5°. The thermal conductivity of SAA is 0.0238 W m−1 K−1 with CP
= 1.1922 MJ m−3 K−1. The ice adhesion strength of the PP substrate was calculated as 188.30 ± 51.24 kPa, while the ice adhesion
strength of the SAA was measured as 1.21 ± 0.40 kPa, which was about 150 times lower than that of PP. This indicated that SAA
had icephobic properties since ice adhesion strength was less than 10 kPa. This study demonstrates that fly ash-based SAA can be
utilized as an economical material with a large surface area and exceptional thermal insulation capacity and is free of harmful
compounds (heavy metals), making it potentially suitable as an anti-ice thermal insulation material.

1. INTRODUCTION
Silica-based aerogels have been produced by various precursors
such as tetraethoxysilane (TEOS),1 tetramethoxysilane
(TMOS) wi th mercaptopropy l t r imethoxys i l ane
(MPTMS),2,3 and sodium silicate (Na2SiO3).

4 Generally,
aerogel production is carried out in two stages. First, a sol−
gel process using a mixture of the silane precursor, alcohol, and
water is prepared. In the second step, the sol is converted into
gel form via hydrolysis and condensation. Finally, the aerogel is
obtained after the displacement of the liquid phase drawn from
the gel with air. One of the biggest advantages of this method
is that it allows the preparation of more homogeneous surfaces
at lower temperatures compared to powder technologies. In
addition, the reactants used in sol−gel technology are readily
available in high purity.

Many methods have been proposed to replace expensive
precursors for producing silica aerogels, converting waste into
ultralight and ultraporous materials.5 It is reported that
domestic,6 agricultural,7 and industrial wastes8,9 are viable
precursors for the production of aerogels due to their
widespread availability. Hu et al.10 used kaolin as a raw
material to produce a silica aerogel. By extracting the silica
compound in kaolin, they were able to produce an aerogel with
a specific surface area of 465.03 m2 g−1 with ambient pressure
drying. Alternatively, Tang and Wang11 produced a silica

aerogel by extracting the silica compound contained in rice
husk ash by using first the sol−gel method and then applying
the supercritical drying method. Their aerogel has a high
specific surface area of 597.7 m2 g−1, and the pore diameter
varies between 10 and 60 nm. However, supercritical drying
causes some operation risk processing safety issues and is
costly due to system maintenance. Therefore, for practical
applications, the ambient pressure drying technique is
preferred considering the fabrication cost and safety issues.
The usage of fly ash (FA) as a precursor material for aerogel
fabrication has been gaining momentum in recent years thanks
to its composition, including rich SiO2 and Al2O3.

12−16

Combustion of municipal solid wastes, biomass, and coal in
thermal power plants results in the generation of huge amounts
of fly ash (FA) residues. FA production is influenced by
various factors, such as the type of burning, coal source, and
operation conditions. Regardless of their source, these fly ashes
have various glassy, spherical silica, and alumina particles
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(diameter ranges from 100 nm to 500 μm) that have the
potential to be exploited in industry to a large extent.17,18

However, it should be noted that they contain heavy metal
residues even at the parts per million level, which causes
concerns about the environment and public health. In recent
years, both the elimination of these residues and the effective
processing of FAs have become a topic of many investigations.
Nevertheless, FA is an attainable raw material for synthesizing
aerogels due to its low cost, abundance of natural resources,8

and sustainability potential.
Silica aerogels have great potential as ice-repellent materials

due to their lightweight, low thermal conductivity, and
adjustable hydrophobicity.19 If the solid−air interface is
designed correctly, it can be used as a passive ice repellent
without any external chemical, heat, or mechanical force.
Traditional techniques used to deal with icing problems, such
as mechanical defrosting and thermal or chemical processes,
are quite costly and less efficient. Another common strategy for
removing ice or preventing ice buildup is the use of defrosting
fluids (antifreeze). However, this approach must be repeated
frequently to be effective, and liquids used for this purpose are
known to have a negative impact on the environment.20 In
addition, films that form an aqueous shear layer at the interface
are one of the new approaches that have started to be applied
in recent years.21 The importance of the structure of the ice−
substrate interface for ice adhesion is obvious. It is well-known
that the ice surface is slippery to ice skating blades; that is, it
has low adhesion strength due to a premolten surface layer.
Due to regelation, pressure or frictional melting, a premolten
liquid or liquid-like thin aqueous layer is formed, which is
located on the surface of the ice at subzero temperature. The
premolten or liquid-like ice sheet can be observed at not only
ice−steam but also ice−solid interfaces. Since the thickness of
the premolten layer at ice−solid increases with temperature,
the use of the premolten layer to effectively reduce ice
adhesion has become one of the important strategies for
eliminating surface icing. The premolten layer changes the
ice−substrate contact from solid−solid to solid−liquid−solid
form. This results in disordered and short-range atomistic
interactions of van der Waals forces and hydrogen bonds. By
rational design of nanostructured solid surfaces to form an
interfacial semiliquid layer, ice formation was delayed for 25 h
at −21 °C.20 However, these surfaces have the problem of
depletion of the lubricant over time through evaporation or
wear of the lubricant with moving drops. Alternatively, solid
lubricants have been used at the interfaces of the substrates to
facilitate the removal of ice. For example, a layer of alkanes is
embedded in the surface of a polymer substrate. Perfluor-
oalkane wax has been validated as a good lubricant candidate
for the production of solid lubricant regenerable surfaces.21

The perfluoroalkane wax regenerating surface showed low ice
adhesion strength (20 kPa) and high mechanical stability.
Compared to their liquid counterparts, solid lubricant layers
are mechanically more robust in icing/defrosting cycles.
However, both liquid and solid lubricating renewable layers
are quite limited in their application due to the limited
regeneration capacity of the surfaces. The optimal solution to
this problem, which is still widely researched today, is focused
on the design of passive anti-icing systems that prevent icing or
reduce the rate of ice accumulation. This reduces the power
consumption required to remove the ice. There are several
main strategies for the design of such passive anti-icing
formulations. One of them is based on the lowering of the ice

adhesion strength.22 The following approaches are commonly
used to prevent icing by making chemical or physical changes
to the surface: pushing water droplets coming to the surface
(chemical/physical hydrophobic surface design), delaying ice
nucleation (chemical), suppressing ice growth (chemical), and
weakening ice adhesion (physical/chemical). In fact, biomi-
metic models have been the inspiration for these approaches.
For example, superhydrophobic surfaces inspired by the lotus
leaf produced to repel water droplets delay ice nucleation.23

Similarly, omniphobic carnivorous pitcher plant-inspired
slippery liquid-infused porous surfaces have been developed
as multiple anti-icing materials.24,25 It is generally believed that
superhydrophobic surfaces exhibit anti-icing properties. How-
ever, new reports have cast doubt on the effectiveness of this
approach, and such surfaces are not necessarily the best
solution. For example, frost formation at high humidity and
water condensation in the rough surface of superhydrophobic
materials have caused locally high ice adhesion strength due to
the large solid−ice contact area.26 Furthermore, Kulinich et
al.27 observed that repeated icing/defrosting cycles on
superhydrophobic surfaces result in increased ice adhesion
strength over time due to the erosion of the micro/
nanostructure of the superhydrophobic surface. The main
approach of anti-icing surfaces reported in the literature
recognizes only the ice−substrate interface and its adjacent
regions being of a static nature. However, depending on the
purpose and location of use, the general properties of ice−
substrate interfaces vary with time, temperature, and various
external stimuli. The heat transfer retardant effect of the highly
porous aerogel further supported the potential of using a layer
of low thermal conductivity to avoid icing problems. For
instance, Zhao et al. successfully overcame ice melting and its
subsequent refreezing by combining the synergies between
thermal insulation and superhydrophobicity on solid surfa-
ces.19 A thermally insulative layer restricts solid-to-ice heat
transfer, reducing ice melting and thus causing meltwater ice
layer formation, whereas a hydrophobic layer lowers the
effective contact area of any meltwater present on the surface,
minimizing interfacial ice bridging. This collective effect may
further reduce the snow adhesion strength. Li et al.28

developed micro- and mesoporous halloysite aerogels with
low icing temperatures to form the anti-icing coating. Very
recently, Xiong et al.29 introduced an aerogel-incorporated
foam architecture, improving anti-icing performance and
durability. Technically, to prevent the icing of a surface, the
following conditions are required: (i) a low ice adhesion
strength of 0.2−10 kPa (usually, icephobic surfaces are defined
as having an ice adhesion strength of μ < 100 kPa and require a
much lower strength of μ < 10 kPa for the passive removal of
ice)30 and (ii) an easy-to-apply, large-scale deicing method.

In this study, we developed a hydrophobic and thermally
insulating silica−alumina aerogel (SAA) that prevents ice
adhesion and does not require any external mechanical,
magnetic, or electrical energy to remove ice. We used lignite-
based fly ash (LBFA) for SAA synthesis, since it has pozzolanic
properties and fine particles. First, the silica content of the
LBFA was increased by water washing and alkaline treatment.
This treatment also removed some impurities, such as salts and
heavy metals, and increased the specific surface area of pristine
LBFA. Then, a light silica−alumina aerogel (SAA) enriched
with silica was formed by an ambient pressure drying method.
The newly produced SAA is hydrophobic and has a very large
specific surface area. The thermal conductivity and heat
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capacity of SAA were measured, and its use as an icephobic
material was compared with polypropylene (PP), a commercial
refrigerator ice mold material.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. 2.1.1. Materials. Lignite-

based fly ash (LBFA) was taken from a Turkish-origin Thermal
Power Plant. The chemical content of LBFA is given in Table
1. Trimethylchlorosilane (TMCS, 98%), hexane (95%),

sodium hydroxide (NaOH, 99%), sodium bicarbonate
(NaHCO3), hydrochloric acid (HCl, 37%), ammonium
hydroxide (NH4OH, 25%), and ethyl alcohol (EtOH,
99.9%) were purchased from Sigma-Aldrich.

2.1.2. LBFA Washing. LBFA (100 g) was diluted with
distilled water (500 mL) to remove impurities (such as organic
sodium salts) from the pristine fly ash. The mixture was stirred
at 350−400 rpm for 4 h at 50 °C with a magnetic stirrer. Then,
the solution was filtered through a filter paper. This process
was repeated at least three times until obtaining a clear
supernatant. Finally, the solid part was dried in a vacuum oven
at 120 °C for 2−3 h.

2.1.3. Alkaline Treatment of LBFA. An alkaline solution
(NaOH/NaHCO3, pH = 10.5) was prepared for silica
enrichment and heavy metal removal. Then, LBFA was
added in solution (5:1) and held in the solution for 5 min at
60 °C. Finally, LBFA was removed from the solution and
washed with distilled water. Subsequently, LBFA was dried in a
muffle furnace at 350 °C for 1 h.

2.2. Silica−Alumina Aerogel (SAA) Preparation. The
LBFA powder was added to a 3 M HCl solution and stirred at
400 rpm for 5−10 min (Figure S1a). After vacuum filtration, a
gel was obtained at around pH = 3 with the aid of NH4OH
(25%; Figure S1b). The mixture was left at 80 °C for 2 h to
further set the gelation. Then, the gel was cooled to 50 °C and
kept at this temperature for 3−4 h to form a three-dimensional
(3D) network structure. Once the gel structure was formed, it
was kept in absolute ethanol at 50 °C for 24 h for solvent
exchange. A mixture of trimethylchlorosilane and ethanol
(TMCS/ethanol, 8:2 v/v) was prepared (Figure S1c). Then,
the mixture was added to the gel, and the mixture was kept at
room temperature for 24 h. The gel was filtered by washing it
with hexane (Figure S1d). After filtering, it was kept in a fume
hood for a while to remove excess solvent. Then, it was kept in
a vacuum oven at 100 °C for 2 h and then at 200 °C for 2 h for
further drying. Finally, a white, granular SAA was obtained
(Figure S1e).

2.3. Characterization. The chemical content of LBFA was
analyzed by an X-ray fluorescence (XRF) (Rigaku ZSX Primus

II) instrument. Surface chemical and high-resolution elemental
analyses were used to follow the chemical modifications on the
silica aerogel surface. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha) with an Al Kα (1486.6 eV)
monochromatic beam was used for this analysis. Scanning
electron microscopy (SEM) was performed to view the
morphologies of pristine LBFA and silica aerogel. This analysis
was performed with a Quanta 400 FEG scanning electron
microscope. SEM images and energy dispersive X-ray (EDX)
analysis of fly ash were obtained using a Zeiss Evo 50 scanning
electron microscope equipped with an Oxford EDX detector.
Transmission electron microscopy (TEM) was performed to
visualize the formed 3D network and the architecture of the
pores. This analysis was performed using an FEI Tecnai G2
F20 instrument using an accelerator voltage of 200 kV.
Brunauer−Emmett−Teller (BET) analysis (Nova 1000e) was
used to determine the silica aerogel’s surface area and pore size
via N2 adsorption−desorption isotherms (T = 77 K). The
specific surface area was measured based on the amount of N2
gas adsorbed at various partial pressures (five points 0.1 < P/P0
< 0.2). A Malvern Panalytical X’Pert Pro Multi-Purpose
Diffractometer X-ray diffraction (XRD) was used to determine
the phase and chemical composition of the silica aerogel
material. The X-ray source is a ceramic X-ray tube with a Cu
Kα anode (λ = 1.540 Å). The X-ray tube was operated at 45
kV and 40 mA. Water contact angle (WCA) measurements on
SAA and PP films were performed by an Attension by KSV
Instruments. The “sessile drop” method was used for this
measurement from each location (corners and midpoint) at a
minimum of three points of each film. Thermogravimetric
analysis (TGA, Q500 V20.13 Build 39) was used to
characterize the thermal stability of the aerogel and also to
calculate the amount of organic content. The analysis was
carried out in a nitrogen environment, starting from room
temperature and heating up to 900 °C with a rate of 10 °C
min−1.

2.3.1. Thermal Conductivity Measurements. The thermal
conductivity values of SAA (20 mm × 20 mm × 1 mm) (L ×
W × H) and PP (25 mm × 25 mm × 2.5 mm) were obtained
by the Hot Disk (TPS 2500S) method in double-side mode. A
Kapton insulated disc-type sensor with a radius of 2.001 mm
(sensor 7577), which acts as both a heater (current provider)
and a temperature sensor (resistance thermometer), was
placed between two substrates, with each surface facing the
sensor. The instrument was capable of measuring with step
sensitivity in the range of 0.005−1800 W m−1 K−1 (±3%). The
PP and SAA substrates were placed between two foam
insulators for thermal insulation. In thermal conductivity
measurements, the output power (3−10 mW) and measure-
ment time were selected to meet some requirements (probing
depth sample thickness, 0.33 < total characterization time < 1,
maximum temperature increase: 2−5 K). The specific heat
capacity (CP) and thermal conductivity constant (k) were
calculated using the Hot Disk device interface program
(Thermal Analyzer) using a time-dependent graph of the
temperature change during measurement. All measurements
were carried out at 26 ± 2 °C, waiting at least 10 min to reach
thermal equilibrium between each measurement.

2.3.2. Ice Adhesion Test. A commercial polypropylene (PP)
ice mold (obtained from Arçelik A.Ş. Refrigerator Plant,
Eskisȩhir-Türkiye) was taken as a reference to better evaluate
the potential for SAA to be used as an anti-icing material. PP
has a number-average molecular weight Mn of 320 kg mol−1, a

Table 1. Chemical Content of Pristine, Washed, and
Alkaline-Treated LBFA

oxide compounds (excluding
oxide compounds below 1%)

pristine
LBFA (%)

washed
LBFA (%)

alkaline-
treated LBFA

(%)

SiO2 53.193 53.571 58.301
Al2O3 28.377 27.860 27.612
Fe2O3 7.018 6.400 6.161
K2O 4.500 5.347 5.113
MgO 2.068 1.925 1.057
CaO 1.818 1.914 1.885
TiO2 1.232 1.412 1.331
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crystallinity of 57.2%, and a thermal decomposition temper-
ature of 456 °C.

The adhesion strength of ice on substrates was measured by
a slip/peel tester (IMASS SP-2100) equipped with a force

sensor. The experimental setup is shown in Figure S2. A 1.5
cm long part cut from the wide end of a 200 μL polypropylene
pipet tip (ISOLAB, transparent) was used as an ice mold. The
ice mold (inner diameter of 0.5 cm and height of 1.5 cm)

Figure 1. SEM image of (a) pristine LBFA, (b) washed LBFA, (c) alkaline-activated LBFA, and (d, e) SAA at various magnifications. (f) TEM
image of the SAA.

Figure 2. X-ray photoelectron spectroscopy scans of (a) pristine LBFA, (b) alkaline-activated LBFA, and (c) SAA.
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placed on the sample surface in the refrigerator was filled with
200 μL of Milli-Q water and allowed to freeze at −18 °C for 24
h. The selected freezing temperature (−18 °C) and time (24
h) were determined according to typical household refrigerator
conditions. The force transducer arm was placed around the
ice mold, and the force−time graph was recorded while the
sample was moved very slowly at a constant speed of 0.3 mm
s−1. The ice adhesion force (kN) measured by the device was
normalized according to the contact area (m2), and the ice
adhesion strength was calculated in kilopascals (kPa).
Maximum force values were used in the ice adhesion strength
calculations. Each test was performed at least three times.

3. RESULTS AND DISCUSSION
The chemical compositions of the pristine, washed, and alkali-
treated LBFA samples were analyzed by XRF as oxide
compounds, as listed in Tables 1 and S1. Water washing is
used to remove impurities from pristine LBFA. The results
show that washing is effective for the removal rate of Na, Cr,
Ni, Cu, Ga, Ba, Pb, and S ions. The water washing procedure
can also remove heavy metal ions such as Cu, Pb, and Cr
(Table S1). Alkaline-treated LCFA has slightly higher SiO2
compared to that of pristine LBFA (Table 1). As the
temperature is raised to 50 °C, OH− anions react selectively
with Al2O3 with a higher etching rate compared to silica and
other oxides.31

After the elimination of impurities and increasing the silica
content, LBFA was subjected to the aerogel formation process.
The gelation begins at around a pH value of 3. The gel was left
at 80 °C for 2 h to further increase the concentration. When a
3D network structure was obtained, it was kept in absolute
ethanol at 50 °C for 24 h for solvent exchange. The mixture
was kept in hexane/TMCS/ethanol at room temperature for
24 h. Afterward, the gel was filtered and washed with hexane.
Consequently, a white gel structure was formed. Finally, after
drying in a vacuum oven at 100 °C for 2 h/at 200 °C for 2 h,
the SAA was obtained. The morphologies of LBFAs and the
SAA were examined by SEM and TEM (Figure 1). The
pristine LBFA has micro- and nanoparticles with wide size
distribution. The particle diameter ranged from 500 nm to 14
μm, and the mean diameter was calculated as 2.23 ± 2.17 μm.
The needle-like substances and dense inclusions of salts on the
particle surface can be clearly distinguished from the image
(Figure 1a). On the other hand, washing and base treatment
steps (Figure 1b,c) preserved the spherical form of the particles
and resulted in the removal of water-soluble salts. The rough
surface structure of the aerogel containing many pores and
nanoparticles is also visible in Figure 1d,e. A large number of
pores are visualized as a 3D network structure and the
continuous connection between the particles.

Surface elemental compositions were analyzed by XPS. The
survey scan of pristine LBFA, alkaline-activated LBFA, and
SAA is shown in Figure 2. The signals at 152.4 and 102.23 eV
belong to the binding energies of Si 2s and Si 2p orbitals of Si.
These two signals are present for all samples. Similarly, C 1s
and O 1s orbital signals are also present at 284.89 and 531.91
eV, respectively. The source of the C 1s signal can be
attributed to the unburnt carbon and adsorbed CO2. Al 2p
signal appearing at 74.6 eV arises from the Al oxide
component, while the signal at 711.8 eV belongs to Fe2O3.
After the alkaline treatment step, the signals of Ca and P
elements present in pristine LBFA disappeared, while K peak
intensity decreased significantly (Figure 2b). In addition, the

C/O ratio decreased from 0.32 to 0.11 for pristine LBFA and
alkaline-treated LBFA, respectively. The appearance of the Cl
2p orbital signal at 198 eV belonging to Cl−Si validated the
functionalization of aerogel TMCS. Furthermore, the signal at
103.1 eV binding energy corresponds to the Si−C−(−H)
bond, while 285.1 eV binding energy corresponds to the C−
O(−H) bond. Also, the binding energy corresponding to the
C−O(−Si) bond was not observed for the SAA modified with
TMCS. This might be due to the hydrolysis of −OR groups to
form −Si−OH groups (Figure 2c). XPS scans confirm that the
silica skeleton, which has a −Si−OH group both on its surface
and inside, is successfully silanated and forms a Si−CH3 group.
The process of silanization of the SAA with TMCS is given in
reactions 1 and 2.

(CH ) Si Cl Si OH Si O Si(CH ) HCl3 3 3 3+ +
(1)

(CH ) Si OC H Si OH Si O Si(CH )

CH CH OH
3 3 2 5 3 3

3 2

+

+ (2)

The crystal structure of the aerogel was investigated by XRD
analysis (Figure 3). There is a wide semiotic peak centered at

around 2θ = 26° and appears to the left in a sprawling and
asymmetrical appearance. This corresponds to the typical
pattern of the amorphous silica (SiO2) compound. The sharp
peaks at high order on the diffractograms were compared to
XRD standards for α- and γ-Al2O3 JCPDS references (file nos.
00-005-0712, 00-010-0425, and 004-0787) in the International
Centre for Diffraction Data (ICDD) database. The crystallo-
graphic angles/planes at 2θ = 32.9° (220), 45.8° (400), and
67.2° (440) are the characteristic peaks of the γ-Al2O3 phase
with a cubic structure, while the crystallographic angle/plane at
2θ = 57.5° (116) is the characteristic peak of the α-Al2O3
phase.

The BET analysis was performed to measure the surface
area, pore size, and pore size distribution of the aerogel. The
degassing was performed at 200 °C for 2 h, and then N2
adsorption−desorption analysis was conducted. The specific
surface area was calculated from five points according to the
multipoint BET method, with a maximum P/P0 = 0.2. The

Figure 3. XRD analysis of the SAA.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04802
ACS Omega 2024, 9, 35864−35872

35868

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04802/suppl_file/ao4c04802_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04802/suppl_file/ao4c04802_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04802?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04802?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04802?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04802?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


total surface area of pristine LBFA is approximately 174 m2

g−1. However, it is desirable to have a specific surface area of
more than 200 m2 g−1 for an ideal thermal insulation material.
The specific surface area of the SAA, on the other side, is
approximately 810 m2 g−1. This value is in line with the
literature since the specific surface area of a typical silica
aerogel varies between 550 and 950 m2 g−1.32,33 The N2
adsorption−desorption isotherm (Figure S3a) complies with
type V in the physisorption isotherm classification according to
the International Union of Pure and Applied Chemistry
(IUPAC).34 This indicates that the synthesized SAA is
composed of micropores. The adsorption hysteresis loop fits
with the type H3 behavior, indicating plate-like particles in the
SAA. The pore size distribution was calculated according to
density functional theory (DFT). The pore radius is
concentrated at 10−30 Å, with an average radius of 17.3 Å
(Figure S3b).

Thermogravimetric analysis was performed to examine the
thermal stability of the obtained SAA (Figure 4). There was an

approximately 16.25% mass loss between 0 and 590 °C,
referring to the removal of a small amount of physically
absorbed water trapped in the material, as well as the oxidation
of methyl groups (−CH3) on the surface of the aerogel.35,36

The mass loss continues with increasing temperature. The
mass loss between 591 and 798 °C may result from the
decomposition of the SA backbone due to thermal
degradation.

The wettability of SAA and PP was performed by measuring
the surface water contact angles (WCAs). The WCA of the PP
film was found to be 89.2 ± 2.0° (Figure 5a), while SAA
showed a higher WCA of 140 ± 5°. The larger standard
deviation of SAA samples arises from the surface roughness of
the film. Even though PP and SAA have different chemical
structures, both contain −CH3 groups that exhibit a hydro-
phobic behavior. SAA’s superior hydrophobicity, with a higher
water contact angle compared to PP, may be attributed to its
uniform distribution of low surface energy silane molecules
combined with a rough surface.37 In contrast, the crystallinity
of the PP chains leads to more van der Waals interchain
interactions. The nonpolar −CH3 pendant groups on the
densely packed PP film make them more accessible to SAA.
Moreover, the aerogel’s molecular structure with low surface
energy and its nano/microrough surface reduce liquid−solid
contact,38 resulting in Cassie−Baxter wetting behavior.39,40

These physical and chemical effects collectively prevent water
droplets from seeping into the aerogel, enhancing its
superhydrophobic nature.

The heat conduction capacities of SAA and PP were also
measured at 26 ± 2 °C, with an output power of 4−10 mW
(measuring time of 1−5 s). The thermal conductivity constant
of PP was measured as 0.2224 ± 0.0017 W m−1 K−1 (CP =
1.1065 ± 0.0427 MJ m−3 K−1). This value is actually consistent
with the thermal conductivity of typical bulk polymers, which
range between 0.1 and 0.5 W m−1 K−1.41,42 On the other hand,
the thermal conductivity of SAA is 0.0238 W m−1 K−1 with CP
= 1.1922 MJ m−3 K−1. PP has 1 order of magnitude higher
thermal conductivity than SAA. It is also known that thermal
insulation is correlated to the material’s porosity. According to
ISO and EN Standards,43 in order to call a material a thermal
insulator, it must meet the condition of k < 0.065 W m−1 K−1.
The resulting SAA clearly meets the condition of the thermal
insulation material.

The ice adhesion strength of the PP substrate was calculated
as 188.30 ± 51.24 kPa (Figure 6a), while the ice adhesion
strength of the SAA was much lower (1.21 ± 0.40 kPa; Figure
6b), which was about 150 times lower than that of PP. It is also
apparent that the ice on the SAA substrate started to break in
the early stages of adhesion testing. While the ice on the PP
substrate resisted breaking for approximately 15 s. This shows
that the adhesion between PP and ice is much stronger. We
attempted to relate the low ice adhesion strength of SAA to its
thermal conductivity and surface wettability, although this is
quite complicated. This is because the other surface character-
istics such as roughness and hardness as well as the nucleation
mechanism (homogeneous or heterogeneous) can affect the
friction regime. Indeed, Ozbay44 showed that ice adhesion

Figure 4. TGA curve of the SAA.

Figure 5. Images depicting WCAs of (a) PP and (b) the SAA.
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strength decreased and drop freezing time increased as the
surface hydrophobicity increased. They related this depend-
ency on delayed ice nucleation due to its low surface free
energy. However, many researchers have recently clearly
proved that surface hydrophobicity alone is not sufficient for
low ice adhesion.45,46 Certainly, the thermal conductivity of the
substrates in contact with the droplet should be taken into
account. The effect of thermal conductivity on ice friction was
studied for various materials with different thermal con-
ductivities at a wide range of temperatures and sliding
velocities.47 For instance, when using titanium alloy, whose
thermal conductivity is 4 times lower than aluminum, the ice
friction coefficient of titanium alloy was found to be 65−85%
lower than that of aluminum at very low sliding velocities (<0.4
mm s−1). Our results are in line with respect to the thermal
conductivity versus ice adhesion strength trend described by
Kietzig47 and others.48,49 The higher thermal conductivity of
the PP substrate causes more heat to be transmitted to the
environment so that less heat is available at the interface to
form meltwater, which contributes to lubrication. In other
words, the heat is trapped at the interface due to the limited
thermal conductivity of the insulating SAA that lowers the
coefficient of friction at the boundary, where interlocking
asperite contacts contribute to friction resistance.

The effect of the thermal conductivity of the substrate on the
ice adhesion strength might also be related to the nature
(structure) of the ice layer formed at the interface as a result of
the surface water interaction during the icing process. For
example, some studies44,47,49 showed that freezing at the
insulated surface water interface started later than in the
conductive material. This means that some amount of water is
confined between ice and the insulating surface. Chen et al.49

clearly demonstrated that the structure and thickness of the ice
layer formed at the interface change depending on the thermal
conductivity of the substrate. It is likely that even a layer of
water that can act as a lubricant is trapped between these two
layers without freezing. Since this interface boundary layer is
very thin, it needs to be investigated in detail with advanced
research techniques. In a previous study,50 we found that
nanoconfined water crystallized differently compared to bulk
water, as it showed a transition from heterogeneous nucleation
of hexagonal ice to homogeneous nucleation of predominantly
cubic ice form.

4. CONCLUSIONS
The ability to change the surface properties of a material as
necessary can expand and diversify its application areas. In this
study, a low-cost silica−alumina aerogel (SAA) was produced
from lignite-based fly ash (LBFA), which is a byproduct of
thermal power plants, via the ambient pressure drying method.
SAA is free from heavy metals by alkali treatment for large-
scale aerogel production and a wider range of applications. The
specific surface area of the SAA is approximately 810 m2 g−1,
and the thermal conductivity is around 0.0238 W m−1 K−1 with
CP = 1.1922 MJ m−3 K−1. Additionally, SAA possesses
hydrophobic properties with a WCA of 140 ± 5°. We also
measured the ice adhesion strength of SAA as 1.21 ± 0.40 kPa,
which clearly indicated that SAA had icephobic properties
since the ice adhesion strength was less than 10 kPa. With such
a high surface area, hydrophobic surface property, and low
thermal conductivity, SAA has the potential to be used in
refrigerators as both an insulating and anti-ice material.

There is an interplay among the icephobicity, thermal
conductivity, and wettability of the substrate. We think that the
nucleation mechanism of the liquid (metastable) at the
substrate−ice interface, which is entrapped due to poor heat
transfer, also contributes to ice adhesion strength. However,
this issue requires more basic research and will be the subject
of our next study.
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