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Mechanical grinding is a facile method to get silica aerogels (SAs) with various
particle sizes. However, the relationship between the grinding parameters and
physicochemical properties is still unclear. In this study, we concentrated on
the effects of grinding time and grinding speed on the physical and chemical
properties of silica aerogels. The results reveal that the physicochemical
properties of silica aerogels are more sensitive to the grinding speed rather than
the grinding time. When the grinding speed is over 200 rpm, large particles
of silica aerogels are crushed into smaller particles with obviously decreasing
particle sizes and the silica skeletons of silica aerogels have collapsed. The
reduction of particle sizes and the collapse of skeleton lead to an increase in
both the tap density and thermal conductivity. Therein, the thermal conductivity
is positively proportional to the density. Furthermore, the grinded silica aerogels
powders still possess the contact angles over 135° indicating the good
hydrophobicity. All these demonstrate that the mechanical grinding has evident
effects on the microstructure, density, thermal conductivity and particle sizes,
which further impact the performance of silica aerogels during the practical
applications. Given the expanding applications of SAs across various industries,
the study serves as a valuable reference for optimizing the mechanical post-
treatment of SAs, facilitating the achievement of desired particle sizes. Ultimately,
this research holds great potential in diversifying the application fields of SAs in
their powdered form.

KEYWORDS

silica aerogels, mechanical grinding, physicochemical properties, pore size distribution,
thermal insulation

1 Introduction

Silica aerogels (SAs) are typical mesoporous materials (Pierre and Pajonk, 2002), which
are synthesized for the first time in 1931 (Kistler, 1931). The common SAs are composed
of over 95% pores and less than 5% silica skeletons (Hiising and Schubert, 1998), which
make them possess exceptional properties, such as an ultra-low density, incredibly low
thermal conductivity, and a high specific surface area (Pisal and Rao, 2016; Pisal and
Venkateswara Rao, 2017). The excellent properties render SAs ideally suited for a wide
range of applications, such as thermal insulation (Baetens et al., 2011; Koebel et al., 2012;
Cuce et al., 2014), catalyst supports (Pierre, 2010; Zhao et al., 2011), separation (Yu et al,,
2015), liquid/gas adsorption (Woermeyer et al., 2012; Mahani et al., 2018; Wu et al., 2018),
and aerospace applications (Randall et al., 2011; Bheekhun et al., 2013). As the fast and
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(Koebel et al., 2016;
Huber et al., 2017), the application scale and fields will continuously

cost-effective  preparation  technology
increase in the near future (Smirnova and Gurikov, 2018).

The preparation of SAs commonly comes from the typical sol-
gel two-step method (Rao and Bhagat, 2004; Hegde et al., 2007),
which can control the size and microstructure of aerogels better
(Khedkar et al., 2020). As for the drying technologies, supercritical
drying (Rao, 2019) and ambient pressure drying (Khedkar et al.,
2019) are usually accepted. However, regardless of SAs are prepared
by supercritical drying or ambient pressure drying, the inherent
fragility limits the applications of SAs severely (Zhou et al., 2018),
which more or less is related to the attribution of silicon-oxygen
bond and nanoporous structure. Under this circumstance, different
strategies have been carried out to avoid the fragility of SAs,
including grafting functional groups to react with other reactive
monomers or polymers (Li et al., 2016a), straightforward preparing
SA/composites (Joanna et al., 2015; Li et al., 2016a; 2016b) or using
SA granules or powder directly (Akimov, 2003). Here we focus on
the usage of SA granules or powder due to the great compatibility
in current usages, such as aerogel coatings or slurry for the thermal
insulation (Kim and Hyun, 2003; Li et al., 2019).

At present, the SA granules or powder are usually
used as fillers directly or combined with other substances
to meet some requirements in the practical applications
(Kanakarajan et al., 2015; Mazrouei-Sebdani et al., 2015; Orth et al.,
2017; Sathish Kumar et al., 2017; Maghsoudi and Motahari, 2018;
Sedighi et al., 2022). For example, the aerogel-filled insulating brick
(aero-brick) (Wernery et al., 2017) and the aerogel incorporated
concrete (Gaoetal, 2014; Ngetal, 2015; Julioetal, 2016;
Schnellenbach-Held et al., 2016; Zeng et al., 2018) both adopt SA
granules or powder as the raw materials. Maghsoudi (Maghsoudi
and Motahari, 2018) added aerogel particles to epoxy resin to
prepare aerogel epoxy composites and explored their mechanical,
thermal and hydrophobic properties. In these applications, SAs
play a role in thermal insulation without standing any external
force, which can be protected and wrapped by the robust
external components, such as the cement matrix (Li et al., 2019).
Thereinto, the SA granules or powder can be obtained from some
specific preparation technologies (He et al., 2015; Pan et al., 2017;
Stojanovic et al., 2019) or industrial grade aerogel directly. However,
the particle size of the SAs is uneven, which results in a nonuniform
mixture. Therefore, the postprocessing on as-prepared SAs is
essential to get the desired particle sizes in the practical applications.

In order to customize SAs with specific particle sizes, the
common and simple approach is mechanical grinding. Since
its three-dimensional nanoporous microstructure and frangibility
(Randall et al., 2011; Huang et al., 2020), the effects of grinding
process on the performance of SAs are supposed to be quite different
from those of other materials. Assume that a high grinding speed
crushes the SA larger particles into smaller ones, the nanoporous
silica skeleton would be damaged at the same time. Subsequently, the
pore size distribution would also be changed, which would further
influence the thermal insulation performance of SAs (Luetal.,
1992). That is to say, the physical and chemical properties of
SAs are deeply affected by the mechanical grinding. However, the
relationship between the grinding parameters and physicochemical
properties of SAs are remained unclear. Therefore, the systematic

Frontiers in Materials

02

10.3389/fmats.2023.1225481

study is needed to investigate the effects of the mechanical grinding
on the physicochemical properties of SAs.

Here, we focus on the effects of mechanical grinding on the
physicochemical properties of SAs in this work. Thereinto, the
effects of grinding time and speed on the physical and chemical
properties of SAs were investigated in detail, such as the particle
size distribution, tap density, thermal conductivity, microstructure,
and surface chemistry. As we all know, SAs have been well applied
in continuously increasing industries, these results would provide
references for the mechanical post-treatment of SAs, it is beneficial
to broaden the application fields of SAs in the powder state
significantly.

Previous studies have predominantly focused on the influence
of grinding on particle size reduction, neglecting the broader
understanding of grinding effects on the physical and chemical
properties of aerogels. In this study, we present a comprehensive
investigation into the impact of mechanical grinding on the
physicochemical properties of SAs. Specifically, we examine the
effects of grinding time and speed on crucial properties including
particle size distribution, tap density, thermal conductivity,
microstructure, and surface chemistry. Given the expanding
applications of SAs across various industries, our findings serve as a
valuable reference for optimizing the mechanical post-treatment of
SAs, facilitating the achievement of desired particle sizes. Ultimately,
this research holds great potential in diversifying the application
fields of SAs in their powdered form.

2 Experimental section
2.1 Materials and grinding instrument

SAs were purchased from Guangdong Alison Hi-tech Co., Ltd.
The vertical planetary ball grinder (XQM-4A, Changsha Tiancheng
Powder Technology CO., Ltd., China), polytetrafluoroethylene
tanks and agate balls were employed to grind SAs. The grinding
instrument and components are presented in Figure 1.

Firstly, SAs were pre-grinded by hands to break larger blocks
into small pieces. Then, each 10 g pre-grinded SAs were placed
into a polytetrafluoroethylene tank with configured agate balls.
Subsequently, the grinder was launched as per the presupposed
grinding parameters listed in Table 1. In order to ensure the accuracy
of the experiment, each grinding condition was repeated three times.
In this study, the effects of grinding time and grinding speed were
explored accordingly.

2.2 Characterization

The tap density (p) was measured by the tapping apparatus (ZS-
202, China) with a measuring cylinder of 25 mL at the vibration
frequency of 300 rpm for 10 min. The thermal conductivity was
measured via a thermal conductivity meter (TC3000E, XIATECH,
China) using a transient hot-wire method at room temperature
under ambient pressure. The field emission scanning electron
microscope (SEM, SIRION 200, FEI) was used to observe the
microstructure of SAs. Moreover, based on the nitrogen adsorption-
desorption tests, the specific surface areas were calculated using the
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FIGURE 1

(A) Vertical planetary ball grinder, (B) polytetrafluoroethylene tanks, (C) agate balls, (D) silica aerogel.

TABLE 1 Grinding parameters in this study.

Factors Presupposed values

grinding time (min) 15, 30, 45, 60

grinding speed (rpm) 100, 200, 300

Brunauer-Emmett-Teller (BET) method (Brunauer etal.,, 1938).
The pore parameters were calculated by Barrett-Joyner-Halenda
(BJH) method (Barrettetal., 1951), respectively. The functional
groups and chemical bonds of SAs were studied by Fourier
transform infrared spectroscopy (FTIR) using Nicolet iS50 (Thermo,
USA) with the KBr pellet method. The hydrophobicity was tested
by the contact angle meter (Shanghai Zhongchen Instrument JC
2000D1, China), in which a 5 uL water droplet was dropped on the
sample surface, and the contact angles were obtained by the image
processing program, Image] (Schneider et al., 2012). The particle
size distribution (PSD) of SAs was evaluated by a particle size
analyzer (Malvern Mastersizer 3000, England) and the dry test mode
was employed.

3 Results and discussion
3.1 Particle size distribution
Figure 2 presents the particle size distribution (PSD) of grinded

SAs under different conditions. The PSD curve of the original SAs
and those of SAs grinded at 100 rpm are nearly identical, presenting
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the wide range from 0.1 um to 1000 um with three peaks, which
indicates that the grinding speed of 100 rpm has little effect on
the PSD of SAs. As the grinding speed increases to 200 rpm or
300 rpm, the PSD approximates the normal distribution, And the
peaks of SAs grinded at 300 rpm is much narrower and higher than
those grinded at 200 rpm, which indicates that a more uniform
PSD can be obtained at a higher grinding speed. Furthermore, it
is observed, based on the findings depicted in Figure 2, that the
duration of grinding exerts minimal influence on the particle size
distribution (PSD). Figure 3 presents a comprehensive overview
of the characteristic parameters associated with the particle size,
specifically the cumulative distribution percentages corresponding
to 50% (Dsy) and 90% (D). Interestingly, it is discovered that a
higher grinding speed significantly reduces both D5, and Dy values,
while the impact of grinding time on these two parameters appears
to be constrained.

In other words, the influence of the grinding speed on the
particle size of SAs is more significant than that of the grinding time.
During the mechanical grinding process, for a fixed grinding speed,
the grinding energy is unchanged despite of increasing grinding
time, which is hard to continuously crush particles into much
smaller ones. Because the surface free energy of SAs increases with
the particle size decreasing (Wang and Wang, 1999), more external
energy is needed to refine the SA powder. With the increase of
grinding speed, more energy is supplied, which ensures that SAs
can be grinded into finer particles easily, leading to a significant
reduction in particle size. Therefore, increasing the grinding speed
can refine SA powder more effectively rather than prolonging the
grinding time.
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FIGURE 2
The PSD of SAs under different grinding conditions.

3.2 Tap density

The tap densities of SAs grinded under different conditions are
presented in Figure 4, in which the tap density of the original SAs
is 0.11 g/cm®. With a fixed grinding time, an escalating grinding
speed from 100 rpm to 300 rpm results in an approximate twofold
increase in tap density. Conversely, at a constant grinding speed
of 300 rpm, a rise in the grinding time from 15 min to 60 min,
leads to a mere 22% increase in tap density. Notably, SAs ground
at 100 rpm exhibit tap densities that remain comparable to the
original SAs, hovering around 0.12 g/cm®. Conversely, SAs subjected
to grinding at 300 rpm manifest tap densities that are on average
three times greater than those of the untreated SAs. Hence, for a
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specific grinding time, a substantial surge in tap density is observed
with increasing grinding speed, while the effect of grinding time
on tap density remains relatively modest at a fixed grinding speed.
These observations underscore the greater sensitivity of tap density
to grinding speed as opposed to grinding time.

As elucidated earlier, it has been established that lower grinding
speeds inadequately facilitate the refinement of SA particles due
to insufficient energy input. However, a notable surge in grinding
energy can be achieved by employing higher grinding speeds,
thereby supplying ample energy to effectively refine the SA
particles. Building upon the aforementioned analyses and results,
the observed increase in tap density under higher grinding speeds
is deemed to be closely associated with microstructural variations,
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FIGURE 3
The (A) Dy and (B) Dy, of SAs grinded under different conditions.
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FIGURE 4
Tap densities of SAs grinded under various conditions.

which will be thoroughly examined and expounded upon in the
subsequent discussion.

3.3 Microstructure

Figure 5 shows the microstructure of SAs under different
grinding conditions. Obviously, the grinding process causes the
reduction of SA particle size. As the grinding speed increases,
the large particles are gradually crushed into smaller particles.
Specifically, some large particles are still observed at the grinding
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speed of 100 rpm, while these particles are broken into smaller
particles when the grinding speed over 200 rpm. Although some
smaller particles aggregate again due to the electrostatic interaction,
the particle size still decreases as a whole. Under a higher grinding
speed, the superimposition of the rotary bias pressure generated
higher energy, which destroys the nanoporous silica skeletons of SAs
easily. Under these circumstances, the grinding process leads to the
generation of SAs featuring smaller-sized particles, accompanied by
the gradual elimination of certain pores as a consequence of the
collapse of silica skeletons. Consequently, the resultant SA powder
exhibits a higher density and diminished pore structure within its
particles. As previously highlighted, the tap density exhibits a rapid
ascent in tandem with increasing grinding speed. Therefore, it is
postulated that the observed augmentation in tap density stems from
a combination of particle size reduction and the collapse of silica
network skeletons within the SAs.

3.4 Nitrogen sorption

To further verify the effects of mechanical grinding on
the microstructure of SAs, the nitrogen adsorption-desorption
isotherms of SAs grinded under different conditions were measured.
As presented in Figure 6, the adsorption-desorption isotherms
in Figures 6A, B all belong to the type IV isotherms and the H3
hysteresis loops are observed (Lietal., 2018), which respectively
indicates the attribution of mesoporous materials and the existence
of slit-like pores (Rojasetal., 2002; Lermontovetal, 2014).
Nevertheless, the relationship between the nitrogen adsorbed
quantity and the grinding condition is unclear.

At the grinding time of 30 min in Figure 6C, the most probable
pore diameter at the grinding speed of 100 rpm is almost the same
as that of the original SAs. With the grinding speed increasing, the
most probable pore diameter decreases to about 40 nm and 12 nm
at the grinding speed at 200 rpm and 300 rpm, respectively. When
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FIGURE 5

The microstructure of SAs grinded under different conditions.

the grinding time increases to 60 min in Figure 6D, the similar
most probable pore diameters are observed at the corresponding
grinding speed. Considering that SAs are consisted of abundant
nanopores (including micropores, mesopores and macropores)
and nano-sized silica skeletons (Li et al., 2015), the reduction in
pore size is easy to occur with the collapse of the network
skeletons during the grinding process. It further indicates that
suitable mechanical grinding conditions can adjust the particle
size of SAs without changing the attribution of mesoporous
materials.

The detailed pore parameters of SAs grinded under various
conditions are listed in Table 2. The investigation reveals that
the BET surface areas of SAs exhibit a consistent concentration
of approximately 300 m*/g across diverse grinding conditions.
However, notable reductions are observed in both pore volume
and average pore size. Despite the occurrence of network skeleton
collapse during the grinding process, the fundamental characteristic
of mesoporous materials in the ground SAs remains intact.
Nevertheless, it is inevitable that the pore structure undergoes
modifications due to the decrease in pore volume and pore
size.

3.5 Chemical property and hydrophobicity

The FTIR spectrums of SAs under different grinding conditions
are presented in Figure 7. The prominent peaks observed at
1000-1100 cm™ correspond to the asymmetric stretching vibration
of Si-O-Si bonds (Li et al., 2015; 2018). The broad peaks around
3451 cm™ and 1639 cm™ are due to the stretching vibration of
OH bonds (Lietal, 2015). Simultaneously, the asymmetric and
symmetric stretching vibrations of C-H bonds are observed around
2971 cm™ and 1409 cm™ (Bhagat and Rao, 2006; Li et al., 2015),
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and the symmetric deformation vibration of Si-C bonds appear
around 845 cm™! (Gurav et al., 2009). In summary, regardless of
variations in grinding speed and grinding time, all tested specimens
exhibit identical characteristic chemical groups or bonds associated
with SAs, without any emergence of new chemical absorption
peaks. This finding conclusively demonstrates that mechanical
grinding exerts no discernible influence on the surface chemistry
of SAs.

As it is known to all, the hydrophobicity of materials
depends on surface chemistry and surface roughness mainly
(Venkateswara Rao et al., 2003; Mahadik et al., 2011). The surface
chemistry of grinded SAs is still kept the same as the original
SAs after the mechanical grinding, which provides the similar
chemical basis for the hydrophobicity. The contact angles of SAs
grinded under different conditions are shown in Figure 8, in which
all the contact angles of the grinded SAs exceed 135°, indicating
the grinding process has little effect on the hydrophobicity. To be
more specific, the contact angles range from 136° to 145°. This
variation of contact angle is related to the change of particle size
of the grinded SAs. Despite this, the grinded SAs still can satisfy
the requirement of the hydrophobicity for some special application
fields.

3.6 Thermal conductivity

The thermal conductivities of SAs under different grinding
speeds are shown in Figure 9A. For a fixed grinding speed, the
thermal conductivity increases mildly with the grinding time
increasing. For example, the thermal conductivity of SAs grinded
at 100 rpm rises from 23.6 mW/(m-K) to 24.1 mW/(m-K). These
values are very close to the thermal conductivity of the original
SAs, 24.5 mW/(m-K), indicating that the grinding speed of 100 rpm
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FIGURE 6
Adsorption-desorption isotherms and pore size distribution under different grinding conditions (A,C) 30 min and (B,D) 60 min.

TABLE 2 Pore parameters of samples under various grinding speeds.

Grinding time Grinding speed BET surface area Pore volume Average pore size

(min) (rpm) (m?/q) (cm3/qg) (nm)

100 318 1.9 24.8

30 200 296 17 22,6

300 305 1.0 13.0

100 300 17 21.9

60 200 303 L5 20.0

300 298 0.8 107

has little impact on the thermal conductivity of SAs. However,  increment of the thermal conductivity caused by the grinding speed
the thermal conductivity increases dramatically as the grinding  also increases with the grinding time.

speed increases. At a fixed grinding time of 15 min, the thermal Figure 9B presents the relationship between the thermal
conductivity of SAs grinded under 300 rpm increases 85% compared ~ conductivity and the tap density for the grinded SAs, in which
to that of SAs grinded under 100 rpm. It further finds that the  the thermal conductivity presents good linearity with the tap
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FIGURE 7
FTIR spectra of SAs grinded under different grinding conditions. (A—C) 15 min, (D—F) 30 min, (G-1) 45 min, and (J—L) 60 min.

density. Generally, the effective thermal conductivity of SAs can
be separated into three parts, i.e., the solid thermal conductivity
of silica skeletons, the gaseous thermal conductivity of the air in
pores, and the radiative thermal conductivity (Lietal., 2016b).
For the ambient temperature, the radiative thermal conductivity
is usually neglected. The heat transfer by the air in pores is strictly
limited due to the Knudsen effect (Lu et al., 1995), and this effect is
more significant with the decreasing pore size. Hence, the gaseous
thermal conductivity of SAs is relatively low, usually not exceeding
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6 mW/(m-K) under ambient temperature (Li et al., 2016b). The solid
thermal conductivity strongly depends on the density, which can be
depicted by a power-law relationship between the two (Koebel et al.,
2012).

As we discussed previously, the mechanical grinding reduces the
particle size of SAs, which simultaneously causes the decrease of
pore size and the increase of the tap density. These changes result
in the dramatical increase of the solid thermal conductivity, while
the gaseous thermal conductivity of SAs just has a small variation in
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(A) A photograph of the contact angle and (B) contact angles of SAs grinded under different conditions.
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(A) Thermal conductivity of SAs under different grinding conditions and (B) the correlation between the thermal conductivity and the tap density of SAs.
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the range of 2-3 mW/(m-K). As a consequence, the effective thermal
conductivity primarily depends on the solid thermal conductivity,
which increases significantly with the increasing density.

4 Conclusion

In this study, a comprehensive investigation was conducted to
assess the impact of mechanical grinding on the physicochemical

Frontiers in Materials 09

characteristics of SAs. It is determined that adjusting the particle
size of SAs through controlled mechanical grinding at speeds
exceeding 200 rpm is a viable approach, with the sensitivity of
SAs towards grinding speed surpassing that of grinding time.
Conversely, lower grinding speeds, not exceeding 100 rpm, exhibit
negligible influence on the physicochemical properties of SAs.
Microstructural analysis reveals that elevated grinding speeds
lead to the disruption of the aerogel network skeleton, resulting
in an increase in tap density from 0.09 g/cm® to 0.33 g/cm®.
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Simultaneously, it induces a reduction in the pore size distribution,
with the average pore size diminishing from 50 nm to 10 nm. It
is noteworthy that the chemical properties and hydrophobicity of
the aerogels remain unaltered by mechanical grinding. However,
escalating grinding speeds and durations lead to the destruction
of the aerogel network skeleton, consequently enhancing solid-
phase heat conduction. As a result, the thermal conductivity of the
aerogels rises from 25 mW/(m-K) to 41 mW/(m-K), detrimentally
affecting their thermal insulation properties. These research findings
elucidate the influence of mechanical grinding speed and duration
on the physicochemical properties of SAs and offer valuable insights
for identifying appropriate mechanical grinding parameters to
achieve desired particle sizes in SAs.
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