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Abstract: The large-scale application of phenolic aerogel
is limited by its complex and lengthy production process
as well as its expensive cost. Herein a simultaneous
drying-curing method for phenolic aerogels was designed
based on the sol-gel process, and a series of phenolic
aerogels with different hexamethylenetetramine (HMTA)
contents were prepared. The material parameters such as
microstructure, pore structure, mechanical properties,
shrinkage, and density of the aerogel were characterized.
The results show that compared with the conventional
full-sealing method, the simultaneous drying-curing
method shortens the preparation time of aerogels by
nearly half and improves the safety of the preparation
process. The prepared phenolic aerogels still maintain
the nanoporous microscopic morphology. When the
HMTA content is 1/6 of the phenolic mass, the linear
shrinkage rates of the aerogels prepared by this method
and the conventional full-sealing method are 9.8 and 9.4%,
respectively. The densities are 0.25 and 0.22 g-cm >, and the
BET specific surface areas are 54.42 and 54.31m>g”", and
the compressive yield strengths are 1.76 and 1.16 MPa. At
the same time, the thermal conductivity of the phenolic
aerogels prepared by the simultaneous drying-curing
method is less than 0.06 W-(m-K)™! at room temperature.
These results indicate that the properties of the aerogels
prepared by the simultaneous drying-curing method are
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close to those prepared by the conventional method,
which proves that this method has guiding significance
for the large-scale, low-cost, and rapid production of
nanoporous phenolic aerogels.

Keywords: aerogel, phenolic resin, hexamethylenetetr-
amine, simultaneous drying-curing, nanoporous

1 Introduction

As a nanoporous material, aerogel has excellent proper-
ties such as low density, high specific surface area, high
porosity, and low thermal conductivity [1-9]. Among the
aerogel materials, phenolic aerogels are widely used in
thermal insulation, catalysis, adsorption, and other fields
due to their unique advantages such as high carbon
residue rate, good toughness, and low cost [10-17]. In
the 1990s, phenolic aerogels were successfully prepared
for the first time in the Pekala research group of the LLNL
in the United States. The Pekala team used resorcinol
and formaldehyde as raw materials to prepare phenolic
organic aerogels and their degraded carbon aerogel by
the sol-gel process [18,19]. However, in traditional pre-
paration methods, phenolic aerogels are synthesized
from small molecules of phenols and aldehydes, which
means the preparation time is usually more than 7 days
[20-22]. Furthermore, the nanoporous wet gel will gen-
erate enormous capillary pressure during the drying
process, causing the aerogel to collapse and wrinkle
shrinkage, so the wet gel needs to be processed by
expensive supercritical drying [23-25]. The large-scale
industrial production of phenolic aerogels has been
severely limited due to the high cost and complex pre-
paration process. In recent years, researchers have focused
on how to reduce the cost of aerogel production while
also simplifying the preparation process.

In 1997, Fischer et al. [26] obtained larger aerogel
pores by adjusting the ratio of catalyst (sodium carbonate)
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for the first time, thereby realizing the ambient pressure
drying of phenolic aerogels. Wu and Fu [27] found that
proper network structure strength, larger particle size
and pore size, and low surface tension are three key factors
to reduce the collapse of the pore structure of aerogels
during ambient pressure drying. Jia et al. [28] used novolac
resin as raw material and ethanol as an organic solvent, and
obtained a phenolic wet gel with larger pores by adjusting
the amount of hexamethylenetetramine (HMTA) added,
thereby reducing the drying capillary pressure and rea-
lizing the ambient pressure drying of the wet gel. Jin et al.
(23], Cheng [29,30], Hong et al. [31] and Wang et al. [32]
used ethylene glycol as the organic solvent to solidify the
phenolic aerogel at a high temperature of 150-180°C to
form a strong network structure, and used ethanol with a
lower surface tension as a replacement solvent to replace
ethylene glycol in the wet gel. The ambient pressure drying
of the phenolic wet gel was realized. Shi et al. [33] pre-
pared phenolic aerogels based on common commercial
phenolic resins, which further reduced the prepara-
tion cost.

However, due to the long curing and drying time of
phenolic aerogel, its preparation time is generally more
than 5days. Furthermore, in the existing method, the
sol-gel process of the phenolic solution is carried out
in a sealed hydrothermal kettle, which usually generates
high pressure due to the violent evaporation of the
organic solvent. This makes the preparation process
risky. Therefore, in this study, the hydrothermal reactor
was modified to reduce the sealing performance. The
semi-sealed reactor realizes the simultaneous curing
and solvent drying process, which improves the pre-
paration efficiency and safety. At the same time, the
mechanism of regulation of different HMTA contents
on the properties of phenolic aerogels was systemati-
cally investigated.

2 Materials and methods

2.1 Materials

Thermoplastic commercial phenolic resin powder (brand
BR2123F) was purchased from Henan Hengyuan New
Materials Co. Ltd (Henan, China); HMTA was purchased
from Henan Borun Foundry Materials Co. Ltd (Henan,
China); anhydrous ethanol (analytical grade) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China).
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2.2 Sample preparation

The ID of the phenolic aerogel samples prepared by dif-
ferent methods and with different HMTA contents is
shown in Table 1.

2.2.1 Conventional full-sealing method

First, the thermoplastic phenolic resin powder was dis-
solved in absolute ethanol at 80°C to prepare a phenolic
solution with a resin mass fraction of 20 wt%. 1/8, 1/7,
and 1/6 HMTA of phenolic resin mass was dissolved in
phenolic solution under 500 rpm magnetic stirring at
35°C. The prepared gel precursor solution was placed in
a hydrothermal reactor equipped with a polytetrafluor-
oethylene lining, and the lid of the reactor was tightened
to seal it. The reactor was placed in a blast drying oven,
the gel was solidified at 80°C for 3 days, and cooled to
room temperature to open the reactor. The phenolic wet
gel was demolded and dried at ambient temperature and
pressure for 2 days and at 45°C for 1day to obtain phe-
nolic dry gels with different HMTA contents.

2.2.2 Simultaneous drying-curing method

As shown in Figure 1, the hydrothermal reactor was
modified to weaken its tightness. Remove the sealing
steel ingot of the hydrothermal reactor, replace it with a
sealing steel ring, and punch the PTFE sealing cover at
the same time. The prepared gel precursor solutions with
different HMTA contents were placed in the modified
hydrothermal reactor, and the gel was solidified at 80°C
for 3days in a blast drying oven, then cooled to room
temperature to open the kettle. The gel has been essen-
tially dried at this point, and phenolic aerogels with
varying HMTA contents can be obtained by demolding
the gel and supplementary drying at 45°C for 4h.

Table 1: The ID of the phenolic aerogel samples prepared by dif-
ferent methods and with different HMTA contents

Sample ID Preparation method HMTA content
S1/8 Simultaneous drying-curing 1/8
S1/7 Simultaneous drying-curing 1/7
S1/6 Simultaneous drying-curing 1/6
Cc1/8 Conventional full-sealing 1/8
c1/7 Conventional full-sealing 1/7
C1/6 Conventional full-sealing 1/6
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Figure 1: Schematic diagram of the modification of the hydrothermal reactor.

Compared with the conventional all-sealing method, this
method not only improves safety but also cuts the pre-
paration time to half.

2.3 Performance testing and structural
characterization

2.3.1 Micromorphology

Phenolic particles and pore structure were observed by a
field emission scanning electron microscope (FESEM;
Zeiss Ultra Plus manufactured by Carlzeiss, Germany,
operating voltage of 5kV). The observed samples must
be dried at a high temperature of 180°C for 3 h to remove
volatile small molecules, and then observed after
spraying conductive adhesive.

2.3.2 Pore structure

The specific surface area and mesoporous pore para-
meters of phenolic aerogel were analyzed by a nitrogen
adsorption—-desorption test (Micromeritics ASAP2460
manufactured by Make, USA). At the same time, pore
size statistics of pores larger than 100 nm in SEM photo-
graphs were used to determine the variation rule of the
aerogel macropore. The specific surface area of the aerogel
was calculated by the BET isotherm equation, which is
shown in equation (1).

P/Po _C-1 <P 1
V(l _p/pO) Vm x C Do Vm x C

)

where V is the volume of adsorbed gas, m refers to the
mass of the aerogel, V,, refers to the saturated adsorption
capacity of the monolayer, p, is the saturated vapor pres-
sure of the adsorbed gas, and C is the BET equation
constant.

2.3.3 Linear shrinkage

The shrinkage rate of the aerogel is calculated using
equation (2) by measuring the inner diameter of the
mold and the diameter of the xerogel, and the aerogel’s
technological performance is evaluated.

Ln-L

S = d % 100%, )

m
where S, refers to the linear shrinkage rate, Lq refers to the
diameter of the dry gel, and L,, refers to the inner dia-
meter of the mold.

2.3.4 Density

The aerogel was processed into a cuboid of 10 mm x
10 mm x 20 mm, the mass of the cuboid was weighed,
and the density of the aerogel was calculated according
to equation (3).

m m

p=7=a><b><h’

3)

where p is the density of the aerogel, m refers to the mass
of the aerogel, v is the volume of the aerogel, and a, b,
and h refer to the length, width, and height of the aerogel,
respectively.
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2.3.5 Mechanical properties and thermal conductivity

According to the GB/T 2567-2008 standard, the quasi-static
compressive mechanical properties of the aerogel cuboids
were tested, and the loading speed was 2 mm-min~". The
yield strength of the aerogel with pore collapse and pore
wall breakage was used as a parameter to measure the
mechanical properties of the aerogel.

A thermal constant analyzer (TPS2500S manufac-
tured by Hot Disk, Sweden) was used to determine the
thermal conductivity of aerogel at room temperature.

3 Results and discussion

3.1 Preparation efficiency of new method

In order to characterize the preparation efficiency and
safety of the simultaneous drying-curing method, the
preparation time and peak temperature during the pre-
paration process reported in the relevant literature are
statistics. It can be seen from Table 2 that the preparation
time of the works of Yang et al. [22], Wu et al. [24], Jia
et al. [28], Shi et al. [33], Li et al. [34], Sepehri et al. [35],
Leonard et al. [36], Xiao et al. [37], Cheng et al. [38] and
He et al. [39] is ranging approximately from 100 to 200h
and the peak temperatures are varying from 80 to 150°C.
At the same time, the simultaneous drying-curing method
used in this work shortens the preparation time of phe-
nolic aerogel to 76 h, and the peak temperature during the
preparation process is only 80°C. This demonstrates that

Table 2: Comparison of the preparation time and peak temperature
of the work including: Yang et al. [22], Wu et al. [24], Jia et al. [28],
Shi et al. [33], Li et al. [34], Sepehri et al. [35], Leonard et al. [36],
Xiao et al. [37], Cheng et al. [38] and He et al. [39] studied here

Ref. Preparation time (h)  Peak temperature (°C)
Li et al. Above 200 80
Sepehri et al. Above 200 85
Léonard et al. Above 200 90
Wu et al. Above 170 80
Xiao et al. 144 —
Yang et al. Above 140 90
Jia et al. 136 80
Cheng et al. 120 180
Shi et al. 116 80
He et al. 98 150
This work 76 80
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when compared to the conventional full-sealing method,
the simultaneous drying-curing method can significantly
improve the preparation efficiency and safety during the
preparation process.

3.2 Key mechanism of simultaneous
drying-curing

In order to analyze the formation mechanism of pores of
different scales in aerogels, high-magnification SEM was
used to observe the pore structure of aerogels. It can be
found from Figure 2 that the pores of phenolic aerogels
can be basically divided into two categories; one is
macropores with a pore size in the range of 50 nm
—1pm, and the other is mesopores with a pore size in
the range of 2-50 nm. Through the observation of the
phenolic particles that constitute these two kinds of
pores, it can be found that when the degree of cross-
linking between the small phenolic particles is relatively
large, a large area of bonding will be formed between a
small number of phenolic particles, which will be easily
stacked and bonded to form slit-like pores. These pores
are generally mesopores; when the degree of cross-
linking between large aggregation particles is low, a
limited area of bonding forms between the large phe-
nolic particles, causing them to overlap and create
macropores. Due to their small pore size, these slit-like
mesopores are prone to generating extremely high capil-
lary pressure during drying, causing the aerogel to col-
lapse [27]. Especially during the simultaneous drying
process, the wet gel is subjected to high drying capillary
pressure before obtaining a strong skeleton, causing it
to collapse very easily. At the same time, many studies
have shown that the existence of macropores can effec-
tively reduce the collapse of aerogels [26,27]. As a result,
increasing the macropore content of the aerogel is the
key to achieving simultaneous drying-curing.

The capillary pressure generated during the drying
process of aerogels has a strong relationship with the
pore size. The smaller the pore size of the aerogel, the
greater the capillary pressure generated, and the easier it
is for the pores of the aerogel to collapse [27]. According
to numerous studies [22,25,33,39], the pore parameters of
aerogels can be significantly regulated by adjusting the
catalyst content. As a consequence, the feasibility of phe-
nolic aerogels prepared by simultaneous drying-curing
with different HMTA contents at the same time was
investigated.
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Figure 2: SEM local enlargement of aerogel pores.

3.3 Micromorphology of phenolic aerogels

The SEM pictures of different phenolic aerogel samples
are shown in Figure 3. It can be seen from Figure 3 that the
phenolic aerogels prepared by the simultaneous drying-
curing method and the conventional full-sealing method
both maintain the microscopic morphology of abundant
nanopores. At the same time, the SEM image shows that
the phenolic particles are stacked and agglomerated
with each other to form a “grape bunch”-like microstruc-
ture. The aerogel particle size increased significantly with
the increase in HMTA content. In order to further char-
acterize the change in aerogel particle size, Nano measurer
was used to count the size of phenolic particles. The particle
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mesopores in slits

size distribution histograms of different aerogel samples are
shown in Figure 4.

It can be seen from Figure 4 that with the increase in
HMTA content in the phenolic aerogel from 1/8 to 1/7 and
1/6, the average particle size of the aerogel prepared
by the conventional full-sealing method continued to
increase from 42.47 to 49.22 nm and 57.28 nm; the average
particle size of the aerogels prepared by the simultaneous
drying-curing method continued to increase from 42.35 nm
to 49.43 and 59.25 nm. This is because the catalytic impact
of increasing HMTA content enhances the surface activity
of the sol particles while also acting as a curing agent to
raise the degree of cross-linking between the nanogel
particles. This results in the continuous accumulation

Figure 3: SEM images of different samples: (a) C1/8, which means phenolic aerogel with 1/8 HMTA content prepared by the conventional
full-sealing method; (b) C1/7; (c) C1/6; (d) S1/8, which means phenolic aerogel with 1/8 HMTA content prepared by the simultaneous

drying-curing method; (e) S1/7; and (f) S1/6.
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Figure 4: Histogram of particle size distribution of different aerogel samples: (a) C1/8, which means phenolic aerogel with 1/8 HMTA content
prepared by the conventional full-sealing method; (b) C1/7; (c) C1/6; (d) S1/8, which means phenolic aerogel with 1/8 HMTA content
prepared by the simultaneous drying-curing method; (e) S1/7; and (f) S1/6.

and fusion of particles, and the particle size of the
formed phenolic large particles also increases [33]. At
the same time, the particle size distribution of phenolic
particles appears to become more scattered as the HMTA
content increases. This is caused by the different degree
of cross-link stacking during the growth of phenolic par-
ticles with the increase in HMTA content.

Figure 4 shows that the average particle size of the
phenolic aerogel prepared by the simultaneous drying-
curing method and the conventional full-sealing method
are nearly identical, indicating that the simultaneous
drying process has no effect on the growth and cross-
linking of the phenolic particles. This proves, that on
the basis of improving production efficiency and safety,
the phenolic aerogel produced by the simultaneous
drying-curing method still maintains the microscopic
morphology of stacked nanoparticles.

3.4 Pore structure of phenolic aerogels

The N, adsorption—desorption test was used to further
investigate the mesoporous structure of the aerogel.
Figure 5 depicts the N, adsorption—desorption curves
of various phenolic aerogel samples. Figure 5 shows that
the aerogel adsorption—desorption curves belong to the
conventional IV isotherm and H3 loop, indicating that
the mesoporous pore structure is a slit hole or a conical

hole, according to the IUPAC classification standard. This
is in agreement with the prior SEM photos at high magni-
fication. The absence of an adsorption plateau in the
adsorption—desorption isotherm indicates that some pores
are not completely filled with nitrogen during the adsorp-
tion process, indicating that there are some macropores
(>50nm) in the aerogel that cannot be detected by
nitrogen adsorption [40]. This also confirms the exis-
tence of macropores in the SEM images. At the same
time, the nitrogen adsorption amount is more than
zero in the low pressure area, which indicates that the
aerogel retains a few micropores (<2nm) [41].

Under the same pressure, the nitrogen adsorption
capacity of aerogel prepared by the simultaneous drying-
curing method and the conventional full-sealing method
both decrease continuously as the HMTA addition amount
increases, implying that the specific surface area and pore
content of the material may decrease. When comparing
Figure 5(a) with Figure 5(b), it can be seen that the peak
nitrogen adsorption amount of the phenolic aerogel pre-
pared by the simultaneous drying-curing method is
greater than that prepared by the conventional full-
sealing method, implying that the aerogel prepared by
the simultaneous drying-curing method has a higher
macropore content and pore volume.

From the nitrogen adsorption—desorption curve of
the aerogel, the average BJH pore size, BET specific surface
area, and BJH pore volume were obtained. Simultaneously,
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Figure 5: N, adsorption—desorption curves of different phenolic aerogel samples: (a) phenolic aerogels with different HMTA contents
prepared by the conventional full-sealing method and (b) phenolic aerogels with different HMTA contents prepared by the simultaneous

drying-curing method.

the Nano measurer was used to perform pore size statistics
on pores larger than 100 nm in SEM images of various
aerogel samples to define the average pore size of the
macropores in the aerogel. The BJH pore size, BET spe-
cific surface area, and BJH pore volume of the aerogel
reduced as the HMTA content increased, as shown in
Table 3. This is because the pores detected by nitrogen
adsorption are primarily slit mesopores generated by the
crosslinking and bonding of phenolic particles in the
aerogel. The size of such mesopores is continuously
decreased by the compression of phenolic particles as
HMTA content increases. However, macropore statistical
results demonstrate that the average pore size of macro-
pores grows as HMTA content increases, which is exactly
the opposite of the changing rule of mesoporous pores.
This is because the pore-forming mechanism of macro-
pores in phenolic aerogels is different from that of meso-
pores. Macropores are mainly formed by the overlapping
of agglomerated large particles. The phenolic particles
grew larger and more prone to particle agglomeration as
the HMTA level increased, resulting in larger macropores
formed by overlapping large agglomerated particles.

Table 3: Pore parameters of different phenolic samples

By comparing the average pore size of the SEM
photos of two different methods in Table 3, it is found
that the average pore size of S1/8 macropores is smaller
than that of C1/8, while the pore size of S1/6 is larger than
that of C1/6. The reason is that with the increase in HMTA
content, the macropore content also increased, and the
capillary pressure caused by the intense evaporation of
ethanol in the simultaneous drying-curing process com-
pressed the small pores in the aerogel, so that the average
pore size of S1/6 was larger than C1/6. However, most of
the pores in the S1/8 sample have significant shrinkage
due to the low content of macropores in the sample, so
the average pore size of the macropores in S1/8 is smaller
than that of C1/8.

According to the comparison of BET specific surface
area and BJH pore volume of aerogel prepared by the
simultaneous drying-curing method and the conventional
full-sealing method in Table 3, the pore parameters of
aerogel prepared by the simultaneous drying-curing
method are closer to those of the conventional method
as the HMTA content increases. As a result, raising the
dose of HMTA can enhance the content of large-size pores,

Sample ID BJH Pore BET specific surface BJH pore SEM Average pore
diameter (nm) area (m2.g™) volume (cm3-g™?) diameter (nm)
C1/8 16.3 98.15 0.38 122.74
c1/7 16.1 81.77 0.31 128.72
Cc1/6 14.9 54.31 0.19 130.59
S1/8 19.6 88.95 0.41 118.13
S1/7 21.6 66.06 0.34 125.85
S1/6 17.4 54.42 0.21 150.85
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lower the capillary pressure induced by drying, and limit
the collapse of nano-pores, allowing the drying and curing
of phenolic aerogel to be synchronized.

3.5 Linear shrinkage of phenolic aerogels

The shrinkage rates before and after drying were used to
measure the technological properties of different phe-
nolic aerogels. The shrinkage rate histograms of different
aerogel samples are shown in Figure 6. Figure 6 demon-
strates that the shrinkage rate of the phenolic aerogel
generally decreases as the HMTA content increases.
This is because the phenolic particles grow in size as
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Figure 6: Histogram of the linear shrinkage of different phenolic
aerogel samples.
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the HMTA content increases, increasing the macropore
content of the aerogel. The presence of macropores
reduces the capillary pressure during drying, thereby
reducing drying shrinkage [27]. At the same time, it
can be found that the shrinkage rate of the phenolic
aerogel prepared by the simultaneous drying-curing
method is higher than that of the conventional method.
This is because the curing and drying processes occur
simultaneously, the porous network structure of the
aerogel is not completely cured and has to bear a large
drying capillary pressure, resulting in significant shrinkage.

However, the shrinkage difference between the phe-
nolic aerogel generated by the simultaneous drying-
curing method and the conventional method rapidly
reduces as the HMTA content increases, as shown in
Figure 6. The shrinkage difference is only 0.4% when
the HMTA content is 1/6. This suggests that appropri-
ately raising the HMTA concentration is more favorable
to narrowing the performance gap between the simul-
taneous drying-curing method and the conventional
method, which is consistent with the prior nitrogen
adsorption test’s conclusion.

3.6 Density and mechanical properties of
phenolic aerogels

Figure 7 shows the density and compressive yield strength
histograms of various phenolic aerogel samples. The
density of phenolic aerogel generated by simultaneous
drying-curing method is higher than that of aerogel

- 322 033

w
n

0.27

EJJ
=]
T

N~
n
T

1.76

n
Density/gecm™

Yield Strength/MPa
P S

154
n
T

e
=

S1/8 S1/7

Sample ID

S1/6

Figure 7: Histogram of the density and compressive yield strength of different phenolic aerogel samples: (a) phenolic aerogels with different
HMTA contents prepared by the conventional full-sealing method and (b) phenolic aerogels with different HMTA contents prepared by the

simultaneous drying-curing method.
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prepared by conventional method with the same HMTA
content, as shown in Figure 7a and b, which is owing to
the high shrinkage rate of phenolic aerogel prepared by
this method. This is because the pore structure of the
phenolic aerogel generated by simultaneous drying and
curing bears a high capillary pressure when it is not
fully cured and delicate. Figure 7 shows that when the
amount of HMTA in the aerogel increased, the density
of the aerogel decreased, which was in line with the
changing rule of aerogel shrinkage with HMTA. At the
same time, the fact that the density of the C1/7 sample
(0.24 g-cm™>) is higher than that of C1/8 (0.19 g-cm™>) is
consistent with the rule that C1/7 (13.1%) shrinks more
than C1/8 (12.5%). These phenomena indicate that the
density parameters of aerogel mainly depend on its
shrinkage rate.

Figure 7a and b shows that the phenolic aerogel
prepared by the simultaneous drying-curing method
has a greater yield strength than the phenolic aerogel
prepared by the conventional process. The yield strength
of the aerogel prepared by the simultaneous drying-curing
method reaches 3.22 MPa when the HMTA content is 1/8,
whereas the conventional method only has 0.76 MPa. At
the same time, the variation law of aerogel yield strength
and density is found to be quite consistent. These phe-
nomena indicate that density is the most critical factor
affecting the mechanical properties of the aerogel when
the pore size of the aerogels is on the same nanometer
scale.

The density and mechanical properties of aerogels
show that the pore structure is still the most fundamental
parameter for regulating the properties. By increasing the
amount of HMTA, the macropore content increases, redu-
cing capillary pressure during the drying process and
decreasing the shrinkage rate of the aerogel. Aerogels
with low shrinkage have a lower density, but their
mechanical properties suffer as well.

3.7 Thermal conductivity of phenolic
aerogels

Thermal conductivity at room temperature was used to
characterize the thermal insulation ability of phenolic
aerogels. Figure 8 depicts the thermal conductivity of
various aerogel samples.

Aerogel’s excellent thermal insulation ability is pri-
marily due to its low density and abundance of nano-
pores. The aerogel’s nanoporous microstructure can
significantly inhibit gas heat conduction, while its lower
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Figure 8: Thermal conductivity of various phenolic aerogel samples
at room temperature.

density can further reduce solid heat conduction. In
general, the lower the density and average pore size of
aerogels, the lower their thermal conductivity at room
temperature [22,25,28]. Figure 8 shows that, with the
exception of S1/8, the thermal conductivity of phenolic
aerogel increases as the amount of HMTA increases. At
the same time, Table 3 shows that as the amount of
HMTA increases, the macropore content of the aerogel
increases as well. The ability of phenolic aerogel to
provide thermal insulation decreased as the amount of
macropores increased. The thermal conductivity of S1/8
reaches 0.0521 W-(m-K)~". This is due to its high density
(0.33 g-cm™>), which is attributed to its high shrinkage
(21.8%) during drying.

The phenolic aerogel prepared by the simultaneous
drying-curing method has a higher thermal conductivity
than the conventional full-sealing method. S1/7 and S1/6
have values of 0.0494 and 0.0504 W-(m-K)™, respec-
tively, whereas C1/7 and C1/6 have values of 0.0471 and
0.0483 W-(m-K)}, respectively. This is due, once again, to
the fact that the density of phenolic aerogel during simul-
taneous drying is higher than that of the conventional
method. However, all the samples prepared by the simul-
taneous drying-curing method exhibit thermal conduc-
tivities that are less than 0.06 W-(m-K)~}, demonstrating
that they have the potential for widespread industrial use
in the field of thermal insulation.

4 Conclusion

In this work, a simultaneous drying-curing method of
phenolic aerogel was designed based on the sol-gel
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route. The morphology, pore structure, shrinkage, den-
sity, and mechanical properties of aerogel were charac-
terized, and the performance regulation mechanism of
phenolic aerogel was investigated. A new theory of the
pore formation mechanism of phenolic aerogel was also
proposed. The conclusions are as follows:

1. Compared with the conventional full-sealing method,
the new method not only reduces the preparation time
by nearly 50% but also improves the safety of the pre-
paration process by reducing the peak temperature
and pressure during the gel. This method provides a
low-cost, safe, and rapid way to prepare nanoporous
phenolic aerogels.

2. The nanoporous microstructure of the phenolic aerogel
prepared by the simultaneous drying-curing method is
still present. The BJH average pore size reaches 19.3 nm,
and the BET specific surface area reaches 88.95m*g ™"
when the HMTA content is 1/8.

3. Mesopores originate from the slits formed by a small
number of phenolic particles bonded and stacked,
while macropores are formed by the overlapping of
many large phenolic particles.

4, The performance gap between phenolic aerogels man-
ufactured by the simultaneous drying-curing method
and those made by the conventional method can be
narrowed by increasing HMTA content. When the
HMTA content is 1/6 of the phenolic mass, the density
of the aerogel made by the simultaneous drying-curing
method and the conventional method was 0.25 and
0.2gcm >, and the BET specific surface area was
54.42 and 54.31m%g~', respectively. The difference
between the two linear shrinkage rates is only 0.4%.
All the samples prepared by the simultaneous drying-
curing method exhibit thermal conductivities that are
less than 0.06 W-(m-K)™, demonstrating that they have
the potential for widespread industrial use in the field
of thermal insulation.
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