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Abstract
Halloysite nanotube/polyvinyl alcohol (HNT/PVOH) aerogel composites have been successfully prepared via an
environmentally friendly freeze-drying process, by using water as solvent and borax solution as a cross-linking agent.
These aerogel composites have a three-dimensional network structure formed by PVOH adhered to HNTs. The
microstructure of aerogels and the interface adhesion between HNTs and PVOH were investigated by scanning electron
microscopy and transmission electron microscopy. Meanwhile, thermal conductivity, compressive strength, and thermal
stability were measured by related instruments. The results showed that HNT/PVOH aerogels were successfully synthesized
and that HNTs firmly connected to PVOH played the role as a skeleton for aerogels and effectively enhanced the mechanical
properties. As the content of HNTs increased, the obtained aerogel materials exhibited a decrease in thermal conductivity, an
increase in compressive strength, an improvement in thermal stability, and formation of a locally dense PVOH network.
Moreover, microstructure models were established by electron microscopic images to analyze the results in detail.
Importantly, there is no need for the formation of block hydrogel during the synthetic process and these HNT/PVOH aerogel
composites could be fabricated easily and quickly from cheap raw materials, contributing to large-scale production.

Graphical Abstract

Highlights
● These composites are easy to fabricate and environmentally friendly in the preparation process.
● PVOH was adhered to HNTs to form a polymer-assisted three-dimensional network structure.
● The structure and properties were analyzed in detail by microscopic models that were depicted by SEM and TEM

images.
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1 Introduction

Clay aerogel is a kind of nanoporous material with low cost,
low density, high thermal insulation, and good mechanical
strength [1–4]. A two-stage process is usually adopted to
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prepare this kind of aerogel, a solid clay gel is formed at the
first stage, and then a facile and environmentally friendly
freeze-drying process is performed to replace the ice crystal
with air [5–7]. This material with nanoscale structure has
shown many promising properties in a variety of
applications.

Halloysite nanotubes (HNTs) are a type of naturally
occurring fibrous aluminosilicate (Al2(OH)4Si2O5·nH2O)
with proven biocompatibility and can be supplied in large
amounts at low prices [8, 9]. HNTs are composed of a
hollow cylinder formed by a plurality of rolled kaolinite
layers, which are attractive compared with other minerals in
the kaolinite, due to their large specific surface areas and
highly mesoscopic/macroscopic pore structure [10]. The
layer unit consists of outside-in alternate corner-shared
tetrahedral SiO4 sheets and edge-shared octahedral AlO6

sheets stacked in a 1:1 stoichiometric ratio [8]. The length
of HNTs ranges from 0.2 to 2 μm, and the inner and outer
diameters of the tubes range from 10 to 40 nm and 40 to
70 nm, respectively [11, 12]. It has been reported that HNTs
have proven to be an ideal enhancer for the manufacture of
polymer composites with improved mechanical properties
[13–16]. Yang et al. [17] had studied the performance of
polyhydroxyalkanoate (PHA) composites reinforced by
HNTs. Their results showed that the mechanical properties
of PHA can be effectively improved by adding HNTs. The
strength and modulus of PHA/HNT composites sig-
nificantly enhanced when the HNT content is 4 wt%. Wei
et al. [18] fabricated HNT/GO (graphene oxide) composite
aerogels for wastewater treatment. The addition of HNTs
improved the performance of GO, such as mechanical sta-
bility, specific surface area, pore volume, and many other
properties.

However, natural untreated HNTs have very low che-
mical reactivity and are unable to construct an effective
three-dimensional network by themselves [19, 20]. To
fabricate clay aerogels of HNTs, various strategies are being
employed by researchers. There are a number of practices
that modify the HNTs to improve their dispersion in water,
which are then compounded with other inorganic aerogels
[21–23]. He et al. [24] grafted isooctyl functional groups
onto HNTs by using N,N-dimethylformamide (DMF) to
prevent their aggregation. The uniformity and compressive
strength of the resultant aerogels were significantly
enhanced. Nevertheless, many of the raw materials they
used, such as DMF, are not environmentally friendly, and
the addition of silica results in performance degradation
[25, 26]. In addition, a common and effective method is to
introduce polyvinyl alcohol (PVOH), which will adhere to
halloysite, and the PVOH is easily cross-linked to form a
three-dimensional network aerogel. Chen et al. [27] con-
ducted a lot of research on clay/PVOH composite aerogels,
and the samples they prepared showed good flame

retardancy. Most of the clays they used were lamellar,
and such aerogels with a “house of cards” structure are
common. Their research on clay/PVOH aerogels focused
on combustion performance without much characteriza-
tion of microstructures. The addition of PVOH could
control the microstructure of HNT clay aerogel, resulting
in a uniform three-dimensional network structure of
micrometer–nanometer scale.

In this study, monolithic fibrous clay/polymer aerogel
composites were fabricated by using water as solvent and
borax solution as a cross-linking agent. Owing to the good
strength of the fibrous clay, it is possible to avoid the use of
costly supercritical-drying equipment during the drying
process and switching to an environmentally friendly
freeze-drying method. The microstructure was characterized
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The thermal conductivity and
compressive strength were tested by using a thermal con-
ductivity detector and electronic universal testing machine,
respectively. The thermal stability was analyzed by thermal
gravimetric analyzer (TGA). In addition, microstructure
models of HNT/PVOH aerogels were used to analyze the
performance and influences of the HNT:PVOH ratio in
detail.

2 Experimental section

2.1 Reagents

PVOH (Mw≈95,000) was supplied by Guangfu Fine Che-
mical Research Institute (Tianjin, China). HNTs with
industrial grade were provided by Fenghong Clay Chemical
Co., Ltd. (Zhejiang, China). Borax (Na2B4O7·10H2O) was
obtained from Jiangtian Chemical Technology Co., Ltd.
(Tianjin, China). The deionized water used in all experi-
ments was obtained from Millipore water purification sys-
tem. All the chemicals and reagents were used without
further purification.

2.2 Preparation of HNT/PVOH aerogel composites

To produce an aerogel that contains 5 wt% HNTs and 5 wt%
PVOH, for example, 5 g of PVOH was dissolved in 45 mL
of deionized water and then magnetically stirred for 5 h in
an 80 °C water bath, followed by ultrasonic processing for
10 min. Five grams of HNTs were blended with 45 mL of
deionized water, followed by ultrasonic treatment for
10 min to obtain HNT suspension. The resulting mixture of
HNT suspension and PVOH solution were poured into a
200-ml beaker. Subsequently, 2 ml of borax-saturated
solution was dripped into the mixture. The viscous colloi-
dal mixture was poured into an aluminum mold (100 × 50 ×
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20 mm3) and then placed in a freezer at −25 °C for 24 h.
The frozen samples were dried in an environmentally
friendly freeze dryer for 24 h and H5P5 aerogels were
obtained (−89 °C under vacuum). In this paper, H and P
represent the mass percentages of HNTs and PVOH in the
wet gel stage, respectively. The fabrication process of HNT/
PVOH aerogels is depicted in Scheme 1.

2.3 Characterization

The density of HNTs/PVOH aerogel was calculated from
the sample weight divided by its volume.

The morphology of the aerogel was observed using SEM
(Hitachi S-4800), operated at an accelerating voltage of
10.0 kV, and a TEM (JEOL 1011) operated at an accel-
erating voltage of 100 kV.

The thermal conductivity test was performed by using a
TC3000E system (TC3000E, XIA TECH, CHN), and the
operating current range was 0–10 mA. The samples were
both rectangular and five measurements were taken for each
sample to take the average.

Compression test was carried out on an electronic uni-
versal testing machine (CMT 6104 SANS, GER). Five
measurements were taken for each sample to take the
average.

TGA (Pyris Diamond TG/DTA, Seiko Instruments Inc.)
was conducted in nitrogen atmosphere from 25 to 500 °C at
a heating rate of 5 °C min−1.

3 Results and discussion

Figure 1 shows the pictures of wet gel and freeze-dried
HNT/PVOH aerogels with different H:P mass ratios. With
increasing HNT content in the samples, crack-free aerogels
were obtained. These materials did not exhibit noticeable
shrinkage during the freeze-drying process, probably due to
the strong interactions between PVOH molecular chains
[28]. Physical properties, including linear shrinkage, den-
sity, thermal conductivity, and compressive strength, are
summarized in Table 1. With H:P ratio decreasing

gradually, the shrinkage percentage of HNT/PVOH aerogel
composites increased remarkably, and the density decreased
slightly. This could be ascribed to the presence of HNTs,
which can effectively inhibit the contraction of composite
aerogels during the freeze-drying process. Another possible
reason was that the addition of HNTs allowed the composite
to form a broad network, effectively reducing the volume
shrinkage.

Wet gel samples with different H:P ratios exhibited
shrinkage after drying, and the linear shrinkage rates of the
four (H0P10, H3P7, H5P5, and H7P3) aerogels compared
with the original wet gel were about 32, 17, 9, and 5%,
respectively. Figure 2 is a schematic diagram of the
shrinkage of HNTs/PVOH aerogel during the freeze-dried
process. Wet gel samples were placed in an environment of
−25 °C; water between the colloidal network was frozen to
ice crystals and this process produced slight volume
expansion [29]. The samples were then placed in an

Scheme 1 The fabrication
process of halloysite nanotubes/
polyvinyl alcohol aerogel

Fig. 1 Photographs of wet gel and freeze-dried halloysite nanotube/
polyvinyl alcohol aerogels with different H:P mass ratios

Table 1 Physical properties of freeze-dried HNT/PVOH aerogels with
different H:P mass ratios

Property H0P10 H3P7 H5P5 H7P3

Linear shrinkage ~32% ~17% ~9% ~5%

Density (mg cm−3) 50 ± 1 75 ± 1 88 ± 1 104 ± 2

Thermal conductivity
(Wm−1 K−1)

0.034 ±
0.001

0.032 ±
0.001

0.030 ±
0.001

0.029 ±
0.001

Compressive
strength (MPa)

0.4 ± 0.1 1.6 ± 0.1 2.3 ± 0.1 2.9 ± 0.1

HNT/PVOH halloysite nanotube/polyvinyl alcohol
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environmentally friendly freeze dryer and the ice crystals
began to sublime. The capillary force between the ice
crystal and gel made the network shrink. The H0P10 sample
had a low resistance to deformation due to the low strength
of PVOH, and thus produced a large shrinkage and some
cracks. Therefore, increasing the content of HNTs is a good
solution to prevent shrinkage and cracking. We obtained a
crack-free aerogel with a linear shrinkage of only 5% at H:
P= 7:3.

Figure 3 shows the low- and high-magnification SEM
images of HNT/PVOH aerogels with different mass ratios
of HNT:PVOH. These SEM images confirm the above
analysis of the linear shrinkage of HNT/PVOH aerogel
composites. When HNTs were added, a harder and wider
network was formed, which inhibited linear shrinkage. It is
obvious that the morphology of the HNT/PVOH aerogels
varies considerably with the changes of HNT:PVOH. The
microstructure of pure PVOH material was composed of
inhomogeneous PVOH lamellae and a small amount of
PVOH network, as shown in Fig. 3a, b. For the sample of
H3P7 in Fig. 3c, d, the PVOH molecular chains were
intertwined with each other to form network structures
existing between the interlayers, while the HNTs were
attached to the PVOH framework. However, the micro-
structure of the H5P5 sample had changed obviously with
the content of HNTs decreased and PVOH increased, and
the overall morphology was a uniform three-dimensional
porous structure (Fig. 3e). We can observe in Fig. 3f that the
formation of a porous network structure was primarily due
to the overlap of PVOH, and HNTs were fixed and con-
nected with these organic materials to maintain a unique
structure. As the HNT component was further increased, the
aerogel maintained an overall uniform network structure
(Fig. 3g), but formed a locally dense PVOH three-
dimensional network (Fig. 3h).

Figure 4 shows TEM images of the H7P3 aerogel. As
shown in Fig. 4a, the homogeneous three-dimensional
network structure can be observed, HNTs were distributed
uniformly, and pore size varied between tens and hundreds
of nanometers in the sample. Furthermore, it was obvious to
notice the typical nanotubular structure of HNTs and PVOH
molecule chains on the HNT surface in Fig. 4b. This phe-
nomenon suggested that PVOH molecules possessed good
compatibility with HNTs, which was beneficial to enhance
the dispersion and interfacial interaction of HNTs with
PVOH molecular chains. The results were in good agree-
ment with previous SEM information.

Compressive strength of different H:P ratios of HNT/
PVOH aerogels are presented in Table 1. It shows that
the addition of HNTs leads to a significant increase in
the compressive strength of HNT/PVOH aerogels, and the
strength of aerogels increases with the enhancement in
the content of HNTs accordingly. This phenomenon can be
illustrated by the models displayed in Fig. 5. Black arrows
indicate the resistance of PVOH inside the aerogel while it
is under stress, and red arrows are resistance generated by
HNTs. It is clear that, with the HNT content increase, the
number of red arrows will increase and black arrows
decrease. Literature from both theoretical simulation and
experimental verification shares a common viewpoint that
the strength of HNTs is much higher than that of PVOH
[8, 30, 31]. Also, red arrows are more resistant than black
ones in this model. The compressive strength of the samples
increases from 1.6 MPa of H3P7 to 2.9 MPa of H7P3.

The microstructure model of the HNT/PVOH aerogel
(Fig. 6) can be plotted from SEM and TEM images. PVOH
was adsorbed and bound to the outer portions of HNTs, and
natural untreated tubular clay built a stereonetwork structure
by means of PVOH. Depending on the ratio of HNT:
PVOH, unattached PVOH would cross-link each other to
form a three-dimensional structure with a smaller pore size
between the HNT and PVOH aerogel. With such a good
porous structure, the aerogel had excellent performance
such as lightweight, good mechanical properties, and good
heat insulation.

As shown in Fig. 6, effective thermal conductivity λe of
HNT/PVOH aerogel is mainly composed of three parts:
contribution of radiation heat conduction λr, contribution of
solid heat conduction λs, and gaseous heat conduction λg
[32, 33]. λe could be expressed as Eq. (1):

λe ¼ λr þ λs þ λg ð1Þ
The thermal conductivities of various H/P aerogels are

listed in Table 1. For raw materials, as PVOH has lower
thermal conductivity than HNTs, the overall insulation
performance of H/P aerogels may become worse with the
increase of H:P ratios. However, the results indicated that,
with the increase of HNT content, the thermal conductivity

Fig. 2 Schematic diagram of the shrinkage of halloysite nanotube/
polyvinyl alcohol aerogel during the freeze-drying process
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Fig. 3 Low- and high-
magnification scanning electron
microscopic images of halloysite
nanotube/polyvinyl alcohol
(PVOH) aerogels with different
H:P mass ratios: (a, b) neat
PVOH; (c, d) H3P7; (e, f) H5P5;
(g, h) H7P3

Fig. 4 Low- and high-
magnification transmission
electron microscopic images of
the H7P3 aerogel

500 Journal of Sol-Gel Science and Technology (2019) 91:496–504



decreases gradually, and this could be attributed to three
factors. The first one is the presence of HNT–PVOH
interface heat transfer resistance [34–36]. When the heat
flow passed through the PVOH–HNT interface, the inter-
face heat transfer resistance increased the obstruction of
phonon heat transfer at the interface, and then the thermal
conductivity decreased (interface thermal resistance in
Fig. 6). As the ratio of H:P increased, there would be more
PVOH adhered to HNTs, then HNT–PVOH interfaces
increased, and λs would decrease. If the content of PVOH
were too low to produce PVOH–HNT interfaces, the ther-
mal insulation began to become worse. The second one was
because of the increase in the mean-free path of gas mole-
cules [37, 38]. From high-magnification SEM images, the
addition of HNTs would form a relatively dense network
locally in the sample. Owing to the phonon filtration in the
small interface contact area, the longer the mean-free path
of gaseous heat transfer, the lower the equivalent heat
conduction λg became. The third one was due to the barrier
effect of HNTs [39, 40]. The uniform distribution of HNTs
in the aerogel formed a number of barriers that could
effectively absorb and reflect thermal radiation, which
caused a decrease in λr. However, in this study, the

materials we studied were usually used in room-temperature
environments, such as buildings, where radiant heat con-
duction accounted for only a very small fraction of the
effective thermal conductivity. Based on the above three
factors, the thermal conductivity would decrease with the H:
P ratio increase, but from the influencing factors and the
trend of experimental data, it was predicted that λe would
decrease to a minimum and then increase.

Thermal stabilities of HNT/PVOH aerogels with differ-
ent H:P mass ratios were investigated by heat treatments
under N2 atmosphere from 25 to 500 °C, and the corre-
sponding thermogravimetric curves are given in Fig. 7. The
TGA curves of all samples reveal three main stages of mass
loss, which are consistent with previous literatures and
reports [27, 41]. The three main mass loss stages of H0P10
aerogel are 50–220 °C, 250–350 °C, and 370–470 °C,
respectively. The first stage corresponded to the loss of
bound water, the second one mainly contained volatility of
organic compounds and formation of conjugated unsatu-
rated polyenes, and the third stage showed that polyene
residues are degraded by intramolecular cyclization to ole-
fins and alkanes, as well as aromatic hydrocarbons [42, 43].
There are only slight differences between H0P10 and the
other three HNT/PVOH aerogels at the first mass loss stage,
where the mass loss of samples that have HNTs also
includes the loss of bound water to HNTs. At the second
stage, there is almost no mass loss of HNTs [44], so the four
samples show a huge difference: the higher HNT percentage
the samples have, the less the mass loss. After the mass loss
in the second stage, the PVOH residual content is very
small, so the difference between the four samples in the
third stage is also very small, mainly of the degradation of
polyene residues.

Fig. 5 Compressive strength models with different H:P ratio aerogels

Fig. 6 Heat transfer model of
halloysite nanotube/polyvinyl
alcohol aerogel
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After heat treatment, the residual percentages of the
samples from H0P10, H3P7, H5P5, and H7P3 are 71.7,
45.4, 41.4, and 14.6%, respectively. Since the
H0P10 sample does not contain HNTs, we can conclude
that the residual amount of PVOH after heat treatment at
500 °C is 14.6% (the amount of cross-linking agent is small
and can be ignored). The residual percentage of HNTs (RH)
and PVOH (RP) in different H:P ratio aerogels can be cal-
culated by Eqs. (2) and (3)

RP ¼ SH=P � 14:6% ð2Þ

RH ¼ RH=P � RP ð3Þ

where SH/P represents the mass percentage of PVOH in the
aerogel samples before heat treatment, and RH/P represents
the residual percentage of H/P aerogels after heat treatment.
The calculated residual percentages of HNTs and PVOH are
listed in Table 2 according to Eqs. (2) and (3). As shown in
Table 2, the content of HNTs in H3P7 aerogel is 30% and
31.2% before and after heat treatment, respectively, which
is obviously unreasonable. The result indicated that the
addition of HNTs improved the thermal stability of PVOH
at 500 °C, resulting in the actual residual ratio of >14.6%
for PVOH.

Figure 8 exhibits the TEM image of H7P3 aerogel after
thermal treatment. We could observe that, after the heat
treatment of 500 °C, there are few left PVOH adhered to
HNTs, and the mass loss of aerogels was mainly due to the
degradation of PVOH. However, as a support for the three-
dimensional structure, the large loss of PVOH did not result

in catastrophic damage to the HNT/PVOH aerogel. This
was due to the fact that residues of PVOH degradation
remained on HNTs, so that the three-dimensional network
structure could be well preserved. This clay aerogel material
that could maintain a three-dimensional structure at 500 °C
would be of great help in many fields.

4 Conclusions

A facile, efficient, and environmentally friendly strategy
was utilized to fabricate HNT/PVOH aerogel composites. In
these aerogels, PVOH was adhered to HNTs to form a
polymer-assisted three-dimensional network. With the HNT
content increased, the linear shrinkage was reduced from
17% of H3P7 to 5% of H7P3. SEM and TEM images
indicated that HNTs were uniformly distributed throughout
the aerogels, and the addition of HNTs caused the PVOH to

Fig. 7 Thermogravimetric
analysis curves of aerogels with
different H:P ratios under
constant heating rate

Table 2 Residual percentages of
different H:P ratios of HNT/
PVOH aerogels, HNTs, and
PVOH calculated by Eqs. (2)
and (3)

H7P3 H5P5 H3P7 H0P10

Heat treatment Before After Before After Before After Before After

HNTs (%) 70 67.3 50 38.1 30 31.2 0 0

PVOH (%) 30 4.4 50 7.3 70 10.2 100 14.6

H/P aerogel (%) 100 71.7 ± 0.1 100 45.4 ± 0.1 100 41.4 ± 0.1 100 14.6 ± 0.1

HNT/PVOH halloysite nanotube/polyvinyl alcohol

Fig. 8 Transmission electron microscopic image of H7P3 aerogel after
treatment at 500 °C
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form a locally dense three-dimensional network. The ther-
mal conductivity of clay aerogels was varied between 0.034
and 0.029Wm−1 K−1, and it decreased moderately as the
HNT content increased. With the value of H:P increased,
the compressive strength and thermal stability effectively
improved, and the complete network structure could be
maintained after heat treatment at 500 °C. At H:P= 7:3, the
obtained H7P3 aerogel had a compressive strength of
2.9 MPa and a thermal conductivity of 0.029Wm−1 K−1.
This kind of aerogel with facile preparation process and
such properties could be promising for applications in
building insulation, aerospace, chemical production, etc.
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