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The superhydrophobic cellulose nanofiber aerogels were prepared via sol-gel and subsequent freeze-drying with cellulose
nanofibers as raw materials and perfluorohexyl ethyl trimethoxysilane and 3-aminopropyl trimethoxysilane as modifying
monomers. The effect of volume ratio and total dosage of the two modifying monomers on the superhydrophobic properties
was investigated, and the property variations of the cellulose nanofibers before and after modification were also characterized by
FT-IR, XRD, TGA, SEM, XPS, and laser flash diffusivity apparatus. The results showed that the modifying monomers were
successfully grafted onto cellulose nanofibers, and the prepared modified cellulose nanofiber aerogels had higher thermal
stability. After modification, a micron-level arrayed three-dimensional grid superhydrophobic surface structure was constructed,
and the surface energy was reduced. The prepared aerogels exhibited superhydrophobicity with a water contact angle up to 151°

and excellent thermal insulation performance with a thermal conductivity of 0.035W·m−1·K−1, which displayed promising
application potential in the field of thermal insulation and waterproof materials.

1. Introduction

Cellulose is one of the most abundant renewable and
degradable biomass resources in nature. Currently, pro-
cessing it into nanocellulose is one of the most important
ways to develop its high-value applications [1–4]. Nanocel-
lulose has many excellent properties such as large specific
surface area, high modulus, high strength, high thermal
stability, degradability, and biocompatibility, as well as
special optical properties and rheological properties.
According to its morphological characteristics and aspect
ratio, it can be divided into two categories: cellulose nanofi-
ber (CNF) and cellulose nanocrystal (CNC) [1, 5–7]. How-
ever, due to the presence of a large number of hydroxyl
groups on the surface, nanocellulose has relatively high sur-
face energy and is prone to agglomeration. In addition, the
higher hydrophilicity of nanocellulose leads to the poor
interface compatibility with weak polar solvents, polymer
media, and other systems, which makes it unable to show
its excellent performance and seriously impeding its applica-

tion in various fields. In order to expand its application in
paper industry, energy storage materials, waste water treat-
ment, composite coatings, daily chemical industry, petro-
leum exploration, and fluid modification [1], it is necessary
to modify its chemical structure and charge state of nanocel-
lulose to obtain new functional nanocellulose materials via
chemical methods [8, 9].

Nowadays, the preparation of nanocellulose-based
superhydrophobic aerogel materials has attracted increasing
attention in the field of nanocellulose. The imparting of
superhydrophobic properties mainly origins from two
aspects. One is to construct a micro-nano surface structure,
and the other is to reduce the surface energy [10, 11]. The
most widely reported modification method was silaniza-
tion modification [11–16], generally by using fluorine-
containing silane, fluorine-containing chlorosilane, and
silane coupling agent as modifying monomers [16–19], and
the reaction was performed by using organic solvent as a
dispersion medium. Chemical vapor deposition was also
used to prepare superhydrophobic nanocellulose [20].
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However, these preparation methods have some disadvan-
tages, such as complicated process, high cost of raw mate-
rials, and safety and environment problems. Inspired by
the above considerations, we reported here cost-effective
3-aminopropyl trimethoxysilane and perfluorohexyl ethyl
trimethoxysilane were used to modify the nanocellulose by
sol-gel method in which the water was used as the only sol-
vent, and then, the superhydrophobic cellulose nanofiber
aerogel (SH-CNF) was obtained by freeze-drying method.

2. Experimental Section

2.1. Instrument and Reagent. The instruments used are as
follows: ultrasonic cleaner (KQ-100, Kunshan Ultrasonic
Instrument Co., Ltd.); hotplate stirrer for round-bottom-
flasks (DHT, Shandong Hualu Electric Heating Instrument
Co., Ltd.); freeze dryer (LC-10N-50A, Zhejiang Lichen
Instrument Technology Co., Ltd.); infrared spectrometer
(Nicolet Is50, Thermo Fisher Scientific); field emission scan-
ning electron microscope (SU8010, Hitachi Co., Ltd.); con-
tact angle meter (DSA30S, Kruss Scientific Instruments Co.,
Ltd.); thermal gravimetric analyzer (STA8000, PerkinElmer
Instruments Co., Ltd.); X-ray diffractometer (XRD-6100,
Shimadzu Corporation); X-ray photoelectron spectrometer
(K-Alpha, Thermo Fisher Scientific); and laser flash diffusivity
apparatus (LFA 467, NETZSCH Manufacturing Co., Ltd.).

The reagents are as follows: cellulose nanofiber (CNF,
1wt%, width: 10−80 nm, length: 800−3000 nm) was provided
by Jinjiahao Green Nanomaterials Co., Ltd.; perfluorohexyl
ethyl trimethoxysilane (PFOTMS, 97%) and 3-aminopropyl
trimethoxysilane (KH540, 97%) were provided by Shanghai
Macklin Biochemical Technology Co. Ltd.

2.2. Preparation of SH-CNF. 100mL 1wt% CNF emulsion
was placed in a beaker and dispersed under ultrasonic for
30min. And then, the emulsion was transferred into a
250mL three-necked flask which was put in a hotplate
stirrer for round-bottom-flasks. The reaction temperature
was gradually increased to 50°C under magnetic stirring.
Meanwhile, 0.8mL PFOTMS and 1.2mL KH540 were added
dropwise. The mixture was kept stirred for 6 h. After comple-
tion, the reaction mixture was cooled to room temperature.
The final superhydrophobic cellulose nanofiber aerogel sam-
ple was obtained with vacuum freeze-drying procedure for
24 h, which was stored in a desiccator for further using.

3. Results and Discussion

3.1. Effect of the Volume Ratio of Two Modifying Monomers
on Superhydrophobic Property. The volume ratio of the mod-
ifying monomers to the raw materials CNF was determined
to be 2%, while the volume ratio of the two modifying mono-
mers was also adjusted (Table 1). A series of samples were
prepared according to the aforementioned method, and the
static-state contact angle of the water droplet was deter-
mined; the results were shown in Figure 1. It was found that
when CNF was only modified with KH540, the contact angle
of the prepared sample was only 77°, and there was no hydro-
phobicity. However, as the dosage of PFOTMS gradually

increased, as well as the volume ratio of PFOTMS :KH540
(v/v) increased, the contact angle showed an obvious
increase, and the hydrophobicity of the sample was
enhanced. When PFOTMS :KH540 (v/v) was 2 : 3, the
contact angle of the prepared sample was 151°, obtaining a
superhydrophobic state. When PFOTMS :KH540 (v/v) was
3 : 2, the sample still maintained a superhydrophobic state,
but the contact angle did not increase significantly. When
the dosage of PFOTMS continued to increase, the contact
angle and hydrophobic properties of the prepared sample
conversely decreased. When CNF was only modified with
PFOTMS, the contact angle of the sample dropped to 120°.
This is mainly due to the continuous increase of the dosage
of PFOTMS, surface energy of the prepared sample decreased
continuously, and the hydrophobic property was enhanced.
When PFOTMS :KH540 (v/v) was 2 : 3 (or 3 : 2), the surface
energy of the prepared sample was basically reduced to the
minimum; a balance between the surface energy and the
micro-nano structure was achieved, thus showing a superhy-
drophobic state. When the dosage of PFOTMS continues to
increase, the surface energy still remains the minimum, but
the surface micro-nano structure is damaged, which shows
the decline of contact angle and hydrophobic property.
Therefore, considering the hydrophobic property and cost,
the volume ratio of the modified monomers was determined
as PFOTMS : KH540 ðv/vÞ = 2 : 3.

3.2. Effect of the Total Dosage of the Two Modifying
Monomers on Superhydrophobic Property. The total dosage
of the two modifying monomers was adjusted (1, 1.5, 2, 2.5,
and 3mL) for comparison tests with volume ratio of
PFOTMS : KH540 = 2 : 3. A series of samples was then pre-
pared, and the contact angle of water droplet was determined
(as shown in Figure 2). It could be seen that as the total dos-
age of the two monomers increased, the contact angle of the
sample continued to increase, and the hydrophobic perfor-
mance was enhanced. When the total dosage of the two
monomers was 2mL, the sample reached a superhydropho-
bic state, and the contact angle was over 150°. At this point,
when total dosage of two modifying monomers increased,
contact angle of the sample showed negligible changes. This
is mainly due to the existence of steric hindrance on the sur-
face of CNF; the hydroxyl groups which could be modified by
monomers has a saturation value, which is consistent with
the fact that only a part of the hydroxyl groups of CNF could
be substituted. Therefore, the total dosage of the two modify-
ing monomers was determined to be 2mL.

Table 1: The dosages of modifying monomers.

PFOTMS (mL) KH540 (mL) PFOTMS : KH540 (v/v)
0 2 0 : 2

0.4 1.6 1 : 4

0.8 1.2 2 : 3

1.2 0.8 3 : 2

1.6 0.4 4 : 1

2 0 2 : 0

2 Journal of Nanomaterials



3.3. Superhydrophobic Property. The prepared modified cel-
lulose nanofiber aerogels were used for dripping application
experiments with aqueous red-ink solution (as shown in
Figure 3). It could be seen that the water droplet basically
maintained a spherical state and stood on the surface of mod-
ified cellulose nanofiber aerogels. The static contact angle of
the water droplet was measured to be 151°, which exhibited
superhydrophobic property. Therefore, the use of cheap
KH540 combined with PFOTMS to modify cellulose nanofi-
bers can obtain superhydrophobic property and achieve the
goal of reducing cost and simplifying the reaction process
to prepare superhydrophobic cellulose nanofiber aerogels.

3.4. FT-IR. FT-IR was used to characterize the functional
group changes of CNF and SH-CNF, and the results were
shown in Figure 4. It could be seen that both CNF and SH-
CNF spectra showed a large broad peak at the wavenumber
of 3335 cm−1, assigned to the stretching vibration of hydroxyl
groups. Compared to that of CNF, SH-CNF showed a weaker
peak intensity, indicating that some hydroxyl groups were
substituted by the modifying monomers. The characteristic
peak at the 2907 cm−1 was caused by the symmetric stretch-
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Figure 1: Contact angle of water droplet as a function of PFOTMS/KH540 volume ratio.
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Figure 2: Contact angle of water droplet as a function of dosage of the modifying monomers.

Figure 3: Digital image of contact angle test and superhydrophobic
performance.
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ing vibration of the C−H bond. The characteristic absorption
peaks appearing at 1596 cm−1 and 1555 cm−1 were ascribed
to the bending vibration peaks of NH2 of KH540. The peaks
at 1437, 1329, 1202, 1108, and 1058 cm−1 were resulted from
the stretching vibration of CF3, CF2, and Si−O−Si of the
modifying monomers PFOTMS and KH540. For CNF,
peaks at 1000−1450 cm−1 were resulted from the stretching
vibration of C−C and C−OH and the bending vibration of
saturated C−H and −OH among CNF framework. The
characteristic peaks of CNF and SH-CNF at 1000−1450 cm−1

partially overlapped, and the characteristic peak at 1034 cm−1

was attributed to the stretching vibration absorption peak of
C−O−C among the cellulose nanofiber skeleton. The above
results indicated that parts of the hydroxyl groups in CNF
were modified by PFOTMS and KH540, but the original main
structure remains unchanged.

3.5. X-Ray Diffraction (XRD). The crystalline structure of
cellulose nanofiber (CNF) and superhydrophobic cellulose
nanofiber (SH-CNF) was characterized by XRD (Figure 5).
It could be seen that the CNF was ascribed to cellulose type
I, and the characteristic diffraction peaks at 2θ = 15:0°,
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Figure 4: FT-IR spectra of CNF and SH-CNF.
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Figure 5: XRD patterns of CNF and SH-CNF.
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16.7°, 23.0°, and 35.2° were observed, and the strongest dif-
fraction peak at 23.0° was assigned to (002) crystal plane.
However, the modified SH-CNF was assigned to type II,
and the characteristic diffraction peaks at 2θ = 15:0°, 16.7°,
and 35.2° basically disappeared, and the intensity of the char-
acteristic diffraction peak at 23.0° was significantly decreased.
These results indicated that the modifying monomers
PFOTMS and KH540 had reacted with hydroxyl groups on
the surface of the CNF crystal structure, accompanied with
some cross-linking reactions, which destroyed the crystal
structure of CNF [21, 22]. Based on the Scherrer formula,
it could be speculated that the grain size of the modified
SH-CNF was smaller compared to that of CNF [23].

3.6. Thermogravimetric Analysis (TGA). TGA was used to
investigate thermal stability of CNF and SH-CNF samples
in the temperature range of 50−500°C with a ramping rate
of 10°Cmin−1 (Figure 6). It could be seen that CNF and
SH-CNF showed different trend of thermal decomposition
with the increase of temperature. In the initial thermal
decomposition stage, the samples showed slight weight loss
in the temperature range of 50−100°C, which was mainly
caused by the vaporization of a small amount of residual

adsorbed water in the pores of the cellulose nanofibers. From
100°C to the initial decomposition temperature (at which the
weight loss was 5%), the small amount of thermal weight loss
of the sample was mainly resulted from the disappearance of
the hydroxyl group at the C2 position in the cellulose nano-
fiber skeleton. In the rapid thermal decomposition stage,
the initial decomposition temperature to 380°C was the fast-
est process of weight loss, and the weight loss of the sample
was mainly caused by the disappearance of the C4 hydroxyl
group in the cellulose nanofiber skeleton. In the slow thermal
decomposition stage, the weight loss rate of the sample grad-
ually decreased when the temperature was raised to 400°C,
and the weight loss was mainly caused by the slow decompo-
sition and gradual carbonization of the residues. The initial
decomposition temperature of SH-CNF (272°C) was higher
than that of CNF (230°C), which resulted from SH-CNF hav-
ing a denser and firmer three-dimensional network structure
after modification. At 400°C, the residual weight of SH-CNF
(39%) was obviously higher than that of CNF (24%). This
was because silane groups grafted on SH-CNF after the mod-
ification were more stable than hydroxyl groups. The above
results showed that SH-CNF has better thermal stability than
CNF after modification.

SU8000 5.0kV 10.4mm ×50 LM (UL) 1.00mm

(a)
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Figure 7: SEM images of (a, b) SH-CNF and (c, d) CNF.
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3.7. Scanning Electron Microscopy (SEM). Surface micro-
structures of CNF and SH-CNF were characterized by scan-
ning electron microscopy (Figure 7). Figures 7(c) and 7(d)
show SEM images of CNF; a lot of irregular pores on the
surface could be observed, but the structure was collapsed
and not kept in a regular shape. Figures 7(a) and 7(b) show
the SEM images of SH-CNF, it was found that a regular array
of three-dimensional layered structure was formed. The grid
in the array is formed by nanofibril, closely connected in
structure. The mesh size is relatively uniform. The diameter
of the array and the grid is about 50μm, with a larger specific
surface area and porosity. This indicated that the introduc-
tion of fluorosilane and silane coupling agent had signifi-
cantly changed the morphological structure of CNF. The
excellent superhydrophobic property of the SH-CNF could
be ascribed to the following two aspects. On the one hand,
the exposed fluorosilane and silane coupling agent groups
on the surface was beneficial to the decrease of surface
energy. On the other hand, the modified SH-CNF surface

had a micron-level array grid structure, and the water droplet
on the surface was in a transition state between Wenzel and
Cassie, contributing to the superhydrophobic property with
a contact angle greater than 150° [24].

3.8. X-Ray Photoelectron Spectroscopy (XPS). XPS was used to
investigate the chemical composition of the prepared sam-
ples; the results were shown in Figure 8. Figures 8(a) and
8(b) showed the XPS survey spectra of the CNF and SH-
CNF, respectively. The characteristic peaks of C1s and O1s
appearing at binding energy of 285 eV and 533 eV, respec-
tively, were both observed through XPS survey spectra. In
addition, new peaks at binding energy of 101.5, 152.1,
398.4, and 687.5 eV were found in Figure 8(b), corresponding
to Si 2p, Si 2s, N 1s, and F 1s, respectively. Such results indi-
cated that Si, N, and F elements were added into the SH-CNF
after the modification with monomers, and the mass con-
tents of C, O, Si, N, and F elements were 26.32%, 25.86%,
14.96%, 4.48%, and 28.38%, respectively.
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Figure 8: XPS survey spectra of (a) CNF and (b) SH-CNF; high resolution XPS spectra of (c) C 1s and (d) Si 2p of SH-CNF.
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As shown in Figure 8(c), C 1s spectrum could be divided
into four characteristic peaks at 285.1, 283.5, 286.8, and
290.3 eV, corresponding to C−C/C−H, C−Si, C−O, and
C−F bonds, respectively [25–27]. The Si 2p spectrum in
Figure 8(d) could be divided into three peaks at 100.4,
101.6, and 102.6 eV, assigned to Si−C, C−Si−O, and Si−O
bonds, respectively [27, 28]. Such results further implied that
the modified monomers (PFOTMS and KH540) had reacted
with CNF and successfully grafted onto the surface of CNF.

3.9. Thermal Insulation Property. Laser flash diffusivity appa-
ratus was used to investigate the thermal insulation property
of CNF and SH-CNF, and the results were presented in
Table 2. It was found that the thermal conductivity of SH-
CNF (0.035W·m−1·K−1) was obviously lower than that of
the CNF (0.083W·m−1·K−1), indicating that the modified
SH-CNF possessed good thermal insulation performance.
Combined with the results of SEM, the good thermal insula-
tion performance of SH-CNF could be attributed to the
closely connected array three-dimensional grid structure,
which was beneficial to the formation of an effective thermal
resistance barrier and the decrease of convective heat trans-
fer. On the other hand, the fluorine-silicon coating on SH-
CNF surface showed the thermal insulation effect and thus
significantly reduced the thermal conductivity. Therefore,
the superhydrophobic SH-CNF exhibited promising poten-
tial for application in the field of thermal insulation and
waterproof composite materials.

4. Conclusions

(1) The volume ratio of modifying monomers (PFOTMS
and KH540) to raw material (cellulose nanofiber
emulsion) was determined to be 2%, and the
PFOTMS :KH540 (v/v) ratio was determined as 2 :
3. The prepared modified cellulose nanofiber aerogel
had a contact angle of 151°, which exhibited excellent
superhydrophobic property

(2) The monomers (PFOTMS and KH540) were success-
fully grafted onto cellulose nanofibers, and the main
chemical structure and crystal structure did not
change obviously. The microscopic morphology of
the modified cellulose nanofiber aerogels changed
significantly, and the structure was more compact.
It was found that a regular array three-dimensional
grid structure was formed, and a superhydrophobic
surface structure was successfully constructed

(3) Compared with the original cellulose nanofiber, the
prepared modified cellulose nanofiber aerogel dis-
played better thermal stability and lower thermal

conductivity, exhibiting good thermal insulation per-
formance. The present method for the preparation of
superhydrophobic cellulose nanofiber aerogels was
facile and cost-effective, which laid a good theoretical
foundation for their industrial production and
application in the field of thermal insulation and
waterproofs
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