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In this work, a kind of nanocomposite paper was obtained by evaporation-induced self-assembly of a mixture of sisal cellulose
nanofibers (CNF) and polyethylene glycol (PEG) as the matrix and citric acid (CA) as a cross-linking agent. The CNF/PEG/CA
paper exhibited good water swelling resistance which could be controlled by changing the concentration of CA. In addition, this
nanocomposite paper exhibited good mechanical properties and water-induced shape memory performance. In particular, when
the dosage of CA was 30 wt.%, the tensile strength and the tensile modulus of the CNF/PEG/CA paper after swelling were
252 MPa and 813.0 MPa, respectively. Further, this nanocomposite showed great potential for water-induced shape memory
materials with fast response speed. The shape recovery rate (Rr) of the CNF/PEG/CA paper reached 90.2% with 30 wt.% CA
after being immersed in water for 11s. It is anticipated that our current work can be used to exploit more efficient methods to

overcome the poor water swelling resistance of the cellulose-based shape memory materials.

1. Introduction

Shape memory polymer is a new type of intelligent material,
as well as the most important part of intelligent materials.
Shape memory polymer can reflect the shape memory per-
formance mainly due to its internal molecular structure. Its
molecular structure is a kind of network usually composed
of reversible phase and stationary phase. The stationary
phase can be a cross-linked node by chemical reaction or
physical reaction, and it plays an important role in building
a cross-linking network [1, 2]. The reversible phase is usually
glassy-amorphous transformation, crystallization-melting
transformation, etc., and the phase transition is also varied.
Shape memory polymer composites are widely used in many
fields, such as drug release material, smart textiles, structural
materials, sensors, and fiber optic solar cells [3-5]. With the
rapid development of science and technology, most of the
shape memory polymers are thermotropic memory mate-

rials, such as polycaprolactone (PCL), polyurethane (PU),
polylactic acid (PLA), and epoxy resin (EP) [6-10]. Usually,
these polymers are network structure formed by covalent
cross-linking, and their shape recovery temperature is higher
when compared with other common polymers, which leads
to limitations in biomedicine or some cryogenic applications
[11]. In medicine fields, a key challenge is that an excess of
heat usually causes damage to biological tissue. Nevertheless,
water-induced shape memory polymers can effectively com-
pensate for this deficiency [12]. Based on the reported water-
induced shape memory polymer, most of them are made
from petroleum chemical raw materials, which are not
renewable, biodegradable, and biocompatible [13, 14].
Cellulose is a kind of natural polymer with green envi-
ronmental protection, abundant source, and unique layered
structure [15]. In recent years, the extraction of nanofiber
from biomass raw materials is used as a research hotspot
for the enhancement of nanocomposite [16-18]. Due to the
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nanometer size effect and high specific surface area of nano-
cellulose, the mechanical properties of nanocomposite are
much higher than those of conventional composites [19,
20]. In addition, the nanocellulose with high mechanical
strength, high length-diameter ratio, and low price and
degradable is environmentally friendly, which is harmless
to humans and animals [21]. Nanocellulose contains a lot
of hydroxyl. Using the function of hydrogen bonds, it can
be used to synthesize the shape memory polymer with water
response effect [18, 22], biodegradability [23, 24], and bio-
compatibility [25]. However, the nanocomposite material
simply combined by the Van der Waals force has a larger vol-
ume of swelling and a higher rate of water absorption after
soaking in water [16]. Nevertheless, in the wet state, its
mechanical properties greatly reduce, limiting its application
in certain areas.

Polyethylene glycol (PEG) is a kind of thermoplastic
polymer material with high crystallinity and good water
solubility, is nontoxic, and is nonirritating, and it has great
toughness and good biocompatibility [12, 26], making it a
good choice to be used as another kind of flexible chain
segment of the interpenetrating network structure [27].
Therefore, based on the advantage of the cellulose nanofibers
(CNF) with PEG, the CNF and PEG were cross-linked to
form a new network shape memory nanocomposite
(CNE/PEG/CA) paper, through citric acid (CA) as a cross-
linking agent [28].

The CNF/PEG/CA paper was prepared by the method of
evaporation-induced self-assembly (EISA) [29]. The prepa-
ration is easy to operate, fast, green environmental, and has
high extraction rate. The formation mechanism of the
CNF/PEG/CA interpenetrating network structure shape
memory nanocomposite paper is shown in Figure 1. The
mechanical strength is poor, and the swelling resistance is
low when the nanocellulose materials simply are combined
by the Van der Waals force under the wetting state. CA can
combine cellulose molecules and PEG molecules through
covalent bond connection to form an interpenetrating
network structure, which improves the performance of
the shape memory nanocomposite paper [30, 31]. The flow
chart shows the process to prepare the CNF/PEG/CA
interpenetrating network shape memory nanocomposite
paper by EISA. In addition, the shape and the size of the
CNF/PEG/CA paper can be adjusted by the forming mold.
And the CNF/PEG/CA paper has good flexibility; as a result,
it can be folded into various shapes. The CNF/PEG/CA paper
has good hydrophilicity, biocompatibility, and biodegrad-
ability and keeps good mechanical properties after swelling
by absorbing water, which leads to the CNF/PEG/CA paper
having wide application prospection in the biomedical field.

2. Experimental

Sisal fibers were bought from Guangxi Sisal Company,
China. NaOH, CH,COOH, citric acid (CA), and NaClO,
were purchased from Aladdin Chemistry Co. Ltd. Polyethyl-
ene glycol 1000 (PEG) and Na,SO,-10H,O were supplied by
Sinopharm Chemical Reagent. The other chemicals used
were all analytical pure reagents without further purification.
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2.1. Preparation of Microcrystalline Sisal Fibers (MSF).
Firstly, sisal fibers were cut into an approximate length of
5cm and the lignin and the pectin particles on the surface
of sisal fibers were washed away by deionized water. Then,
the sisal fibers were dried in an oven at 60°C for later use.
The 50g dry fibers were boiled in aqueous solution of
14.0g NaOH, 14.0g Na,SO,-10H,0, and 400 ml deionized
water in 500 ml autoclaves at 170°C for 2h. After the reac-
tion, the sisal fibers were filtered and washed several times
with deionized water until the solution remains the same
color, then dried in an oven at 60°C. Later, the 20 g dry fibers
were transferred to a 1000ml three-necked flask, adding
6.7 g NaClO,, 5 ml CH,COOH, and 650 ml deionized water,
and the mixture kept reacting at 75-80°C for 2-3 h to bleach.
The product was filtered and washed with water after the
reaction. Finally, the MSF were dried in an oven at 60°C
until constant weight [16].

2.2. Preparation of Sisal Cellulose Nanofibers (CNF). Firstly,
the 12.0g dried MSF were soaked wet in 40ml preconfi-
gured aqueous solution of NaOH (10 wt.%) and transferred
to the 500ml three-necked round bottomed flask. Then,
350ml absolute ethyl alcohol was added into the flask
under mechanical agitation for 30 min to make it evenly
dispersed and alkalified. After that, 6g chloroacetic acid
(CH,CICOOH) was added to the mixture, and the reaction
was at the temperature of 70°C for 3h under mechanical
stirring. At the end of the reaction, the crude product was
collected after filtering the mixture, repeated centrifugal
washing with distilled water to remove unreacted chloroa-
cetic acid until the pH value was neutral, and drying. The
crude product was mixed with a certain amount of deion-
ized water to make its solid content at about 0.5 wt.%, then
the mixture was sheared by a high-shear dispersion
homogenizer at 28000 r/min high speed for 30 min to get
the transparent jelly product. After using a 400-mesh filter
cloth to extrude the product to preliminary filtrate the
unsegregated crude fiber, adjusting proportional to about
0.1wt.% with deionized water and centrifuging for 10 min
at 12000 r/min, the CNF with pale blue were obtained from
the centrifugal barrel upper 80% solution, at last rotating
enrichment and measuring its solid content to set aside.

2.3.  Preparation of Shape Memory Nanocomposite
(CNF/PEG/CA) Paper. The detailed fabrication procedure
of the CNF/PEG/CA paper was as follows. The CNF were
configured to 5mg/ml aqueous dispersion with deionized
water, and a certain amount of PEG was weighed to dissolve
in 5ml deionized water at the same time. Then, the above-
mentioned two kinds of solutions were mixed with continu-
ous stirring and ultrasonic dispersion for 30 min to make it
even. After adding a certain amount of CA as a cross-
linking agent, stirring for 10 min to mix evenly, the mixture
was poured into the tetrafluoroethylene mold and transferred
to the drum wind drying oven at 60°C for 24 h. By evaporat-
ing the moisture slowly, CNF and PEG molecules were cross-
linked by CA molecules to be assembled into a CNF/PEG/CA
paper with interpenetrating network structures. The thick-
ness and size of the CNF/PEG/CA paper interpenetrating
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FIGURE 1: Preparation process of the CNF/PEG/CA paper.

network composite structure can be controlled by the
amount of mixed solution and the size of the mold. To study
the influence of different contents of the CA cross-linking
agent on the interpenetrating network CNF/PEG/CA paper,
we prepared different cross-linking degrees of interpen-
etrating network CNF/PEG/CA paper according to the for-
mula design of Table 1.

2.4. Characterization. The infrared spectrum of the sample
prepared by KBr tableting was analyzed by the American
Nicolet Nexus 470 type Fourier transformation infrared
spectrometer (spectra range: 4000~500cm™). The water
swelling resistance of the shape memory nanocomposite
paper was characterized by the change of the volume and
the weight before and after immersion in deionized water at
25°C for 5min. According to the water absorption (%) = (
M, — M,)/M, %100, swellingrate=(V, - V,)/V,x 100%,
where M, and V|, are the quantity and the volume of the
sample, respectively, before absorbing water, and M, and
V, are the quantity and the volume of the sample, respec-
tively, after absorbing water. All of the samples were cut into
the size of 30 mm x 3mm x 0.05mm, and the text results
were averaged after each group of samples was measured
three times. The tensile strength was examined on a Q800
dynamic mechanical analyzer (TA Instruments, USA) by
stretching control at the temperature of 25°C and a rate of
3Nmin™'. The sample size was 30 mm x 3 mm x 0.05 mm,
and the arithmetic average of the tensile strength test of 5

TaBLE 1: The blend design of compounding materials for respective
composites.

Nanocomposite CNF (wt.%) PEG (wt.%) CA (wt.%)
CNF/PEG/CA 70 30 0
CNE/PEG/CA-1 70 30 10
CNE/PEG/CA-2 70 30 20
CNE/PEG/CA-3 70 30 30
CNF/PEG/CA-4 70 30 40

samples was recorded for the tensile properties of the sample.
The sample cross section was sputter-coated with gold in case
of electronic accumulation and then tested by scanning elec-
tron microscopy (JSM-6480LV, Japan JEOL) at an accelerat-
ing voltage of 3.0kV. The gel content of the sample (G) was
measured by the mass (miso) of the sample before extrac-
tion in methylene chloride as extracting agent for 24h of
Soxhlet extraction and the mass of the dried sample (m,).
According to the following formula, G = m4/miso to calcu-
late the gel content of the material. The water-induced shape
memory effect was investigated as follows. The specimen
was folded to a temporary shape at 60°C and cooled down
to 0°C with the external force to fix the temporary shape.
The specimen was immersed in water at 25°C to determine
the recovery of shape, and the above two processes were
recorded by a video camera. The recovery ratio was defined
as Rr=[(6;-6,)/(180—06,)] x 100%, where Rr represents



the response rate, 9; represents the recovery angle of sample
at a different time, and 6, represents the angle of the sample
before recovering. All the presented results were an average
of three specimens with the size of 30 mm x 3 mm x 0.05
mm (length x width x thickness) [16]. The light transmit-
tance of shape memory nanocomposite paper mainly
adopted the double beam spectrophotometer (UV-3600-
NIR, Shimadzu) with wavelength range 200-800 nm, scan
rate 300 nm/min, sampling interval 1 nm, test temperature
25°C, and 100% sensitivity. Each sample was tested three
times to ensure the accuracy of the test data.

3. Results and Discussion

3.1. FT-IR Spectra of CNF, PEG, CA, and CNF/PEG/CA
Paper. As shown in Figure 2(a), there are two vibration
absorption peaks at 3413cm™ and 2919cm™, respectively,
belonging to the stretching vibration of -OH and -CH- on
the CNF molecular chains. Additionally, the two vibration
absorption peaks at 1599 cm™ and 1382cm™ can be found,
which refer to the symmetric stretching vibration and the
antisymmetric stretching vibration of carboxylic acid sodium
salt groups on cellulose, respectively [16]. It illustrates that
the CNF are mainly in the form of carboxylic acid sodium
after being treated with chloroacetic acid. In the FT-IR curve
of PEG, the absorption peaks at 3430 cm™, 2872 cm™, and
1105cm™ refer to the stretching vibration of -OH and
-CH- and C-O-C, respectively. From the infrared spectrum
of CA [30], it can be seen that there are two strong absorption
peaks at 1688 cm™ and 1757 cm™', which belong to the C=0
stretching vibration on CA. From Figure 2(b), the -OH vibra-
tion absorption of the CNF/PEG/CA paper at 3410cm™
decreases obviously with the increase of CA adding amount.
According to the changes in the FT-IR spectra, it can be
found that the PEG and CNF can be effectively cross-linked
together by CA.

3.2. Water Resistance of the CNF/PEG and CNF/PEG/CA
Papers. To study the water swelling resistance of the
CNEF/PEG and CNF/PEG/CA paper, the water absorption
and swelling rate change with the adding of CA was investi-
gated. As shown in Figure 3, the water absorption and swell-
ing rate of CNF/PEG paper are quite high. The water
absorption is up to 1038% and the swelling rate is up to
2100%. This is mainly due to the fact that the surface of
CNF contains a lot of -OH and -COOH- hydrophilic groups,
leading to high hydrophilicity. By contrast, the water absorp-
tion and the volume swelling rate of the CNF/PEG/CA paper
are decreased greatly with the increase of CA adding amount.
At CA 30 wt.%, the water absorption and swelling rate of the
CNF/PEG/CA paper are decreased 46 times and 15 times,
respectively, compared to those of the CNF/PEG paper.
The reason for this is that the CNF and PEG are cross-
linked by CA, leading to the increase of hard segment area
in the CNF/PEG/CA paper. In addition, hydrophilic groups
such as hydroxyl on the CNF and PEG can react with CA.
Therefore, the water absorption and the swelling rate of
CNF/PEG/CA paper reduced.

Journal of Nanomaterials

Gel content (G) is used to study the cross-linking degree
of the CNF/PEG/CA paper. From Figure 4, the G value of the
CNF/PEG paper without CA cross-linking is lower, which is
about 74%. When adding CA, the G value of the
CNF/PEG/CA paper gradually increases with the addition
of CA. When adding 30wt.% CA, the G value of the
CNEF/PEG/CA paper tends to be stable, reaching 90%, and
the G value of the CNF/PEG paper increases by 21.6% com-
pared with the CNF/PEG paper without CA cross-linking. It
indicates that the addition of CA is effective to cross-link
PEG and CNF, to form a stable network structure.

3.3.  Mechanical Properties of the CNF/PEG and
CNF/PEG/CA Papers. Water-induced shape memory mate-
rials are mainly limited by the decrease in mechanical prop-
erties after swelling. Figure 5 shows the mechanical
properties of the CNF/PEG/CA paper with different CA con-
tents before being soaked in water. As shown in Figure 5(a),
the elongation at break of the CNF/PEG/CA paper decreases
with the content of CA increasing, because of the increasing
of the cross-linking degree. As shown in Figure 5(b), with
the increase of CA contents, the tensile strength of the
CNF/PEG/CA paper shows a downward trend, while the
tensile modulus increases. When adding 30 wt.% CA, the
tensile modulus of the CNF/PEG/CA paper increases from
853 MPa to 1401 MPa. It can be attributed to the forma-
tion of strong covalent bonds, formed by the esterification
reaction of carboxyl on CA and hydroxyl groups on PEG
and CNF cellulose, which improves the stability of the
molecular chain. In addition, the hydroxyl groups on
CNF and PEG decrease, so the effect of hydrogen bonding
between molecules greatly reduces, which makes it difficult
for the movement of chain segments. Therefore, reducing
the CNF/PEG/CA paper plastic deformation, the tensile
strength and the elongation at break all decrease, and the
tensile modulus greatly improves.

Figure 6(a) shows the mechanical properties of the
CNF/PEG/CA paper with different CA contents after being
soaked in water. It can be seen that the CNF/PEG paper with-
out CA cross-linking exhibits quite poor mechanical proper-
ties after being soaked in water. It can be attributed to the
combination of the internal molecules of the CNF/PEG
paper, which is mainly formed by hydrogen bonding and
the molecular chain entanglement between molecular chains
without CA cross-linking. When water immerse into the
interior of the material, the hydrogen bonding force between
the CNF and PEG molecules is damaged, which decreases the
mechanical properties. In contrast, as shown in Figure 6(b),
the tensile strength and the tensile modulus of the wet
CNF/PEG/CA paper increase greatly with the increasing of
CA contents. When the addition amount of CA is 30 wt.%,
the tensile strength and tensile modulus of the CNF/PEG/CA
paper after swelling are 25.2MPa and 813.0 MPa, respec-
tively. It is the result that demonstrates that the chemical
cross-linking network structure among PEG, CNF, and CA
leads to good mechanical properties of the CNF/PEG/CA
paper after soaking. Therefore, the CNF/PEG/CA paper is
more suitable for underwater applications than other shape
memory polymers.



Journal of Nanomaterials

CNF

= 2919 1599 1382

S PEG

g 3413 1632 7}
1462

5 q 1351

b= / 2872

E lca 3430

(=}

e

H

/
1420

'~
1688

fox ”
3497 3290 1757

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ™)

(a)

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™})

(b)
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To microscopically analyze the mechanical performance,
the scanning electron microscope (SEM) images of the frac-
ture surfaces of the CNF/PEG/CA paper are used to investi-
gate the interaction between CA and the CNF/PEG paper.
As shown in Figure 7(a), it can be seen that the section of
the CNF/PEG paper without CA cross-linking is level and
close and exhibits orientation arrangement in the vertical
direction without obvious holes. It is attributed to the good
compatibility between nanocellulose and PEG, due to the
hydrogen bonding and mutual physical tangles. Therefore,
the direction of fracture is consistent with the direction of
force. As shown in Figures 7(b) and 7(c), the sections of the
CNEF/PEG/CA paper become rough after adding the cross-
linking agent CA. In addition, there are many fold structures
and interpenetrating holes, which are mainly due to the
cross-linking between the carboxyl on CA and the hydroxyl
on CNF cellulose and PEG that forms the permanent area
of hard segments.

3.4. Water-Induced Shape Memory of the CNF/PEG and
CNF/PEG/CA Papers. Figure 8 shows the shape recovery pro-
cesses of the CNF/PEG/CA paper with different CA
amounts. It can be seen that the water response of the
CNF/PEG paper without CA in 25°C water is fast, and the
response rate is high. It illustrates that the CNF/PEG/CA
paper has good water response performance. As shown in
Figure 9, the water-induced shape performance of the
CNF/PEG/CA paper with CA exhibits good water-induced
shape memory performance as well. When the CA addition
amount is up to 20wt.%, the shape recovery rate (Rr)
immersed in water for 10s can reach over 99%. At CA
30 wt.%, Rr of the CNF/PEG/CA paper is about 90.2%. The
reason why the response rate reduces mainly is that the
CNE/PEG/CA paper is based on hydrogen bonding water
response to form memory switch. Additionally, the CNF
and PEG molecular chain is fixed by CA, which may form
the cross-linked structure. And with the increase of CA
amount, the cross-linking degree increases. Thus, the
amount of the hydrogen bonds between the molecules greatly
reduces, greatly reducing the intermolecular hydrogen bond
binding force, and the memory effect performance decreases.
The main reason for this phenomenon is that the response
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mechanism of soluble-induced shape memory materials is
different from the thermal-induced shape memory materials
[32-34]. The driving force of soluble-induced recovery is the
plasticization of solvent molecule. As the solvent molecule
enters the polymer network gradually, the transition temper-
ature of the reversible phase gradually decreases, resulting in
the phase transition at room temperature and driving the
shape recovery of the material. Therefore, the soluble-
induced recovery rate depends on the diffusion rate of the
solvent molecule into the polymer network, and the diffusion
rate of solvent molecules is related to the free volume of the
polymer. For the CNF/PEG/CA interpenetrating network
polymer, the larger the cross-linking degree is, the smaller
the free volume will be, resulting in a lower diffusion rate of
the solvent molecule and a slower recovery rate.

A water response mechanism of the CNF/PEG/CA paper
was proposed in Figure 10. It can be seen that the CNF/PEG
paper is formed by the intermolecular hydrogen bond self-
assembly and has a certain interpenetrating network struc-

ture. After adding CA, it embeds in the CNF/PEG paper sub-
strate, and the carboxyl on CA and the hydroxyl on the
CNF/PEG paper can be combined by esterification, which
can form the interpenetrating network structure with a certain
of rigidity. The deformation of the CNF/PEG/CA paper is
temporary fixed by a strong hydrogen bond force between
polymer molecules. When the CNF/PEG/CA paper is in water
environment, water molecules enter in the interior of the
CNEF/PEG/CA interpenetrating network structure. The strong
hydrogen bonds between molecules are broken, replaced by
the weaker hydrogen bonds formed by water and polymer
molecules. Thus, a force is released which fixes the temporary
deformation, and the CNF/PEG/CA paper begins to recover
from the temporary shape to the initial shape.

4. Conclusions

Shape memory nanocomposite (CNF/PEG/CA) paper was
successfully prepared by the evaporation-induced self-
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FIGURE 7: SEM images of the fractured surface of the neat CNF/PEG paper (a). CNF/PEG/CA paper with the CA content of 20 wt.% (b) and

30 wt.% (c).
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assembly method, using sisal cellulose nanofibers (CNF) and
polyethylene glycol (PEG) as the matrix and citric acid (CA)
as a cross-linking agent. The results show that the
CNF/PEG/CA paper exhibits good mechanical properties
and water-induced shape memory performance. In particu-
lar, at CA 30 wt.%, the tensile strength and the tensile modu-
lus of the CNF/PEG/CA paper after swelling are 25.2 MPa
and 813.0 MPa, respectively. Further, this nanocomposite
has great potential for water-induced shape memory mate-
rials with fast response speed. Only for 11 s, the shape recov-
ery rate (Rr) of the CNF/PEG/CA paper with 30 wt.% of CA
is 90.2% after being immersed in water. In addition, the
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CNE/PEG/CA paper has excellent water swelling resistance
which could be controlled by changing the concentration of
CA. After wet swelling, the highest tensile strength and ten-
sile modulus are up to 30 MPa and 832 MPa, respectively. It
is hoped that this work can be used to exploit more efficient
methods to overcome the poor water swelling resistance of
the cellulose-based shape memory materials.
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