Robust hydrogel of regenerated cellulose by chemical crosslinking
coupled with polyacrylamide network
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ABSTRACT: Regenerated cellulose/polyacrylamide (RC/PAAm) double network (DN) hydrogels are composed of cellulose crosslinked by
epichlorohydrin (ECH) and chemical-crosslinked PAAm. The prepared RC/PAAm DN hydrogels present enhanced strength, good
shape recovery property, excellent energy dissipation properties, decreased equilibrium water content, and low equilibrium swelling ratio
(SR). The compressive strength and modulus of RC/PAAm hydrogel are about 4.3 and 11.5 times compared to that of RC hydrogel,
respectively. Intriguingly, the chemical crosslinking between ECH and cellulose chains could increase the distance between cellulose
chains. Consequently, the increasing molar ratio of ECH to glucose leads to larger SRs and decreased mechanical strength of the hydrogels. Additionally, higher PAAm contents lead to more densely crosslinked networks, and thus decreasing the SRs and improving the
mechanical strength of the hydrogels. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47811.
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INTRODUCTION

Hydrogels are materials with a three-dimensional network
structure formed by physical or chemical crosslinking of hydrophilic polymer chains, which have the ability to absorb large
amounts of water while not destroying its three-dimensional network structure.1,2 According to the source, hydrogels can be
divided into synthetic polymer-based hydrogels and natural
polymer-based hydrogels. Synthetic polymer-based hydrogels have
advantages over natural polymer-based hydrogels, such as the ability for adjustable mechanical properties, easy control of scaffold
architecture, and chemical compositions. However, they are not
biocompatible and environmentally friendly. A number of natural
polysaccharide hydrogels have similar properties to synthetic
hydrogels, and they are widely used in biomedical, sensor and cosmetic ﬁelds owing to their biodegradability, nontoxicity, biocompatibility, and external stimulating sensitivity.2–5 Cellulose, as the
most abundant natural polysaccharide polymer on earth, has
gained particular attention, and will become the main chemical
resource in the future. Moreover, cellulose has abundant hydroxyl

groups on the chains, so that it can form hydrogels through
hydrogen bonding or crosslinked by bifunctional crosslinking
agent.6–8 The fundamental and practical studies have been carried out on cellulose hydrogels, including its structure, physical,
and chemical properties and biosynthesis. They have increasingly been focused on and researched due to their unique structures and properties being recently better understood which are
much different from those of typical synthetic polymers.9,10
More focus will be paid on the preparation, characterization,
and performance of the cellulose hydrogels in the future.
Despite substantial advances in our understanding of cellulose
hydrogels, the poor mechanical strength and toughness still
limit their applications. There is a great challenge on the development of mechanically strong and tough cellulose hydrogels. Several approaches have been developed to improve the mechanical
properties of traditional hydrogels, including nanocomposite
hydrogels,11,12 ionically crosslinked hydrogels,13 hydrogen bonding
hydrogels,14 topological structure hydrogels,15,16 and double
network (DN) hydrogels.17,18 Among these hydrogels, DN
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hydrogels consisting of the primary dense and brittle network
and the secondary dilute and ﬂexible network, which are typically synthesized through a two-step sequential free-radical polymerization, are considered as the strongest soft materials.19 Gong and
coworkers have reported an improvement of the mechanical properties of bacterial cellulose (BC) hydrogels using the DN technique.
However, it is intricate to prepare BC hydrogels and control their
water content.20 Zhang and coworkers have also created regenerated
cellulose (RC)/poly(N-isopropylacrylamide) DN hydrogel by
employing interpenetrating polymer network strategy with high
mechanical strength.21 Actually, RC hydrogels can be easily formed
via physical or chemical crosslinking. More importantly, the structure and properties of chemically crosslinked RC hydrogels can be
adjusted by controlling the content of crosslinking agent.12
Polyacrylamide (PAAm) is an acrylamide (AAm) polymer synthesized through free-radical polymerization of AAm with bisacrylamide
as the crosslinker.22–25 PAAm hydrogel is one of the most popular
synthetic polymer gels in the ﬁeld of protein separation and medical
application.20,26 According to previous reports, introducing ﬂexible
PAAm network to hydrogel matrix could effectively improve the
mechanical properties of the hydrogel. Variation of monomer concentration can change the crosslinking degree in PAAm hydrogels,
leading to the adjustable properties (e.g., stiffness, toughness, and
water absorbing capacity).25,27,28
Herein, the present work aims to improve the mechanical properties of RC hydrogels by introducing PAAm network to construct
DN hydrogels. Synthesized RC single network (SN) hydrogels,
PAAm SN hydrogels, and RC/PAAm DN hydrogels were characterized by Fourier transform infrared (FTIR), thermogravimetric
analysis (TGA), mechanical test, and swelling studies. The effects
of the ratio of crosslinking agent to glucose (GU) units of cellulose
and the concentration of AAm solution on the mechanical and
swelling properties of RC/PAAM DN hydrogels were investigated.
EXPERIMENTAL

Materials
Cellulose (cotton linters, the degree of polymerization = 500  50)
was purchased from Hubei Jinhuan Co. Ltd. (Xiangfan, China).
AAm, sodium hydroxide (NaOH), urea, the crosslinker epichlorohydrin (ECH), and N,N0 -methylenebisacrylamide (MBAA) were provided by Chengdu KeLong Chemical Reagent Factory (Chengdu,
China). The 1-hydroxycyclohexyl phenyl ketone as an initiator was
supplied by Aladdin Industrial Corporation (Shanghai, China). All
the reagents and solvents were commercially available and used
without puriﬁcation.
Preparation of SN Hydrogels
The solvent mixture, NaOH/urea/H2O with a weight ratio of
7:12:81, was precooled at −12.5  C. Then, 5.13 g of cellulose was
dispersed in the precooled solvent and vigorously stirred for
5 min. A translucent and viscous solution was formed. In order
to construct chemically crosslinked RC hydrogels with different
crosslinker densities, desired amount of ECH (the molar ratio of
ECH to GU in cellulose molecular chain was 1:1, 3:1, and 5:1, the
corresponding volume of ECH was 2.48, 7.45, and 12.41 mL,
respectively) was added dropwise to the cellulose solution under
stirring. The cellulose solution was then degassed by

centrifugation at 8000 rpm for 5 min. The as-prepared cellulose
solution was placed in a 50  C blast oven for 24 h to form RC SN
hydrogels. All the RC SN hydrogels were immersed in deionized
water to wash NaOH, urea, and remaining ECH away. The RC SN
hydrogels were used as the ﬁrst network in this work and coded as
RCX (“X” represents the molar ratio of ECH to GU, “X” = 1, 3, 5).
In order to prepare PAAm SN hydrogels with different crosslinking
densities, the precursor solutions with different concentrations (1, 2,
3, 4, and 5 M, respectively) were prepared by dissolving AAm
monomer in 1 L deionized water, which contained 0.2 mol % of
MBAA and 0.1 mol % of 1-hydroxycyclohexyl phenyl ketone. The
solution was then poured into the centrifuge tube. After irradiation
with ultraviolet (UV) light of 365 nm wavelength for 8 min, the
PAAm SN hydrogels were obtained. PAAm hydrogels prepared
from different concentrations of AAm monomer solution were
coded as PAAmY (“Y” represents the AAm monomer concentration, “Y” = 1, 2, 3, 4, and 5 mol L−1).
Preparation of RC/PAAm DN Hydrogels
The prepared RC hydrogels were immersed and swollen in the AAm
solutions mentioned above for 7 days. After removing the solution
on the surface of swollen RC hydrogels with ﬁlter paper, the RC
hydrogels containing AAm monomers were irradiated by UV light
of 365 nm wavelength for 8 min. In this way, the second PAAm network was polymerized in the presence of the ﬁrst network of RC,
and the RC/PAAm DN hydrogels were obtained. They were coded
as RC/PAAmX-Y (“X” and “Y” represent same meanings as aforementioned). All samples were immersed in water until they reached
equilibrium swelling state before subsequent characterization.
Characterization
Total reﬂection mode FTIR measurements were performed on an
FTIR spectrometer (Nicolet 6700; Thermo Fisher Scientiﬁc,
Waltham, Massachusetts, USA). All spectra in the range of
650–4000 cm−1 with 4 cm−1 spectra resolution were obtained from
freeze-dried hydrogels that were compressed to discs directly.
The TGA were conducted with thermogravimetric analyzer
(TG 209 F1; NETZSCH, Selb, Germany), heating samples from
ambient temperature to 800  C at the heating rate of 10  C min−1
in a nitrogen atmosphere.
Mechanical Properties of Hydrogels
Compression tests of the hydrogels were performed using a universal
testing machine (5699; Instron, Boston, Massachusetts, USA). For the
compression tests, cylindrical samples (with a diameter of 25 mm and
a height of 25 mm) were placed between two parallel metal plates collected to a load cell and compressed at a rate of 5 mm min−1 at room
temperature until the compression strain reached 70%. The elastic
modulus was determined by the average slope over the compression
strain of 0–20% from the compression stress–strain curves. Three
specimens were tested for each hydrogel sample with a set composition, and the measured values were averaged. The cycle compression
tests of the hydrogels were carried out by the same testing system
and parameters. There were four cycles during the cycle compression, and the compression strain was set at 20, 30, 40, and 50%,
respectively. The capacity of energy dissipation was estimated by the
area of hysteresis loop.
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Swelling Properties of Hydrogels
The gravimetric method was employed to measure the swelling ratios
(SRs) of the hydrogels in distilled water at 25  C. The equilibrium
water content (EWC) in the hydrogels was quantiﬁed as eq. (1):
EWC = ðW s − W d Þ=W s × 100%

ð1Þ

where Ws is the weight of swollen hydrogels and Wd is the weight
of the hydrogels in the dry state.29 Each value was averaged over
three parallel samples.
To clarify the swelling behavior, the dried hydrogel samples were
again immersed in distilled water to rehydrate at 25  C. The samples were removed out from water at regular time intervals. The
weights of the hydrogels were recorded after removing the water
on the surface with ﬁlter papers. The result was expressed as SR,
which can be calculated by eq. (2):
SR = ðW t − W d Þ=W d × 100%

ð2Þ

where Wt is the weight of the reswollen hydrogels at time t and
Wd is the weight of dried hydrogels.30 When the hydrogels
achieved equilibrium state, the SR was coded as electron spin resonance (ESR).
RESULTS AND DISCUSSION

Synthesis and Structure of RC/PAAm DN Hydrogels
Figure 1 shows the procedure to prepare RC/PAAm DN hydrogels
using typical a two-step sequential method. The ﬁrst step is to synthesis RC SN hydrogels. ECH dissolved in cellulose solution takes
crosslinking reaction with cellulose. The proposed mechanism for
the crosslinking reaction of cellulose with ECH is shown in Figure 2
(a). ECH reacts with the hydroxyl groups of cellulose through nucleophilic attack of the alcoholate anion, and a new epoxide is formed
by chloride displacement. Subsequently, another nucleophilic attack
reaction occurs between the new epoxide and another hydroxyl,

resulting in the crosslinking between different cellulose chains.31,32
Then, the RC hydrogels are immersed in AAm solution containing
MBAA and 1-hydroxycyclohexyl phenyl ketone. The second network
reactants slowly diffuse into the RC hydrogel, and the free-radical
polymerization of AAm monomer occurs under UV irradiation.
MBAA with C C at both ends participated in the polymerization
of two PAAm molecular chains, resulting in crosslinking between
the PAAm molecular chains, as shown in Figure 2(b).33,34
The digital photographs of RC SN hydrogels with different molar
ratios of ECH to GU unit and RC/PAAmX-Y DN hydrogels are
shown in Figure S1. The transparency of RC/PAAm DN hydrogels [Figure S1(b)] increases with the increase of the content of
ECH. That is because a large number of hydrogen bonds still
exist in RC hydrogels when the molar ratio of ECH to GU (ECH:
GU) is low. The coexisting hydrogen bonds and chemical bonds
damage the heterogeneity of the structure of the hydrogels.35
However, with the ECH:GU increases to 5:1, more hydroxyls of
intermolecular chains preferentially react with ECH to generate
chemical bonds. The chemical bonds act as spacers between cellulose intermolecular chains perturbing their self-association and
preventing packing, leading to a more homogeneous chemical
networks with higher transparency in the wet state. As shown in
Figure S1(c), the transparency of RC/PAAm DN hydrogels
slightly decreases with the increase of the concentration of AAm
solution, indicating that the PAAm network can well dispersed in
RC hydrogels. In fact, the RC1 SN hydrogel is fragile during
immersing process, and the surfaces of the corresponding
RC/PAAm DN hydrogels are rough. In addition, the strength
and toughness of PAAm SN hydrogel and RC/PAAm DN hydrogel are increased with the increase of AAm concentration. So the
characterization results of RC5, PAAm5, and RC/PAAm5-5
hydrogels are chosen as typical data in the following.
FTIR spectroscopy was carried out to characterize the chemical
structure of pure cellulose, SN hydrogels, and RC/PAAm hydrogels, the results are shown in Figure 3. In order to compare the

Figure 1. Schematic procedure of RC/PAAm DN hydrogels using a two-step method. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Figure 2. (a) The proposed mechanism for the crosslinking reaction of cellulose with ECH. (b) The proposed mechanism for the crosslinking reaction of
PAAm with MBAA.

content of speciﬁc functional groups, the FTIR spectra have been
normalized based on the absorption intensity of glycosidic bond at
896 cm−1. Compared to the FTIR spectrum of pure cellulose, which
presents characteristic absorption bands at 3300 cm−1 ascribed to
hydroxyl stretching, the hydroxyl characteristic absorption peak of
RC5 occurred in a certain blueshift at 3362 cm−1 resulted from
the reduce of the amount of hydrogen bonds.36,37 The blueshift
gradually occurs as ECH:GU increases from 1:1 to 5:1, as shown in
Figure S2, indicating that more hydroxyls have reacted with ECH
and the amount of hydrogen bonds is reduced. The peak at

Figure 3. The FTIR of pure cellulose, RC5, PAAm5, and RC/PAAm5-5.
[Color ﬁgure can be viewed at wileyonlinelibrary.com]

2900 cm−1 corresponded to methylene vibration of pure cellulose
was divided into two peaks at 2918 and 2880 cm−1 in the curve of
RC5, rooting in the asymmetric stretching vibration and symmetrical stretching vibration of the methylene group on RC5.38 Moreover,
the peak area of methylene belong to RC5 is larger than that of pure
cellulose, suggesting the increase of the methylene content. All the
above results indicate that chemical crosslinking reaction occurs
between hydroxyl of cellulose and epoxide of ECH. In the curve of
RC/PAAm5-5, the peaks of 3188 and 1652 cm−1 correspond to the
stretching vibration of N H and in-plane deformation vibration of
NH2. And the peaks of 1605 and 1417 cm−1 ascribe to the carbonyl
moiety and the presence of the vibration of C N, respectively.39,40
Those means a PAAm network is successfully constructed in the
RC hydrogel, and the RC/PAAm DN hydrogel is prepared.
In order to further conﬁrm the formation of DN, we further conducted a TGA of pure cellulose, RC5, PAAm5, and RC/PAAm5-5, as
shown in Figure 4(a) (TGA curves) and Figure 4(b) [differential
thermogravimetry (DTG) curves]. For the pure cellulose and RC5,
the weight loss between 30 and 263  C is resulted from the evaporation of water. The decomposition begins from 263  C, corresponding
to some volatile substances and gases.41 Subsequently, the region of
crystalline begins to degrade, and the weight of the system drastically
decreased until 325  C.42,43 The maximum rate of weight loss is at
288 and 305  C, respectively, for pure cellulose and RC5. According
to the TGA curve of PAAm5, three main events of degradation are
presented, which is consistent with other work previously reported.44
Before 180  C, residual water in PAAm5 starts to evaporate. Then,
from 180 to 293  C, the primary decomposition of PAAm5 appears
due to the condensation between adjacent amide groups and volatile
substances such as amines. With continued heating to 344  C, the
secondary decomposition of PAAm appears due to the breakage of
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Figure 4. (a) TGA and (b) DTG thermograms of pure cellulose, RC5, PAAm5, and RC/PAAm5-5. [Color ﬁgure can be viewed at wileyonlinelibrary.com]

branches. The main chain begins to break at 372  C,44 while the
decomposition of PAAm basically completes at 420  C. For the
RC/PAAm5-5, water evaporation occurs before 150  C. During
150 and 280  C, the weight loss rate obviously accelerates compared
to that of PAAm5 because of the degradation of cellulose apart from
PAAm. The maximum weight loss rate of RC/PAAm5-5 occurs at
315  C, which is between that of RC5 and PAAm5. The reason is
that the PAAm network has good compatibility with the RC network.
These results also indicate that the RC/PAAm DN hydrogel is successfully prepared.

network, C2 is the AAm monomer concentration in the feed mixture, and ρ1 and ρ2 are the densities of cellulose (1.62 g cm−3) and
PAAm (1.30 g cm−3), respectively. ρp and ρs are the densities of
hydrogel and water (0.9971 g cm−3), respectively.48 SD is the equilibrium swelling degree of hydrogels. C1, ρp, and SD are calculated by
eqs. (8)–(10), respectively.

Crosslinking Density of Hydrogels
To better understand the structure of hydrogels, the crosslinking
density (υ*c ) was determined according to an afﬁne network
model45–48 using eq. (3):


2=3 1=3
v*c = G= RTυ2, r υ2, s

ð3Þ

where G is the elastic modulus of the swollen hydrogel,47 R is the
universal gas constant, T is the absolute temperature (K), and υ2,r
and υ2,s are the volume fractions of polymers in relaxed (after
preparation) and swollen states, respectively. υ2,r and υ2,s are calculated by eqs. (4) and (5), respectively.
υ2, r = υ1 + υ2

ð4Þ


 −1
υ2, s = 1 + SDρp =ρs

ð5Þ

υ1 = M 1 C 1 =ρ1

ð6Þ

υ2 = M 2 C 2 =ρ2

ð7Þ

where υ1 and υ2 are the volume fractions of cellulose and PAAm
in relaxed state, respectively. M1 is the molecular weight of GU
in cellulose, C1 is the GU concentration in the hydrogels, M2 is
the average molecular weight of the repeating unit of PAAm

C1 = n1 =V

ð8Þ

ρp = ρ1 υ1 + ρ2 υ2 + ρs ð1− υ1 − υ2 Þ

ð9Þ

SD = ðW S −W d Þ=W d

ð10Þ

where n1 is the amount of GU in the hydrogels (0.03166 mol),
V is the volume of hydrogels, WS is the weight of swollen hydrogels, and Wd is the weight of the hydrogels in the dry state.
The results of above calculations are listed in Table I. The
crosslinking density (υ*c ) of RC/PAAm DN hydrogels generally
decreased with the increasing ECH:GU due to the formation of
chemical bonds, which could block the formation of hydrogen
bonds between cellulose chains. υ*c of RC/PAAm DN hydrogels
generally increased with the increasing AAm concentration due
to the formation of a tighter PAAm network.
Mechanical Properties
The Effects of ECH to GU Molar Ratio and AAm Concentration on Mechanical Property. Uniaxial compression test was
used to characterize the mechanical property of hydrogels. The
superior mechanical properties of RC/PAAm DN hydrogel are
showed in Figure S3 with good resiliency and excellent shape
recovery property. Obviously, the RC/PAAm DN hydrogel possesses the ability to restore rapidly to its original shape upon
removal of the external compression stress. Figure 5(a) shows the
stress–strain curves of the RC5, PAAm5 SN hydrogels, and
RC/PAAm5-5 DN hydrogel with a ﬁnal strain of 70% under uniaxial compression. The compression stress (σ) at strain of 70%
and Young’s modulus are listed in Table II. The compression
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Table I. Structure Parameters for Hydrogels
Sample

SD (g g−1)

ρp (g cm−3)

C1 (mol L−1)

υ2

υ2,r

υ2,s

υ*c (mol m−3)

RC5

51.6

1.005

0.158

PAAm5

9.6

1.080

0

0.016

0

0.016

0.019

254.9

0

0.273

0.273

0.088

RC/PAAm1-5

6.3

1.091

0.172

116.7

0.017

0.273

0.290

0.127

RC/PAAm3-5

7.0

1.086

465.9

0.105

0.011

0.273

0.284

0.116

222.2

RC/PAAm5-5

7.1

RC/PAAm5-1

36.0

1.085

0.088

0.009

0.273

0.282

0.115

234.6

1.024

0.159

0.016

0.055

0.071

0.026

RC/PAAm5-2

114.0

14.8

1.039

0.137

0.014

0.109

0.123

0.061

147.4

RC/PAAm5-3

7.6

1.054

0.118

0.012

0.164

0.176

0.111

187.0

RC/PAAm5-4

7.3

1.069

0.102

0.010

0.218

0.228

0.113

260.0

stress increases slowly with the increase of strain, indicating that
hydrogels have good ﬂexibility and toughness.49 Obviously, compared to the RC5 and PAAm5 SN hydrogels, the RC/PAAm5-5
DN hydrogel possesses much better mechanical properties and
shows a higher resistance to compression. The compression stress
and elastic modulus are showed in Figure 5(b,c). It is noted that the
compressive strength of RC/PAAm5-5 DN hydrogel (stress = 459.8
kPa) is about four times higher than that of RC5 (stress = 107.0 kPa)
and PAAm5 (108.8 kPa) SN hydrogels. The elastic modulus of RC5
and PAAm5 SN hydrogels is 10.6 and 54.1 kPa, respectively. And
the elastic modulus of RC/PAAm5-5 DN hydrogel increases to
121.4 kPa. These indicate that the mechanical properties of hydrogels are enhanced sharply by introducing PAAm network into RC

υ1

hydrogel. On the one hand, the introduced PAAm network
increases crosslinking points in the RC hydrogel and provides
more supporting points to resist the compression stress. On the
other hand, friction among polymer chains can be enhanced
largely and restrict the movement of the chains by introducing
PAAm network into RC hydrogels. So compared to SN hydrogels, it need more force to achieve the same strain when the
RC/PAAm DN hydrogels are compressed.50
The crosslinking density in the ﬁrst network and the concentration
of the AAm monomer have considerable impact on the mechanical properties of hydrogels.51 To gain insight into the reinforcement mechanism of the RC/PAAm DN hydrogels, we measured

Figure 5. (a) Compression stress–strain curves of RC5, PAAm5, and RC/PAAm5-5 hydrogels; (b) compression stress of RC5, PAAm5, and RC/PAAm5-5 hydrogels at strain of 70%; and (c) compression modulus of RC5, PAAm5, and RC/PAAm5-5 hydrogels. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Table II. Swelling and Mechanical Properties of RC5, PAAm5, and RC/PAAm Hydrogels
Sample

ECH:GU

CAAm

EWC (%)

ESR (%)

σ (kPa) (ε = 70%)

Modulus (kPa)

RC5

5:1

0

98.1  0.6

1985

107.0  1.5

10.6  0.8

PAAm5

0

5

90.6  0.2

925

108.8  0.41

54.1  2.1

RC/PAAm 1-5

1:1

5

86.2  0.1

478

633.1  13.3

254.3  8.1

RC/PAAm 3-5

3:1

5

87.6  0.4

513

430.1  43.0

115.9  18.7

RC/PAAm 5-5

5:1

5

87.7  0.2

703

459.8  52.9

121.4  12.2

RC/PAAm 5-1

5:1

1

97.3  0.4

1332

177.3  14.5

14.4  1.9

RC/PAAm 5-2

5:1

2

93.5  0.7

1186

185.9  5.2

35.5  1.3

RC/PAAm 5-3

5:1

3

88.3  1.2

920

302.5  10.8

69.8  5.4

RC/PAAm 5-4

5:1

4

88.0  0.2

841

418.6  12.8

116.4  7.5

the compression property of RC/PAAm DN hydrogels with different
molar ratios of ECH to GU units and various concentrations of
AAm. When ECH:GU is increased from 1:1 to 5:1, the compressive
stress decreases from 633.1 to 459.8 kPa, and the modulus decreases
from 254.3 to 121.4 kPa [the stress–strain curves are shown in
Figure 6(a), the statistical results are shown in Table II] due to the
interplay of the increased fragile chemical crosslinking density of the
cellulose network and the decreased density of hydrogen bonding
interactions.12 The chemical bonds with longer bond length act as
spacers between cellulose intermolecular chains perturbing their
hydrogen bonding interactions and preventing densely packing,
resulting in a decrease in the density of hydrogen bonding dramatically, although there is a certain amount of chemical crosslinking
formed. The same tendency has been observed under the compression of RC SN hydrogels (see Figure S4, Supporting Information).
We also investigated the effect of AAm solution with different
concentrations on the compression properties of RC/PAAm DN
hydrogels as shown in Figure 6(b) and Table II. Obviously, the
compression stress and modulus of the hydrogels increase with
the increasing concentration of AAm. That is because the
crosslinking density increases with the increasing concentration
of AAm, more supporting points and friction are provided to

resist the external force. As a result, the concentration of AAm
solution is crucial to enhance the mechanical properties of
RC/PAAm DN hydrogels.
The Effects of ECH:GU and the AAm Concentration on the
Energy Dissipation Properties. To further investigate the recovery and energy dissipation properties of the hydrogels, a cycle
compression test was performed on the hydrogels as shown in
Figure 7. The hysteresis loops, representing energy dissipation,
are presented in each loading–unloading cycle. The energy dissipation increases with increasing the strain (Table III), which suggests that the internal fracture of these hydrogels is not a single
process.52 Besides, the loading curve is sandwiched between the
loading curve and unloading curve of the previous cycle compression, because the reversible deformation and permanent fracture occur at the same time. Each loading curve of RC5 hydrogel
is closer to the unloading curve in the previous cycle, while the
loading curves of PAAm5 are closer to the loading curves in the
previous cycle [Figure 7(a,b)]. That means the RC5 hydrogels
mainly undergo permanent fracture during compression process,
while reversible deformation dominates the compression process
of PAAm5 with the strain up to 50%.53 Compared to the RC and

Figure 6. (a) Compression stress–strain curves of RC/PAAm DN hydrogels with different molar ratios of ECH to GU units. (b) Compression stress–strain
curves of RC/PAAm DN hydrogels with different concentrations of AAm solution. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Figure 7. Cycle compression stress–strain curves of the (a) RC5, (b) PAAm5, and (c) RC/PAAm5-5 hydrogels with differently maximum strains. [Color ﬁgure
can be viewed at wileyonlinelibrary.com]

PAAm SN hydrogels, the energy dissipation of RC/PAAm DN
hydrogels are even more remarkable under loading–unloading
cycles [Figure 7(c)]. At strain of 50%, the energy dissipation of
Table III. Energy Dissipation During Loading–Unloading Process
(Unit: kJ m−3 )

Sample

First
cycle

Second
cycle

Third
cycle

Fourth
cycle

RC5

4.2

20.9

73.3

192.4

PAAm5

3.4

15.5

32.3

59.5

RC/PAAm1-5

42.4

217.6

429.9

998.5

RC/PAAm3-5

43.2

121.2

269.9

555.7

RC/PAAm5-5

24.2

77.3

182.9

383.8

RC/PAAm5-1

8.1

26.6

72.7

161.8

RC/PAAm5-2

13.4

41.9

105.9

224.6

RC/PAAm5-3

21.7

58.3

158.2

271.2

RC/PAAm5-4

22.5

66.7

162.8

333.2

RC/PAAm5-5 hydrogel reaches 383.8 kJ m−3, which is about two
times higher than that of RC5 hydrogel (192.4 kJ m−3) and six
times higher than that of PAAm5 hydrogel (59.5 kJ m−3). What is
more, it is worth noticing that the RC/PAAm5-5 DN hydrogels
exhibit excellent shape recovery property. Although the energy dissipation steadily increases up to 50% strain, the compression stress
returns to the origin after unloading for each cycle [Figure 7(c)].
Conversely, the RC5 hydrogel retains permanent deformation after
unloading. We speculate that the effective energy dissipation and
recovery properties of RC/PAAm DN hydrogels are attributed to
the collective effect of RC network and PAAm network. Under
compression, the RC network in RC/PAAm DN hydrogel is broken ﬁrst as “sacriﬁcial bonds” and dissipates lots of energy. However, reversible deformation mainly occurs during this process for
PAAm network.54,55 So the RC/PAAm DN hydrogels are not destroyed and recover to the original shape after unloading.
The effects of ECH:GU and the concentration of AAm solution on
the energy dissipation property of RC/PAAm DN hydrogels are
evaluated under cycle compression model. The loading–unloading
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Figure 8. (a) EWCs of RC5, PAAm5, and RC/PAAm5-5 hydrogels. (b) SRs of hydrogels with different molar ratios of ECH to GU or different AAm concentrations. [Color ﬁgure can be viewed at wileyonlinelibrary.com]

stress–strain curves of RC/PAAm1-5 and RC/PAAm3-5 hydrogels
are showed in Figure S5(a,b), respectively. The energy dissipation
values are calculated and listed in Table III. When the ECH:GU
increases from 1:1 to 5:1, the energy dissipation of the RC/PAAm
DN hydrogels decreases from 998.5 to 383.8 kJ m−3 at strain of 50%.
This can be attributed to the increase of fragile chemical crosslinking
bonds of cellulose network.12 RC/PAAm5-5 has higher crosslink density, which means it is more fragile, and in turn has lower energy dissipation value compared to RC/PAAm1-5. Interestingly, when the
concentration of AAm increases to 5 mol L−1, the energy dissipation
of RC/PAAm DN hydrogels increases to 383.8 kJ m−3 at strain of
50% in loading–unloading process, which increases 137% than that of
RC/PAAm DN hydrogels acquired from AAm solution with a concentration of 1 mol L−1. Under compression, reversible deformation
happens in the PAAm network and more energy is needed to overcome the increasing supporting points and friction.
The Swelling Behaviors
Figure 8(a) shows the EWC of RC5, PAAm5 SN hydrogels, and
RC/PAAm5-5 DN hydrogels. RC5 possessed a highest EWC at
98.1%, causing a degrading mechanical performance.56 After integrating the PAAm network, the EWC of RC/PAAm hydrogels
decreases to 87.7%, thanks to the increasing crosslinking intensity. As depicted in Figure S6, the EWC of RC/PAAm DN hydrogels decreases when ECH:GU decreases from 5:1 to 1:1 or the
concentration of AAm increases from 1to 5 mol L−1. Combining
the previous compression test, it suggests that the higher the
EWC of the hydrogels, the lower the compressive strength.
Figure 8(b) shows the typical swelling curves of the hydrogels
with different molar ratios of ECH to GU or different concentrations of AAm as a function of the swelling time. And the ESR
values of hydrogels are summarized in Table II. It can be found
that the ESR of RC/PAAm5-5 hydrogel is smaller than RC5 and
PAAm5 hydrogels. Simultaneously, the ESR of the RC/PAAm DN
hydrogels decreased from 1332 to 703% by increasing the AAm
concentration from 1 to 5 mol L−1. It is well known that the swelling properties of hydrogels mainly depend on the effective
crosslinking density of the hydrogels.57 The RC/PAAm DN hydrogels with higher PAAm content lead to more densely crosslinked

networks, thus decreasing the SRs of the hydrogels. However, while
ECH:GU increases from 1:1 to 5:1, the SR increased from 478 to
703%. We assume that the chemical crosslinking between ECH
and cellulose chains could lengthen the distance between cellulose
chains and result in an enhanced water absorption property and
thus larger SR.
CONCLUSIONS

In the current work, a chemical DN hydrogel composed of chemically crosslinked RC and chemically associated PAAm has been successfully prepared by a two-step method. FTIR and TGA clearly
verify the presence of two networks in the RC/PAAm DN hydrogel.
The introduction of PAAm network signiﬁcantly improves the
mechanical properties of RC/PAAm hydrogel. The compressive
strength and modulus of RC/PAAm hydrogel are about 4.3 times
and 11.5 times higher than that of RC hydrogel, respectively.
Besides, the RC/PAAm DN hydrogels possess admirable shape
recovery and energy dissipation properties. ECH:GU and the concentration of AAm precursor are identiﬁed to be two essential factors in the control of the physical properties of the RC/PAAm DN
hydrogels. The mechanical properties of the hydrogels increase,
when ECH:GU decreases or the concentration of AAm precursor
increases. In addition, the EWC and the equilibrium SR of the
RC/PAAm DN hydrogels are smaller than the SN hydrogels. The
EWC and the equilibrium SR decreased with the decreasing ECH:
GU or the increasing concentration of AAm solution. Collectively,
high strength and good shape recovery DN hydrogel is prepared by
introducing PAAm network into RC hydrogel, which could expand
the application ﬁelds of cellulose hydrogels.
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