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Abstract Cellulose hydrogels usually have poor

mechanical properties which seriously limit their

applications in biomedical or industrial fields. Herein,

an interpenetrating polymer network strategy was

proposed to construct double network hydrogels

composed of cellulose and polyacrylamide with high

mechanical strength and pH responsive properties.

The synergistic interactions and strong hydrogen

bonds between two networks contributed to the

dissipation of mechanical energy, as evidenced by

the compressive stress–strain and rheology analyses.

The compressive strength and compressive modulus

for cellulose–polyacrylamide interpenetrating net-

work (C–PAM IPN) hydrogels could reach up to

5.62 and 22.47 MPa, which is nearly 18 and 23 times

higher than that of cellulose hydrogels. Moreover,

these tough C–PAM IPN hydrogels exhibit pH sensi-

tive properties in various pH solutions. Therefore, this

paper provides a general strategy to enhance the

mechanical and physical properties of cellulose-based

hydrogels, which are potentially useful in developing

novel cellulose-based hydrogels and expanding their

applications.

Keywords Cellulose � Polyacrylamide � In situ
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Introduction

Hydrogels, which are chemically and/or physically

cross-linked three-dimensional hydrophilic polymeric

networks, have attracted great attention in various

applications such as agriculture (El-Rehim 2010),

tissue engineering (Sivashanmugam et al. 2015),

sensor (Tang et al. 2016), contact lenses (Ashtiani

et al. 2018), wound dressings (Fan et al. 2014),

hemostasis bandages (Qin et al. 2016) and drug

delivery systems (Matricardi et al. 2013). In particular,

great interest has been focused on stimuli-responsive

composite hydrogel based on natural polymer such as

cellulose, starch, chitosan and alginate (Qiu and Hu

2013). However, most of the individual cross-linked

hydrogels had disadvantage of low mechanical

strength, which hindered their further applications as

soft and hydrophilic smart materials.

Recently, extensive efforts have been made to

modulate the mechanical strength of hydrogel.
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Interpenetrating polymer network (IPN) system is one

of the most efficient approaches to toughening hydro-

gels (Sahiner and Demirci 2017). The 3D structure of

IPN is composed of two or more independently and

non-covalently cross-linked polymer networks (Dra-

gan 2014). These polymer networks held together by

permanent entanglements and physical interactions so

as to facilitate the construction of hydrogels with good

stability unless chemical bonds are broken (Bajpai

et al. 2008). To date, various multicomponent hydro-

gel, such as polyvinyl alcohol/sodium alginate/cellu-

lose nanofibers (Yue et al. 2016), polyacrylic acid/

quaternized cellulose/polyvinyl alcohol (Wang et al.

2017), polyacrylamide/montmorillonite (Guorong

et al. 2015), based on interpenetrating polymer

networks (IPNs) with improved mechanical perfor-

mance have been fabricated. Naseri et al. (2016)

reported a double cross-linked IPN hydrogels based on

cellulose nanocrystals (CNC) in a matrix of sodium

alginate/gelatin with significant improvements in the

tensile strength and strain. Li et al. (2015) successfully

fabricated polyacrylamide/sodium alginate (PAM/

SA) IPN hydrogels from Ca2? crosslinked SA and

covalently crosslinked PAM, the fracture strength of

which reaches to 2.0 MPa. Compared with the indi-

vidual cross-linked hydrogels, the IPN hydrogels show

better mechanical performance owing to the effective

physical entanglement (Bajpai et al. 2008). In some

cases, unique properties such as self-healing, high

strength, high toughness and antibacterial ability can

be observed in the interpenetrating polymer networks

that are not shown in either of the two individual

networks alone (Myung et al. 2010; Wang et al. 2017;

Guorong et al. 2015).

Polyacrylamide (PAM) is considered to be the most

widely explored polymers for the preparation of

hydrogels due to its nontoxicity, biologically inert,

long-chain lengths, and the convenient adjustability of

mechanical and chemical properties (Zhou and Wu

2011). Therefore, PAM hydrogels have attracted

widespread interest because of its potential applica-

tions in waste treatments (Saber-Samandari et al.

2013), drug delivery (Sabbagh and Muhamad 2017)

and tissue engineering (Kong et al. 2016). Up to now,

several studies have been carried out to prepare PAM

IPN hydrogels via free radical polymerization (Kim

and Park 2004; Singh et al. 2007; Yin et al. 2007).

Ilmain et al. (1991) prepared an IPN hydrogel based on

poly(acrylamide) and poly(acrylic acid), and the IPN

hydrogels presented large volume transitions driven

by hydrogen bonding between these two networks.

The other IPN hydrogels consisting of an ionically

cross-linked gellan gum and a covalently cross-linked

poly(acrylamide) were synthesized by Bakarich et al.

(2012). Compared with the respective single network

hydrogels, the resulting IPN hydrogels with double

network structure presented improved mechanical

properties.

Cellulose is a biodegradable and biocompatible

biopolymer which has been chosen as a good candi-

date for the fabrication of hydrogels (Chang et al.

2014; Huang et al. 2016). In previous reports, the

aqueous alkali/urea solution was introduced to afford

transparent cellulose hydrogels via regeneration due to

its good dissolution ability for cellulose at low

temperature (- 12 �C) (Cai et al. 2008). IPN hydrogel

based on cellulose could be synthesized by the radical

polymerization of monomer within the cellulose

hydrogel or mixture of biopolymers and synthetic

polymers with polymerizable groups (Ciolacu and

Suflet 2018). Qu et al. (2015) prepared a car-

boxymethyl cellulose/poly(methyl acrylate) IPN

hydrogel with combination of hydrophobic polymer

and biopolymer via fractional step method, and the

IPN hydrogel exhibited more favorable mechanical

properties. Moreover, Pandey et al. (2013) synthesized

a smart-swelling hydrogel by graft polymerization of

acrylamide on bacterial cellulose solubilized in an

NaOH/urea aqueous system. The composite hydrogel

showedmore uniform porosity structure distribution, a

higher sensitivity towards pH and ionic solution

compared to that of pure PAM hydrogel, which can

be explored further for oral drug delivery. Further-

more, some other polymers such as polyethylene

glycol (Liang et al. 2010), polyacrylic acid (Bajpai

et al. 2013) and poly(vinyl alcohol) (Chang et al.

2010a), were used to modulate the strength of

cellulose hydrogels prepared in NaOH/urea solvent

system, but to the best of our knowledge, few

researches on the fabrication of cellulose/PAM IPN

hydrogels based on NaOH/urea solvent system with

high strength and pH-responsive properties have been

reported.

In this study, we attempt to improve the mechanical

properties of the cellulose hydrogels by using inter-

penetrating polymer network (IPN) technology. The

cellulose hydrogels regenerated from NaOH/urea

solvent system via chemically cross-linking were
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employed as the first network, and the second network

was constructed by in situ polymerization of acry-

lamide (AM) in the cellulose hydrogels, resulting in

the fabrication of cellulose–polyacrylamide interpen-

etrating network (C–PAM IPN) hydrogels with double

networks structure. The chemical structure and mor-

phology of the C–PAM IPN hydrogels were investi-

gated by XRD, FTIR, solid-state 13CNMR and SEM.

Moreover, the effects of different monomer (AM)

concentration of the second network on the mechan-

ical, swelling and pH-responsive properties of the

obtained C–PAM IPN hydrogels were discussed as

well.

Experimental

Materials

Bleached bamboo pulp (a-cellulose[ 96%) sheet

obtained from Nanping Paper CO., Ltd. (Nanping,

Fujian, China) was dried at 80 �C for 12 h and beaten

for 2 min to obtain powdered cellulose by using a high

efficiency pulverizer (LFP-2500A, Yongkang hong-

taiyang electromechanical Co., Ltd., China) prior to

use. The molecular mass distribution of bleached

bamboo pulp was determined by gel permeation

chromatography. The weight average molecular

weight (Mw) and the number average molecular

weight (Mn) of bamboo pulp were determined as 203

000 and 58 000, respectively. NaOH, and urea were

obtained from Sinopharm Chemical Reagent Co., Ltd

(Beijing, China). Epichlorohydrin (ECH), acrylamide

(AM), potassium persulfate (KPS) and N,N0-methy-

lene-bis(acrylamide) (MBAA) were purchased from

Aladdin Industrial Corporation (Shanghai, China). All

reagents were used as received, and deionized (DI)

water was used for all experiments.

Synthesis of cellulose–polyacrylamide

interpenetrating network hydrogels

The cellulose–polyacrylamide interpenetrating net-

work (C–PAM IPN) hydrogels were constructed via a

two-step method. In the first step, chemically cross-

linked cellulose hydrogel was synthesized as previ-

ously reported (Chang et al. 2010a, b; Zhou et al.

2007). A 96.0 g aqueous solution of 7 wt% NaOH/

12 wt% urea was pre-cooled (- 25 �C) for 10 h. After

frozen solution was partly thawed at ambient temper-

ature, 4.0 g of powdered cellulose was added and

stirred extensively to produce a 4.0 wt% homoge-

neous cellulose solutions. Subsequently, 5.0 mL

epichlorohydrin was dropwise added into cellulose

solution and stirred for additional 40 min to achieve a

homogeneous solution. After the air bubbles were

removed by ultrasonication, the cellulose solution was

poured into glass plates (20 mm in diameter and

10 mm in height) and maintained in a refrigerator at

- 25 �C for 24 h, leading to the gelation of the

mixtures. The obtained chemical crosslinked cellulose

hydrogels were purified by soaking in large amount of

pure water for several days to remove residual reagent

completely (Chang et al. 2010a, b, 2011). At the

second step, the purified disc-shaped cellulose hydro-

gel was immersed in a large amount of aqueous AM

solution with various concentrations ranging from 1 to

5 mol/L containing 0.1 mol% MBAA and 0.1 mol%

KPS for 3 days until equilibrium was reached. The

second network was subsequently polymerized in situ

at 60 �C for 6 h in the first network of cellulose. The

obtained C–PAM IPN hydrogels were purified by

soaking in a large excess of DI water for 24 h (Gao

et al. 2014; Yang et al. 2013).

The synthesized IPN hydrogels based on 1, 2, 3, 4

and 5 mol/L AM aqueous solutions were designated as

C–PAM-1, C–PAM-2, C–PAM-3, C–PAM-4 and C–

PAM-5, respectively. For comparison, the pure PAM

hydrogel was synthesized via free-radical polymer-

ization of 5 mol/L AM aqueous solution containing

0.1 mol%MBAA and 0.1 mol%KPS at 60 �C for 6 h.

The pure cellulose and PAM hydrogels were desig-

nated as cellulose-gel and PAM-gel, respectively.

Component content measurements

The cellulose content (Wcellulose), water content

(WH2O) and PAM content (WPAM) of the IPN hydrogels

were calculated using Eqs. 1, 2 and 3:

Wcellulose ¼
Wc � Cc

Ww

� 100% ð1Þ

WH2O ¼ Ww �Wd

Ww

� 100% ð2Þ

WPAM ¼ Wd �Wc � Cc

Ww

� 100% ð3Þ
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whereWw is the weight of the fresh IPN hydrogels,Wd

is the weight of the dried IPN hydrogels, Wc is the

weight of the cellulose hydrogel before soaking into

AM aqueous solution, and Cc is the mass concentra-

tion of the cellulose solution. The content of cellulose

was calculated without considering the dosage of

epichlorohydrin as cross-linker.

Scanning electron microscopy (SEM)

The C–PAM IPN hydrogels were frozen in liquid

nitrogen and snapped, followed by freeze-drying. The

fracture surfaces of the C–PAM IPN hydrogels were

coated with a thin layer of gold for SEM analysis using

a Hitachi SU8010 instrument (Hitachi, Japan).

X-ray diffraction (XRD)

The C–PAM IPN hydrogels were freeze-dried and

then milled to powders by hand using an agate mortar

and pestle. XRD patterns of these samples were

performed on an X’Pert Pro MPD X-ray diffractome-

ter (Philips-FEI, Netherlands) with Cu Ka radiation at

a scanning rate of 0.02� s-1. Diffractograms were

obtained in the range of 2h = 5�–60�.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out on a Nicolet 380

spectrometer (Thermo Electron Instruments Co., Ltd.,

USA). Prior to analysis, the powdered freeze-dried

IPN hydrogels were first mixed with KBr to prepare

tablets. The spectra were recorded from 4000 to

400 cm-1 at a resolution of 4 cm-1 with an average of

32 scans.

Nuclear magnetic resonance spectroscopy analysis

(NMR)

The C–PAM IPN hydrogels were freeze-dried and

then milled to powders. Solid-state 13C-NMR spectra

of samples were investigated by Bruker AVANCEIII

400 (13C frequency = 100.0 MHz). Experimental

parameters for 13C-NMR analysis were as follows:

4000 scans, spinning rate 6.0 kHz, contact time

5.0 ms, pulse delay 5.0 s and temperature of 278 K.

Thermal gravimetric analysis (TGA)

The thermal-gravimetric curves of the C–PAM IPN

hydrogels were recorded on a thermal gravimetric

analyzer (NETZSCH STA 449 F3 Jupiter). The

samples (about 5 mg) were placed in a clean platinum

pan and heated from room temperature to 600 �C with

a heating rate of 10 �C min-1 under nitrogen atmo-

sphere (flow rate = 25 mL min-1).

Mechanical measurements

Compressive measurements were performed on the C–

PAM IPN hydrogel using a universal tensile-com-

pressive tester (CMT 6104, Shenzhen SANSMaterials

Testing Co., Ltd, China). The cylindrical hydrogels

with a dimension of 20 mm 9 10 mm (diame-

ter 9 height) were tested at 5 mm min-1 of compres-

sion rate. Five specimens were tested for each sample

to ensure reproducibility. The compressive modulus

was calculated from the liner region of the stress–

strain curves. The dissipated energy, DU, was calcu-
lated from the area of the hysteresis loop:

DU ¼
Z
loading

rde�
Z
unloading

rde

where r is stress and e is strain.
The dynamic modulus C–PAM IPN hydrogels were

performed by using Rotational Rheometer MARS III

Haake (Thermo Scientific, Germany) with a parallel

plate of diameter 30 mm. The disc-shaped C–PAM

IPN hydrogels (20 mm in diameter, 2 mm in thick-

ness) were subjected to a variable strain sweeps from

0.1 to 100% at a frequency of 1.0 Hz to determine the

linear viscoelastic region. Subsequently, the oscilla-

tory frequency sweeps were investigated from 0.01 to

100 Hz at 25 �C.

Swelling behavior and pH sensitivity

measurements

To determine the equilibrium swelling ratios (ESR) of

the C–PAM IPN hydrogels, a small IPN hydrogel was

immersed in DI water for 48 h at 25 �C and thereafter

the swollen hydrogel was dried at 60 �C under vacuum

of 0.05 MPa to a constant weight. The ESR can be

calculated using Eq. 4
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ESR ¼ Ws �Wd

Wd

ð4Þ

where Ws and Wd are the weight of the hydrogel with

swollen and dried state.

The ESR of the C–PAM IPN hydrogels in different

pH solutions (ranging from 1.0 to 14.0) at 25 �C was

measured by following the same methods as that in

distilled water. The pH values were adjusted by HCl

and NaOH solutions and determined by a pH meter

(ST3100, Ohaus Corporation, USA).

Results and discussion

Preparation and chemical structure of C–PAM IPN

hydrogels

The cellulose–polyacrylamide interpenetrating net-

work (C–PAM IPN) hydrogels were fabricated via

free-radical polymerization of acrylamide (AM) in the

presence of the cellulose network (the first network) to

form the second network. The general procedure to

synthesize C–PAM IPN hydrogels through in situ

polymerization is illustrated in Fig. 1. Chemically

cross-linked cellulose hydrogel was constructed as the

first network, and then with AM as a monomer,

MBAA as a cross-linker and KPS as an initiator were

absorbed by soaking the cellulose hydrogel in their

aqueous solutions. Finally, the AM monomer-swollen

cellulose hydrogel was incubated at 60 �C for 6 h to

achieve in situ polymerization of AM, leading to the

successful fabrication of a cellulose–polyacrylamide

interpenetrating network (C–PAM IPN) hydrogel. The

composition of synthesized C–PAM IPN hydrogels

was measured and summarized in Table 1. Obviously,

the cellulose and PAM content increased as the AM

concentration increased, while the water content

showed the opposite trend. The decrease of water

content was probably due to the dehydration of

cellulose hydrogel originated from the higher osmotic

pressure in the surrounding AM/MBAA/KPS solution,

resulting in the formation of a denser network in the

C–PAM IPN hydrogel after in situ polymerization of

AM monomers. The photographs of chemical cross-

linked cellulose hydrogel, C–PAM IPN hydrogel (C–

PAM-5) and the possible interaction between cellulose

network and PAM chains were shown in Fig. 1d. After

in situ polymerization, the cellulose-based hydrogel

became more opaque and elastic, which was possibly

caused by the formation of a double network structure

composed of cellulose networks and synthesized PAM

chains. In addition, the amide groups on the PAM

chains could form hydrogen bonds with the –OH

groups on cellulose network to generate a mechani-

cally flexible and tough interpenetrating network

hydrogels.

The XRD patterns of C–PAM IPN hydrogels (C–

PAM-5), cellulose hydrogel (cellulose-gel) and PAM-

gel are shown in Fig. 2a. In the pattern of cellulose

hydrogel, the wide diffraction peaks at 2h = 20�–22�
are corresponding to the characteristic peaks of

cellulose. Meanwhile, the PAM hydrogel showed a

broad diffraction peak around 26�, representing an

amorphous phase. As for the pattern of C–PAM-5 IPN

hydrogel, it can be observed that the characteristic

peaks at 2h = 20�–22� for cellulose was weakened as

compared with cellulose hydrogel without PAM

component, along with the decreasing of crystallinity

of cellulose from 34.6 to 21.5%. These results

indicated that the amorphous PAM as the second

network was successfully introduced into cellulose

hydrogel through the in situ chemical polymerization

(Chang et al. 2010a; Liang et al. 2010).

Figure 2b shows the FTIR spectra of the C–PAM

IPN hydrogels (C–PAM-1), cellulose-gel and PAM-

gel. The cellulose-gel display a typical FTIR spectrum

of cellulose at 3446 cm-1 (O–H stretching),

2923 cm-1 (C–H symmetric stretching vibration),

1642 cm-1 (H–O–H stretching vibration), 1462 cm-1

(C–H2 scissoring vibration), 1052 cm-1 (C–O stretch-

ing vibration) and 615 cm-1 (C–O–C bridge) (Zhao

et al. 2016; Lin et al. 2017). As for the spectra of PAM-

gel, the characteristic peaks at 3192 cm-1, 1662 cm-1

and 1606 cm-1 were due to the N–H stretching

vibration, C=O stretching vibration and N–H bending

vibration of the –CO–NH2 groups (Liu et al. 2012;

Wang et al. 2017). The spectrum of the C–PAM-1

exhibited characteristic features of both cellulose-gel

and PAM-gel. Compared with the spectra of cellulose-

gel and PAM-gel, no new absorption peak was

observed for C–PAM IPN hydrogel, indicating there

was no chemical reaction occurred between cellulose

and PAM. Moreover, the adsorption peak at

3436 cm-1 for cellulose-gel shifted to 3404 cm-1

and broadened, possibly owing to the formation of

hydrogen bond between cellulose and polyacrylamide
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chains in the C–PAM IPN hydrogel (see Fig. 1d)

(Wang et al. 2017; Zhou and Wu 2011).

The composition of hydrogel network was also

investigated by the solid-state 13C-NMR spectroscopy

of the C–PAM IPN hydrogels (C–PAM-5), cellulose-

gel and PAM-gel (Fig. 3). As shown in Fig. 3, the

spectra of C–PAM-5 showed the typical peaks at

25–50 (signal 10, 20) ppm assigned to methylene (CH2)

and methine (CH) carbon of the PAM main chain and

the peak around 180 (signal 30) ppm relative to C=O of

Fig. 1 Schematic

illustration of the synthesis

of C–PAM IPN hydrogels;

(a) chemical crosslinked

cellulose hydrogel (the first

network), (b) monomers

(AM,MBAA and KSP) onto

cellulose hydrogel,

(c) cellulose–

polyacrylamide

interpenetrating network

hydrogel (C–PAM IPN

hydrogel), (d) photographs

of chemical crosslinked

cellulose hydrogel, C–PAM

IPN hydrogel (C–PAM-5)

and the possible interaction

between cellulose and PAM

networks

Table 1 Composition of C–PAM IPN hydrogels

Sample Cellulose content (w/w%) PAM content (w/w%) Water content (w/w%)

C–PAM-1 4.07 2.42 93.51

C–PAM-2 4.23 13.12 82.65

C–PAM-3 4.28 22.48 73.24

C–PAM-4 4.62 34.65 60.73

C–PAM-5 4.86 42.93 52.21

The composition of C–PAM IPN hydrogels was calculated without considering the dosage of epichlorohydrin as crosslinker
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acrylamide group (Mahfoudhi and Boufi 2016). The

characteristic peaks of the cellulose-gel were observed

around 60, 70–75, 82 and 104 ppm, which can be

assigned to the C6, C2–C3–C5, C4 and C1 carbons of

the anhydroglucosic unit, respectively (Wang et al.

2017). Compared with the solid-state 13C-NMR

spectra of the cellulose-gel and PAM-gel (Fig. 3), no

new peaks were observed in the spectra of the C–

PAM-5, further indicating that there were no covalent

bonds between cellulose and PAM chains.

Thermal behavior of C–PAM IPN hydrogels

The TG and DTG curves of cellulose-gel, PAM-gel

and C–PAM IPN hydrogels (C–PAM-5) are demon-

strated in Fig. 4. As seen from Fig. 4a, all samples

exhibited a slight weight loss at around 100 �C, which
can be ascribed to the evaporation of adsorbed water.

In high temperature range, the weight loss of all

hydrogels was different each other, and the initial

thermal degradation temperature of C–PAM-5

increased from 295 to 338 �C in comparison with

chemical crosslinked cellulose hydrogel. As clearly

shown in Fig. 4b, the maximum degradation temper-

ature appeared at 337 �C for the cellulose hydrogel

and 364 �C for PAM-gel. As for the C–PAM-5, it

increased to 408 �C, providing direct evidence that the
C–PAM-5 hydrogels based on IPN networks presented

better thermal stability in comparison to the hydrogels

based on the two individual networks alone. This may

be attributed to the synergistic improvement of IPN

network formed by PAM and cellulose, resulting in

more ordered structure with interconnected meso-

porosity in the IPN C–PAM hydrogels as can be

demonstrated by the SEM images in Fig. 5. Moreover,

in Fig. 4a, the C–PAM-5 contained more char (26.6%)

at the end of run at 600 �C, compared to that of PAM-

gel (19.3%) and cellulose-gel (8.5%), respectively.

This is probably due to the formation of more rigid

networks, higher cross-linking degree and lower

crystallinity of IPN hydrogel than that of cellulose

hydrogel.

Fig. 2 XRD patterns (a) and FTIR spectra (b) of C–PAM IPN hydrogels, cellulose-gel and PAM-gel

Fig. 3 Solid-state 13C-NMR spectra of C–PAM IPN hydrogels

(C–PAM-5), cellulose-gel and PAM-gel
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Morphologies of C–PAM IPN hydrogels

All the C–PAM IPN hydrogels synthesized from

varied concentrations of AM aqueous solutions were

subjected to freeze-drying process to prepare samples

for SEM observation. The typical SEM micrographs

of C–PAM IPN hydrogels were shown in Fig. 5, and

the parameters were listed in Table 2. As is seen in

Fig. 4 TG (a) and DTG (b) curves of cellulose-gel, PAM-gel and C–PAM IPN hydrogels (C–PAM-5)

Fig. 5 SEMmicrographs of the fractured cross sections of cellulose-gel (a) and C–PAM IPN hydrogels: C–PAM-1 (b), C–PAM-2 (c),
C–PAM-3 (d), C–PAM-4 (e) and C–PAM-5 (f)
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Fig. 5a, the chemical crosslinked cellulose hydrogel

without any PAM displayed relatively coarse texture

with porous structure, which is similar to that in

previous reports (Liu et al. 2016; Luo et al. 2016). A

great impact of PAM content on the structure of the

IPN hydrogels was identified: the density and average

pore size were increased with PAM content rising

from 0 to 42.93 wt%, and the thickness of the pore

walls also increased with an increase of PAM content.

The density of C–PAM-5 IPN hydrogel was 0.37 g/

cm3, whereas that of cellulose-gel was only 0.023 g/

cm3, indicating a more rigid network formation and

higher degree of cross-linking in IPN hydrogel than

cellulose-gel. Moreover, with the introduction of PAM

Table 2 Average pore size and density of C–PAM IPN

hydrogels

Samples Density (g/cm-3)a Average pore size (lm)b

Cellulose-gel 0.023 24.73

C–PAM-1 0.062 2.60

C–PAM-2 0.14 5.67

C–PAM-3 0.19 16.46

C–PAM-4 0.25 19.27

C–PAM-5 0.37 22.13

aDensity of C–PAM IPN hydrogels was determined according

to the weight and volume of the samples
bData obtained from SEM micrographs of the hydrogels with

image analysis software (Image J)

Fig. 6 a The compression

behavior of the cellulose-gel

(yellow), C–PAM IPN

hydrogel (red) and PAM-gel

(blue) before (left), during

(middle) and immediately

after compression (right);

b compressive stress–strain

curves of C–PAM IPN

hydrogels. The inset is the

compressive stress–strain

curves of the cellulose-gel

and PAM-gel; c the cyclic
loading–unloading curves of

C–PAM-5 (at 50% strain);

d cellulose-gel (at 50%

strain); and e PAM-gel (at

30% strain) for 10 sequential

test cycles without rest.

(Color figure online)
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into cellulose hydrogels, the scaffolds revealed porous

inner structures and the average pore size increased

from 2.60 to 22.13 lm with the increase of the PAM

content. This maybe due to the fact that the thickness

and stiffness of IPN networks potentially affected the

cooling rates to generate larger ice crystals, which

were finally represented by larger pores after freeze-

dried of these IPN hydrogels (Dong et al. 2013; Hu

et al. 2017). Furthermore, the thickness and stiffness

IPN networks with porous structure might have

significant influence on the swelling properties of C–

PAM IPN hydrogels, which will be further discussed

in the equilibrium swelling ratio analysis.

Mechanical properties of C–PAM IPN hydrogels

Figure 6a illustrates the mechanical behaviors of C–

PAM IPN hydrogel (red) compared with pure cellu-

lose-gel (yellow) and PAM-gel (blue). It was observed

that C–PAM IPN hydrogel could withstand the

compression without any obvious damages and its

original shape remained intact after release loading.

However, the pure cellulose-gel and PAM-gel were

quite fragile and easily ruptured upon compression.

The typical stress–strain curves of C–PAM IPN

hydrogels were illustrated in Fig. 6b. During the stress

loading process, the stress–strain curves of C–PAM

IPN hydrogels exhibited a linear region at initial

strains\ 30% and a region with an increasing slope at

strains 30–80%. The detailed values of compressive

parameters were summarized in Table 3. It is obvious

that as the content of PAM within C–PAM IPN

hydrogels increased, the compressive strength and

compressive modulus at breakage increased steadily,

however, due to the extremely brittle nature of PAM-

gel (Zhao et al. 2017), the fracture strain of C–PAM

IPN hydrogels decreased. It is obvious that the

compressive strength and compressive modulus of

chemical crosslinked cellulose hydrogel is only 0.31

and 0.95 MPa, respectively, and the fracture strain is

54.75%. In contrast, the compressive strength and

compressive modulus for C–PAM IPN hydrogels

could reach up to 5.62 and 22.47 MPa (C–PAM-5),

which was nearly 18 and 23 times higher than that of

cellulose-gel, and the fracture strain was 57.69%, also

much greater than that of cellulose-gel. Furthermore,

C–PAM IPN hydrogels also exhibit much better

mechanical properties than PAM-gel (compressive

strength of 0.84 MPa, compressive modulus of

1.86 MPa and fracture strain of 36.51%). Therefore,

compared with cellulose and PAM single network

hydrogels, the mechanical properties of C–PAM IPN

hydrogels could be improved significantly by intro-

ducing interpenetrating network (IPN) structure.

Moreover, as shown in Table 4, typical cellulose-

reinforcement strategies for PAM hydrogels did not

result in sets of properties comparable to those of

cellulose/PAM IPN hydrogels. The speculated reason

for the improvement of mechanical strength of C–

PAM IPN hydrogel was that the in situ polymerized

PAM chains in IPN networks were intertwined with

cellulose chains, contributing to the excellent energy

dissipation and stress bearing upon deformations

(Gong et al. 2016; Sahiner and Demirci 2017) (see

Fig. 6a).

Additionally, the cyclic compressive loading–un-

loading tests were carried out to evaluate the energy

dissipation of C–PAM IPN hydrogel as presented in

Fig. 6c, and the quantified data for energy dissipation

of hydrogels were listed in Table 3. As illustrated in

Fig. 6c, the C–PAM IPN hydrogel (C–PAM-5)

exhibits a typical hysteresis loop and a dissipated

energy of * 85.50 kJ/m3 at 50% strain in the first

Table 3 Mechanical properties of various hydrogels under

compression and loading–unloading compression tests

Sample r (MPa) e (%) E (MPa)

Compression

C–PAM-1 1.46 81.54 2.28

C–PAM-2 2.48 78.21 11.68

C–PAM-3 3.67 74.82 16.14

C–PAM-4 4.73 66.09 20.18

C–PAM-5 5.62 57.69 22.47

Cellulose-gel 0.31 54.75 0.95

PAM-gel 0.84 36.51 1.86

Sample DU (KJ/m3)

First cycle Second cycle Tenth cycle

Loading–unloading compression

C–PAM-5 85.50 84.87 84.18

Cellulose-gel 8.45 8.07 6.40

PAM-gel 23.30 7.61 5.53

r, e, and E, stress at fracture, fracture train, and modulus under

compression; DU, energy dissipation of the consecutive first,

second, and tenth compression cycles of C–PAM-5 (at 50%

strain), cellulose-gel (at 50% strain), and PAM-gel (at 30%

strain)
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loading–unloading cycle. The second cycle without

any pausing for tests indicates that the hysteresis loop

almost maintains its original shape (* 84.87 kJ/m3).

Even after 10 cycles, the dissipated energy can still

remain at 84.18 kJ/m3, which demonstrates that C–

PAM IPN hydrogels exhibits good energy dissipation

and fatigue resistance properties. Whereas, in the first

loading–unloading cycle, the dissipated energy was

only 8.45 kJ/m3 (at 50% strain) and 23.30 kJ/m3 (at

30% strain) for the single network cellulose-gel

(Fig. 6d) and PAM-gel (Fig. 6e), respectively. From

cycles 1 to 10, due to the permanent deformation and

internal fracture of the polymer chains, the dissipated

energy of cellulose-gel and PAM-gel decreased to

6.40 and 5.53 kJ/m3, respectively. These results

indicated that C–PAM IPN hydrogel dissipates energy

more efficiently than single network hydrogels under

deformation, thus leading to high mechanical proper-

ties, in which the cooperation of cellulose and PAM

chains plays a key role.

The dynamic mechanical investigations were also

carried out at linear viscoelasticity region, which can

provide further insight into the properties of C–PAM

IPN hydrogels. The storage modulus (G0) and loss

modulus (G00) for chemical crosslinked cellulose

hydrogel, PAM-gel and C–PAM IPN hydrogels are

illustrated in Fig. 7. It can be clearly observed from

Fig. 7a, b that the G0 remains almost unchanged, much

higher than G00 over the entire frequency range (0.1 to

100 Hz) for C–PAM IPN hydrogels, which indicated

that the three-dimensional interpenetrating polymeric

networks formed and a dominant elastic property

presented in these IPN hydrogels (Gong et al. 2016).

Notably, the G0 and G00 values of C–PAM IPN

hydrogels ascended significantly with PAM content

increasing, which was well in line with the above

results of compressive stress–strain (Fig. 6b). As

compared in Fig. 7b, in the case of C–PAM-5, the

maximum value of 37,731 Pa (G0) and 2089 Pa (G00)
can be achieved, however, the G0 and G00 values for

Table 4 Comparation of the mechanical properties of cellulose/PAM IPN hydrogel with other representative cellulose-reinforced

hydrogels

Hydrogel type Compressive strength

(MPa)

Compressive modulus

(MPa)

References

Cellulose/PAM IPN hydrogel 5.62 22.47 Present work

Bacterial/PAM-based hydrogel 0.41 1.45 Pandey et al. (2013)

Cellulose nanocrystals reinforced PAM

hydrogel

0.27 3.82 Aouada et al. (2011) and Zhou et al.

(2011)

Fig. 7 a Frequency dependence of storage modulus (G0) and loss modulus (G00) with 10% strain at 25 �C for different C–PAM IPN

hydrogels; b G0 and G00 with 10% strain at 25 �C for cellulose-gel, PAM-gel and C–PAM-5 hydrogel
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cellulose-gel was only 993 Pa (G0) and 52 Pa (G00),
respectively. Moreover, the G0 and G00 value of C–

PAM-5 was 6 and 10 times higher than that of PAM-

gel [5959 Pa (G0) and 202 Pa (G00)]. These results may

be attributed to the synergistic interactions between

the two networks of IPN hydrogels and the strong

hydrogen bonds between cellulose network and PAM

chains, which significantly enhanced the elasticity

property of C–PAM IPN hydrogels and could effec-

tively dissipate mechanical energy upon deformation.

Equilibrium swelling ratio and pH responsive

properties of C–PAM IPN hydrogels

Figure 8a shows the effect of AM concentration on the

equilibrium swelling ratio (ESR) of the C–PAM IPN

Fig. 8 a Equilibrium swelling ratio of the C–PAM IPN

hydrogels and cellulose-gel in distilled water at 25 �C. b Effects

of pH value on the swelling behaviors of C–PAM IPN hydrogels

and cellulose-gel at 25 �C. Schematic illustrations of the

chemical structures of IPN hydrogel under acidic (c) and

alkaline (d) pH, respectively
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hydrogels in deionized water at 25 �C. As is indicated,
the ESR of the hydrogels sharply decreased after the

combination of cellulose-gel with PAM. When the

concentration of AM increased from 1 to 5 mol/L, the

ESR of IPN hydrogel decreased from 24.2 to 7.1 g/g,

while the ESR for cellulose-gel was 28.4 g/g. This is

probably due to the fact that the dehydration of

cellulose hydrogel occurred during the process of

soaking in aqueous AM solution, which may increase

the solid content (Table 1) as well as the thickness of

the pore walls (Fig. 5) of C–PAM IPN network after

in situ polymerization of AM monomers (Zhang et al.

2011).

Partially hydrolyzed PAM at a lower and higher pH

contain carboxylate groups (–COO-) that either

accept or release protons in response to changes in

environmental pH (Qiu and Park 2001; Pandey et al.

2013; Silva and Oliveira 2007), which can render the

pH-sensitive properties for C–PAM IPN hydrogels. As

shown in Fig. 8b, the ESR value for pure cellulose-gel

remains roughly constant in a pH value from 1.0 to

14.0, however, the ESR of all C–PAM IPN hydrogels

increased gradually with the increase of pH, and

reached themaximum value when pH = 13.0. The pKa

value of the carboxylic acid is * 4.7 (Pandey et al.

2013). Under acidic pH (below the pKa of carboxylic

groups), most of the carboxylate anions were proto-

nated. Meanwhile, stronger intermolecular hydrogen

bond was formed between the cellulose chains and

PAM network, which induced the contraction of the

IPN hydrogel to expel water molecules (Cha et al.

2012) (Fig. 8c). At higher pH (pH[ 4.7), the –COOH

groups were partly ionized and the electrostatic

repulsive force between the charged sites (–COO-)

lead to a decrease in the hydrogen bonds between the

cellulose and PAM networks (Li et al. 2009) (Fig. 8d).

As a result, the hydrogels displayed an expandable

network structure, which could easily absorb and bind

water, and the maximum ESR values were observed at

pH = 13.0 for all C–PAM IPN hydrogels. However,

under the strong alkaline condition with pH = 14.0,

the ESR values of IPN hydrogels decreased rapidly,

and this behavior is attributed to the increasing ionic

strength with the increase of pH value, which would

shrink the IPN hydrogels network again under this

condition (Zhou et al. 2013).

Conclusions

In conclusion, a general strategy is presented to

prepare a novel cellulose–polyacrylamide interpene-

trating polymer network (C–PAM IPN) hydrogels

with high mechanical strength and pH responsive

properties through in situ polymerization. Cellulose

hydrogel prepared from NaOH/urea solvent system

with chemically cross-linking was employed as the

first network, and the second network was constructed

by in situ polymerization of acrylamide (AM) in the

cellulose hydrogels, resulting in the double networks

structure. The two networks co-existed without any

covalent bonds and exhibited good compatibility with

uniform porous network the IPN hydrogels. Compared

with cellulose single network hydrogels, the mechan-

ical properties of C–PAM IPN hydrogels were

improved significantly by introducing IPN structure,

which could effectively dissipate mechanical energy

and transfer stress upon deformation. The compressive

strength and compressive modulus for C–PAM IPN

hydrogels could reach up to 5.62 and 22.47 MPa,

which was nearly 18 and 23 times higher than that of

cellulose-gel. Thermal analysis indicated that the

thermal stability of C–PAM IPN hydrogel was obvi-

ously improved as compared to that of the individual

component. Additionally, these IPN hydrogels exhib-

ited a pH sensitive property in different pH solutions.

The C–PAM IPN hydrogels with excellent mechanical

strength, improved thermal stability and pH sensitive

properties may expand potential application for cellu-

lose-based hydrogels in biomedical fields.
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