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Abstract A series of dynamic small-amplitude oscillatory
shear experiments for in situ polymerization process of
polyacrylamide–cellulose nanocrystal (PAM–CNC) nano-
composite hydrogels were performed to investigate the
relationship between rheological properties and synthesis
parameters including chemical cross-linker concentration,
polymerization temperature, initiator concentration, and
CNC aspect ratios. The results showed that CNCs acceler-
ated the onset of gelation (tonset) and acted as a multifunc-
tional cross-linker during the gelation reaction. The
composite hydrogels exhibited enhanced steady-state elastic
modulus G

0
1

� �
and plateau loss factor (tanδ) compared to

these of the pure PAM hydrogels, indicating that adding
CNCs not only reinforced but also toughened PAM hydro-
gels. G

0
1

� �
and the effective network junction density (N)

increased with increased cross-linker concentration, poly-
merization temperature, and CNC aspect ratios, but de-
creased with increased initiator concentration. The changes
of plateau tanδ were opposite to that of G

0
1. The sol–gel

transition kinetics of PAM–CNC hydrogels accelerated with
increased cross-linker concentration and polymerization
temperature and, however, reached optimization at
0.25 wt% of initiator concentration. CNCs with lower
aspect ratios promoted tonset and the sol–gel transition of
PAM–CNC hydrogels, suggesting the fact that CNCs with

lower aspect ratios further facilitated the formation of
network of PAM–CNC nanocomposite hydrogels.
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Introduction

The nanocomposite polymer hydrogels (NPHs), defined as
cross-linked polymer networks swollen with water in the
presence of nanoparticles or nanostructures, are new
generation materials that can be used in a wide variety of
applications including stimuli-responsive, microfluidics,
catalysis, separation, pharmaceutical, and biomedical devi-
ces [1]. NPHs, in comparison with conventional hydrogels,
can provide improved mechanical strength and ability for
remote controlling [2]. Currently, the most commonly
available matrix for nanocomposite hydrogels are poly-
acrylamide (PAM) and its derivatives due to their nontoxic
and biological inertness, long chain length, capacity for
preserving their shape and mechanical strength, and
convenient adjustability of mechanical, chemical, and
biophysical properties [3, 4]. For the past decade, a large
number of researches have been conducted to improve
mechanical and chemical properties of hydrogels with
adding nanofillers into polyacrylamide-based matrix. These
nanofillers include polymer nanoparticles [5–7], inorganic
clay [8, 9], and metal nanoparticles [10]. However, little
effort has been made to fabricate NPHs with natural
biopolymer nanofillers originated from renewable natural
recourses. In our recent work, cellulose nanocrystals
(CNCs) were successfully incorporated into PAM hydro-
gels by in situ polymerization, and it was found that the
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biopolymer nanofillers effectively enhanced the mechanical
properties of hydrogels [11].

Although a possible mechanism for forming hydrogels
was proposed based on the investigation into the chemical
structure, morphology, swelling and compression proper-
ties, and gelation process of this hydrogels with different
CNC concentration [11], it is highly desirable to investigate
the kinetics of in situ polymerization reactions in order to
better understand the cure and formation mechanisms of
macroscopic gelation for these novel NPHs. Furthermore, it
is also valuable for controlling and optimizing the gelation
process and functional performance of NPHs. A variety of
experimental techniques have been employed to study the
gelation kinetics of PAM-based hydrogels. Among these
techniques, dynamic rheology has emerged as an effective
and powerful approach for gel characterization because in
situ experiments are relatively facile to perform during the
polymerization process, and viscoelastic properties could
directly reflect the structure and morphology of hydrogels
[12, 13]. Most importantly, dynamic tests can be used
effectively to monitor cross-linking and microstructural
changes in hydrogel systems without disrupting microstruc-
ture and kinetics of the sol–gel process through small
amplitude oscillatory shear as a function of cross-linking
time at a particular angular frequency. Generally, pure PAM
gels were prepared by free-radical cross-linking copoly-
merization of acrylamide (AM) monomer and N,N'-meth-
ylenebisacrylamide (NMBA) cross-linker in the presence of
a radical initiator. Calvet et al. [14] determined the gelation
kinetics of PAM hydrogels by a series of in situ small-
amplitude oscillatory shear experiments under various
cross-linker concentrations and reaction temperatures, and
found the optimal cross-linker concentration and tempera-
ture conditions for the maximum elasticity of hydrogels.
Chiriac et al. [15, 16] studied the effects of heating rate,
shear stress, and the weight ratio of redox initiators pair on
the sol–gel transition for PAM gels by in situ dynamic
rheology, and optimized polymerization conditions
through elastic properties of the obtained hydrogel. These
studies illustrate that dynamical rheology techniques are
capable of distinguishing appropriate polymerization con-
ditions for the fabrication of PAM hydrogels with desired
properties.

Although great effort has been made on monitoring in
situ polymerization of pure PAM hydrogels by the dynamic
rheology, there are only a few reports concerning the PAM-
based nanocomposite hydrogel. Okay and Oppermann [17]
performed a rheology investigation on the gelation reac-
tions of polyacrylamide–clay nanocomposite hydrogels
with and without chemical cross-linker NMBA. The
gelation process of nanocomposite hydrogels composed of
sulfonated polyacrylamide and montmorillonite was also
studied using oscillatory time sweeps [18].

In this study, gelation kinetics and rheological properties
of polyacrylamide–cellulose nanocrystal (PAM–CNC)
nanocomposite hydrogels during in situ polymerization
process were studied by using dynamical oscillatory shear
rheology technique. The nanocomposite hydrogels were
prepared by polymerization of AM in the presence of CNCs
with NMBA as a cross-linker using the redox initiation
based on potassium persulfate/sodium bisulfate. Compared
to the previous work, the preparation process of PAM–CNC
hydrogels in the present work was redesigned to meet the
dynamic rheology measurement. The objective was to
elucidate the effects of synthesis parameters (including
cross-linker concentration, polymerization temperature,
initiator concentration, and aspect ratios of nanofillers)
on structure–property relationships of nanocomposite
hydrogels.

Experimental

Materials

CNCs were isolated from commercial microcrystalline
cellulose by combined acid hydrolysis with 63% H2SO4

and high-pressure homogenization process as described in
our previous work [19]. The nanocrystals homogenized for
one and five cycles are designated as CNC1 and CNC5.
The rod-shaped CN1 and CN5 had the average lengths of
113±25 and 62±26 nm, and average diameters of 8.5±1.8
and 8.7±1.2 nm, respectively. Thus, the aspect ratios of
CNC1 and CNC5 were about 11 and 6, respectively. In
addition, the zeta potential was −31.8 for CNC1 and −34.0
for CNC5 at the 0.5 wt% concentrations, respectively. AM
and NMBA were purchased from Sigma-Aldrich Inc. (St.
Louis, MO). Potassium persulfate (KPS) and sodium
bisulfite (SBS) were purchased from Thermo Fisher
Scientific Inc. (Fair Lawn, NJ) and EM Industries Inc.
(Gibbstown, NJ), respectively. The above chemicals were
used as received. The aqueous solutions in all experiments
were prepared with distilled water.

Synthesis of PAM–CNC nanocomposite hydrogels

At a fixed 10 wt/vol.% of the total mass–volume
concentration (%CT), PAM–CNC nanocomposite hydrogels
were prepared by free-radical polymerization of AM in
fresh CNC aqueous suspensions in the polymerization
temperature range of 5–45 °C, cross-linker mass concen-
tration (%CNMBA) range of 0.17–2 wt%, and initiator mass
concentration (%CIN) range of 0.1–0.75 wt%. The term %
CT refers to the total mass of AM, CNCs, and cross-linker
per unit volume of gel solution, while %CNMBA and %CIN,
respectively, refer to the percentages of cross-linker and
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initiator KPS by weight of the total mass of AM, CNCs,
and cross-linker, as shown in the following equations:

%CT ¼ mAM þ mCNC þ mNMBAðgÞ
VsolðmlÞ � 100 ð1Þ

%CNMBA ¼ mNMBAðgÞ
mAM þ mCNC þ mNMBAðgÞ � 100 ð2Þ

%CIN ¼ mIN ðgÞ
mAM þ mCNC þ mNMBAðgÞ � 100 ð3Þ

where the mass ratio of monomer AM to CNCs is 95 to 5.
In addition, the redox initiator is composed of KPS and
SBS, and their mass ratio is 5 to 3 for KPS to SBS. The
detailed synthesized conditions and sample names are
shown in Table 1. The change of cross-linker concentration,
temperature, initiator concentration, and CNC dimension
for PAM–CNC systems are designated to NH, TH, IH, and
CH, respectively.

The stock solutions of the cross-linker and the initiator
system in distilled water were freshly prepared prior to each
experiment. They were cooled in an ice-water bath to
decrease the effect of temperature on the incubation period.
To illustrate the synthesis procedure of composite hydro-
gels, the preparation of PAM–CNC–NH2 is described in
detail as follows. A sample of 47 ml of 5.29×10−3 g ml−1

fresh CNC suspension was poured into a 100-ml dry flask
with a magnetic force stirrer. Then, 4.7263 g of AM
monomer was added to the suspension, and it was
deoxygenated with bubbling nitrogen for 15 min in an
ice-water bath. One milliliter of 2.5×10−2 g ml−1 NMBA
cross-linkers, 1 ml of 1.25×10−2 g ml−1 KPS, and 1 ml
0.75×10−2 g ml−1 SBS fresh solution were continuously

added to the mixture solution and mixed drastically under
nitrogen atmosphere for 5 min. Thereafter, this solution was
immediately loaded onto the lower plate of the rheometer
for monitoring gelation process.

The pure polyacrylamide hydrogel without CNCs was
synthesized according to the conventional method [8, 20],
which is the same as these described above for PAM–
CNC–NH2 hydrogel synthesis without addition of CNCs.

Rheology monitoring of gelation process

Rheology monitoring of gelation was performed using two
parallel plates and oscillatory time sweep testing mode with
an AR2000ex Rheometer (TA Instruments Inc., New
Castle, DE). The upper plate was made of stainless steel
with a 40-mm diameter. The lower plate was a Peltier
device with a specially designed temperature control
system. During measurement, a sample of 0.6 ml of the
reactive solution was poured on the lower Peltier plate, and
then, the upper plate was set at a distance of 500 μm above
the Peltier plate. Low viscosity silicon oil was used to seal
the gap between two plates for minimizing the evaporation
during the rheology testing. An angular frequency of w=
1 rad s−1 and a deformation amplitude r°=0.01 were
selected to ensure that the dynamic oscillatory deformation
was within the linear regime.

The viscosity measurements of the 0.5×10−2-g ml−1

CNC suspension with and without the redox initiator were
also performed on the AR2000ex Rheometer. Viscosities
were measured using a cone plate of 60 mm in diameter.
The temperature of CNC suspension was controlled by the
Peltier device at 25 °C, and the shear rate was fixed at
7.34 s−1. To avoid the evaporation of water and the oxygen
contamination, 58 μm of gap between cone and parallel
plates was sealed with the solvent trap cover, and the moat
on the top of the cover was filled with the low viscosity
silicon oil.

Sample namea %CNMBA/wt% %CIN/wt% Temperature/°C CNC type

PAM 0.50 0.25 25 –

NH1 0.17 0.25 25 CNC1

NH2 0.50 0.25 25 CNC1

NH3 1.00 0.25 25 CNC1

NH4 2.00 0.25 25 CNC1

TH1 0.50 0.25 5 CNC1

TH2 0.50 0.25 35 CNC1

TH3 0.50 0.25 45 CNC1

IH1 0.50 0.10 25 CNC1

IH2 0.50 0.75 25 CNC1

CH1 0.50 0.25 25 CNC5

Table 1 Synthesis conditions of
PAM and PAM–CNC hydrogels

aNH, TH, IH, and CH refer to the
change of cross-linker concentra-
tion, temperature, initiator con-
centration, and CNC dimension,
respectively
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Results and discussion

Viscosity changes of CNC suspension
with and without the redox initiator

The flow properties with retention time for CNC suspen-
sions with and without initiator are illustrated in Fig. 1. It
can be observed that the aqueous CNC1 suspension firstly
showed an initial remarkable shear-thinning behavior with a
large decrease of apparent viscosity at a 7.34-s−1 shear rate.
The 0.5×10−2 g ml−1 of CNC suspension was the semi-
dilute isotropic at-rest fluid, which forming particular
physical network of CNCs suspended in water was
disturbed and oriented with shear [21]. The viscosity then
gradually decreased and reached an equilibrium value.
After adding redox initiator into the CNC1 suspension, it
also displayed the shear-thinning characteristic during the
first 200 s, and then thickened gradually with retention
time. This behavior was possibly because of the presence of
uronic acid and sulfate groups on the CNC surface from the
acid hydrolysis during CNC production [22, 23]. These
groups were screened by the increased ionic strength for the
addition of the K+ and Na+ of initiator, hindering the
electrostatic repulsions between the CNCs but enhancing
their interactions. Tandjawa et al. observed similar phe-
nomena with their investigation of the viscoelastic behavior
of defrosted cellulose microfibril suspensions by addition of
salt [24]. In addition, the thickening behavior of CNC
suspensions with the initiator also suggests that an initiator
can interact with rigid-rod CNCs through ionic interactions
and associated on the CNC surface in aqueous suspensions
[25].

Gelation process of PAM and PAM–CNC hydrogels

The gelation process of gels was monitored by in situ dynamic
small-amplitude oscillatory shear measurements using the time
sweep mode at 1 rad s−1 of angular frequency and 1% of
strain. The storage modulus (G′) and loss factor (tanδ=G″/G′,
i.e., the ratio of dissipated energy to stored energy) as a
function of time during the polymerization of pure PAM and
PAM–CNC are shown in Fig. 2. In general, it can be seen that
the gelation process of both systems can be divided into three
periods. First, there was a short incubation period (stage I), in
which the system behaved as a viscous liquid until the
gelation point was reached (taken as the point where tanδ=1).
After the onset of gelation, G′ increased rapidly within about
half an hour (stage II), which was a sol–gel process for
reaction system. During the final plateau period (stage III) of
gelation process, G′ slightly increased and reached the final
equilibrium value. From Fig. 2, the onset of gelation (tonset) of
CNC-free and CNC-doped system calculated was 4.1±0.4
and 2.5±0.3 min, respectively. This result indicates that the

Fig. 1 Viscosity variations as a function of retention time for 0.5×
10−2-g ml−1 aqueous CNC1 suspensions without (a) and with (b) 2.5×
10−4-g ml−1 l redox initiator at the 7.34-s−1 shear rate

Fig. 2 Variations of elastic modulus G′ and loss factor tanδ as a
function of polymerization time for pure PAM (a) and PAM–CNC–
NH2 nanocomposite (b) hydrogels
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induction time of PAM hydrogels was decreased by the
addition of CNCs because of the interference of the physical
network of rod-shaped CNCs. Furthermore, this network can
be improved after adding an initiator into polymerization
system (as described above). Thus, the overlapped action of
the physical network of CNCs with chemical network of
PAM chain likely accelerated the onset of gelation. Due to the
initiator attached on CNC surface in aqueous suspensions,
free-radical polymerization of AM with the KPS/SBS redox
system can be initiated on the surface of CNCs, which was
consistent with our previous investigation [11]. Meanwhile,
the other initiator existed in solution initiated the homopoly-
merization of AM to grow PAM macromolecule chains,
which were cross-linked by the NMBA. Finally, the PAM
network loaded with CNCs was formed. The possibly optimal
network of PAM–CNC hydrogel is depicted in Fig. 3.

To estimate the final steady-state elastic modulus of the
gels, G

0
1 (Pa), the experimental data of G′ time of stage II

shown in Fig. 2a were fitted to a modified Hill equation [14]:

G
0
tgel
� � ¼ G

0
1

tgeln

tgeln þ kn
ð4Þ

Where, tgel (minutes) is the gelation time (i.e., the total
time minus the induction time), k (minutes) is the half-
gelation time (i.e., G′ (k)=G

0
1/2), and n is a coefficient

relative to the asymptotic slope P (Pa·min−1) at the half-
gelation time. P, calculated by the following equation, can
be used to quantitatively characterize the sol–gel transition
kinetics:

P ¼ nG
0
1=4k ð5Þ

Based on the curve fitting data, G
0
1 for the CNC-free (i.e.,

pure PAM) and CNC-loaded hydrogel systems were 517±28
and 1567±94 Pa, respectively. Thus, the equilibrium G′ of
PAM–CNC hydrogels was almost threefold higher than that
of pure PAM hydrogels. In addition, the values of P for

CNC-free and CNC-loaded hydrogels were 27.4±1.5 and
41.4±2.5 Pa min−1, respectively, indicating that the sol–gel
transition kinetics of PAM hydrogels was accelerated by
CNCs because the strong interactions between PAM chains
and the nanocrystals restricted the mobility of the polymer
chain. Thus, the presence of CNCs increased the entangle-
ment density of PAM chain. Since shear elastic modulus G
in the theory of rubber elasticity corresponds to the final
steady-state elastic modulus G

0
1 [17], the effective network

junction density N (in mol·m−3) in hydrogels related to the
G

0
1 can then be expressed as [14, 26]:

G
0
1 ¼ NRT ð6Þ

where R and T are the gas constant (8.314 JK−1 mol−1) and
absolute temperature (K), respectively. The estimated N
values for PAM and PAM–CNC hydrogels were 0.21±
0.012 and 0.63±0.038 mol m−3, respectively, suggesting that
CNCs acted as a multifunctional cross-linker in addition to a
reinforce agent. The plateau values of loss factor (tanδ) were
0.01±0.001 for pure PAM and 0.02±0.003 for PAM–CNC,
respectively, as shown in Fig. 2b. Such small values of tanδ
(i.e., G′ was two orders of magnitude higher than G″) for
hydrogels with and without CNCs during the final polymer-
ization process present that they are strong gels with
negligible viscous properties. It is worth noting that the
plateau tanδ of PAM–CNC hydrogels slightly increased
compared to that of pure PAM, indicating that the viscous
properties increased faster than the elastic properties. This
behavior is beneficial to the improved toughness of hydro-
gels based on the energy dissipation mechanism [27].

Effect of cross-linker concentration for PAM–CNC
hydrogels

In order to investigate the influence of cross-linker concen-
tration, a series of experiments were performed on PAM–

Fig. 3 Scheme of the effect of
cross-linker (a), initiator (b), and
CNC dimension (c) on network
microstructure of PAM–CNC
hydrogels
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CNC compositions of 10 %CT with cross-linker concen-
trations ranging from 0.17 to 2 wt%. The G

0
1 and tanδ for

PAM–CNC nanocomposite hydrogels with different cross-
linker concentrations as a function of time during the
polymerization are shown in Fig. 4. The G

0
1 and P increased

and tonset decreased with increased cross-linker concentration
over the entire range of compositions studied, which
indicates that cross-linker NMBA enhanced the capability
to form effective network junction for PAM–CNC hydrogel
system. This behavior was further shown by the increase in
the effective network junction density N with increase of
cross-linker concentration, similar to the previous results
about the effect of cross-linkers NMBA on pure PAM
hydrogel [13, 14, 28]. This increase in junction density was
in turn accompanied by a decrease in the average molecular
weight of polymer strands linking two neighboring junctions
(Fig. 3a), suggesting that the gel network was interconnected
with a shorter molecular chain. It should be noted that the
plateau tanδ decreased with increased cross-linker concen-

tration, indicating that the toughness of obtained PAM–CNC
hydrogel with high cross-linker concentration was weakened
even though its strength improved significantly.

Influence of polymerization temperature for PAM–CNC
hydrogels

It is well known that temperature was an important effect on the
free-radical polymerization process with chemical initiator
because the initiator dissociation rate depends on temperature
(i.e., the higher the temperature, the higher the initiator
dissociation rate) [29]. In addition, the temperature also
influences the reactivity of the different molecules existed in
solution during the propagation and termination stages. In
order to investigate the effect of CNCs during polymerization,
the G′ and tanδ as a function of time were determined for
PAM–CNC hydrogel system at 5, 25, 35, and 45 °C of
polymerization temperature, and the result is shown in Fig. 5.

Fig. 4 Variations of elastic modulus G′ (a) and loss factor tanδ (b) of
PAM–CNC nanocomposite hydrogels as a function of polymerization
time for different cross-linker concentrations

Fig. 5 Variations of elastic modulus G′ (a) and loss factor tanδ (b) of
PAM–CNC nanocomposite hydrogels as a function of polymerization
time at various polymerization temperatures
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From Fig. 4a, the values of G
0
1 increased with polymerization

temperature and reached a plateau value. The increase in G
0
1

for PAM–CNC hydrogel with 0.5 wt% of cross-linkers
reached about 220% from 5 to 45 °C, which is similar to
the value of PAM hydrogel with 5.66 wt% of cross-linkers
reported by Calvet et al. [14]. This result indicates that CNC
did act as a multifunction cross-linker to improve the strength
of hydrogel. The increase of the asymptotic slope at the half-
gelation time P indicated that the sol–gel transition kinetics
increased with temperature. In addition, it can be seen that N
increased as increase of temperature for a constant AM and
CNCs, which is similar to pure PAM hydrogen system. It is
evident that temperature promoted the gelation process and
shortened connecting chains between two junctions. The tonset
decreased with increased temperature, showing that the
gelation point appeared more quickly at higher temperatures.
tonset was 51.8±4.5 min at 5 °C, suggesting the fact that the

low temperature could effectively restrain the gelation process
of PAM–CNC hydrogel. The tonset closed to 0 min for 45 °C
exhibited the high temperature improved the formation of
microgels in PAM–CNC system. It is noted that tonset = 0 did
not indicate the inexistence of gelation point for PAM–CNC
and yet indicated that the critical exponent of tanδ=1
sometimes was not universal at the detection of gelation point
for the rapid forming PAM–CNC network [30]. The decreased
plateau tanδ with increased polymerization temperature
showed that the high temperature reduced the toughness of
hydrogels.

Effect of initiator concentration for PAM–CNC hydrogels

In considering the fact that polymer molecular weight (Mw)
depended strongly on the initiator concentration for PAM

Fig. 6 Variations of elastic modulus G′ (a) and loss factor tanδ (b) of
PAM–CNC nanocomposite hydrogels as a function of polymerization
time for different initiator concentrations

Fig. 7 Variations of elastic modulus G′ (a) and loss factor tanδ (b) of
PAM–CNC nanocomposite hydrogels as a function of polymerization
time for two different CNC dimensions
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polymerization [29], the gelation process of PAM–CNC
system with different initiator concentration was investigat-
ed. Figure 5 shows the G′ and tanδ as a function of time for
PAM–CNC hydrogels with 0.1, 0.25, and 0.75 wt% of
initiator concentration. For the induction stage, tonset
increased with the increase of initiator concentration
because more radicals obtained in high initiator concentra-
tion accelerated the formation of chemical and physical
network for the PAM–CNC system. For the sol–gel
transition stage, the maximum value of P (41.4±
2.5 Pa min−1) was obtained for 0.25 wt% of initiator
concentration at 25 °C, suggesting the fact that the sol–gel
process of PAM–CNC hydrogels reached optimization with
0.25 wt% of the initiator concentration. After the gelation
was completed, the value of G

0
1 decreased as the increased

initiator concentration, which showed that the strength of
obtained PAM–CNC hydrogel reduced under high initiator
concentration. This behavior was attributed to the fact that
Mw was inversely proportional to the initiator concentration
for PAM polymerization, resulting in increasing initiator
concentration that shortens or even breaks the connecting
polymer chains between two junctions (a sketch is shown in
Fig. 3b) [31]. Hence, the effective network junction was
reduced, which confirmed by the change of N. From
Fig. 6b, it also can be seen that the plateau tanδ decreased
with increased initiator concentration.

Effect of CNC dimension for PAM–CNC hydrogels

Figure 7 shows the variation of the G′ and tanδ with time
for the PAM–CNC system including different aspect ratios
of CNCs. It is noted that the decreased aspect ratios of
CNCs improved P and tonset, suggesting that CNCs with
lower dimension promoted the formation of network likely
because it absorbed more initiator and then formed more
junction points resulting from its higher relative surface
area and surface charge (as presented about zeta potential
above). However, with the decrease of CNC dimension,
G

0
1 decreased, while plateau tanδ increased. This character

is similar to that of initiator concentration and can be
interpreted by the fact that the shortened rigid-rod cellulose
nanocrystals reduced the effective network junction because
it also acted as multifunctional cross-linker through the
chemical bonding and physical adsorption with PAM
network. Decreased effective network junction was verified
with the change of N. A simple scheme is shown in Fig. 3c.

Conclusion

A series of in situ rheology experiments for the gelation
process of PAM–CNC nanocomposite hydrogels were
performed to investigate the influence of chemical cross-

linker concentration, polymerization temperature, initiator
concentration, and CNC aspect ratios on the elastic
modulus (G′) and loss factor (tanδ). The investigation on
the gelation reaction of PAM–CNC hydrogels demonstrated
the fact that CNCs accelerated the onset of gelation (tonset)
and acted as a multifunctional cross-linker for the network
of gels. The nanocomposite hydrogels with 5 wt% of CNC
concentration exhibited an enhancement in both steady-
state elastic modulus G

0
1

� �
and plateau tanδ compared to

the pure PAM hydrogels, indicating that adding CNCs not
only reinforced but also toughened PAM hydrogels. G

0
1

and the effective network junction density (N) increased
with increased cross-linker concentration, polymerization
temperature, and CNC aspect ratios, and decreased with
increased initiator concentration. The changes of plateau
tanδ were opposite to that of G

0
1. tonset decreased with

increased cross-linker concentration, polymerization tem-
perature, and initiator concentration. The sol–gel transition
kinetics of PAM–CNC hydrogels were accelerated by
increased cross-linker concentration and polymerization
temperature, while reached optimization at 0.25 wt% of
initiator concentration. CNCs with lower aspect ratios not
only reduced tonset but also promoted the sol–gel transition
of PAM–CNC hydrogels, suggesting the fact that CNCs
with the higher relative surface and surface charge had the
ability to facilitate the formation of network. Thus, dynamic
rheology technique offered a facile and powerful approach
to characterize in situ polymerization process of nano-
composite hydrogels and to explore the forming mechanism
of gelation.
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