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Rheological behavior, including linear and nonlinear, as well as transient rheology of nanocrystalline
cellulose (NCC) suspensions was studied in this work. Two kinds of polymer solutions, aqueous poly(vinyl
alcohol) (PVA) with flexible chain structure and aqueous carboxymethyl cellulose (CMC) with semi-rigid
chain structure, were used as the suspension media to further explore the role that the interactions among
NCC and polymers played during shear flow. The results reveal that NCC has lower values of percolation
threshold in the PVA solution than in the CMC one during small amplitude oscillatory shear (SAOS)

Keywords: flow because the flexible PVA chain has higher adsorbed level onto NCC particles than the negatively
Nanocrystalline cellulose (NCC) .. . C . . .

Suspension charged semi-rigid CMC chain, which is further confirmed by the Fourier transformed infrared (FT-IR)
Polymer solution spectroscopy tests. As a result, the NCC suspension shows a weak strain overshoot in PVA solution during
Rheology large amplitude oscillatory shear (LAOS) flow, which cannot be seen on the one in CMC solution. During

startup shear flow, both of these two suspensions show evident stress overshoot behavior with the strain-
scaling characteristics, indicating the formation of ordered long-term structure of rod-like NCC particles
with self-similarity during flow. However, NCC suspension have far stronger stress overshoot response
in CMC solution relative to the one in PVA solution. A possible synergy mechanism between NCC and
CMC chain is hence proposed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

As typical biomass with a wide variety of applications, cellulose
has attracted much attention in recent years because of sharply
increasing demand for renewability and sustainability. In particu-
lar, considerable effort has been devoted over the past decades to
the study of nanocrystalline cellulose (NCC), because this kind of
nanomaterial has high surface area, low density and good mechan-
ical strength, with availability, biodegradable and non-toxic nature
(Habibi, Lucia, & Rojas, 2010). Nowadays NCC has gained many
successful applications in both the industrial and daily use fields,
such as drug delivery excipients, reinforcements in polymer com-
posites and adhesives, as well as personal care products, e.g. hair
conditioners and shampoos (Brinchi, Cotana, Fortunati, & Kenny,
2013).

To those applications, especially to the drug carriers and the
electronic fields, the rheology of NCC suspensions is very impor-
tant. Therefore, the rheological properties, especially the linear flow
behavior and steady shear response of the NCC suspension sys-
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tems in water and in polymer solutions, have been explored up
to now (Brinchi et al.,, 2013). In general, the negatively charged
NCC particles can form stable aqueous dispersions because of the
electrostatic repulsion among individual NCCs (Bercea & Navard
2000; Lasseuguette, Roux, & Nishiyama, 2008; Liu, Chen, Yue, Chen,
& Wu, 2011). In this case, the rheological responses of aqueous
NCC suspensions are mainly dominated by the short-range struc-
tural aspects of rod-shaped NCC particles such as aspect ratio and
surface properties, and also by their long-range structure such as
orientation state of particles and hydrodynamic particle-particle
interactions, which is closely related to the concentration and
surface charge of NCC particles (Puisto, Illa, Mohtaschemi, &
Alava, 2012; Shafiei-Sabet, Hamad, & Hatzikiriakos, 2012; Noroozia,
Grecova, & Shafiei-Sabet, 2014; Derakhshandeh, Petekidis, Shafiei-
Sabet, Hamad, & Hatzikiriakos, 2013; Jin et al.,, 2015; Lenfant,
Heuzey, van de Ven, & Carreau, 2015; Lu, Hemraz, Khalili, & Boluk,
2014).

In polymer solutions, the situation becomes much more com-
plicated. The dispersion stability of NCC particles is affected by
both adsorbed and non-adsorbed polymers (Boluk, Zhao, & Incani,
2012). In this kind of suspensions, polymer chain can cause two
types of steric interactions among NCC particles: either bridg-
ing by adsorption of polymer chain on NCC particle surface
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or depletion by non-adsorbing polymers, both resulting in the
enhanced stress response and system elasticity (El Kissi et al., 2008;
Gomez Martinez, Stading, & Hermansson, 2013; Mihranyan, 2013).
Besides, it is expectable that the surface charge of polymers should
also have large influence on the colloidal stability and rheologi-
cal response of NCC suspensions, which is supposed to be very
similar with the case of the suspensions containing spherulitic
or platelet-like particles (Sjoberg, Bergstrom, Larsson, & Sjostrom,
1999). However, for the NCC suspension in polymer solutions, no
literature report can be found on this issue.

Moreover, the reported rheological studies on the NCC suspen-
sion systems in water or in polymer solutions mainly focus on the
linear flow behavior, or the steady shear responses. The former is
limited in a quite narrow stress or strain region, which is far less
than the engineering levels; and the latter can merely give the final
stress or strain levels, and cannot reveal the transient response
that is closely related to the structure evolution during shear flow.
Therefore, in this work, both the nonlinear and transient rheology
of NCC suspensions were studied deeply, together with the linear
dynamic rheology. Two kinds of polymer solutions, electrically neu-
tral aqueous poly(vinyl alcohol) with flexible chain structure and
negatively charged aqueous carboxymethyl cellulose with semi-
rigid chain structure, were used as the suspension media to further
explore the role that the NCC-polymer interactions played during
flow. The main objective of this work is to make a full and deep
study on the flow behavior of NCC suspension in polymer solu-
tions, and to provide useful information on the applications of NCC
suspension systems.

2. Experiment
2.1. Materials

Poly(vinyl alcohol) (PVA1788) used in this work is a commercial
product of Aladdin Industrial Co. Ltd. (P.R. China) with the molecu-
lar weight 0f 44.05 x 103 g mol~! (polydispersity index (PDI =2.25))
and the density of 1.3 x 103 kgm~3. Its degree of alcoholysis (DA)
is about 87.0-89.0% (molmol~1). Carboxymethyl cellulose (CMC)
with the molecular weight of 260.24 x 103 gmol~! (PDI=1.37) and
the density of 1.6 x 103 kgm—3 was also purchased from Aladdin
Industrial Co. Ltd., which has a viscosity of 600-1000 mPa s for
the solution with concentration of 2 wt% at 25°C. Its charge den-
sity is about —15.82 mc m~2. The microcrystalline cellulose (MCC)
used for the preparation of NCC was purchased from Sinopharm
Chemical Reagent Co. Ltd. (P. R. China), with the degree of poly-
merization (DP) of 210-240. The average length and diameter of
MCC are 20-100 p.m and 10-20 pm, respectively.

2.2. Preparation of NCC and its suspensions

NCCaqueous suspensions (deionized water was used) were pre-
pared according to the procedure reported in the previous work
(Bai, James, & Li, 2009; Chen et al., 2015). TEM image of as-obtained
NCC particles is shown in Fig. 1. Their average diameter and length
are about 20 nm and 300 nm, respectively. The PVA or CMC was then
dissolved in the aqueous NCC suspensions, with stirring at moder-
ate level at 30°C for 12 h, followed by the 12 h rest for defoaming.
Because CMC is hard to be fully dissolved in water at the higher
concentration level (>1wt%), its concentration is fixed as 1wt%
in the suspension system. The PVA concentration is determined
as 10 wt% because at this concentration the PVA solution has the
same viscosity level as the CMC solution (Fig. S1 of the Supplemen-
tary information), which favors rheological property comparison
of two kinds of NCC suspensions. The NCC loadings vary from 0.1
to 3.0 wt%. The film samples casted from suspensions are charac-

Fig. 1. TEM image of NCC particles with the scale bar of 0.2 pum.

terized using atomic force microscope and the results are shown
in Fig. S2 of the Supplementary information (the bumps or dark
parts on the force images are part of the NCC particles embedded
by polymer matrix because NCC has higher modulus than polymer
matrix (Xu et al., 2016)).

2.3. Morphological characterizations

The dispersion of NCC in the cast film of PVA and CMC was
detected using atomic force microscope (AFM). An Icon AFM
(Bruker Co. Ltd, Santa Barbara, USA) was operated in the quanti-
tative nanomechanical mapping mode (QNM). Silicon AFM probes
were used (tip radius<8nm, force constant 40 Nm~!, resonance
frequency 300 kHz) to acquire images in air at room temperature.
Line scan rates were set as lower at 256 lines per frame with a
scanning rate of 1Hz. Image processing was performed with the
NanoScope Analysis software.

2.4. Structure characterizations

Fourier transformed infrared spectroscopy (FT-IR) was used
to identify the possible interactions between NCC particles and
polymers. Infrared absorption spectra were recorded in the wave-
length region of 4000-600cm~! using a Bruker IFS66/S FT-IR
spectrophotometer (Germany). All the FT-IR spectra were obtained
by repeating 64 scans at room temperature with the resolution
of 2cm~'. The hydrodynamic radius of NCC in water and in the
polymer solutions was determined by a ZEN360 dynamic light
scattering apparatus (DLS, Malvern Co. Ltd., United Kingdom) at
25°C. The scattering angle and operating wavelength were 90° and
632 nm, respectively. The zeta potential (¢) (also measured by DLS
apparatus) was calculated from the velocity of the particles under
a given electrical current. Its values were obtained along with the
DLS tests.

2.5. Rheological measurements

The rheological tests were performed on a rotational rheometer
(HAAKE RS600, Thermo Electron Co., USA) equipped with a parallel
plate geometry (60 mm diameter plates). The samples were hold at
10-20°C for 3 min in the parallel plate fixture to eliminate residual
thermal and stress histories, and then experienced various kinds
of shear flows (the water is volatile and therefore, a lower tem-
perature range, 10-20°C, was chosen for rheological tests). During
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Fig. 2. Dynamic storage modulus (G') (left) and loss modulus (G”) responses (right) for the suspension systems of (a, a’) NCC in PVA solution and (b, b’) in CMC solution

measured at 10°C.

steady and transient shear flow, the stress or viscosity responses
to the shear rates were recorded. In the transient rheological mea-
surements, the startup of shear was applied. Firstly, the sample
experienced shear flow at the predetermined rates, during which
the transient shear stress was monitored until the stress response
tended to be steady. The shear rate levels were determined accord-
ing to the results of steady shear measurements. In the dynamic
rheological measurements, the dynamic stress sweep was carried
out firstly to determine a common linear region. Then, the dynamic
frequency sweep was performed under the small amplitude oscil-
latory shear (SAOS) flow.

3. Results and discussion

3.1. Linear rheology of NCC suspension in aqueous polymer
solutions

Fig. 2 gives linear dynamic modulus responses of two kinds
of NCC suspensions. Both show monotonous increase of modu-
lus values with increase of NCC loadings, which is believed to be
attributed to the increased particle-particle interactions (Boluk
et al., 2012; Shafiei-Sabet et al., 2012). It is well known that the
transition from dilute to semi dilute concentration for a suspen-
sion or a particles filled system occurs at the volume fraction of
¢ < (7'[/4)(d/L)2 where dis the diameter and L the length of particles
(Chatterjee & Krishnamoorti (2007), Chatterjee, Yurekli, Hadjiev,
& Krishnamoorti (2005) and Wu, Wu, Zhang (2007)). For the cur-
rent NCC suspensions, the transition critical value from dilute to
semi dilute is ca. 0.6 wt%. That means that the systems with lower
NCC loadings (0.1-0.4 wt%) are dilute, while others semi dilute or
even more. Therefore, the dynamic response of systems is still
dominated by the viscous flow at the lower NCC loading levels
because low-frequency G” is higher than G’, suggesting a rather
weak hydrodynamic interactions among the NCC particles. At the
higher loading levels, the shear flow is dominated by elastic defor-
mation because G’shows higher values than G” at the low frequency
region. This is attributed to the percolation of NCC particles in the

polymer solutions, which is also called gelation or gel-like flow
behavior (Shafiei-Sabet et al., 2012).

The percolation threshold of these two suspension systems can
be determined by van Gurp-Palmen (v-GP) plots (Van Gurp &
Palmen, 1998), as shown in Fig. 3. 45° phase angle (§) is used as
the criteria to evaluate the liquid-to-solid-like transition of a sus-
pension system during SAOS flow. It is clear that the suspension
system has the phase angle lower than 45° as the NCC loading level
achieves up to 0.7 wt% (Fig. 3a), indicating that NCC particles are
percolated in PVA solution with a threshold value of about 0.7 wt%.
It is well known that the hydrodynamic volume fraction of parti-
cles in a suspension system is closely related with their aspect ratio
during shear flow (Djalili-Moghaddam & Toll, 2006). The higher the
aspect ratio of particles, the lower their percolation threshold in a
suspension system. The effective volume fraction (¢.s) of NCC par-
ticles can be calculated by the Quemada (Quemada, 1998) modified
Krieger (Krieger, 1972) equation:

¢eff)

=1

where 7, is the relative viscosity, ¢, the maximum volume frac-
tion, and q decided by the intrinsic viscosity [1] (@ = [7]¢m). In the
PVA solution, ¢ values of NCC are about 17.3 vol% at the loading
levels of 0.7 wt%. It should be indicated that ¢e¢ here is a hydro-
dynamic variable, which is closely related to the aspect ratio of
NCC and shear flow, but not the real volume fraction. Detailed cal-
culation method can be found elsewhere (Wu et al., 2010). This
threshold (0.7 wt%) is far lower than that observed on the aqueous
NCC suspensions (~7 wt%) (Shafiei-Sabet et al., 2012) but almost
the same level as that reported on the colloidal NCC suspension in
the polymer solutions (~0.6 wt%) (Boluk et al., 2012). It should be
attributed to the polymer-NCC percolation instead of simple NCC-
NCCone because of strong interactions between polymer chain and
NCC particles, which will be discussed later (in the following FT-IR
discussion section).

In the CMC solution, the threshold value of NCC ranges in 1.0-
1.5wt%, close to 1.0 wt% (Fig. 2b), which is larger than that in the
PVA one. This is interesting because relative to the PVA chain, CMC

(1)
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Fig. 3. (a, b) v-GP plots of loss angle () versus dynamic complex modulus (|G]) (
solution and in CMC solution measured at 10°C.

Table 1

left) and (a’, b’) complex viscosity responses (right) for the suspensions of NCC in PVA

The values of zeta potential () (10°C) of the neat PVA and CMC aqueous solutions and NCC suspensions with various NCC loadings.

¢ (mV) NCC PVA solution?

CMC solution®

NCC in PVA solution NCC in CMC solution

-30.9 -0.2 -92.0

—1.21%/-1.58¢ —60.5"/-63.9¢

2 PVA and CMC concentrations in aqueous solutions are 10 wt% and 1 wt%, respectively.

b NCC loading in the suspensions is 0.1 wt%.
¢ NCC loading in the suspensions is 1.0 wt%.

chain is supposed to have stronger affinity to NCC particles due to
their similar chain structure. This threshold difference is caused
by the difference in the surface properties and chain flexibility
between PVA and CMC. The zeta potential ({) values of the neat
polymer aqueous solutions and NCC suspensions are summarized
inTable 1. Clearly, neat CMC aqueous solution is negatively charged,
while PVA one almost electrically neutral. This means that semi-
rigid CMC chain has much stronger electrostatic repulsion to the
negatively charged NCC particles relative to the flexible PVA chain.
In other words, PVAis an adsorbable polymer to NCCin the aqueous
suspension, while CMC not. This is further confirmed by the FT-IR
tests.

Fig. 4 gives FT-IR spectra for the PVA/NCC and CMC/NCC sys-
tems. The bands around 1800-1500cm~! correspond to C—O and
C=O0 vibration for PVA (Shalumon et al., 2009) and CMC chains (Li,
Sun, & Wu, 2009), respectively. Both show evident downshift in the
presence of NCC particles, which is believed to be attributed to the
formation of strong interactions between polymer chain and NCC
particle surface via hydrogen bonding (Fan et al., 2015; Li et al.,
2009; Shalumon et al., 2009; Zhang, Dehghani-Sanij, & Blackburn,
2008) or dipole-dipole coupling interactions (Zhang et al., 2008;
Wu, Wu, Wu, Xu, & Zhang, 2007). At the same NCC loading lev-
els, however, C=0 stretching peak of CMC shifts from 1631 to
1625 cm~! merely by about 6cm~!, while C—O vibration peak of
PVA from 1640 to 1607 cm~! by about 33 cm~!. It should be men-
tioned that concentration level of 1.0 wt% CMC is already saturated
for the adsorption of polymer chain onto NCC particles because
zeta potential values are nearly independent on the NCC loadings
at current concentration of CMC (1 wt%) (Table 1). Therefore, more

remarkable peak downshift indicates that the PVA chain has far
stronger interactions with NCC in a suspension system relative to
the CMC chain.

This is reasonable because on the one hand, there is no strong
electrostatic repulsion between PVA chain and NCC particles; and
on the other hand, flexible PVA chain is much easier to be adsorbed
onto NCC due to strong hydrogen bonding, as compared with rigid
CMC chain. This is further confirmed by the increased hydrody-
namic size of NCC (measured by DLS) in the PVA solution relative
to the case in the CMC one, as can be seen in Fig. S3 of the Sup-
plementary information (the average diameters here can only be
used for value comparison, and is physically meaningless some-
how because the tested suspensions are not dilute enough, despite
of viscosity calibration). Therefore, the dispersion state of NCC in
these two solutions can be proposed by the schematic diagrams
shown in Fig. 5. The adsorbed PVA chains have bridging effect, pro-
moting the formation of flocculation structure of NCC (see the parts
indicated by the arrows), which favors the formation of percolation
network of NCC in the PVA solution at the relatively lower loadings.
The presence of non-adsorbed CMC chains, however, have strong
electrostatic repulsion with NCC, merely with lower adsorption
level, The resulted shielding effect, therefore, makes NCC particles
percolated at the higher loading levels.

3.2. Nonlinear rheology of NCC suspension in aqueous polymer
solutions

Unlike SAOS flow, large amplitude oscillatory shear (LAOS) one
is not restricted in a narrow linear strain range, and therefore, can
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provide some useful information on the dispersion or polymer-
particle interactions of a suspension system (Sim, Ahn, & Lee, 2003).
Fig. 6 gives the normalized modulus responses (divided by the ini-
tial values at 10~3 Hz) for the two NCC suspension systems (2 wt%)
(The flowability of two systems are shown in the inset graphs). In
general, four types of strain behavior are commonly observed on
polymeric materials during LAOS flow, namely strain thinning and
hardening, weak and strong strain overshoot (Wu et al., 2011; Wan
et al.,, 2005; Wu, Zhou, Yu, & Xie, 2005; Hyun, Kim, Ahn, & Lee,
2002). Strain thinning is most easily observed on the polymer solu-
tions and melts as well as most of polymer composites. This type
is believed to have similar origin to shear thinning, which is due
to the reduced local drag caused by chain orientation or alignment
of microstructures. The CMC solution reveals such typical strain

NCC/PVA system

L NCC/CMC system
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Fig. 6. Normalized dynamic storage modulus (G') and loss modulus (G”) responses
for (a) NCC (2 wt%) in PVA solution and (b) in CMC solution measured at 10°C. The
inset graphs reveal the flowability of the two tested suspensions and the arrow
indicates the overshoot.

thinning behavior in the presence of NCC particles, as can be seen
in Fig. 6b. However, a weak strain overshoot is observed on the
nonlinear flow of PVA solution in the presence of NCC (Fig. 6a).
The ‘weak’ means that only G’ shows overshoot while G’ does
not (Hyun et al., 2002). It is easily observed on the polymers with
long side chains (Wu et al.,2011) or multiphase systems (Wan et al.,
2005; Wu, Zhou, Yu et al., 2005) with strong interactions among
different phases. The strain overshoot is caused by the formation
of weak structural complexes in the highly extended structure by
hydrogen bonding, strong physical interactions, etc. As an exter-
nal strain with large amplitude is imposed, the complex structure

—

a2y 1]
\ //\\\ ‘

Ii\'//s.
IN N =

4

Fig. 5. Schematic diagrams of dispersion state of NCC particles in PVA (left) and CMC (right) aqueous solutions (blue rods are NCC particles, red curves PVA chains, and purple
short line CMC chains). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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resists against deformation up to a certain level of strain, leading to
the increase of G”’. Then, those weak associations are destroyed by
large deformation over the critical strain, and G” decreases sharply
as aresult. As schematically shown in Fig. 5, NCC particles can form
flocculated structure by the way of adsorption of PVA chains and
as-resulted bridging effect. These structural complexes are believed
to the origination of weak strain overshoot during LAOS flow (Wu,
Zhou, Yu et al., 2005). Clearly, LAOS flow confirms that NCC parti-
cles have stronger interactions with flexible PVA chain than with
semi-rigid CMC chain in suspension systems.

3.3. Transient rheology of NCC suspension in aqueous polymer
solutions

Transient stress response is closely related to the structural
evolution in a multiphase system (Hyun et al., 2002). Fig. 7 gives
transient stress responses to the startup of shear flow for the
two suspension systems with 2.0 wt% NCC (responses of the sus-
pensions with other loading levels can be seen in Fig. S4 of the
Supplementary information). Both show evident overshoot behav-
ior during stress development, and the overshoot levels increase
with increasing flow rates. Martoia et al. (2015) reported similar
stress evolution during start-up flow of aqueous cellulose nanofibril
(CNF) suspensions. They proposed that this flow behavior was prob-
ably related to the heterogeneous elastoviscoplastic deformation
of the initially entangled nanostructure of the CNF suspensions. For
the NCC aqueous suspensions in this work, the stress overshoot and
itsdamping with time are attributed to the energy storage of floccu-
lated and percolated structures of NCC and the subsequent energy
dissipation caused by the relaxation of those structures along flow
direction (Wu et al., 2010).

It is seen that the normalized stress responses at various shear
rates scale with strain (Fig. 7a’, b’) for both of these two suspen-
sion systems, and the maximum of all overshoots approximately
appears at the strain of 4-5. Similar strain-scaling behavior has

also been observed on many kinds of multiphase systems such as
polymer-carbon nanotube suspensions (Wu, Wu, Wu et al., 2007),
nanoclay filled polymer nanocomposites (Wu, Zhou, Zheng, Mao,
& Zhang, 2005; Solomon, Almusallam, Seefeldt, & Varadan, 2001;
Okamoto, Morita, Kim, Kotaka, & Tateyama, 2001; Wu, Wu, Wy, &
Zhang, 2006), and partly-crosslinked (Wu et al.,2011) or long chain
branched polymers (Wu, Wu, Wu et al., 2007), which is believed to
be attributed to formation of the structure with the characteris-
tics of self-similarity, such as the percolation network (Okamoto
etal, 2001; Wu et al., 2006) or the liquid crystalline-like structure
(Solomon et al., 2001; Sui & McKenna, 2007). It has been reported
that like other rod-like particles, NCC can also form nematic lig-
uid crystalline domains (Noroozia et al., 2014; Derakhshandeh
et al., 2013) or liquid crystalline-like structure along with shear
flow (Lu et al., 2014) in their suspensions. On the other hand, the
percolated NCC network is also of self-similarity, like other the per-
colated rod-like or platelet-like nanoparticle networks (Okamoto
et al.,, 2001; Solomon et al., 2001; Sui & McKenna, 2007; Wang
et al,, 2015; Wu et al,, 2006; Wu, Wu, Wu et al., 2007; Wu, Zhou,
Yu et al., 2005). These two aspects together result in an evident
strain-scaling overshoot behavior of NCC aqueous suspensions as
the stress approaches to the steady state during shear flow.

It is interesting that at the same rate level, NCC/CMC suspen-
sion shows far stronger overshoot response than NCC/PVA one,
which is contrary to the percolation threshold trend discussed in
the linear rheology section. It is reported that the CMC aqueous
solution itself can form the liquid crystalline structure during shear
flow (Marsano, De Paz, Tambuscio, & Bianchi, 1998; Veen, Kuijk,
Versluis, Husken, & Velikov, 2014), however, in this work, it cannot
form the liquid crystalline phase at the current low concentration
of CMC (1 wt%) (See the polarized optical image shown in Fig. S5
of the Supplementary information. Nothing is observed after shear
flow.). A possible synergy mechanism between NCC and CMC is
hence proposed here. As discussed in linear rheology section, CMC
chain has much stronger electrostatic repulsion to the negatively



Y. Chen et al. / Carbohydrate Polymers 157 (2017) 303-310 309

charged NCC particles than the PVA chain. In this case, the inter-
actions among NCC particles themselves become weak because of
shielding or dilution effect. On the other hand, semi-rigid chain
structure of CMC means that it is not that possible to be adsorbed
onto the surface of NCC. Therefore, the flocculation level of NCC in
the CMC solution is far lower than that in the PVA one, as schemat-
ically shown in Fig. 5. Accordingly, NCC particles are easier to form
ordered phase in the CMC solution. In other words, the synergis-
tic effect between NCC particles and CMC chain results in stronger
overshoot response of NCC/CMC suspension system than that of
NCC/PVA one.

Besides, a nonzero residual stress behavior is seen on the
NCC/PVA system (arrow in Figs. 7 @’ and S4 of the Supplemen-
tary information) in long-time scale. It is attributed to rotation or
roll-over relaxation of rod-like NCC particles at high shear rates
because of drawing and dragging effects caused by strong inter-
actions between PVA chain and NCC particles (Wang et al., 2015;
Wau et al., 2006). This behavior is not seen on the NCC/CMC sys-
tem, confirming the lower adsorption level between CMC chain and
NCC, and as-resulted lower flocculation level of NCC. Clearly, it is in
accordance with the level difference of stress overshoot between
these two systems. Therefore, transient rheology can reveal more
information on the long-range structure of NCC and its relations
with polymer-NCC interactions in a suspension system under shear
flow.

4. Conclusions

NCC particles can be dispersed well in both the PVA and CMC
aqueous solutions, forming stable suspensions. Relative to the
semi-rigid CMC with negative charge, the flexible PVA has much
stronger interactions with negatively charged NCC particles, lead-
ing to a lower percolation threshold of NCC in the PVA aqueous
solution during SAOS flow and to a weak strain overshoot behavior
during LAOS flow. Both are caused by the formation of flocculation
structure of NCC. Besides, the two suspension systems show evi-
dent stress overshoot response during startup shear flow, revealing
strain-scaling characteristics, which is caused by the formation of
long-term ordered structure of NCC particles in the polymer solu-
tions. But the overshoot level is very sensitive to the chain structure
of used polymers and their interactions with NCC particles.
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