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a b s t r a c t

Cellulose nanocrystals (CNC) were isolated from cotton by alkaline pretreatment and concentrated sul-
furic acid hydrolysis. The rheological properties of the CNC aqueous suspensions as influenced by the
concentration of CNC, temperature and ionic strength were investigated. The suspension is isotropic up
to 0.6 wt %, and phase separates to liquid crystalline and isotropic domains at higher concentration
where the viscosity profile shows a three-region behavior (shear thinning-plateau or shear thickening-
shear thinning), which is typically associated with polymer liquid crystals. The suspension behaves as a
rheological gel at even higher concentrations, where the frequency independence of storage modulus
occurs. The viscosity of suspensions decreased with an increase in ionic strength through the whole
range of shear rates investigated, which is a typical behavior of a polyelectrolyte solution. The storage
modulus generally decreased with increasing ionic strength. The effect of temperature on viscosity is
negligible, and the storage modulus decreased with an increase in temperature. Finally, the Cox-Merz
rule was found to fail in both biphase and gel regions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is considered to be one of the most abundant bio-
polymers on earth, and it is a linear polysaccharide which exists
mainly in plants, especially in cotton (Habibi, Lucia, & Rojas, 2010).
Moreover, cellulose is an attractive renewable resource able tomeet
the demand of reducing the environmental footprint, offering a
number of advantages in production cost with desirable physical
and chemical properties (Jang, Jeong, Oh, Youn, & Song, 2012; Siro
& Plackett, 2010). In addition, cellulose has high glass transition
temperature (Tg). The presence of hydroxyl groups makes cellulose
molecule highly polar, leading to inter- and intrahydrogen bonding.
Thus the solvent that can directly dissolve cellulose requires for-
mation of a physical complex (Dave & Glasser, 1993). Lots of at-
tempts have been done to find out direct solvent systems for
dissolving cellulose.

Native cellulose is composed of crystalline and amorphous re-
gions, and a series of products in the form of crystalline cellulose,
such as microcrystalline cellulose (MCC), cellulose nanocrystals
(CNC), microfibrillated cellulose (MFC), nanofibrillated cellulose

(NFC) or bacterial nanocrystalline cellulose (BNC) can be obtained
through the chemical or mechanical methods. Among these forms,
Cellulose nanocrystals (CNC) have recently received considerable
attention due to their intrinsically appealing properties (Habibi
et al., 2010). The rodlike CNC are mainly prepared by controlled
acid hydrolysis of native cellulose sources (e.g., wood, hemp, sisal,
cotton, ramie and bacteria) (Kim, Kang,& Song, 2013; Li et al., 2010;
Shafiei-Sabet, Hamad, & Hatzikiriakos, 2013). Isolation of cellulose
nanocrystals from cellulose colloidal suspensions by sulfuric acid
hydrolysis was first reported by Ranby (Ranby, 1951). Battista found
that the formation of stable suspensions can also be achieved by
hydrolysis of cellulose using hydrochloric acid followed by me-
chanical disintegration (Battista & Smith, 1962). Swatloski et al.
pioneered the work of using of ionic liquid (IL) for the preparation
of cellulose solutions (up to concentration of 25 wt %) (Swatloski,
Spear, Holbrey, & Rogers, 2002). Among these methods, acid hy-
drolysis has become the most popular method to prepare the cel-
lulose crystal suspension.

At present, many researches have investigated the rheological
properties of these celluloses through trying to discuss their
microstructure change and the associated consequences during
processing, handling and application. Cellulose nanocrystals (CNC)
are composed of nano fibers of high aspect ratio cellulose, with
unique rheological characteristics (Shafiei-Sabet, Hamad, &
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Hatzikiriakos, 2012; Ure~na-Benavides, Geyou, Virginia, & Kitchens,
2011). Due to the rodlike structure and surface charge of particles,
CNC aqueous suspension exhibits liquid crystals (LCs) state above a
critical concentration (Ure~na-Benavides et al., 2011). Generally, the
suspensions of CNC prepared by concentrated sulfuric acid hydro-
lysis are isotropic at concentrations up to 3wt %, phase-separate
into liquid crystalline and isotropic biphasic suspensions at
higher concentrations where the viscosity profile presents a typical
three-region behavior, and behave as rheological gels which show a
single shear thinning behavior at even higher concentrations
(Shafiei-Sabet et al., 2012). Temperature can affect the rheological
properties of CNC suspensions significantly. This temperature
dependence of the rheological properties is attributed to the
change in the relative fractions of isotropic and liquid crystalline
regions (Liu, Chen, Yue, Chen, & Wu, 2011; Shafiei-Sabet et al.,
2012). Moreover, Jia studied the rheological properties of an
amorphous cellulose suspension, and discussed the effects of
concentration, ionic strength, pH and temperature on the flow and
viscoelastic properties of amorphous cellulose suspensions (Jia
et al., 2014). In addition, blending CNCs with macromolecules
such as alginate or inorganic materials like silica can also induce
similar types of ordering in the resultant mixtures (Shopsowitz, Qi,
Hamad, & MacLachlan, 2010; Ure~na-Benavides, Brown, & Kitchens,
2010). The mechanical properties of CNC/calcium alginate fibers
have been found to be dependent on the helical assembly of the
cellulose crystallites, which is observed in nature and interrelated
with the cholesteric ordering of CNC suspensions (Ure~na-Benavides
et al., 2010; Ure~na-Benavides et al., 2011). Andrade investigated the
rheological properties of gelatin suspensions containing cellulose
nanofibers for potential coatings (Andrade et al., 2015). Although
much attention has been paid to the study of the rheological
properties of CNC suspensions, deep understanding of the rela-
tionship between the microstructure of CNC suspensions and their
rheological properties remains a great challenge.

In this paper, cellulose nanocrystals suspensionwas prepared by
concentrated sulfuric acid hydrolysis. Then it was characterized by
SEM, FTIR, XRD and Element analysis. The objectives of the work
were to investigate the effects of the concentration of CNC, tem-
perature and ionic strength on the rheological properties of the
CNC aqueous suspensions. We ultimately hope that understanding
of the rheology and phase behavior of CNC suspensions will aid in
the processing, handling and application of the CNC aqueous
suspensions.

2. Experimental

2.1. Materials

Cotton was chosen as raw material to prepare CNC. Concen-
trated sulfuric acid and NaOH were purchased from Sinopharm
Chemical Reagent Co.,Ltd. All aqueous solutions were prepared
using ultrapure water (18MU cm) from aMilli-Qsystem (Millipore).
All reagents were used as received.

2.2. Preparation of CNC

CNC was prepared as follows (Fig. 1): Approximately 10 g of
cotton was pretreated by 100 mL 20 wt % aqueous NaOH solution
(the value of pH is about 12) for 4 h at room temperature. The
obtained slurry was filtered and thoroughly washed with about
500 mL deionized water until a neutral pH was reached. The pre-
treated fibers were then dried at 40 �C in a vacuum oven for 12 h
prior to further processing. Then it was hydrolyzed using 50 wt %
sulfuric acid at a fiber-to-acid ratio of 1:20. The mixture was stirred
vigorously at 50 �C for 1 h and the acid hydrolysis was immediately

quenched by diluting 15-fold with cold water. The diluted solution
was filtered through a piece of filter paper with a pore diameter of
0.45 mm under vacuum. The obtained wet cream-like, off-white
slurry material was then redispersed in distilled water and the
mixture was stirred for 20 min. To further remove the residual acid,
they were centrifuged at room temperature for 20 min with a
centrifugal force of 21772.8 g. The CNC was separated from the
suspension by centrifuging after each washing. After three centri-
fugation cycles, the ivory-colored CNC was obtained. The obtained
CNCs aqueous suspensions were freeze-dried in a low temperature
freezer at �50 �C under an operating pressure of 10 Pa for about
12 h. Finally, the freeze-dried powders were sealed in plastic bags
before performing further characterizations.

2.3. Preparation of CNC suspensions

20 g CNC powders were added to deionized water (100 mL) and
ultrasonicated in an ice bath for 5 min to obtain the initial sus-
pension, then it was diluted gradually with deionized water to
prepare the CNC suspensions with different weight concentrations
of 20%, 15%, 10%, 5%, 3%, 1%, 0.8%, 0.6%, 0.4% and 0.2%, respectively,
which were used for exploring the rheological properties of the
CNC suspensions.

2.4. Characterizations

Scanning electron microscopy (SEM) images were taken on a
JEOL JSM-6700 field-emission scanning electron microscope.
Fourier transform infrared (FTIR) spectra were collected on a
Nicolet Avatar 370 infrared spectrometer using pressed KBr disks.
The FTIR spectrawere recordedwith a resolution of 1 cm�1 over the
range of 4000e400 cm�1. Element analysis was carried out on an
Elementar Vairo EL III (Germany). The number of surface sulfate
half-ester groups per 100 bulk anhydroglucose units has been
determined based on the formula of C6H10O5-(SO3)n (Hamad & Hu,
2010). XRD analysis was conducted with a BDX3300 X-ray diffrac-
tometer equipped with a multichannel detector by use of a Cu Ka1
(l¼ 0.15406 nm)monochromatic X-ray beam. All the samples were
measured within 2q of 5e60� with a scan rate of 1�/min. The
rheological properties of the cellulose nanocrystals suspension
weremeasured by Rheology DHR-2 (TA Instrument) using a 45 mm
diameter parallel plate with the gap fixed at 1 mm.

3. Results and discussion

3.1. Morphology and structure of CNC

A comparison of the morphology of cotton and CNC is presented
in Fig. 2. The enlarged cotton reveals that cotton is just like thread
and it contained large sized fiber bundles composed of many micro
fibrils (Fig. 2a). These fiber clusters had an average diameter of
15 mm. Because of their large dimension and the strong hydrogen
bonding interactions, cottons could not be dispersed in water
forming suspensions without any treatment, but highly precipi-
tated in water. After treatment with 50 wt % H2SO4, it was con-
verted into the milky suspension. The amorphous regions of
cellulose were preferentially hydrolyzed by sulfuric acid, while the
crystalline regions that had a higher resistance to acid remained
intact, resulting in the isolation of cellulose nanocrystals. The
dispersion of the CNC was formed through the reaction between
hydroxyl groups of cellulose and sulfuric acid via adding the
charged surface sulfate esters. Fig. 2b showed that homogenized
CNC were well-isolated and shaped like rods (wider at the middle
than at the ends). The average length and width of CNC were
325 ± 75 and 25 ± 5 nm, respectively. The histogram presented in
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