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ABSTRACT: High aspect ratio carboxycellulose nanofibers
(NOCNF), having typical length over 1000 nm, width ∼4.6
nm, thickness ∼1.3 nm, and carboxylate content of 0.42
mmol/g, were extracted from jute fibers using a modified
nitro-oxidation method. The extracted nanofiber was found to
possess crystallinity of 69% (measured by wide-angle X-ray
diffraction, WAXD), relatively higher than that of raw jute
fibers (crystallinity ∼61%). Gelation of NOCNF in aqueous
suspensions was observed due to the high aspect ratio of the
fiber even at a relatively low concentration. Rheological
studies on the NOCNF suspensions at different concentrations (0.01−1 wt %) revealed the shear-thinning behavior with
increasing shear rate. The corresponding viscoelastic moduli (G′ and G′′) results indicated that the NOCNF suspension at
concentration between 0.1 and 0.2 wt % possessed a liquid−gel transition. The rheological data near the gelation point could be
fitted by the Winter−Chambon model, where the results confirmed the formation of a percolated fibrous network. The flow
behavior of the NOCNF suspensions in the chosen concentration range could be further described by the concept of the
crowding factor. Nanopaper prepared using these high aspect ratio carboxycellulose nanofibers exhibited good mechanical
properties with tensile strength of 108 ± 2 MPa and Young’s modulus of 4.1 ± 0.2 GPa.
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■ INTRODUCTION

Due to high sustainability, renewability, and low cost, cellulose
is a reliable source for materials development in a wide range
of applications, from traditional packaging materials to fuels
and chemicals. In the past two decades, the development of
functional nanoscale cellulose has enabled the usage of
nanocellulose in many advanced applications, such as
biomedical devices,1,2 solar cells,3,4 fuel cells,5 fluorescent
bioimaging molecules,6 drug delivery,7 gas barrier films,5,8

water purification,9,10 sensors,11 dispersion stabilizer of carbon
nanotubes in aqueous phase,12 flexible electronics,13−15

electrocatalyst,16 etc. There are different kinds of nanoscale
celluloses, including cellulose nanocrystals (CNC),17−19

cellulose nanofibers (CNF),20,21 microfibrillated cellulose
(MFC),22 and spherical nanocellulose.7,23,24 Recently, TAPPI
has announced the criteria to define the appropriate
nomenclature of nanostructured cellulose.19 In these nanoma-
terials, CNC is usually extracted by the acid hydrolysis method,
while CNF and MFC are produced by chemical and
mechanical treatments. It has also been reported that the
introduction of surface charges on cellulose can facilitate the
fibrillation of CNF due to the electrical repulsion forces
between the charged nanofibers.20

Typical industrial processes to produce nanocellulose
include acid hydrolysis,17,25,26 carboxylation,27−29 carboxyme-
thylations,30 and quaternization,31 followed by mechanical

treatment such as high pressure homogenization and ultra-
sonication. Most of these methods require the use of only
cellulose as a source to extract nanocellulose.18,32,33 Recently,
our laboratory has demonstrated a simple nitro-oxidation
method that can extract carboxycellulose nanofibers
(NOCNF) directly from untreated biomass (containing
cellulose, hemicellulose, and lignin), such as raw jute and
spinifex fibers, using the mixture of nitric acid and sodium
nitrite.29 Although the use of nitro-oxidation method to
prepare carboxycellulose microfibers has been demonstrated
earlier,12 the discovery of its usage to extract carboxycellulose
nanofibers from biomass was only recent.34 It was further
observed that NOCNF could be an excellent adsorbent/
coagulant for removal of heavy metal ions from water.32

However, the NOCNF produced in our earlier study25 was of
low aspect ratio (length = 190−370 nm; diameter = 4−5 nm),
limiting their applications as structural materials (e.g., for
fabrication of membranes and nanocomposites). The purpose
of this study was to optimize the nitro-oxidation method that
could produce high aspect ratio NOCNF to exhibit gel
behavior and to enhance mechanical properties when
fabricated into the form of nanopaper.
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The hypothesis behind the nitro-oxidation method, using
the mixture of nitric acid and sodium nitrite, to treat dry
biomass, involves the simultaneous pretreatment and oxidation
of biomass, leading to nanofibrillation of the cellulose
component. Specifically, the presence of nitrogen oxide species
(produced by the addition of nitric acid and sodium nitrite)
can depolymerize the lignin component by converting the
syringyl units on lignin into soluble benzoquinone products.35

In addition, the hemicellulose component can be broken down
into xylose and other byproducts by nitric acid.36 Furthermore,
the generation of nitrosonium ions (an active oxidizing
species) through the reaction of nitric acid and sodium nitrite
can selectively oxidize the primary hydroxyl groups of
anhydroglucose units of cellulose to carboxyl groups. The
schematic of oxidation of cellulose by nitrosonium ion has
been described in our earlier study.29

In this study, we have fine-tuned the reaction conditions in
the nitro-oxidation treatment of raw jute fibers to produce high
aspect ratio NOCNF, which exhibited a distinct liquid−gel
transition in the suspension state. In the literature, high aspect
ratio nanocellulose could be prepared by varying processes,
including TEMPO-oxidation, carboxymethylation, homogeni-
zation, and microfluidization37−39 to prepare membrane
materials with good mechanical strength, decent thixotropic
properties, and high thermal stability. The reaction conditions
of the nitro-oxidation method in the current study have been
carefully optimized to produce NOCNF with properties
comparable with those prepared by other methods. Specifi-
cally, the structureproperty (thermal, rheological, and
mechanical)processing relationships in the fabrication of
NOCNF are discussed. Furthermore, the rheological proper-
ties of the NOCNF suspension near the liquid−gel transition
were described by the Winter−Chambon model as well as by
the concept of the crowding factor. Finally, we demonstrate the
preparation of NOCNF-based nanopaper with very good
mechanical properties, compared with those prepared by other
methods.

■ EXPERIMENTAL SECTION
Materials. Dried jute fibers (degree of polymerization (DP) of the

extracted cellulose was 516) were provided by Toptrans Bangladesh
Ltd. in Dhaka, Bangladesh. Untreated fibers were first cut into small
pieces, having 3−5 cm in length, and subsequently washed without
further treatment. Analytical grade nitric acid (ACS reagent, 60%) and
sodium nitrite (ACS reagent, ≥97%) were purchased from Sigma-
Aldrich; sodium bicarbonate was purchased from Fisher Scientific. All
chemicals were used without further purification.
Preparation of NOCNF from Jute Fibers. Finely cut jute fibers

were dipped in sodium hydroxide (1N) solution for 24 h at room
temperature. These fibers were subsequently washed using distilled
water, treated with microfiltration until the filtrate became neutral
(pH = 7), and collected and dried in an oven at 60 °C for 14 h. These
dried jute fiber samples were then utilized to extract NOCNF using
the previously published nitro-oxidation method29 with modified
reaction conditions using a lower concentration nitric acid.
Specifically, 10 g of finely cut dried jute fibers was placed in a 1 L
three-neck round-bottom flask, where 14 mL (22.2 mmol) of nitric
acid (60%) was subsequently added. When the samples became
completely soaked in the acid, 0.96 g of sodium nitrite (14 mmol) was
added to the reaction mixture under continuous stirring. Upon the
addition of sodium nitrite, red fumes were formed inside the flask. To
prevent the red fumes from escaping, the mouths of the round-bottom
flask were closed with stoppers. The reaction was performed at 50 °C
for 12 h and was then quenched by adding 250 mL of distilled water
to the beaker. Once the final product was equilibrated, the

supernatant liquid was discarded to remove the excess acid, leaving
behind the solid product. After performing the first decantation
process, a mixture of ethanol and water (1:2 ratio) was added to the
solid product, and then the suspension was stirred using a glass rod.
The sample was untouched until the liquid (supernatant) and solid
became separate layers. The supernatant was also decanted off to
extract the solid product. The above decantation step was repeated
4−5 times, until the pH value of the suspension reached above 2.5.
This suspension was then transferred into a dialysis bag (Spectral/
Por; molecular weight cut-off, MWCO: 6−8 kDa) and equilibrated
for 4−5 days until the conductivity of water reached below 5 μS. The
resulting cellulose product possessed the carboxyl (COOH) group.
To obtain a good dispersion of nanofibers with ionic properties
(COO−Na+), the functionalized nanocellulose was then treated with 8
wt % sodium bicarbonates (1:10 w/v), until the pH of suspension
reached 7.5. The sample was again dialyzed (using a dialysis bag,
Spectral/Por; with MWCO: 6−8 kDa) and equilibrated for 2−4 days,
until the conductivity of water reached below 5 μS. The sample slurry
(0.2 wt %) was then homogenized using a high pressure homogenizer
(GEA Niro Soavi Panda Plus Bench top homogenizer), at 250 bar for
1 cycle. The schematic diagram on preparation of NOCNF using the
nitro-oxidation approach is shown in Figure 1.

Characterization of NOCNF. The carboxylate content and
aldehyde content of NOCNF were determined using the conducto-
metric titration method. The detailed description of the titration
procedure is discussed in the Supporting Information. Furthermore,
the surface charge of NOCNF was determined by measuring the ζ-
potential of the suspension (using Zetaprobe AnalyzerColloid
Dynamics). The structural and functional characterizations of
NOCNF were carried out using Fourier transform infrared
spectrometer (FTIR, PerkinElmer Spectrum One instrument using
the attenuated total reflectance (ATR) mode), 13C CPMAS nuclear
magnetic resonance (NMR, Bruker Utrashield 500WB plus 500 MHz
NMR instrument), wide-angle X-ray diffraction (WAXD, Benchtop
Rigaku MiniFlex 600), and thermogravimetric analysis (PerkinElmer

Figure 1. Schematic diagram on preparation of NOCNF using the
nitro-oxidation method.
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STA-6000 Simultaneous thermal analyzer). The morphology of
NOCNF was analyzed by transmission electron microscopy (TEM,
FEI Tecnai G2 Spirit BioTWIN instrument), atomic force microscopy
(AFM, Bruker Dimension ICON scanning probe microscope, Bruker
Corporation), and solution small-angle X-ray scattering (SAXS)
technique37 (in the LiX beamline at the NSLS-II, Brookhaven
National Laboratory). The surface area of freeze-dried NOCNF was
measured by the Brunauer−Emmett−Teller (BET) analyzer
(Quantachrome NOVAtouch LX2 analyzer).
Rheological measurements of NOCNF suspensions with different

concentrations were carried out using a stress-controlled rheometer
(TA Instruments AR-G2). In these measurements, a double-walled
concentric cylinder holder was employed to evaluate the samples at
concentrations of 0.05, 0.1, and 0.2 wt %, respectively, while a 40 mm
parallel-plate holder was used to investigate the samples at
concentrations of 0.4, 0.6, 0.8, and 1 wt %, respectively. The linear
viscoelastic (LVE) region for NOCNF was obtained using the stress
sweep measurements at a constant frequency of 1 Hz, where
rheological responses of NOCNF samples were also determined by
measuring the frequency sweeps within the LVE region. Finally, flow
sweeps were carried out at the shear rate from 0.01 to 100 s−1. All
measurements were performed at 25 °C, and a solvent trap was used
to prevent the solvent evaporation.
Preparation of Nanopaper. Nanopaper prepared from the

NOCNF suspension was accomplished by vacuum filtration using a
microfiltration assembly composed of a glass support Ultra-Ware glass
funnel connected to a vacuum pump, where the funnel was fitted with
a Durapore membrane filter paper having a diameter of 47 mm and an
average pore size of 0.65 μm. A 200 mL portion of 0.2 wt % NOCNF
suspension was slowly fed into the funnel using the glass rod to avoid

the formation of air bubbles. The aggregation of the NOCNF layer
was formed continuously on top of the membrane paper until a
uniform wet sheet of NOCNF nanopaper was achieved. The wet
nanopaper sheet was then removed from the membrane paper, and
placed between two Kapton films and hot-pressed at 111 °C for 20
min. To avoid the wrinkling of the nanopaper edges, the resulting
nanopaper was compressed under 1 kg of weight at room temperature
for 16 h and then tested for mechanical properties.

Mechanical Evaluation of Nanopaper. To investigate the
mechanical properties of NOCNF nanopaper samples, dynamic
mechanical analysis (DMA Q800, TA Instruments, New Castle, DE)
was employed to obtain the stress−strain measurements. Samples
were first cut into dimensions of ∼5 × 0.5 × 0.2 mm (L × W × T)
and then mounted between two tension clamps with a preloading
force of 0.03 N. Additional force was then applied on the sample at
the rate of 3 N/min until the sample was fractured.

■ RESULTS AND DISCUSSION

Characterization of NOCNF. The nitro-oxidation ap-
proach was designed to treat raw biomass, especially nonwood
biomass (e.g., those from underutilized sources), aiming to
make the CNF extraction more facile, more sustainable, less
chemical oriented, and less energy dependent. Based on our
previous nitro-oxidation study,29 the primary factor affecting
the morphology and gelation properties of NOCNF was the
amount and concentration of nitric acid used. Upon further
investigation, we discovered that the increase in nitric acid
concentration to 65−67% would lead to fiber degradation

Figure 2. (i) FTIR spectra of jute fibers and NOCNF. (ii) 13C CPMAS NMR spectra of jute fibers and NOCNF. (iii) WAXD patterns of jute fibers
and NOCNF extracted using the nitro-oxidation method. (iv) SAXS profile of NOCNF (0.1 wt %) suspension and the fitting curve using the
ribbon model.
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having an average fiber length (L) of 290 ± 40 and an average
width (D) of 4−5 nm. However, the decrease in nitric acid
concentration to 60% could result in high aspect ratio NOCNF
having a significant portion of fiber length >1000 nm without
changing the average width (in this study). It was thought that
the fiber degradation by nitric acid in high concentration was
due to the breakage of 1,4-glycosidic bonds in cellulose chains.
Typically, when CNF has a large aspect ratio and high

surface charge, the suspension can result in a homogeneous gel.
The NOCNF sample obtained in the current study clearly
exhibited the gelation behavior as seen in two photographs of a
1 wt % NOCNF suspension (carboxylate content = 0.416
mmol/g, ζ-potential ∼ −70 mV) in the neutral condition
(Figure S1 in the Supporting Information). In Figure S1i, when
the sample vial was flipped to an upside down position, the gel
was found to adhere strongly to the bottom of the vial.
However, the gel became a liquidlike material (Figure S1ii)
upon shaking for 30 s, which indicated the thixotropic behavior
of this gel. The relations among structure, functionality, and
rheological property of extracted NOCNF using 60% nitric
acid concentration are discussed as follows.
Surface Functionality and Properties. The surface

functionality characterization of NOCNF extracted from
untreated jute fibers under the chosen nitro-oxidation
conditions was first carried out by FTIR. The FTIR spectra
of untreated jute fibers and NOCNF are presented in Figure
2i. In these spectra, the dominant 3328 cm−1 peak due to the
OH stretching and the weaker 2900 cm−1 peak due to the
CH symmetrical stretching (all from the cellulose
component) were present in both untreated jute fibers and
NOCNF samples. However, the peak at 1515 cm−1 due to the
CC aromatic symmetrical stretching in lignin and those at
1739, 1460, 1240, and 810 cm−1 due to xylan and
glucomannan of hemicellulose were only present in untreated
jute fibers. The absence or significant reduction of the peak
intensity in FTIR associated with lignin and hemicellulose
moieties in NOCNF indicated that the nitro-oxidation method
is an effective approach to remove the lignin and hemicellulose
components from jute fibers. Moreover, the appearance of a
sharp 1595 cm−1 peak in NOCNF, along with the
simultaneous decrease in the CH stretching at 2900 cm−1,
confirmed the oxidation of jute fibers at the C6 position of the
anhydroglucose units. In other words, the nitro-oxidation
provided an effective pathway to selectively oxidize the C6
hydroxyl groups in anhydroglucose units to carboxyl groups.
The carboxylate content (0.416 mmol/g) in CNF was
determined using the conductometric titration method.
The corresponding graph on conductivity measurement vs

volume of NaOH is shown in Figure S2 (Supporting
Information). Although the FTIR of NOCNF did not show
any relevant peaks of aldehyde groups, the conductometric
titration on NOCNF after further oxidation using sodium
chlorite suggested that the aldehyde content was 0.095 mmol/
g. The procedure of oxidation of NOCNF using sodium
chlorite is also described in the Supporting Information. The
corresponding graph on the conductivity values versus the
volume of sodium hydroxide consumed is depicted in Figure
S3. In our previous study, a higher concentration of nitric acid
(65%) was used in the nitro-oxidation method, which probably
resulted in NOCNF having only carboxylate content without
any aldehyde functionality.
The solid state 13C CPMAS NMR measurement was

performed to investigate the effectiveness of the modified

nitro-oxidation method (using a lower concentration nitric
acid of 60%) in removing the lignin and hemicellulose
components from jute fibers, while simultaneously oxidizing
the cellulose components to produce NOCNF. The results are
shown in Figure 2ii. In this figure, both NMR spectra of jute
fibers and NOCNF showed characteristic cellulose peaks; i.e.,
the peaks in between 60 and 70 ppm represented the C6
carbon of primary hydroxyl group, the array of peaks between
70 and 80 ppm the C2, C3, and C5 carbons in the
anhydroglucose units, the peaks between 80 and 95 ppm the
C4 carbons, and the peaks between 100 and 110 ppm the C1
carbons in anhydroglucose units. However, the NMR spectra
of jute fibers displayed distinct peaks at ∼21 and 56 ppm,
which were relevant to glucuroxylans of the hemicellulose
component. Furthermore, the small peaks at 153 and ∼172
ppm corresponded to C1 carbons of the guaiacyl unit and
syringyl unit of the lignin component in jute fibers. The
disappearance of lignin and hemicellulose peaks in the NMR
spectra of NOCNF further confirmed the removal of both
lignin and hemicellulose. The presence of the intense carboxyl
peak in NOCNF at 174 ppm provided the evidence of
oxidation of the cellulose component in jute fibers.
Other surface properties characterized included the ζ-

potential, conductivity, and surface area of the freeze-dried
sample. Figure S4i,ii (Supporting Information) illustrates the
results from ζ-potential and conductivity measurements of
NOCNF in suspension, which showed that the resulting
NOCNF had an average surface charge around −70 mV and
conductivity around 0.090 mS/cm. The surface area of the
freeze-dried NOCNF sample was estimated by the BET
measurement (Figure S4iii in the Supporting Information),
which indicated the value of the resulting sample was 35 m2/g.
Crystallinity and Crystal Structure. Based on the 13C

CPMAS NMR spectra (Figure 2ii), it appeared that there was
no drastic change in the crystalline and noncrystalline peaks of
C4 and C6 carbons between jute fibers and NOCNF. The
crystallinity index (CI) of these samples could be estimated
using the following equation for the peaks related to C4
carbons:40

CI
area between 87 and 93 ppm
area between 80 and 93 ppm

100= ×
(1)

where the area between the region 87−93 ppm is related to the
crystalline phase, and the area between 80 and 93 ppm
corresponds to the total contribution of the crystalline and
noncrystalline phases. Using the above equation, the extracted
NOCNF sample was found to possess a CI value of 65% (CI of
untreated jute fibers was around 62%), which was further
confirmed by WAXD to be discussed next. This indicated that
the nitro-oxidation method with lower concentration nitric
acid (60%) was quite efficient to preserve the crystallinity of
NOCNF. In our previous study,29 the observed NMR
spectrum indicated the presence of large noncrystalline region
in NOCNF, where the corresponding crystallinity was only
about 35%.
WAXD measurements were carried out to confirm the

crystallinity index as well as the crystal structure of NOCNF,
where the results are illustrated in Figure 2iii. In this figure, it
was seen that both WAXD patterns of jute fibers and NOCNF
exhibited cellulose I structure having similar intensity
distributions. Specifically, three similar diffraction peaks at 2θ
angles of 16.5°, 22.7°, and 35.1° were seen in the two patterns,
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corresponding to (110), (200), and (004) reflections,
respectively.41 This confirmed that the selected conditions in
the nitro-oxidation reaction did not alter the crystal structure
nor crystallinity in NOCNF when compared with those in
untreated jute fibers. The crystallinity index (CI) calculated
from the WAXD data using the Ruland method40,41 for
NOCNF was 69%, while that for jute fibers was 61%. These
results are consistent with the CI values calculated from 13C
CPMAS NMR spectra. The slight increase of CI in NOCNF
was expected, as untreated jute fibers contain only about 60%
cellulose where the CI value in the initial cellulose phase
should be much larger.

Morphology and Aspect Ratio. The morphology of
NOCNF was characterized by TEM, where two typical images
(one from aggregated fibers through the use of higher NOCNF
concentration, and one from segregated fibers from the use of
NOCNF lower concentration) and their length distributions
are illustrated in Figure 3i,ii. These images showed that
NOCNF extracted using nitric acid with 60% concentration
possessed long filaments, entangled in a weblike fashion, where
the lengths of the major portion of the fibers were significantly
greater than 1000 nm (images were taken at the 500 nm scale,
and even though, the length of some fibers could not be easily
determined). The observation provided the strong evidence

Figure 3. Morphology of extracted NOCNF showing (i) aggregated fibers in TEM and (ii) segregated fibers in TEM. (iii) Corresponding
frequency counts of fiber width from TEM images. (iv) Frequency counts of fibers length from TEM images. (v) AFM image of NOCNF. (vi)
Corresponding frequency counts of fiber thickness from AFM images.
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that NOCNF extracted using the current nitro-oxidation
reaction approach could result in high aspect ratio NOCNF
from untreated jute fibers. The statistical width distribution of
NOCNF (based on estimates from 30 fibers) is shown in
Figure 3iii, where the average NOCNF width was found to be
in 4.6 ± 0.95 nm. The statistical fiber length distribution of the
same NOCNF system determined by a lower resolution TEM
image is shown in Figure 3iv, which indicates that the range of
the fiber length distribution falls in the range 200−2500 nm.
The average length and width of NOCNF calculated for 30
fibers from these TEM images was 871 nm, and the
corresponding L/D ratio was 189. Based on our previous
work, the higher concentration (65%) of nitric acid led to
NOCNF with an average length (L) of 290 ± 40 and an
average width (D) of 4−5 nm.29 The use of high concentration
of nitric acid would yield a lower degree of polymerization in
NOCNF, due to the degradation in cellulose chains through
scission of the 1,4-glycosidic linkage. However, the use of
lower concentration (less than 55%) of nitric acid could not
result in full defibrillation of raw jute fibers, probably because
of the insufficient dissolution of the lignin and hemicellulose
components. This will be the subject of a future study
regarding the effect of nitric acid concentration on the
production of nanocelluloses from different biomass resources.

In the current study, with the combined effects of high
aspect ratio, sufficient carboxylate content (0.416 mmol/g),
and relatively high surface charge (−70 mV) of NOCNF,
gelation was observed at a low concentration (0.2 wt %).
Similar results have been observed with TEMPO-oxidized and
carboxymethylated nanocelluloses, where the overlapping
concentration also appeared to be at around 0.2 wt %.42,43

Nechyporchuk et al.42 reported the recent development in
rheological studies on cellulose nanofibrils, and described the
effects of concentration and ionic strength of CNF on
rheological properties, such as gelation and shear-thinning
thixotropic behavior. Li et al.43 also investigated the rheological
properties of cellulose nanocrystals (CNC) and demonstrated
that CNC acted as an elastic gel at high concentration. The
rheological results of the NOCNF system will be discussed in a
later section.
AFM imaging of NOCNF was also carried out to determine

the thickness profile of NOCNF. Figure 3v shows the AFM
image of a typical NOCNF sample. In this image, it was seen
that the long filament possessed multiple kinks as reported in a
recent study.44 It was reported that the kinks were probably
resulted from the processing, which might also be the case
here. In Figure 3v, the width of the fibers could not be
estimated as it was in the same order of magnitude as the

Figure 4. (i) TGA curves of jute fibers and NOCNF. (ii) DTG curves of jute fibers and NOCNF. (iii) Viscosity measurement of the NOCNF
suspension at different NOCNF concentration (wt %) as a function of the shear rate.
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radius of the AFM tip. However, the thickness of the NOCNF
was estimated by the vertical deviation (height) of the AFM
tip. The frequency count for the fiber width at different
position of the NOCNF from the AFM images is illustrated in
Figure 3vi. The results indicated that the observed thicknesses
of NOCNF were all in the range of 1.3 nm. This indicates that
the cross-sectional shape of NOCNF is not round, but
ribbonlike. This conclusion is also consistent with the results
from solution SAXS characterization of NOCNF in suspen-
sion.
The SAXS intensity profile of the 0.1 wt % NOCNF

suspension is shown in Figure 2iv. This profile was quite
featureless, and could be fitted with a model, such as a
cylindrical form factor45 or a parallelepiped form factor.46 In
our previous study,47 we demonstrated the use of a
polydisperse ribbon model could successfully describe the
SAXS data of TEMPO-oxidized cellulose nanofibers in
suspension. The model is based on the assumption that the
length of the fiber is infinitely long (e.g., above 200 nm or
above the SAXS spatial solution), where two cross-section
dimensions and their corresponding variances are the major
factors affecting the scattered intensity. As the typical length of
NOCNF was above 1000 nm (Figure 3), but the cross-
sectional width and thickness are within the SAXS detection
range, we argue that the polydisperse ribbon model is an
appropriate model for the SAXS analysis. The fitting curve by
the ribbon model (using the SasView software) is shown in
Figure 2iv, which superimposed well with the measured
intensity profile from the NOCNF (0.1 wt %) suspension. The
results indicated that the ribbon’s cross-section had an average
width of 4.9 nm with variance of 0.12 nm, and an average
thickness of 1.4 nm with variance of 0.12 nm. These results
agreed well with the TEM and AFM results (i.e., the average
width around 4.6 nm and thickness around 1.3 nm,
respectively).
Thermal Properties. The thermal degradation profiles of

jute fibers and NOCNF are illustrated in Figure 4. The profile
for jute fibers (Figure 4iA) indicates that the sample
underwent degradation in three major steps at 281, 376, and
520 °C, respectively. The initial onset temperature (Tonset) was
at 281 °C (where about 8 wt % weight loss was seen), and the
final offset temperature (Toffset) was at 520 °C. In contrast, the
thermal degradation profile of NOCNF (Figure 4iB) exhibited
only two degradation steps, whereby the initial onset
temperature (Tonset) was at 199 °C (with 2.7 wt % weight
loss), and the final offset temperature (Toffset) was at 306 °C
(with 54.3 wt % weight loss). The shifting of the Tonset value to
a lower temperature of NOCNF as compared to that of jute
fibers indicated the lower thermal stability of NOCNF. This
might be due to the presence of thermally unstable
anhydroglucoronic moiety in NOCNF, which could be
degraded at a lower temperature (199 °C) and release CO2.
The derivative thermogravimetry (DTG) analyses are illus-
trated in Figure 4iiA. The results indicated that jute fibers
(Figure 4iiA) had three distinct decomposition peaks at (1)
500 °C due to the degradation of lignin, (2) 360 °C due to the
degradation of cellulose, and (3) 292 °C due to the
degradation of hemicellulose. However, the DTG curve of
NOCNF displayed only two degradation peaks, which could
be attributed to the degradation of anhydroglucoronic units
and anhydroglucose units of cellulose chains at 234 and 262
°C, respectively. The lower degradation temperature of the

cellulose component in NOCNF than in jute fibers also
reflected the nanoscale dimensions of NOCNF.

Rheological and Gelation Properties of NOCNF.
Figure 4iii illustrates the effect of shear rate on the viscosity
of NOCNF suspensions at different concentrations. All
suspensions displayed the shear-thinning behavior; i.e., the
viscosity decreased with the increase of shear rate. We expect
that this shear-thinning behavior is a consequence of the
entanglement of NOCNF at low shear rate and the
disentanglement of NOCNF at high shear rate, similar to the
rheological properties of polymer solutions. In addition, the
flow curves indicated that the viscosity of the suspension
increased with NOCNF concentration, which was expected.
Such a concentration effect was also consistent with the results
from frequency sweep experiments as described below.
Oscillatory shear measurements were performed to study the

linear viscoelastic properties of these suspensions. Figure 5i
shows the storage and loss moduli G′ and G′′ as a function of
oscillatory strain at a constant frequency of 1 Hz for NOCNF
suspensions at different concentrations (0.05−1 wt %). It was
seen that both G′ and G′′ values are independent of strain

Figure 5. Storage and loss moduli as a function of (i) oscillatory strain
at a constant frequency of 1 Hz, and (ii) oscillatory frequency at 0.1%
strain for NOCNF suspensions at different concentrations (0.05−1 wt
%). The closed symbol represents storage moduli (G′), while the
open symbol represents loss moduli (G′′).
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below the strain value of 10% for all NOCNF suspensions.
However, above 10% strain, G′ decreased notably with the
increase in strain, where the G′′ also exhibited some interesting
changes (for low concentration NOCNF suspensions, G′′ also
decreased slightly with strain; for high concentration NOCNF
suspensions (≥0.64 wt %), G′′ first increased and then
decreased). The transition strains, where the G′ and G′′
changes were observed, seemed to be lower for higher
concentration NOCNF suspensions. These results are
consistent with the behavior of a gel structure resulted from
the NOCNF network.
Figure 5ii shows G′ and G′′ as a function of oscillatory

frequency at 0.1% strain for NOCNF suspensions at varying
concentrations (0.05−1 wt %). At lower NOCNF concen-
trations (0.05−0.10 wt %), both G′ and G′′ were found to
increase with increase in angular frequency, where G′′ was
greater than G′. This behavior could be characterized as that of
a viscoelastic liquid. However, upon increasing the NOCNF
concentration to 0.2 wt %, G′ and G′′ showed a weaker
dependence on the frequency. Ultimately, at higher NOCNF
concentrations, G′ became greater than G′′ over the range of
measurable frequencies. This indicated a transition from a
liquidlike behavior to a solidlike behavior due to the increase in
NOCNF concentration. Upon further increase in NOCNF
concentration (0.40−1.0 wt %), the magnitudes of G′ and G′′
became smaller and essentially independent of frequency.
Based on the rheological results in Figure 5, the critical

gelation behavior appeared to occur at a concentration of
about 0.2 wt %. This conclusion could be drawn clearly from
Figure 5ii. In this figure, it was found that at 0.2 wt % NOCNF
concentration, G′(ω) ≈ G″(ω) (ω is the angular frequency);
i.e., both moduli exhibited roughly the same dependency on
frequency. Winter and co-workers have identified this type of
behavior as the critical point of polymer solution, where the
liquid−gel transition occurs. To provide further insight into
the nature of the fibrous NOCNF network at the gel point, G′
and G′′ values at 0.2 wt % concentration were analyzed
according to the Winter−Chambon criterion,48 and the results
are shown in Figure 6i. This criterion predicts that both G′ and
G′′ at the gel point should satisfy the relationship G′(ω) ≈
G″(ω) ∝ ωn, where n is a relaxation exponent with a value that
falls in the range 0−1. The limit of n → 0 indicates that the gel
is elastic and stiff, whereas n → 1 suggests that the gel is
viscous and fragile.49,50 In Figure 6i, the fitting of the frequency
dependent NOCNF rheological data according to the Winter−
Chambon model yielded n ≈ 0.5, which has been observed in a
wide variety of polymer and biopolymer networks at the gel
point, including polyurethane,51 chitosan,52 and methacrylated
alginate.52,53 This value of n ≈ 0.5 is usually attributed to the
polymer network structure reaching percolation at the gel
point. Thus, we believe that the critical concentration at 0.2 wt
% NOCNF might also be associated with the percolation
threshold of the nanofibers in suspension. That is, at low
concentrations of NOCNF (<0.2 wt %), the dispersion of
nanofibers only results in the fiber entanglement in small
clusters/domains, where the system behaves as a free-flowing
liquid. However, at higher concentrations NOCNF, the fiber
entanglement takes place in the entire volume and formed a
network structure that dominates the rheological properties of
the system.
Relationship between Crowding Factor and Flow

Properties. The flow properties of NOCNF suspensions at
different concentrations (0.05, 0.1, and 0.2 wt %) were also

determined by the crowding factor measured according to the
Kerkes and Schell equation:54
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where N represents the crowding factor, L is the average length
of fibers, D is the average diameter of fibers, and ⌀ is the
volume fraction of NOCNF. The relationships between
NOCNF concentration, crowding factor, G′ and G″ compar-
ison, and behavior of the varying suspensions are summarized
in Table 1. The concept of the crowding factor to describe the

Figure 6. (i) G′ and G′′ as a function of frequency fitted by the
Winter−Chambon model.49 (ii) Steady shear viscosity (■) at shear
rate of 0.01 s−1 and dynamic modulus (G′, ■; G′′, □) at 6.30 rad/s as
a function of NOCNF concentration.

Table 1. Relationships between NOCNF Concentration,
Crowding Factor, G′ and G′ Comparison, and the Physical
Behavior of the Suspension

concn of
NOCNF

crowding factor
(N) G′, G′′

NOCNF behavior in
suspension

0.05 7 G′ < G′′ fluidlike
0.1 15 G′ < G′′ fluidlike
0.2 30 G′ ≈ G′′ gel-like
0.4 60 G′ > G′′ highly entangled “rigid”

gel
0.64 89 G′ > G′′ highly entangled “rigid”

gel
0.8 119 G′ > G′′ highly entangled “rigid”

gel
1 149 G′ > G′′ highly entangled “rigid”

gel
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interactions and flocculation behavior in dispersion systems
containing microscale fibers has been well documented.55−57

In short, it can be mathematically derived that the fibers in a
liquid suspension phase interact with each other in the
spherical volume defined by the fiber diameter, known as the
crowding factor (N). Recently, the concept of crowding factor
has also been used to describe the rheological behavior of
cellulose nanofibers (CNF) with surface changes.58 For
example, Geng et al. has examined the crowding factor in a
series of CNF with different degree of oxidation of the fiber
surface prepared by the TEMPO-mediated oxidation method.
They reported that the N value is mainly dependent on the
contact points of the nanofibers, which is a function of
electrostatic interactions, aspect ratio (L/D), and concen-
tration of nanofibers. The N value is also closely correlated
with the viscosity and modulus data of the nanofiber
dispersions. In brief, when N < 16 (Regime I), the CNF
suspension should exhibit a fluid behavior; when 16 < N < 60
(Regime II), the suspension should exhibit a soft gel behavior,
and when N > 60 (Regime III), the system can be considered
as a hard gel. This prediction agreed well with the results in
Table 1. For example, in NOCNF suspensions with
concentrations of 0.01, 0.05, and 0.1 wt %, the rheological
results exhibited fluidlike behavior (Figure 4iii), where their
corresponding N values were less than 16. At the NOCNF
concentration around 0.2 wt % (N = 30), the system exhibited
a liquid to gel transition, consistent with the prediction of the
soft gel behavior. At higher NOCNF concentrations (>0.4 wt
%), all N values were larger than 60; the systems exhibited a
hard gel behavior.
The changes of viscosity at a low shear rate (i.e., 0.01 s−1)

and the dynamic moduli at a fixed frequency (6.3 rad/s) as a
function of NOCNF concentration are illustrated in Figure 6ii.
The low shear viscosity results revealed two distinct regimes,
where the onset NOCNF concentration was around 0.1 wt %.
This onset temperature was also referred to as the overlap
concentration, which was consistent with the sol−gel transition
point observed by the changes of the dynamic moduli as a
function of NOCNF concentration (i.e., G′ = G′′ occurred at a
value between 0.1 and 0.2 wt %). Based on the prediction of
the crowding factor, 3 distinct regimes were also superimposed
in Figure 6ii. It was found that, in Regime I (N < 16), G′′ > G′
where the viscosity was the lowest, and it increased very
slightly with concentration. This regime was clearly dominated
by the fluid behavior. In Regime II (16 < N < 60), G′ ≈ G′′,
where the viscosity of the system increased rapidly with
concentration. This regime contained the liquid−gel transition
and exhibited the soft gel behavior. In Regime III (N > 60), G′
> G′′, where the viscosity of the system increased
continuously. The slope of the viscosity changes versus
NOCNF concentration in Regimes II and III was found to
be 4.71, which is comparable to 4.82 as reported in polymer
solutions by Matsuoka and Cowman.60

Mechanical Properties of NOCNF Nanopapers. Tensile
properties of two nanopapers prepared from both high aspect
ratio and low aspect ratio NOCNF are shown in Figure 7. The
nanopaper prepared by the high aspect ratio NOCNF (L = 871
nm and D = 4.8 nm, L/D = 189) exhibited excellent
mechanical properties with Young’s modulus of 4.1 ± 0.2 GPa,
tensile strength of 108 ± 2 MPa, and elongation at break ratio
of 2.7 ± 0.2%. These values are significantly better than those
of nanopaper samples prepared by the low aspect ratio
NOCNF (e.g., L = 290 nm and D = 4.5 nm).29 For example,

the Young’s modulus and tensile strength for the low aspect
ratio NOCNF were about 1.1 ± 0.2 GPa and 1.3 MPa,
respectively, with the elongation at break ratio about 1.2%. The
most probable reason for such a low tensile strength is the
decrease of fiber length using nitric acid at high concentrations
(65−67%)29 for preparation of NOCNF, which resulted in low
aspect ratio. The comparison of tensile mechanical properties
(Young’s modulus, tensile strength, and elongation at break) of
nanopapers prepared by CNF extracted using different
methods (e.g., nitro-oxidation, TEMPO-oxidation, enzymatic
treatment, homogenization, grinding) is illustrated in Table 2.
It is apparent that the CNF extraction method, the biomass
source, and the approach to prepare nanopapers all play a role
to affect the final mechanical properties. It appeared that
nanopapers extracted from wood by using either TEMPO-
oxidation, grinding, or enzymatic treatment have shown the
highest tensile strength between 122 and 350 MPa.59−63 In
fact, there are only very few works in the literature discussing
the tensile properties of nanopapers prepared from nonwood
sources such as spinifex-based CNF prepared by the
homogenization process.64 Our results indicated that nano-
papers produced from NOCNF exhibited decent tensile
properties, which might be greatly improved by better
processing conditions.

■ CONCLUSIONS
This study showed that the reduction of the nitric acid
concentration to the level of 60 wt % in the nitro-oxidation
method could produce high aspect ratio cellulose nanofibers
(NOCNF) with average length (L) = 871 nm, average width
(D) of 4.6 nm, average thickness of 1.3 nm, carboxylate
content of 0.416 mmol/g, and surface charge of −70 mV, from
untreated jute fibers, where high crystallinity and strong
gelation tendency could also be obtained (the crystallinity,
measured by WAXD, of jute fibers was 61%, while that of
NOCNF was 69%). The use of less concentrated nitric acid
(60%) could lead to reduced consumption of acid, water, and
chemicals (for neutralization and conversion of the effluent
into a fertilizer), especially beneficial for scale up production.
The rheological results indicated that the NOCNF suspensions

Figure 7. Tensile curve for nanopaper prepared from high aspect ratio
NOCNF (with an average length of 871 nm and an average width of
∼4.6 nm). Inset right: tensile curve of nanopaper prepared from low
aspect ratio NOCNF (with an average length of 290 nm and an
average width of ∼4.5 nm).
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exhibited shear-thinning and thixotropic behavior in a wide
range of concentrations (0.01−1 wt %). This behavior was
quite similar to the previously reported TEMPO-oxidized and
carboxymethylated CNF.42 The critical gelation concentration
of NOCNF observed was between 0.1 and 0.2 wt %, based on
the results of dynamic moduli. The characteristics of high
aspect ratio carboxylated cellulose could lead to gelation, which
greatly facilitates the production of water purification
membranes and nanocomposite films. The rheological data
beyond the gel point could be fitted by the Winter−Chambon
model, where the behavior is consistent with the formation of a
percolated network structure due to high aspect ratio of
NOCNF. The concept of the crowding factor was also found
to be able to predict the flow behavior of NOCNF suspensions
in the entire concentration range investigated. Finally, the
nanopaper produced using high aspect ratio carboxylated
nanofibers suspension exhibited strong mechanical strength
with tensile strength of 108 ± 2 MPa and Young’s modulus of
4.1 ± 0.2 GPa, comparable to those of nanopapers produced
by the other methods.
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