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ABSTRACT
Although the removal of lignin and hemicelluloses from cellulose pulp to produce fully
bleached cellulose nanofibrils (B-CNF) is the most common practice, the presence of residual
lignin and hemicelluloses in raw materials for the production of lignin containing cellulose
nanofibrils (LCNFs) holds several advantages. In this work, we investigated the effect of
residual lignin in Eucalyptus globulus cellulose fibers on the properties of the resulting
LCNFs. The stability of the colloidal suspensions was assessed by zeta-potential values and
charge density analyses. Morphology of the CNFs was studied using scanning electron
microscopy and atomic force microscopy. Fibril diameter and diameter distributions for
CNFs with different levels of residual lignin showed a decrease on fiber diameter as the lig-
nin content increases. Differences in the chemical composition of the CNFs was evidenced
as indicated in the Fourier-transform infrared spectroscopy spectra, particularly in fingerprint
region. Thermal behavior of the CNFs was not altered by the presence of lignin, as indicated
by thermogravimetric analysis. Finally, the rheological behavior of the samples was eval-
uated observing a gel-like behavior as well as an increase of the viscosity in LCNFs with
higher lignin contents.
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Introduction

As a result of the growing demand for sustainable,
high-performance materials, significant advances has
been made worldwide on the utilization of nanocellu-
lose. Nanocellulose of various nature have been a
research topic of interest for various applications such
as paper coating,[1] rheological modifier,[2] packaging
material with improved barrier properties,[3,4] emul-
sion stabilizer,[5] among others.

The two most important types of nanocellulose for
which production processes and yields have been
highly optimized over the years are cellulose nano-
crystals (CNC) and cellulose nanofibrils (CNF). CNC
is produced by acid hydrolysis of the less ordered
regions of the cellulose fibers, resulting in lower yields
than in the case of CNF,[6] that are primarily obtained

by mechanical treatment. The drawback of the latest
being the high energy consumption of the process.[7]

Currently, a large proportion of CNF grades are
produced from fully bleached chemical pulps that
contain only trace amounts of residual lignin (<1%)
and hemicelluloses. Although a few companies around
the world such as Borregaard, CelluForce Inc.,
CelluComp Inc., Chuetsu Pulp & Paper Co. Ltd, Daio
Paper Corporation, and DKS Co. Ltd. are currently
commercializing nanocellulosic materials from fully
bleached raw materials, significant developments have
been done utilizing lignin-containing fibers as starting
material for CNF production. Unbleached fibers offer
the advantage of higher yields (in terms of polysac-
charide content) and reduced processing cost and
environmental burden by avoiding bleaching steps.[4]
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Additionally, remaining lignin and hemicelluloses
on the fibrils represents an interesting alternative for
many applications due to the attractive properties
conferred to the final material.[8,9] The hydrophobic
nature of lignin, allows for better compatibility with
nonpolar media and matrices, improving the mechan-
ical and barrier properties of LCNF-reinforced com-
posites.[10] Even though appealing, the effect of
residual lignin on the fibrillation process still remains
unclear. There is significant controversy regarding
whether the presence of lignin aids or impedes the
mechanical separation of the individual fibrils in the
plant cell wall. Some researchers have reported that
the presence of lignin improves the defibrillation pro-
cess,[11] and also that the additional presence of hemi-
celluloses increase the surface charge of the fibrils,
resulting in repulsion between the fibrils, allowing an
easier separation from each other.[4] On the opposite,
other researchers claim that the significant reduction
on surface charge on LCNF due to the presence of lig-
nin ends up hindering fibrillation.[12]

During the last few years, more efforts have been
directed toward the incorporation of LCNFs in differ-
ent composite materials, employing a diverse number
of matrices such as polycaprolactone,[13] polypropyl-
ene,[14] polystyrene,[15] among others. Characterizing
LCNF is essential for understanding not only the
structure of the colloidal suspensions, but also the
fibrils interactions with the surrounding media that in
turn, will determine the properties of the final prod-
uct. Moreover, rheological properties are highly rele-
vant since knowing the flow characteristics of the
material can be very useful during handling and
processing.[16]

In the last few decades researchers have studied the
rheology of micro- and nano-scale cellulose fibrils
(MFC and CNF, respectively) obtained by varying
routes, e.g., by enzymatic treatments,[17] from different
raw materials[18,19] or by applying different treat-
ments, such as carboxymethylation of the fibers.[20] It
is worth mentioning that rheological characteristics of
nanocellulose are mainly related to their intrinsic
properties, such as the dimension and shape of the
elements (rod-like structures for CNC and fibrillar
structures for CNF), how branched or crystalline the
structures are, and the surface charges of the
nanoparticles.[21]

As a general rheological behavior, it has been
reported that CNF aqueous suspensions follow a
shear-thinning behavior.[17,22,23] Shear-thinning is a
nonlinear phenomenon in which the viscosity of the
material decreases with increasing shear rate (_) due to

the motion of the fibrils chains, surrounded by other
fibrils. Thus, when a deformation is applied, particles
aggregates can be disrupted allowing the movement of
the fibrils in one direction, along their axis.[24]

Orientation of the nanoparticles during flow of the
suspension is an important consideration since they
can agglomerate, align or even form networks that
will have a direct impact on their viscosity.[25]

The most common physical aspects affecting the
rheological properties of CNF are solid content, tem-
perature, pH, morphology, and surface charge.[17,26,27]

The effect of the solid content on the viscosity can be
explained by analyzing the entanglements of the
fibers.[2,28] Higher concentrations of the suspensions
result in more entangled structures which increases
the contact points between fibrils; the more bonds
among the fibrils, the higher the viscosity.[27] An add-
itional change in the viscosity can be achieved by
modifying the temperature of the system. This add-
itional energy introduced on the structure is able to
break down some bonds between the fibers resulting
in decreased viscosity of the suspension.[27] Regarding
the pH of the slurries, it has been proven that pH sig-
nificantly affects the rheological properties of CNF
suspensions.[17] The effect of charge density over
bleached cellulose nanofibrils regarding their rheo-
logical behavior has also been studied, showing an
increase in the viscosity as the charge density
increases.[29]

In this work, we analyzed the rheological behavior
of LCNFs -obtained from Eucalyptus pulp with differ-
ent contents of residual lignin- through steady-state
and oscillation modes. Divergence between samples
was initially found as a result of different chemical
compositions based on the amount of lignin and
hemicelluloses present in the fibrils. Additionally,
the LCNF suspensions were characterized in terms
of charge density, chemical composition
and morphology.

Materials and methods

Materials

For the purpose of this work, four different never-
dried cellulose pulps were used. Eucalyptus globulus
chips were supplied by La Monta~nanesa pulp mill
(Torraspapel – Lecta Group, Spain), and the pulping
process of the raw material was carried out by the
National Institute of Agricultural and Food Research
and Technology (INIA, Spain). Chemicals used during
the pulping and bleaching process were purchased

2 M. C. IGLESIAS ET AL.



from Panreac (Barcelona, Spain) and Sigma-Aldrich
(Madrid, Spain).

For charge density measurements, poly(diallyldime-
thylammonium chloride) (pDADMAC) solution and
potassium polyvinyl sulfate (PVSK), both at 0.001N
concentration were acquired from BTG (USA).
Polyethylenimine (PEI) was purchased from Sigma
Aldrich (USA) and silicon oil for the rheological
measurements was acquired from Fisher
Scientific (USA).

Methods

Pulping process
A conventional kraft pulping was performed to
acquire a set of four cellulose samples.[30] Following
to the pulping, bleaching steps were carried out when
necessary, to obtain samples with different chemical
composition, mainly lignin and hemicelluloses con-
tent. More detailed information about the pulping
process can be found in Table S1,
Supporting material.

Pulp composition
All pulps were characterized by standard analytical
methods (National Renewable Energy Laboratory
NREL/TP-510-42618) to determine hemicelluloses and
lignin contents.

LCNFS production
Cellulose nanofibrils were produced at VTT Technical
Research Center of Finland Ltd. (Espoo, Finland)
using pulps 1, 2, 3, and 4 as previously described in
section “Pulping process”. They were first diluted to
approximately 1.8 wt% followed by a mechanical dis-
persion to avoid the formation of agglomerates. Next,
the cellulose pulp in water was ground using a
Supermasscolloider friction grinder MKZA10-15J
(Masuko Sangyo Co., Fiber) by twice passing the sus-
pension between one stationary and one rotating
stone, allowing the break down and delamination of
the fibers. These suspensions were then circulated
through a Microfluidizer M7115-30 (Microfluidics
Corporation) five times, allowing the fracture of the

fibers into smaller portions. Gel-like nanocellulose
suspensions were then obtained from all the samples.

Characterization of LCNF suspensions
Zeta-potential and charge density. The colloidal sta-
bility of the suspensions was assessed by performing
charge density and zeta potential measurements. For
this purpose, pH, Z-potential, and conductivity of the
samples were measured using a SympHony Benchtop
Multi Parameter Meter B30PCI (VWRVR ) equipped
with pH and conductivity electrodes. Measurements
were repeated 15 times and averaged. Zeta-potential
and charge density were measured at pH ¼ 7.

To assess the charge density of the fibers, a poly-
electrolyte titration method was adapted from
Espinosa et al.[31] First, the LCNF were prepared into
suspensions with a 0.04wt% consistency, pH 7, and
sonicated for 10min with a Vibra Cell sonicator
(Newtown, CA) at 20 kW and 25% of amplitude to
effectively disperse the fibers. Then, 25ml of
pDADMAC were added and mixed with 15ml of the
resulting LCNF suspensions using a magnetic stirrer
for 30min, followed by 15min of centrifugation at
3000 rpm. Thereafter, 10ml of the supernatant were
separated and measured in a Laboratory Charge
Analyzer Chemtrac LCA-1, (Norcross, GA). As
anionic titrant, PSVK was used until a 0 streaming
current value (SCV) was obtained. The volume con-
sumed was then transform into charge density equiva-
lents by Eq. (1).

Charge density

¼ pDADMAC½ ��Vp�DADMAC
� �� ð PVSK½ ��VPVSKÞ

Wdry LCNF sample

(1)

where pDADMAC½ � is the solutions concentration of
the cationic polymer, VpDADMAC is the used volume of
p-DADMAC added to the mix, PVSK½ � is the concen-
tration of the stock anionic titrant, VPVSK is the used
volume for the titration, and Wdry LCNF sample is the
dry weight of the LCNF samples. Measurements were
performed six times per each sample.

Thermogravimetric analysis (TGA).
Thermogravimetric analysis was carried out to deter-
mine the thermal decomposition of the samples con-
taining different amounts of lignin. Analyses were
performed on a Perkin Elmer Pyris 1 TGA. Samples
were preheated at 120 �C for 20min to eliminate the
moisture content,[32] after which the temperature was
increased at 10 �C/min to 800 �C in an argon atmos-
phere (25ml/min). For the thermogravimetric

Table 1. Power-law parameters and regression values (R2) fit-
ted to the data (g ¼ K_n�1).[47]

Sample (lignin content) K (Pa�sn) g R2

0.6% 11.511 0.267 0.9880
1.7% 13.885 0.200 0.9909
4.7% 37.463 0.145 0.9897
10.2% 44.347 0.155 0.9937
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analyses, samples were stabilized at 120 �C. Size of
samples was approximately 15mg for all the LCNFs.

Fourier-transform infrared spectroscopy with attenu-
ated total reflectance accessory (ATR-FTIR). To
determine chemical and structural composition of the
samples, ATR-FTIR analyses were performed using a
PerkinElmer Spotlight 400 FT-IR Imaging System
(Massachusetts, US) with an ATR accessory with dia-
mond/ZnSe crystal. Before the measurements, a back-
ground spectrum was recorded for each different
sample. Afterwards, all spectra were collected from
400 to 4000 cm�1 with a 4 cm�1 wavenumber reso-
lution after 4092 continuous scans. The baseline was
corrected, and the data was processed with Spectrum
6 Spectroscopy Software (PerkinElmer, MA, US).

Microscopy. The morphology of the samples was
studied using field emission scanning electron micros-
copy (FE-SEM), and atomic force microscopy (AFM).
LCNF suspensions were prepared at 0.1 and 0.01wt%
for SEM and AFM, respectively. The samples were
sonicated using a Vibra Cell sonicator (Newtown, CA)
for 10min with 20 kW and 25% amplitude to promote
delamination and prevent their agglomeration, with a
cold bath to avoid heating of the samples.

For SEM imaging, a droplet was placed onto a sil-
ica wafer and air-dried for a few days. Before the
measurement, surfaces were coated with a gold layer
under an argon atmosphere using an EMS 550�
Sputter Coating Device. SEM analyses were performed
using a Carl Zeiss Supra 35VP SEM; images were

taken with an accelerating voltage of 20 keV at a
working distance of �7mm.

For AFM imaging, before the LCNF deposition,
silicon surfaces were cleaned using UV ozone for
30min and submerged for 15min into 0.1 wt% polye-
thylenimine (PEI) which was used as an anchoring
solution. Images were obtained in tapping mode using
a Bruker (formerly Digital Instruments, Veeco) AFM
Dimension 3100 (CA, US). Amplitude images were
obtained at 2.35Hz, and tip velocity of 23.4 mm/s
using a Nano World (Innovative Technologies) FM 20
silicon SPM-sensor cantilever with resonance fre-
quency of 75 kHz and force constant of 2.8N/m.
Images were processed with Gwyddion software 2.49
(SourceForge). Size of all images was 5 mm � 5mm2.

The diameter of fibrils and fibers in each LCNF
analyzed with AFM was determined by using the
ImageJ software.[33] One hundred measurements were
taken per AFM image, and the results of the measure-
ments were then classified in nine different groups,
according to the size range. For each size group, an
average size value and its standard deviation was cal-
culated (results shown in Figure 1).

Rheological behavior. Rheological measurements
were carried out with a stress-controlled rheometer
AR2000 (TA Instruments, DE, USA) using 40mm
diameter parallel plate geometry and a constant tem-
perature of 25 �C.

Prior to all measurements, LCNF suspensions were
sonicated for 10min using a 750W Vibra Cell sonica-
tor (CT, USA) with 20 kW and 25% amplitude. A

Figure 1. a) TGA spectra in argon and b) derivative weight of the LCNF containing 0.6, 1.7, 4.7, and 10.2% of lignin.
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cold bath was used to avoid over-heating the suspen-
sions. All samples were thoroughly stirred using a
spatula prior to loading. In all experiments, approxi-
mately 5ml of sample was loaded on the Peltier plate.
The upper plate was lowered to 1050 mm gap and
excessive samples were trimmed-off. Final gap was set
to be 1000 mm. At this gap, silicon oil was delicately
applied around the parallel plate to seal the system
and prevent water evaporation. When not in use, sus-
pensions were kept in a fridge at all times to prevent
any degradation. The consistency of all samples was
1.5 wt%. All pH levels were adjusted to 7.

As a preliminary experiment, a series of frequency-
sweep (0.01–100Hz at 5 Pa) and stress-sweep
(0.1–100 Pa at 1Hz) tests were carried out to identify
the limits of the linear viscoelastic region (LVR),
defining a limited frequency of 1Hz where the sample
showed a linear viscoelastic behavior. Subsequently,
steady-state flow tests (5% tolerance) were performed
at 1000mm gap with shear-rates ranging from 0.01 to
3000 s�1 to study the effect of lignin content on vis-
cous behavior of suspensions. For these flow tests, a
preshear of 100 s�1 was applied for 5min to prevent
fiber coagulation. Once the up-ramp flow curves were
obtained, samples were allowed to relax for 10min
and down-ramp flow tests were performed from 0.01
to 3000 s–1. Measurements were performed in tripli-
cate and then averaged.

Results and discussion

CNF characterization

Charge density and colloidal stability of the
suspensions
Zeta-potential measurements give an indication of the
stability of the colloidal suspensions. It is assumed
that suspensions with a zeta-potential higher than
þ30mV or lower than �30mV are stable.[34] Zeta
potential for all LCNF samples, measured at the same
pH, was between �33 and �38mV corroborating
their colloidal stability.

Individual charge density values can be found in
Table S2, Supporting material. A statistical Tukey test
was carried out, indicating that only 1.7 and 10.2%
lignin content samples were significantly different (see
Figure S1, Supporting material). Similar behavior was
reported by others,[12,35,36] which observed that the
absence of lignin tends to increase the surface charge
density of the fibrils. This behavior could be explained
by the higher adsorption of the cationic polymer due
to the higher OH group availability on the fibril sur-
face. Nevertheless, an opposite trend was reported by
Solala et al.[11] showing that as the lignin content of
the samples increase, the charge density increase.
These differences can be attribute to the different
pulping process utilize during lignin removal. Sulfite
process it is usually known as a better lignin removal

Figure 2. FT-IR spectra of the LCNF containing 0.6 (grey), 1.7 (red), 4.7 (blue), and 10.2% of lignin (green).
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when compared with the Kraft process.[37,38] These
differences will impact differently on the fiber superfi-
cial properties.

Thermogravimetric analysis (TGA)
Thermal decomposition and weight derivative are pre-
sented. Figure 1(a,b) respectively, from 120 to 800 �C.

It has been reported in the literature that lignin
decomposes slower and over a broader range (between
160 and 900 �C) than hemicelluloses and celluloses,
which have maximum peaks at 270 and 360 �C,
respectively.[39,40] One of the reasons why lignin deg-
radation occurs in a broader range of temperature is
due to the different compounds the polymer forms

under pyrolysis conditions. At temperatures between
350 and 450 �C, phenol groups on the lignin structure
are pyrolyzed and converted to pyrocatechols.[41]

Additionally, at temperatures between 500 and 600 �C,
secondary reactions occur due to the decomposition
of lignin intermediates.[40]

The two most important parameters that should be
analyzed after the thermogravimetric analyses are the
Tmax, which is the maximum temperature value of the
derivative curve (dm/dT), and the Tonset, that is
defined as the temperature at which the loss mass
becomes more apparent.[10] Since lignin decomposes
over a broad range and is less reactive in inert atmos-
pheres,[42] it should increase the thermal stability of

Figure 3. AFM topographic images of LCNF containing a) 0.6, b) 1.7, c) 4.7, and d) 10.2 % of lignin.
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nanocellulose, but its presence did not show an
improvement in the thermal properties.

Thermal behaviors were very similar between sam-
ples, with a Tonset around 308 �C and a Tmax about
340 �C. Our results are consistent with those reported
by Herrera et al.[34] where no thermal improvements
were observed at different lignin contents of
the samples.

Fourier-transform infrared spectroscopy with attenu-
ated total reflectance accessory (ATR-FTIR)
Figure 2 shows the FTIR spectra for the LCNF samples.
The spectra were normalized by taking as reference the
most pronounced peak at 1029 cm�1 which correspond
to the C-O stretching vibration of lignin and polysac-
charides. All the spectra are very similar, since no
chemical treatment was performed on the cellulose
nanofibrils. A more detailed comparison (not shown
here) demonstrated that the aromatic and aliphatic O-
H stretching vibrations (around 3324 cm�1) were less
intense at the highest lignin content. This difference
could be attributed to the reduction of the free –OH

groups as the lignin content increases.[43] The peak
located between at 2901 cm�1 corresponds to C-H
stretching due to aliphatic and aromatic structures.[39]

Analyzing the fingerprint region, at 1595 cm�1 there is
an absorbance peak where the samples containing high
lignin present a small shoulder on the left side corre-
sponding to the aromatic skeletal vibrations from the
presence of lignin together with C¼O stretching.[44]

The absorption peaks at 1423, 1373, and 1318 cm�1 are
the result of CH2, C-H, and O-H deformations respect-
ively,[45] at which sample containing 1.7% lignin shows
the higher intensity peaks. Phenolic groups can cause
OH deformation and this could be assigned to the peak
at 1265 cm�1 which is more pronounce for sample con-
taining 10.2% lignin.[43] At lower wavenumbers, absorb-
ance peaks appearing at 1165 cm�1 are the result of C-
O-C stretching due to the presence of the pyranose ring
on the cellulose fiber structure; peaks at 1104 and
1029 cm�1 correspond to C-OH stretching,[39] and C-O
stretching vibrations of lignin and polysaccharides.[44]

Finally, the absorbance peak at 897 cm�1 is associated
with C-C stretching.[39]

Figure 4. Diameters distribution for LCNF samples containing (a) 0.6, (b) 1.7, (c) 4.7, and (d) 10.2% of lignin.
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Microscopy
Morphology of the samples was studied by using
Scanning Electron Microscopy (SEM) and AFM. SEM
images were obtained at a magnification of 5000�,
allowing the visualization of the fibrillar structure of
the nanofibrillated celluloses (see Figure S2,
Supporting material).

AFM images were obtained in tapping mode. The
presence of globular-shape particles was observed in
the topographic images (Figure 3) and they were con-
firmed on the SEM images (See Figure S2, Supporting
material). Similar structures have been reported in the
literature[4,34,46] and it has been suggested that those
globular structures may correspond to lignin nanopar-
ticles that may be located over the fiber surface and
between the fibrils.[12] Although there is no conclusive
data to confirm that these globular particles are
indeed lignin nanoparticles, the amount of these
globular nanoparticles increases as the lignin content
of the samples increases. Future analysis is required to
confirm the chemical composition of these samples
and to determine whether they are indeed lignin par-
ticles (i.e., nanoTA, XPS, and Tof-SIMS).

To analyze the diameter distributions of the fibrils
based on the different lignin contents, AFM images

were collected from five different zones of the coated
surfaces. Diameters from 100 fibrils from each sample
were quantified using the Image J Software. As can be
seen in Figure 4, the fibril diameters are not homoge-
neous, thus, the distribution of diameters were
grouped in nine different ranges where the majority
of the sample’s diameters are in a range from 0.0
to 44.8 nm.

As the lignin content of the samples increase,
fibrils diameters become smaller. For the range
[0.0� 44.8] nm, which has the highest amount of
fibrils, the mean fibril diameter and standard devia-
tions were 34.3 ± 8.7, 33.6 ± 9.2, 27.5 ± 10.2, and
20.2 ± 9.8 nm for samples containing 0.6, 1.7, 4.7, and
10.2% of lignin, respectively. Similar behaviors have
been reported on the literature. Rojo et al.[4] sup-
ported this result by the antioxidant property of lig-
nin, which is able to stabilize the cellulosic
mechanoradicals formed during the mechanical pro-
cess, avoiding the crosslink of the cellulose fibers.[11]

As the amount of lignin present on the LCNF
increases, the possibility of attraction between the cel-
lulose fibrils decreases, favoring the separation of the
fibers. Consequently, smaller fibril diameters are
obtained at higher lignin contents.

Figure 5. Steady state flow curves for LCNFs shear rate ramping (a) UP curves, and (b) DOWN curves showing hysteresis.
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Rheological behavior
Viscous behavior of LCNF samples were successfully
assessed by rheological measurements, with all speci-
mens adjusted to pH ¼ 7. All samples demonstrated a
non-Newtonian shear-thinning behavior, where a
decrease in the viscosity was accompanied by an
increase in the shear rate. The shear thinning behavior
observed in this study is in agreement with that
reported in the literature.[17,22,23,27]

By closely studying the flow curves (Figure 5) it is
clear that the viscosity of the samples is correlated to
the amount of lignin. Analyzing the up-ramp, at low
shear rates, samples containing 10.2 and 4.7% lignin
show the highest viscosity values when compared with
the other samples. All flow curves in the up-ramp
exhibit a transitional behavior near 10 s�1. However,
at shear rates below this transition, specimens with
10.2 and 4.7% lignin respectively, exhibit a remarkable
change on the viscosity, followed by the highest vis-
cosity values in the high shear rate region. In contrast,
the two lowest lignin content specimens (0.6 and
1.7%) exhibit minor change after the transition, and
generally, they appear nearly identical across the
entire flow curve.

When analyzing the up- and down-ramp flow
curve cycles for each sample, substantial hysteresis
occurred in samples containing higher amounts of lig-
nin; the starting and ending viscosities differed by
nearly one order of magnitude.

Particularly for the specimen containing 4.7% lig-
nin, the up-ramp shows an abrupt transition from
shear thinning to shear thickening near 3 s�1. The
corresponding down-ramp exhibits a more gradual
transition starting near 20 s�1. The behavior shown in
Figure 5c) was reproducible, and perhaps indicates lig-
nin-lignin interactions modulated by the degree of

shear rate-dependent fibril orientation. For instance,
during the up-ramp, near 3 s�1, perhaps the fibrils
achieve a critical degree of alignment such that lig-
nin-lignin interactions (on separate fibrils) become
optimal, and these interactions persist as normal
shear-thinning advances at higher shear rates.
Likewise, in the down ramp, as the shear rate
declines, the fibrils tend toward less alignment such
that lignin-lignin interactions are broken. If this
interpretation is correct, then it is apparent that the
optimization of lignin-lignin interactions (up-ramp)
is relatively sudden, and their disruption (down-
ramp) occurs more gradually. Furthermore, since the
high lignin-content samples exhibited substantial hys-
teresis, this hypothesis implies that some less than
optimal lignin-lignin interactions where present at
the beginning of the up-ramp; but ultimately, they
were mostly disrupted as indicated by the hysteresis.
Perhaps the abrupt behavior exhibited by the 4.7%
lignin sample reflects a critical dimensional scale of
the lignin structures and/or inter-fibril distances
(under the pH and solids content employed here).
Additional experimentation is required to test this
hypothesis, and in any case, it appears that residual
lignin, even at very low levels, causes a detectable
fibril association over a similar shear rate range in
the up- and down ramp.

Power-law parameters and regression values (R2)
were calculated for the fitted-UP curves, which are
shown in Table 1. According to the literature, almost
all non-Newtonian fluids have a power index <1
meaning that they follow a shear-thinning behav-
ior,[24] which can be confirmed for all the samples
containing lignin since they have power indexes <0.3.
All the R2 values were very close to 1 indicating that
fitting the data with the power-law model is a good

Figure 6. Oscillatory frequency sweeps for LCNF samples with an applied stress of 5 Pa. G0 (bold), G00 (empty) for 0.6% lignin (�,
w), 1.7% lignin (", �), 4.7% lignin (�, �), and 10.2% lignin (�, �).
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approximation. Similar results were reported for
bleached cellulose nanofibril suspensions.[47]

Frequency sweep curves are useful for studying the
viscoelastic nature of the samples, which is deter-
mined based on the magnitude of the storage moduli
(G0) compared to the loss moduli (G00).[48] As can be
seen in Figure 6 for all LCNF samples, G0 is larger
than G00 across the entire frequency range, which con-
firms a gel-like behavior of the samples. As a general
behavior, there is a clear relation between the lignin
content and the values of G0 and G00, indicating that
as the lignin content increases, G0 and G00 increase.
Considering the solid content of the samples is the
same, then for samples with higher lignin content, we
observed a smaller diameter of the fibrils, suggesting
that there would be a greater number of fiber-fiber
contacts, forming a tighter network that would exhibit
a higher storage modulus. However, it can be
observed that sample containing 0.6% lignin presents
slightly higher G0 and G00 values than sample 1.7% lig-
nin. These differences may be attributed to the bleach-
ing process utilizing hydrogen peroxide, where side
groups can be formed, remaining on the structure[49]

and affecting, as a result, the rheological properties of
the samples. Nevertheless, this hypothesis requires an
additional and more in-deep analysis which exceeds
the scope of this article.

No pre-shear was applied in these measurements.
After 10Hz, the inertial effects start affecting the
acquisition of the data limiting the range of measure-
ment from 0.01 to 10Hz.

Conclusions

In this work we have extensively analyzed how the
chemical composition of LCNF samples, particularly
the amount of lignin and hemicelluloses, is related
with their characteristics, in order to further under-
stand the rheological behavior of the samples.

Although lignin is considered to be the binder of
the cellulose fiber structure, holding together cellulose
and hemicellulose, analyzing the fibril diameter size
distribution suggests that its presence improves the
defibrillation of the samples. Also, using SEM and
AFM confirmed that after defibrillation process globu-
lar spheres, remained on the colloidal suspension
mixed with the nanofibrils. Nevertheless, further anal-
yses are required to confirm if they correspond to lig-
nin spheres.

Rheological behavior was effectively assessed, show-
ing an increase of the viscosity as the lignin content
increased, which corroborated the shear-thinning

behavior of LCNFs. Besides, strong interactions
between fibrils-lignin and lignin-lignin are suggested
due to the irreversible hysteresis curve obtained dur-
ing the rheological analysis.

No increasing on thermal degradation temperature
of the samples were observed at different lignin con-
tents by thermogravimetric analysis.

From an analysis of all the performed characteriza-
tion techniques, it can be concluded that LCNF par-
ticles present very intriguing properties that should be
further studied. By fully understanding their intrinsic
properties, they could be considered for different
applications. Additionally, their ease of production
when compared with fully bleached cellulose nanofi-
brils gives LCNF fibers.
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