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Abstract:  Cellulose nanocrystals (CNC) and nanofibrils (CNF) were obtained by
acid hydrolyzis and mechanical treatment, respectively, of cellulosic fibers from paper.
Additionally, surface modification was performed for CNC by neutralization (NaOH)
and oxidation (TEMPO). The thermal stability, surface properties and rheological
behavior of these nanomaterials were compared. A clear difference in CNC surface
was found upon neutralization and oxidation treatments, leading to distinct thermal
behaviors. Optical and rheological properties were found to be predominantly by the
particles size, being strongly affected by inertial effects.
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1. Introduction

The use of natural fibers as raw materials to produce biocomposites is
a tendency that fits perfectly the actual society needs. A combination
of extensive research and recent technological advances allows the use
of nanomaterials in new renewable material development. As the most
abundant polymer on earth, cellulose studies goes toward the described
scenario. Its fibers are now used to produce new composites with different
matrix by different processing techniques[ 4] The use of its natural
structure to produce nanomaterials was developed during the last two
decades and shows promising results. Many initial difficulties are now
overcame and advances have been made concerning their obtention,
surface modification and processing (5],

Derivated from natural fibers, bacteria or algaes, cellulose
nanomaterials are versatiles materials that are now applied in
nanopapers[@, hydrogels[7], compositesm, electronic®, biomedicine[!?,
etc. Being a versatile material, cellulose processing can be adjusted to
provide different materials as, for example, cellulose nanofibril (CNF) or
cellulose nanocrystal (CNC). The first one can be obtained by mechanical
defibrillation or enzymatic treatment of cellulose fibers!"!), which leads
to individualization of cellulose nanofibers that compose the intrisic
structure of the polymer . The second one is obtained by the isolation of
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crystalline domains present in the structure by hydrolysis of amorphous
part using acid or enzymatic steps (12.13]

Concerning its actual applications, CNF is used in hydrogels and high
technology papers. During its production by mechanical defibrillation,
it is common to use TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy
radical) oxidation as pretreatment. This step facilitates the fiber
individualization, being a way to save energy and make greener process.

CNC is normally used in nanocomposite production to provide better

[1415] T ensure the quality and explore

barrier or mechanical properties
the complete potential of this nanoparticle, its surface can be modified to
improve the filler-matrix compatibility or increase the thermal stability.
In the case of molecule grafting to nanocrystal surface, also a TEMPO

modification has became a common process used as first stage to allow

chemical modification .. Aiming in the production of nanocomposites
at high temperatures, the CNC surface also can be modified. The presence
of sulfate groups attached to its surface after hydrolysis can decrease its
thermal stability. A dessulfation process can be performed by the addition
of adiluted NaOH solution into the suspension. In this case, the thermal

degradation seems to be postponed!”.

In this study, these different materials were obtained from paper
using different methodologies. Cellulose nanocrystals were obtained by
acid hydrolyzis and neutralized (CNC-n) or oxidized (CNC-t) using
TEMPO reagent. The nanocrystal properties were compared to cellulose
nanofibrils(CNF) obtained by mechanical treatment. Aiming to compare
the properties of these different materials, obtained from the same source,
the nanoparticles were characterized by different techniques.

2. Materials and Methods
2.1 Materials

The paper used in this study was purchased from Whatman®. NaOH and
sulfuric acid were obtained from Sigma-Aldrich.

2.2 Methods

In this section, the experimental process used during the preparation
of the nanomaterials will be described. An illustrative scheme of the
obtained materials is reported in Figure 1.
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Figure 1.

[lustrative scheme of the preparation methods and obtained materials.

2.2.1 Nanomaterials obtention

Nanocrystal preparation. Firstly, the cellulose fibers obtained from paper
were maintained under agitation in a 2% NaOH solution for 6 hours
at 25 °C and after that it was washed until neutral pH and dried in
ambient conditions. For hydrolysis of bleached fibers, 400 mL of a sulfuric
acid solution (65 wt%) was heated up to 45 °C and 20 g of fibers was
suspended in the solution under a strong mechanical stirring for 45 min.
After the desired time, the reaction was stopped with the addition of
some ice cubes and the suspension was centrifuged in cycles of 10 minutes
under a centrifuge force of 1373.6 G. After each cycle the acid supernatant
was discarded and replaced by distilled water, this process was repeated
a few times to increase the pH of the suspension. The resultant water
suspension was dialyzed with a cellulose membrane against distilled water
until its pH was around 5. Some drops of chloroform were added to
avoid any bacterial proliferation and the suspension was stored under
refrigeration.

Particle neutralization. After its preparation and dialysis, the pH of
part of the cellulose nanocrystal suspension was adjusted to 9 using a
diluted NaOH solution. This suspension was kept under agitation for 24h
and again dialysed until neutral pH.

Tempo oxidation. The oxidation of hydroxyl groups by TEMPO
reagent was develop by Nooy (18] and is broadly used in the oxidation of
cellulosic materials. Here, the generic procedure used for the modification
of cellulose nanocrystals and cellulose fibers (pretreatment) is described.
In an ice bath, a weight of 4 g of cellulose material was suspended
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in 400 mL of water to obtain a 1 wt% suspension. The suspension
was homogenized with a strong mechanical agitation and 0.4g of NaBr
and 0.1g of 2,2,6,6-tetramethylpiperidine (TEMPO) were added to the
suspension. This agitation was maintained for almost 20 min, to ensure a
complete dissolution of the reagents, and slowly 10 mL of a 12% aqueous

NaOCI solution was added to the reaction medium. The pH should be
kept between 10 and 11 with an eventual addition of diluted NaOH
solution. After 2 hours, 10 mL of ethanol was added to the medium
and the pH adjusted to 7 with a diluted acid solution. For the cellulose
fibers, filtration and washing with distilled water was performed. CNC
was dialysed against distilled water for several days.

Nanofibril preparation. The previrous oxidized fibers were
resuspended in water and the concentration was adjusted to 1wt%. This
suspension was treated with a Masuko Supermass colloider grinder for 60
passes.

2.2.2 Materials characterization

Atomic Force Microscopy (AFM). The images were obtained on a
Nanoscopellla microscope from Veeco Instruments. A drop of a diluted
aqueous CNC suspension with 0.01 wt% concentration was deposited
on a mica substrate and dried. It was imaged in tapping mode with a
Silicon cantilever. The nanoparticle dimensions were estimated from 50
measurements analyzed using the associated Nanoscope software.

Zeta Potential (§). Nano particle suspensions with concentration
around 0.01 wt% were analyzed on an equipment model DTS0230 from
Malvern Instruments. To avoid the effects of ionic strength and pH
during measurements, all the concentrated solutions were diluted in an
aqueous standard solution with pH 10 and 180 uS/cm conductivity. This
solution was prepared by the addition of diluted NaOH solution and
solid NaCl into distilled water.

Contact Angle (CA). Films 0.1 + 0.01 mm thick were prepared by
casting/evaporation and analyzed with an Attension Theta contact angle
meter equipment by using water as liquid. The samples were cast in
a Teflon mold to ensure a smooth surface and the contact angle was
measured during 120 s. The final angle value before surface deformation
was used as reference.

Fourrier Transform Infrared Spectroscopy (FTIR). ATR mode
measurements were performed on a FTIR Perkin-Elmer Spectrum One
equipment between 600 and 4000 cm™ in 4 cm™ intervals. All the analyses
were carried out using films casted and dried at room temperature.

Thermogravimetric Analysis (TGA). The analysis was carried out
under Air atmosphere using Perkin-Elmer TGA-6 equipment. The
sample heating was performed from room temperature up to 600 °C with
a heating of 10 °C.min"".

Rheological Measurements. The rheological behavior of the dispersions
was characterized with a DHR-3 equipment from TA Instruments. A
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cone (2°, 50 mm) - plate (50 mm) geometry was used to study the dilute
suspensions in flow and oscillatory modes at 20 °C.

Degree of polymerization. The samples viscosity were measured by the
TAPPI methodology T230m08 and the D.P. estimated by the Equation
1.

D.P.= —449.6+598.4 In[n]+ 118.02(n[n) 2 (1)

X-ray diffraction. XRD measurements for the samples were recorded
on a Philips PW 1720 X-ray generator operated at 45 kV and 40 mA in a
Bragg—Brentano geometry. The 26 range was from 5° to 65° using a fixed
time mode with a step interval of 0.066° and Cu Ka radiation (k = 1.5418
A). The crystallinity index (C.1.) was obtained by the relation between
crystalline phase 26 = 22° and amorphous phase on 26 = 18.5¢ following
the Equation 2.

crw= 1 210026(1)‘”” x 100 2)

Samples nomemclature and other obtained properties are on Table 1.

Table 1.

Samples nomenclature and general properties.

3. Results and Discussion
3.1 Atomic force microscopy and surface properties

Different procedures were applied to obtain cellulose nanomaterials with
distinct characteristics. The morphology of the nanoparticles resulting
from the acid and mechanical treatments is shown in Figure 2 .

Figure 2.
AFM images of (a) CNC-n, (b) CNC-t and (c) CNF.

For the acid hydrolyzed material (CNC) rod-like structure can be
observed ( Figures 2 2b). These nanometric rods are the non-hydrolyzed
crystalline domains present in the hierarchical structure of cellulose. After
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post-treatment performed on the pristine CNC, the dimentions ( Table
1) of CNC-t and CNC-n seem to be basically the same, no visible sign
of degradation caused by the basic of oxidative treatment at the surface
could be found. In both cases, the particle dimentions are in agreement
with dimentions reported in literature, being similar to the estimated size

of nanocrystals obtained from hardwood!"”,

Figure 2 ¢ shows CNF particles. These particles have very different
characteristics when compared to the previous one. Longer and more
flexible than CNC nanorods, CNF occurs as particles with higher aspect
ratio (L/d). This characteristicis are in agreement with the expected
structure of particles obtained after mechanical or enzymatic treatment.
In this process, hydrolyzis of the amorphous part of cellulose does not
occur, with the isolation of individual fibrils being the principal objective.
From the AFM image it is possible to observe some microscale fibers.
Probably, the mechanical treatment was not able to provide particles
with a narrow size distribution, were individual nanofibers are completely
isolated. However, the presence of fibers with a nanometric diameter
(around 6 nm) is predominant compared to bigger agglomerates.

Besides its dimentions, the particle surface also are quite different. The
£ measurements shows that the CNC-n present a less negative surface
charge. This is probably a consequence of the neutralization stage, where
the NaOH solution can neutralize acid residues and the negative sulfate
groups presents at the nanoparticle surface. As a consequence, it means
that this suspension is less stable against coalescence than the others.
CNC-t and CNF have similar & values. It can suggest that the number of
oxidized ~OH groups during the TEMPO reaction was not so different
although the different surface areas avalaible during the reaction.

3.2 Infrared spectroscopy

Figure 3 a shows the FTIR spectrafor the different nanoparticles. The
figure also shows the spectrum of pristine cellulose fibers (CP) to be used
as reference. Firstly, all the curves show typical peaks of cellulose, i.c.
C-H (2900, 1300 cm™), C-C (1600 cm™), C-O (3330,1000 cm™), C-
O-C (1150 cm™) and O-H (3330 cm™ ) bands. However, besides the
homogeneous distribution of size and no sign of particle degradation, the
FTIR analyzis shows some modifications in CNC structure. Probably,
these modifications occur at the surface of the nanorods during the post-
treatment of oxidation or neutralization. Surprisingly, the spectra for
CNC-n and CNC-t are quite similar. The presenceof a C=0O peak at
1740 cm™ for CNC-t is a consequence of the TEMPO-oxidation, that
can oxidize the C-O bonds naturally present in the cellulose structure.
On CNC-t also is possible to observe a 2840 cm’! peak, that is normally
attributed to C-H bonds in alkanes. This peak can corroborate the higher
value of contact angle if we assume some surface degradation during
the reaction. It seems possible once the C.L for this sample had a slight
decrease when compared to the CNC-n sample.
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Figure 3.
FTIR (a) spectra for paper and nanocellulosic materials

and XRD (b) patterns for CNC-t and CNC-n.

The presence of the same C=0 signal for CNC-n was not expected.
In this sample, the neutralization process was supposed to cause just a

dessulfation of the nanocrystal surface'”). However, this step seems to
also cause an oxidation of the O-H groups to form carbonyl groups,
probably resulting in carboxylic acids or aldehydes formation. CNF also
presents the C=0 peak, a consequence of the TEMPO pre-treatment. In

this sample it is worth to notice a prominent band at 1600 cm’l, that can
be related to aslightly offset O-H bending peak of absorbed water (~1620
cm™) band or a C=C aromatic band. In the last case, it can be attributed
to some residual hemicelluloses. Once in this sample no acid hydrolysis
was performed, the presence of residual oligomers is possible.

Concerning the samples polymorphism, all the samples had shown
cellulose I patterns with intense peaks on 26 equals to 15° (110), 17°
(110) and 23° (200). However, CNC-n shows a small peak on 26 equals
to 12° (101), that is characteristic of cellulose IL It suggests a cellulose
conversion (of a small number of chains) from type I > II during the
neutralization step. Figure 3 b shows the XRD curves for the CNC-t
sample in comparison to CNC-n.

3.3 Thermal behavior

As a consequence of the surface modification suggested by FTIR, C.I.
and zeta potential ( Table 1 ) values, the particles could show very
different properties, once these parameters are critically important to
define particle behavior in suspension and its thermal behavior. The
thermal stability of the samples was investigated by thermogravimetric
analysis. The obtained thermograms are shown in Figure 4 and the related
data reported in Table 2 .



Marcos Mariano, et al. Cellulose nanomaterials: size and surface influence on the thermal and rheological behavior

Mass (%)

LIH)

&0

40

oo
024 N‘: , fanl
A
W% 02 L]
144 +x
P ey, A x
(3] o ow A 5
6\“." 064 % o &
B 9, by s
. o -
£ 05 a0 Mf
= AR
X
10 @ x
1 XX
x
w X
124 b iy
T r T T T - : : - -
100 200 30 400 500 600 150 200 250 00 350 400

Temperature [D(] Temperature (“[j

Figure 4.

(a) TGA and (b) dTG curves for: CP (#), CNC-n (X), CNC-t (0) and CNF (*).

Table 2.

Thermogravimetric analysis data.

Firstly, a higher amount of water present in the nanometric samples is
observed. This can be explained by the higher surface area of this particles,
providing more available ~-OH groups with which water molecules can
interact. As suggested by contact angle measurements ( Table 1 ) and
FTIR, CNC-t is more hydrophobic than other nanocellulosic samples,
showing a lower water content.

The thermal behavior and degradation stages of cellulose materials
are very well described in literature. While cellulosic fibers tend to
degrade in multiple stages due to their heterogeneous composition with
presence of macromolecules such as lignin and hemicelluloses, acid
hydrolyzed nanocrystals tend to degrade at lower temperatures due
to the presence of sulfate groups (2021] Here, the use of a bleached
commercial paper seems to minimize the first phenomena for the CP
sample. Nevertheless, it is possible to observe the degradation of cellulose
over a very broad temperature range ( Figure 4 b), being the cellulose
maximum degradation peak normally described around 360 °C 22],

Concerning the nanomaterials (CNC and CNF) the thermal
degradation can be distinguish in two groups. In the first one, CNC-
n seems to have a similar degradation mechanism as CP. These
nanoparticles presents a good thermal stability, with a dTG ( Figure
4 b) in the same temperature range as pristine cellulose (CP), but its
degradation occurs within a narrower temperature range. This higher
thermal stability is a direct consequence of the neutralization step, that
avoids early degradation of the material by removing residual acids and
causing dessulfatation of the particle surfacel??],

As expected, the molecular weight (expressed in terms of DP, Table 1)
of the pristine cellulose was almost six times higher than for other samples.
The nanomaterials had present similar values of DP on a range similar to

the described by Matsuoka et al. *% as the length of cellulose crystalline
region. However, it seems to not be the major influence on this property
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since the CP and CNC-n shows similar dT'G values besides its different
values of DP.

In the second group, CNC-t and CNF also show similar thermal
behavior. In these samples, the presence of two degradation stages is more
pronounced than in the first group. These two stages are normally visible
on acid hydrolyzed nanocrystals. In fact, it seems to be a consequence of
the early degradation of external chains of the particle that accelerates
the formation of oligomers that can cause a kind of caramelisation
effect in the sample surface that can coat the material core, retarding its
degradation. The similar degradation temperatures and dTG for CNC-
t and CNF suggests that carboxylic groups can also produce this kind of
effect.

For all samples, there is a remarkable increase in char residue when
comparing nanomaterials to pristine paper. Is known that the pathway
of thermal degradation of the samples seems to be responsible to change
the residual content and that parameters such as activation energy,
heating rate, temperature of dehydratation and levoglucosan formation
can strongly affect the residues content and appearance!®. Besides the
normally cited presence of sulfate groups, other surface characteristics
also can lead to modify the degradation pathway. For example, an increase
on the surface area or presence of grafted groups on cellulose surface also
can cause variation on the thermal degradation.

Here, the higher residues content were present on TEMPO-oxidized
samples. It occurs due to the easy surface oxidation of the material and
is clearly observable by comparison with the other samples (presenting
C=0 or -OH groups, for example). This oxidation seems to accelerate
the process of coating the internal cellulose chains. Due to its lower C.L
( Table 1), the core chains of CNF and CNC-t are not so protected
from external heat transfer as CNC-n and these samples presents lower
dTG values. However, on these two samples the final mechanism seems

to occur by a pathway of smaller Ea that leads to the formation of char?.,
3.4 Optical properties and suspension behavior

In water suspension, these particles also show different behaviors. The
observation of nanoparticles under a polarized light is a way to observe
oriented and cristalline structures. Figure 5 shows the presence of
birefringence in the nanocrystal samples.

Figure 5.
Birrefringence domaines of nanoparticle suspensions with concentration of 0.6wt%.

The birefringence of CNC suspensions can result from two factors:
(i) the structural form anisotropyof cellulose nano-domaines (anisotropic
refractive index, An of 0.05) and (ii) a flow anisotropy resulting from
alignment of the nanorods (if long enough) under flow. In this study,
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this alignment was induced by the creation of a shear in the suspension
using magnetic stirring. Some studies demonstrated that an imposed
shear can produce planar domains of randomly oriented nanoparticles
that are aligned or broken with the shear rate variation®®!. The level
of organization in the nanoparticle suspension is a key factor to its
rheological properties and will be discussed in sequence.

This birefringence phenomenon cannot be observed in the CNF
system. In addition to its big dimentions (at least in one axis), it was
demonstred by Karppinen et al.’?®) that CNF have a tendency to entangle
(in a reversible way) when submitted to shear, making difficult their
alignment with the flow.

3.5 Flow curves

According to Bercea and Navard'?”), the critical concentrations for a

regime transition between diluted-semidiluted (d)) and semidiluted-

concentrated (d;) CNC particles suspended in water can be calculated
using the rigid rod approximation:

d2
1 (3)
¢ = % (4)

Equations 3 and 4 can show the transitions limits calculated from the
particle dimentions, where L is the length and d the diameter of the
particle. In our system, the particle dimentions lead to a diluted to semi-
diluted regime transition around 0.0033 vol% (or 0.05 wt%) and a semi-
diluted to concentrated transition around 0.057 vol% (or 0.91 wt%) .

In this study, we choose to perform all the rheological measurements
in the semidiluted regime where the samples are in an isotropic-at-rest
regime and no anisotropy can be found. For CNF suspensions, the
concentration was chosen to be the same as for the CNC suspensions in
order to facilitate the discussion and data comparison. Figure 6 presents
the evolution of the viscosity as a function of the shear rate. For all samples
it is possible to observe a decrease in the viscosity value with shear rate
increase (shear thinning behavior).
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Figure 6.

Steady-state viscosity versus shear rate for CNF (*), CNC-
n (X) and CNC-t (#) suspensions with concentration of 0.6 wt%.

For the CNC samples, the viscosity value at lower shear rates is

around 1 Pas, similar to values reported in the literature?”?%), For
CNC suspensions, the shear thinning behavior is normally explained
by the progressive organization of the particles in suspension. At lower
shear rates the nanocrystals are assumed to randomly organize. However
the scenario starts to change with the shear rate increase and the rods
are progressively align in the flow direction. This organization causes a
decrease in the drag force, decreasing the viscosity value until a plateau. In
this region, it is possible to observe an almost Newtonian flow behavior
due to the maximum organization of the nanocrystals.

Besides the similar size and shape, CNC-n and CNC-t viscosity curves
shows some slight differences. The viscosity for the CNC-n suspension is
higher at lower shear rates and this sample reaches the Newtonian plateau
before CNC-t. Probably this behavior is caused by the differences in the
nanocrystal surface chemistry.

For the CNF suspension, the viscosity values are significantly higher
than for CNC at lower shear rate values, being around 30 Pa.s. This

value is also similar to previous data reported in literature'?%), The
shear thinning behavior is even more accentuated in this system. As
a diluted sample, it is not possible to observe an intermediary plateau
that is described by some authors with the concentration increase.
Concerning the flow kinetics and the microstructureof this system
under shear, it seems to be much more complicated than for the CNF
system. Inhomogeneous flow is caused by erratic mesostructural changes.
Floculation, fiber entanglement and wall slippage are phenomena present
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G' and G" (Pa)

in this system due to the particles characteristics, i.e. size polidispersity,

flexibility and surface charge[26’29].

3.6 Oscillation measurements

The rheological behavior of the particle dispersions was also characterized
by dynamic oscillatory measurements. The intrinsic difference between
the nanorods and the nanofibers was very clear even during the oscillation
strain sweeps were the CNC samples showed a critical strain around
0.5%, a much higher value than for CNF, which showed a critical strain
around 0.025%. The evolution of the values of G’ and G” as afunction of
angular frequency is ploted in Figure 7 .

=

G' and G" (Pa)
=

107

01

angular frequency {r:ul,s")
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0.1 i 10 100
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Figure 7.

Storage, G’ (solid symbols) and loss, G” (empty symbols) moduli as a
function of oscilation frequency for (a) CNC-t, (b) CNC-n and (c) CNF.

Cellulose nanomaterials are known for the possibility for form gels.
These structures can be applied in different areas due to their great
capacity to retain water and, still, behave as a solid. The “gel” state is
defined by rheology as a suspension state where it presents a storage
modulus (G”) much higher than its loss modulus (G”), i.e. G >> G”.

The storage modulus values can be regarded as the suspension ability to
restore energy, and therefore, as the gel strength of the suspensions. In this
study, all the samples presents gel-like behavior with G’ values higher than
G”.However, the ratio between G” and G’ (called tan ) is greater than 0.1
for all studied samples until intermediary angular frequencies (F). This
means that the samples are not true gels, but can be considered as weak

gc:ls[3 ] what is reasonable considering their low concentrations. This
denomination is corroborated by the dependence of G’ with Fy, since very
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stiff CNC gels (arising from more concentrated CNCs suspensions) do
not present this dependence, presenting an almost constant G’ value313%,

For the nanorod samples, the weak gel behavior is very clear until Fq

values closer to 1 rad.s!. After this F, the values of loss and storage moduli
start to be very similar (i.e. tan 8 is close to 1) and increase. This behavior is
also described by Karppinen[3 3land Wu et al.?¥ for diluted nanocellulose
(fibers and rods) suspensions. The first one considers it as a consequence
of the concentration proximity with the threshold concentration for gel-
like behavior. However, this phenomenon seems to be more complex.

In this study, the G’ and G” valuesfor diluted suspensions start to
increase and became similar at intermediary Fg. This behavior is described
by Ewolde et al.® as a consequence of inertial forces that can cause
interferences in the measurements. It seems to be explained by the
Reynolds number, Equation 5 .

Re— p-ve  InertialForces
n ViscousForces (5)

Where: p is the fluid viscosity, v is the fluid medium speed and e is
the characteristic length of the flow process being considered (i.e. the
rheometer plates gap in our case) and v the fluid viscosity.

This equation illustrates the relationship between inertial and viscous
forces. When the fluid presents low viscosity or flow values, the inertial
effect can be negligible due to a compensation between both forces.
However, in the case of systems with very low viscosity and/or high
flow values, these effects begin to be representative and can influence the
measurements, leading to false data. It is possible to observe in Figures
7 7b an increase in G” and G” at higher frequency values. Probably it
occurs because inertial effects are causing a stress that is measured by the
equipment. After a critical frequency it begins to distort and the obtained
modulus values and G” and G” seems to grow.

This critical frequence (Fy) is a limit after which it is not possible to
neglect inertial distortions in the obtained data. Equations 6 and 7 were
suggested by Baravian (2013) and can provide quantitative information
about this frequency due to inercial effects of fluid and equipment

respectively>®,
n
Fac<pez (6)
VG o
Fae<-—5 (7)

Where: ( Equation 6 ) Fy is the critical frequence (in Hz), 7 is the
viscosity values at 1 Hz frequency, p is the suspension density, e is the
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plates gap distance; ( Equation 7 ) « is a 0.05 coeficient for standard
geometries and G’ is the modulus values at low frequencies. The respective
obtained values for the studied suspensions are collected in Table 3.

Table 3.

Samples viscosity and inertial critical frequencies.

For CNC samples, Fq is quite similar, considering the fluid and
equipment inertial effects. It means that most of the frequency range for
the CNC suspension at this concentration is under influence of inertial
effects. The inertial effect from the rheometer seems to arise at lower
frequencies if compared to the fluid effects for all the samples. According

to Baravian, above Fy. the rheometer error can be higher than 209%.3¢],
Since thes effects are viscosity-dependent, they are much less observable
for CNF in the studied F range. This sample present higher viscosity

values, the fluid inertial effects only become significant after 92.4 rad.s!
and probably shows most visibly distorted data at higher frequencies.
For lower Fy, where no inertial effects are affecting the data, the
magnitude of the modulus values are clearly different between CNC
an CNF samples, being much superior for the nanofibril suspension.
It suggests that nanofibrils could create a stronger fibrous network at
this concentration. In this suspension G’ value is higher than G” over
the whole studied frequency range and a relative weak influence of the

frequency was found, a typical behavior of weak gf:ls[3 2],
4. Conclusions

The aim of this study was to show how different properties can be
obtained from the same cellulose source due to the versatility of this
material. By controlling the size/shape of the particle and its surface
charge and composition it was possible to modify its thermal and
rheological characteristics.

The presence of charged groups for CNCs seems to be a key parameter
that induces their earlier degradation during heating, an important
drawback for composite processing by extrusion or injection. The particle
dimentions seem to be responsible for significant modifications in the
rheological parameters, such as viscosity and modulus of the nanoparticle
suspensions in water. Also, we propose that diluted nanocellulose
suspensions measurements can be highly influenced by inertial effects
after a critical frequency, leading to false data obtainment. These effects
also seem to be dependent of the sample dimensions, being more
pronounced for CNC in the studied concentration and frequency range.
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