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Abstract Cellulose nanofibers (CNFs) are a ver-
satile natural material which are currently in use as
a reinforcing agent in composite materials. Cellu-
lose composites have a diverse range of applications
because of their high strength to weight properties.
Neat CNFs readily disperse in water to form a viscous
slurry-like suspension making them an easy material
to incorporate into composites; however, CNF sus-
pensions have complex rheological properties, and
it is vital to understand these properties to optimize
their use. Suspensions of CNFs are structured fluids
with unique rheological properties. Most notably,
they can form stable networked gels at higher concen-
trations, resisting flow. While there are robust studies
of CNF suspensions at ambient and above tempera-
tures, there is little data on the behavior of aqueous
CNF suspensions down to 0 °C. Rheological stud-
ies were performed on aqueous CNF suspensions of
variable concentrations to map their flow properties
below ambient temperatures. The CNF suspensions
were made by diluting neat CNF stock without any
chemical modifications (e.g., oxidation, base disso-
lution). At 0.5 wt%, CNF suspensions displayed gel-
like properties, but only the 1 wt% CNF suspensions
did not flow upon tilting. The viscosity of the CNF
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suspensions showed an inverse relationship to tem-
perature down to 2 °C regardless of concentration.
The yield strength of higher wt% CNF gels demon-
strated a similar trend, increasing with both increas-
ing cellulose concentration and decreasing tempera-
ture. Cellulose suspensions were confirmed to be
shear thinning at low temperatures and demonstrated
tunable gel strength and viscosity, which can be uti-
lized for a variety of applications where processing at
low temperatures is important.
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Introduction

Cellulose (or cellulosic) materials are naturally
derived from plant matter, and therefore support
sustainable chemistry and material synthesis goals
(Li et al. 2021). They have been used to increase
strength and decrease weight of composite materials
across a variety of applications, from bio compos-
ites to cements (Guan et al. 2020; Bledzki and Gas-
san 1999; Ardanuy et al. 2015; Sharma et al. 2019;
Huber et al. 2012; Hubbe et al. 2008; Zambrano et al.
2020). The beneficial thermal properties of cellulose
have also resulted in its use as an aerogel for insu-
lating purposes as well as energy storage (Sen et al.
2022; Liu et al. 2021). In addition to its beneficial
properties in solid form, the time and rate dependent
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gel-like properties of nanocellulose make it an adapt-
able liquid component for polymer extrusion printing
and bioinks (Yasim-Anuar et al. 2020; Heggset et al.
2019; Baniasadi et al. 2022). The mechanical and
chemical properties, as well as the rheological behav-
ior of nanocellulose, have led to its use in various
food applications (Velasquez-Cock et al. 2019; Shi
et al. 2014; Zhu et al. 2021). Nanocellulose comes in
many different forms, most commonly as CNFs, cel-
lulose nanocrystals (CNCs), and bacterial nanocel-
lulose (BNC), and can be modified through chemical
and enzymatic treatments to enhance the reactivity
and change the physiochemical properties (Das et al.
2022; Hubbe et al. 2008; Habibi et al. 2010). Some
chemical treatments, like TEMPO oxidation and car-
boxymethylation, can disintegrate the fibers and dis-
solve them to produce a transparent hydrogel. The
various forms of cellulose all have different aspect
ratios, solubility, and rheological properties (Seddiqi
et al. 2021). It is vital to understand the rheological
properties of neat untreated CNF suspensions to sim-
plify processing, reduce cost, and expand their use in
different matrix materials.

The rheology of CNF suspensions is highly
dependent on fiber length, aspect ratio, surface chem-
istry and charge, ionic strength, pH, and cellulose con-
centration for both steady flow and gel-like properties
(Geng et al. 2018; Fall et al. 2011). The dynamic
moduli, shear stress, and viscosity all increase as a
function of CNF concentration (Pdikko et al. 2007;
Li et al. 2015; Naderi 2017; Wu et al. 2014). Cellu-
lose suspensions demonstrate shear thinning and thix-
otropic behavior during flow, meaning the viscosity
decreases with both applied shear rate and time (Jiang
et al. 2021; Iotti et al. 2011). Cellulose is also a struc-
tured fluid that demonstrates gel-like behavior, thus
for higher concentrations it requires an applied stress
to initiate flow (Jiang et al. 2021). Different forms of
cellulose have been reported to align with the shear
flow in the rheometer and during extrusion processes,
decreasing the viscosity of the suspension (Hausmann
et al. 2018). At high shear rates, the structure breaks
down and no longer displays shear thinning behavior
(Iotti et al. 2011; Nechyporchuk et al. 2016).

To support various applications, research has been
conducted on the rheology of different cellulose gels and
suspensions but none of the studies have considered their
behavior at temperatures below ambient (Li et al. 2015;
Nechyporchuk et al. 2016; Navard et al. 2012; Paakko
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et al. 2007; Naderi 2017). As temperature increases, the
viscosity of cellulose suspensions decreases (Herrick
et al. 1983; Navard et al. 2012), while the storage modu-
lus was reported to increase (Lowys et al. 2001; Pazkko
et al. 2007). However, these studies were conducted at
temperature ranges at and above room temperature, and
do not examine the properties of cellulose suspensions
below ambient temperatures. CNF aerogels are made
through ice templating and sublimation (Martofa et al.
2016; Gupta et al. 2018; Flauder et al. 2013; Erlandsson
et al. 2018). Therefore, the rheological behavior of cellu-
lose suspensions at temperatures approaching freezing is
necessary to control the aerogel structure. It is essential
to examine suspensions across a range of temperatures
to ensure that the rheological behavior of the CNF sus-
pensions can be understood and controlled for a variety
of applications, including production, transport, and
storage at colder temperatures.

The CNF suspensions used in this study were
mechanically fibrillated aqueous slurries derived from
wood pulp with fiber widths of 50 nm and lengths up
to several hundred microns (Nanocellulose Data Sheets,
UMaine). The aqueous slurries were bleached to remove
other compounds including resins, fatty acids, and other
extractives (PDC Services, UMaine); however, these
slurries were not chemically oxidized or hydrolyzed, and
the resulting cellulose nanofiber suspensions are white,
opaque, pasty, gel-like dispersions of CNFs, which are
highly subject to entanglement.

Herein we report on the rheological properties
of aqueous CNF suspensions that were made from
mechanically fibrillated slurries and examined at low
temperatures while varying the concentration and tem-
perature. The viscosity, shear thinning behavior, stor-
age modulus, and yield stress were monitored as the
temperature was varied from room temperature down
to 2 °C. The temperature dependence of aqueous cel-
lulose suspensions demonstrates that the rheology of
these suspensions can be tuned for various applications
by controlling the temperature.

Experimental methods
Materials and equipment
Cellulose nanofibers (CNFs) were sourced from a

bulk suspension of 3 wt% solids (Process Develop-
ment Center, The University of Maine, USA). The
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fibers are mechanically fibrillated aqueous slurries
derived from wood pulp and were not chemically
oxidized or hydrolyzed. The CNFs had a nominal
fiber width of 50 nanometers (nm), lengths up to
several hundred micrometers (um), pH=6, and a
surface area of 31-33 m?%g (measured by nitrogen
adsorption using the BET method) (Nanocellulose
Data Sheets, UMaine). The CNFs were imaged
using atomic force microscopy (AFM) in tapping
mode (Dimension Icon, Bruker, USA) (Fig. 1).
Dilutions of the CNF solutions were made with
deionized water (18.2 MQ-cm) from a Milli-Q

Fig. 1 Atomic force microscopy scan (4 x4 pm) of cellulose
nanofibers showing high aspect ratio and significant presence
of entanglements

water purification system (Milli-Q model IQ 7000,
MilliporeSigma, USA).

A rheometer (HAAKE MARS 60, Thermo Fisher,
USA) equipped with a vane rotor and serrated cup
were used to conduct the experiments. The Rheowin
4.87 software was used to run the experiments and
temperature was controlled with a universal Peltier
temperature module with insulated sample hood for a
temperature range from —40 °C to 200 °C.

Methods
Sample preparation

Cellulose nanofiber suspensions were diluted with
deionized water from a 3 wt% stock mixture to
form 0.1 wt%, 0.5 wt% and 1 wt% CNF suspensions
(Fig. 2). While all three CNF suspensions displayed
gel-like properties, only the 1 wt% CNF mixture
could resist flow upon tipping (Malkin et al. 2023;
Flory 1974). These suspensions, as well as pure
water, were cooled in a refrigerator at 4 °C prior
to testing. For samples that were to be tested at or
close to room temperature, the suspensions were
stored at room temperature.

Rheological symbols

Rotational measurements

The steady shear flow properties of the cellu-
lose suspensions were measured using rotational

Fig. 2 Pure water (a) and suspensions of 0.1 wt% CNFs (b), 0.5 wt% CNFs (c), and 1 wt% CNFs (d). Only the 1 wt% suspension (d)

resisted flow upon tipping, classifying it as a gel
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experiments with a cup and rotor geometry. A ser-
rated cup was used with a vane rotor, similar to
methodology used on mechanically refined CNF
suspensions (O’Banion and Shams Es-haghi
2023), to reduce wall slip during the experiments
(Nechyporchuk et al. 2015). A pre-shear of 10 s~
was applied for 10 s, followed by a 10 min rest, to
ensure a similar starting structure for the CNF sam-
ples. Shear rate sweeps were conducted from 0.01
to 100 s~! to encompass a broad range of material
properties and behavior during the shear ramp.
Data acquisition was started 10 s after rotation was
initiated.

The shear rate ramp was used to examine the
viscosity and shear stress response of the mate-
rial during an increase in shear rate. The viscos-
ity and shear stress curves were examined from
7=0.1-10s5s"" to exclude viscosity plateaus at
high and low shear rates, as well as any artifacts
from the rheometer (Table 1).

The viscosity of each suspension was extracted
from the data at the point where the strain rate was
1 57!, to compare the relative viscosity of each CNF
suspension to the cellulose concentration of the
suspension.

Data analysis

The viscosity behavior of the suspensions was fit
from the strain rate range of 0.1 to 10 s™' using a
power law equation to compare shear thinning
behavior (Eq. 1).

Table 1 Rheological symbols, terms, and units used in this
work

Symbol Definition Units

n Viscosity Paes

y Shear Strain % or unitless
¥y Shear Strain Rate 57!

n Shear Thinning Constant unitless

T Shear Stress Pa

T, Shear Stress at Yield Pa

f Frequency Hz

G/ Storage Modulus Pa

G Loss Modulus Pa
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n=Ky™" (1)

where # is the viscosity in Pa-s, K is a calculated
constant in Pa-s", y is the shear rate, and n is a shear
thinning constant. The suspension displays shear thin-
ning behavior if the constant # is positive, and as n
approaches 1 the suspension is more shear thinning.

The shear rate ramp was used to provide a fit for
yield stress fluids using the Herschel-Bulkley equa-
tion for non-Newtonian fluids to examine the reac-
tion of the shear stress with applied shear strain rate
(Eq. 2).

T =15+ Ky" )

The Herschel-Bulkley equation is a more complex
form of a power law fit to describe the shear stress
response, where 7, is yield stress, K is the consistency
index, and n is the flow index. The suspension is a
yield stress fluid if 7, is positive, and shear thinning
if n < 1. The fit was applied over the same range as
the power law fit, from y = 0.1 — 10s~!, to ensure it
is a continuous function of strain rate and not affected
by high and low strain rates and instrument torque.
These equations, and similar versions of them, are
commonly used to describe the rheological behaviors
of cellulose suspensions (Koponen 2020). The shear
thinning behavior was described using a power law fit
of the viscosity curves, while the Herschel-Bulkley
fit was used to predict yield stresses from the shear
stress curves.

Oscillatory measurements

The viscoelastic behaviors of the CNF suspensions
were determined using oscillatory strain, frequency,
and stress sweeps. The oscillatory measurements
were carried out using the same cup and rotor as the
rotational measurements because of the low viscosity
of some samples.

First, an oscillatory strain sweep was used to find
the linear viscoelastic range (LVR), in which the vis-
coelastic properties are independent of the applied
strain. The strain sweep was conducted from 1E-4
to 1 at a frequency of 1 Hz, and the range in which
the storage (G’) and loss (G””) moduli are linear was
calculated. The CNF suspensions were then subject
to frequency sweeps at a constant strain within the
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LVR, chosen to be a strain of 1073, The frequency
was ramped from 0.1 to 100 Hz for the 1 wt% CNF
suspensions, and from 0.01 to 10 Hz for the 0 to 0.5
wt% CNF suspensions, to provide the best measure-
ment range for monitoring the gel-like response at
1 Hz. Finally, oscillatory stress sweeps were con-
ducted on the CNF suspensions from 0.001 to 100 Pa,
as another method to measure the yield stress of the
suspensions. From an oscillatory yield stress sweep,
the yield stress can be determined by finding the
point where the slope of the strain or storage modulus
change with applied stress.

Temperature of measurements

To determine the rheological properties of CNF sus-
pensions at low temperatures, two different methods
were applied. Initially, the rheological tests were all
conducted at 2 °C for each CNF suspension. For each
rotational and oscillatory measurement, 0.1, 0.5 and
1 wt% CNF suspensions were prepared, stored at
4 °C, and then tested at 2 °C in replicates of 3. With
the cup and rotor geometry, 28 mL of CNF suspen-
sion was used for each experiment. After the tests
were conducted for every sample at 2 °C, more 1
wt% CNF suspensions were prepared for rheologi-
cal experiments at 5, 10, 15, 20, and 25 °C to meas-
ure the behavior of the suspension with temperature.
For these experiments, the 5 and 10 °C suspensions
were stored at 4 °C prior to testing, and the 15, 20,
and 25 °C suspensions were stored at room temper-
ature. The sample was allowed to rest for 10 min at
the test temperature to equilibrate. The 1 wt% CNF

1000

=— Pure water
- 0.1 wt% CNF
H“H._ 0.5 wt% CNF

= 1wt% CNF

n (Pas)

0.1 f\u/

0.01 0.1 1 10 100
a) Y6

Fig. 3 Viscosity (a) and shear stress (b) as a function of shear
strain rate for different concentration of CNF suspensions. The
viscosity of the suspensions decreased with increasing shear

suspensions were tested using a rotational shear rate
sweep from 0.001 to 100 s™! and an oscillatory fre-
quency sweep.

Results

The rheological properties of the CNF suspensions
were measured using both steady flow rotational
measurements, as well as oscillatory measurements to
evaluate the gel-like properties of the cellulose sus-
pensions. These experiments provided an overview
of the viscosity, yield stress, and gel-like behavior of
the CNF suspensions as both the composition and the
temperature were changed.

Strain rate sweeps

Shear thinning behavior of the CNF suspensions was
measured from strain rate dependent viscosity. For
all CNF suspensions the viscosity decreased with
applied shear rate and increased with CNF concentra-
tion (Fig. 3a).

At low shear rates (below 0.1 s™') the viscosity
began to plateau and was almost constant with shear
rate, representing the zero-shear viscosity. In the
shear rate range of 0.1-10 s™! the viscosity decreased
with a power law relationship to shear rate. The
decrease in viscosity for all concentrations of CNFs
indicated that the CNF suspensions were shear thin-
ning from strain rates of 0.1 to 10 s™'. At higher shear
rates (above 10 s7!) the viscosity plateaued again as
it approached its infinite shear viscosity. In this shear

100

T
o
=01k
—=— Pure water
0.1 wt% CNF
0.01 0.5 Wt% CNF
—=— 1 wt% CNF
0.001 £ L L L
0.01 0.1 1 10 100
b) ¥ (s

rate. The shear stress increased with increasing shear rate and
with cellulose concentration. These plots are representative of
the trend seen across 3-5 replicates for each concentration
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rate range, secondary flows were generated as an
artifact of the cup and rotor geometry, causing some
flocculation in the fiber networks (Karppinen et al.
2012). The structure, and subsequent breakup, of the
flocs contributed to the shear thinning behavior of the
CNF solutions, as is consistent in other studies. Over
the entire range of the test (0.01 to 100 s, the pure
water samples did not remain constant with applied
shear strain, despite that water is a Newtonian fluid.
This is an artifact of the test geometry, conditions,
measurement time delay, and high and low rotor
speeds, which cause flow and measurement incon-
sistencies in the high and low shear regimes. In the
shear rate range of 0.1 to 10 s™! the viscosity of water
is almost constant, and in this regime the properties
of the various CNF solutions are examined and com-
pared relative to our measurements of pure water.

The shear stress response of the suspensions dur-
ing steady flow is shown in Fig. 3b. The shear stress
increased with strain rate across the range tested
for all samples. In the different regimes of flow the
shear stress increased at different rates, with all sus-
pensions experiencing a higher increase in stress
below 0.1 s~! and above 10 s~! than they did between
0.1 and 10 s~". In all regimes, the shear stress at a
given shear rate increased with increasing cellulose
concentration.

In Table 2 the rheological behavior in the regime
between a strain rate of 0.1 s™' and 10 s~! was exam-
ined, where the suspensions viscosity and shear stress
followed power law and Herschel-Bulkley behavior
respectively.

The steady flow experiments were used to compare
the viscosity of the CNF suspensions at a strain rate

Table 2 Viscosity, shear thinning behavior, and calculated
yield stress of cellulose suspensions in the range of shear strain
rates 0.1-10 5!

CNF Con- Viscosity* Shear Calculated

centration (Pa-s) Thinning Yield Stress

(Wt%) Exponentn (Pa)

0 0.084 +/- 0.001 0+/-0.01 0.005 +/-
0.005

0.1 0.157 +/- 0.005 0.38 +/- 0.03 0.016 +/-
0.005

0.5 2.8 +/-0.4 090 +/-0.01 22+/-0.3

14.3 +/- 0.1 0.94 +/- 0.02 11 +/-1

* The viscosity of the suspensions was measured at a strain
rate of 1 57!
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of 1 s7', and the experimental values are shown in
Table 2. The measured viscosity increased with con-
centration of cellulose. The viscosity of pure water
is less than that of the cellulose suspensions, even at
concentrations as low at 0.1 wt% cellulose. The com-
monly reported value for the dynamic viscosity of
water at 2 °C is on the scale of 1 mPas, so the viscos-
ity value for 0 wt% CNFs in Table 2 varies signifi-
cantly. This difference is a result of the test configu-
ration and conditions being optimized for the more
viscous CNF solutions, and the error arises due to the
low viscosity of water.

The shear thinning behavior of the CNF suspen-
sions was evaluated by fitting the viscosity curves
with a power law equation (Eq. 1)(Quennouz et al.
2016), in the regime between a strain rate of 0.1 s~
and 10 s™'. The shear thinning exponent for the
CNF suspensions increased with CNF concentration
(Table 2). A suspension is shear thinning if 7 is less
than one, if n is zero the suspension is not shear thin-
ning. A sample of pure water was included to demon-
strate that pure water does not display any shear thin-
ning behavior.

The dynamic yield stress of the CNF suspensions
was calculated by fitting the shear stress curve with
the Herschel-Bulkley equation (Eq. 2) in the afore-
mentioned regime of the shear strain rate testing
(O’Banion and Shams Es-haghi 2023). The calcu-
lated yield stress of the suspensions increased with
increasing cellulose concentration (Table 2), match-
ing the trends observed in the viscosity measurements
and shear thinning behavior.

Oscillatory sweeps

Oscillatory sweeps were conducted to examine the
gel-like properties of the CNF suspensions in the lin-
ear viscoelastic range (LVR) of the suspensions. The
pure water samples were not tested using oscillatory
sweeps as water does not demonstrate gel-like prop-
erties. The LVR was determined by observing the
storage (G’) and loss (G”’) moduli of the suspensions
during oscillatory strain sweeps in Fig. 4a. Oscillatory
frequency sweeps were then conducted on all cellulose
suspensions to examine the dependence of the storage
moduli on frequency and concentration (Fig. 4b).

The storage and loss moduli of all CNF suspen-
sions were constant and independent of strain up to
strain range of 0.001 to 0.01, indicating that the LVR
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for the cellulose suspensions goes up to a strain of
0.01. A strain of 107> was selected for all additional
oscillatory sweeps because it was safely in the LVR
for all three cellulose suspensions. The 1 wt% cellu-
lose suspension demonstrated moduli dependence on
shear at a lower applied shear than the 0.5 wt% cel-
lulose suspensions. The 0.5 and 1 wt% suspensions
experienced a decrease in storage and loss moduli at
strains above the LVR, but the 0.1 wt% suspension
did not show strain dependence and did not show
gel-like behavior. The 0.5 and 1 wt% cellulose sus-
pensions clearly had higher storage moduli than loss
moduli, demonstrating that they have characteristics
similar to a networked gel.

At a constant strain of 107>, as the frequency
of the oscillations was ramped from 0.1 to 10 Hz,
the moduli of the 0.5 and 1 wt% CNF suspensions
showed only a slight increase with frequency and
behaved almost frequency independent until they
approached 10 Hz (Fig. 4b). Both the storage and
loss moduli increased from the 0.1 wt% CNF sus-
pension to the 1 wt% CNF suspension, indicating
the formation of a stronger gel-like network.

Oscillatory stress sweeps were conducted on
the 0.5 and 1 wt% CNF suspensions in the LVR as
another method to analyze the yield stress of the
suspensions (Fig. 5). The 0.1 wt% CNF sample was
omitted because it did not have a yield stress.

As the applied stress increases, the slope of the
storage modulus and strain changed at a critical
applied stress where the suspension began to experi-
ence structural breakdown, which was calculated as
the yield stress. A clear change in slope of the storage
modulus (Fig. 5a) was noted for the 0.5 wt% CNF
and 1 wt% CNF samples, with a slight change in
slope of the strain curve at the same stress (Fig. 5b).

The storage modulus and yield stress of the cel-
lulose suspensions in the LVR are shown with cel-
lulose concentration in Table 3.

The storage modulus was extracted from the oscil-
latory frequency sweeps at 1 Hz to compare with
cellulose concentration. There was a clear increas-
ing trend between storage modulus and cellulose
concentration. The yield stress calculated from the
oscillatory stress sweep also showed an increase with
cellulose concentration, with structural breakdown

Fig. 5 Oscillation stress 1000
sweep for yield stress

determination. The storage

moduli (a) and shear strain 100
(b) are plotted against
applied shear stress. The
yield stress occurred at the
point where the slope of the 10
moduli and strain curves

0.5 wt% CNF|
changed. These plots are \M‘

representative of trends 1 ool ol

TTTTIT

§
|
|

T T TR

G (Pa)

T T

\HH‘ HHHH‘ \HHH‘ T TTIT TT \‘ T TTTI

from 3-5 replicates for each 0.01 0.1 1
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\ > 0.01
\, 0.001
\~ -
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Table 3 Storage modulus of cellulose suspensions at 1 Hz and
calculated yield stress

Cellulose Storage Modulus ~ Calculated Yield Stress
Concentration (Pa) (Pa)

(Wt%)

0.1 0.9 +/-0.2 N/A

0.5 40 +/-3 0.04 +/- 0.02

1 305 +/- 100 1.26 +/- 0.09

occurring at a much lower applied stress for the 0.5
wt% CNF suspension than the 1 wt% suspension.

Temperature dependence

Shear rate ramps were conducted at temperatures
ranging from 2 °C to 25 °C to measure the shear
response of 1 wt% CNF suspensions with tempera-
ture. 1 wt% CNF suspensions were used for the tem-
perature studies because the viscosity showed the
most sensitivity to temperature changes. The rheology
of the cellulose nanofiber suspensions was controlled
by the temperature of the suspension. For 1 wt% CNF
suspensions, the viscosity and shear stress decreased
with increasing temperature (Fig. 6).

Temperature dependence was observed in all por-
tions of the strain rate curves, but the change in vis-
cosity and shear stress became more pronounced as
the strain rate increased. There is notable separation
between each temperature curve in Fig. 6 and there
appears to be a more significant change in the rheo-
logical properties at lower temperatures, as the dis-
tance between the 20 and 25 °C curves is lesser than
the difference between the 5 and 10 °C curves.

The temperature dependence of the viscosity of
the 1 wt% cellulose suspension was compared to

that of pure water at a strain rate of 1 s™! (Table 4).
While there was clear decrease in viscosity with
increasing temperature in pure water as well as the
1 wt% CNF suspension, the viscosity of the 1 wt%
CNF suspension experienced a much more signifi-
cant change with temperature than the pure water
without CNFs. The viscosity of the 1 wt% CNF sus-
pension dropped roughly 30% from 2 °C to 25 °C,
while the viscosity of pure water only decreased by
roughly 3%.

The shear thinning behavior of the 1 wt% cel-
lulose suspension was also affected by the tempera-
ture of the suspension. Using the power law fit of the
viscosity (Eq. 1), the shear thinning exponent was
calculated and showed a slight increase with temper-
ature, as seen in Table 4. This change in shear thin-
ning exponent was less pronounced than the changes
observed by varying cellulose concentration, and the
shear thinning behavior was almost independent of
temperature.

By fitting the shear stress curves from the strain
rate sweep of the 1 wt% CNF suspensions (Fig. 6b)
using the Herschel-Bulkley equation (Eq. 2), the
yield stress of the suspensions was compared at dif-
ferent temperatures (Table 4). Similar to the trend
of the overall shear stress decreasing with increas-
ing temperature, as seen in Fig. 5, the yield stress
also decreased as the temperature increased. This is
consistent with greater molecular motion at higher
temperatures.

Oscillatory frequency sweeps were also conducted
to measure the gel-like behavior of 1 wt% CNF sus-
pensions at temperatures below 25 °C. The storage
modulus of the suspensions was found to increase as
temperature decreased, following the same behavior
as the viscosity and yield stress (Fig. 7a). The storage

Fig. 6 Viscosity and shear 30
stress of 1 wt% CNF sus-

pensions at varying temper-

atures. Both the viscosity 20
(a) and the shear stress (b)

increased as the temperature &
decreased. These plots are v r .
representative of the trend
seen across 3-5 replicates -
for each temperature 10
1 IIIIIII| 11 1 1111
0.1 1
a) v
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Table 4 Viscosity, shear

T . . Temperature Viscosity of Viscosity of Shear Thinning Yield Stress of 1
thinning behavior, and yleld (°0) pure water* 1 wt% CNF* Exponent of wt% CNF (Pa)
stress of 1 wt% CNF with (Pa-s) (Pa-s) 1 wt% CNF
temperature

144 +/- 0.1 0.84 +/- 0.01 11.5+/-0.8
5 0.0838 +/- 0.0005 13.4 +/- 0.6 0.85 +/- 0.01 11.0 +/- 0.4
10 0.0825 +/- 0.0003 12.7 +/- 0.1 0.86 +/- 0.01 10.6 +/- 0.2
15 0.0820 +/- 0.0003 12.3 +/- 0.1 0.86 +/- 0.01 10.5 +/- 0.1
20 0.0819 +/- 0.0001 11.3 +/-0.3 0.87 +/- 0.01 9.8 +/-0.2
25 0.0813 +/- 0.0006 10.3 +/-0.9 0.89 +/- 0.01 89 +/-1

* The viscosity of the suspensions was measured at a strain rate of 1 s™%.

modulus measured at 1 Hz revealed a power law rela-
tionship between temperature and storage modulus of
the 1 wt% cellulose suspension (Fig. 7b).

In the temperature range of 2 °C to 25 °C, the rhe-
ology of cellulose suspensions was found to be highly
dependent on the temperature. The viscosity, yield
stress, and storage and loss moduli were all found
to decrease as the temperature increased, while the
shear thinning exponent showed a slight increase with
temperature.

Discussion
Strain rate sweeps
The viscosity of the CNF suspensions increased

with the concentration of CNFs as there were more
fibers to form entanglements between themselves to
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Fig. 7 Storage modulus from oscillatory frequency sweeps
of 1 wt% CNF suspensions at various temperatures (a) and
the temperature dependence of storage (filled symbols) and
loss (open symbols) moduli at a frequency of 1 Hz (b). Both

resist the flow. The 0.1 wt% CNF suspension did not
have a sufficient concentration of nanofibers to form
a network, so the fibers could not entangle to give
structure to the suspension, and therefore it behaved
similar to pure water when shear was applied. The
shear stress of the cellulose suspensions increased
with shear rate as the bundles of cellulose nanofib-
ers were brought into contact and began entangling.
Shear stress and yield stress increased with cellulose
concentration as there was a higher concentration of
fibril bundles to form entanglements, increasing the
strength and resistance to flow of the material. This
is in good agreement with literature, as many sources
report the increase in shear stress and viscosity with
cellulose concentration (Paakko et al. 2007; Li et al.
2015; Naderi 2017; Wu et al. 2014). Similarly, the
yield stress calculated from the Herschel-Bulkley
equation demonstrates an increase with cellulose
concentration consistent with literature, although
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the storage and loss moduli decreased as the temperature
increased. These plots are representative of the trends seen in
3-5 replicates for each temperature
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different testing conditions were used (O’Banion and
Shams Es-haghi 2023).

As the shear rate increased the attractive interac-
tions between the cellulose molecules and the water
molecules were deformed because of the high kinetic
energy applied. Three different regions were identi-
fied based on the applied shear rate, 0.01 to 0.1 s7!,
0.1 to 10 s, and 10 and 100 s™', which is consist-
ent with what has been observed in literature (Li et al.
2015; Totti et al. 2011; Nechyporchuk et al. 2016).
At low shear rates (below 0.1 s71), the viscosity was
almost constant with shear rate, and did not yet dis-
play shear thinning behavior. This was due to both
systematic error (surface tension effects, low torque,
and data integration time) and because the CNF sus-
pensions initially resisted flow before they began to
assemble into chain-like structures and form flocs. At
intermediate shear rates, from 0.1 to 10 s_l, the CNF
suspensions demonstrated clear shear thinning behav-
ior with a power law relationship between viscosity
and shear rate. At high shear rates, between 10 and
100 s7!, the fibers continued entangling and forming
flocs until a critical strain was reached where the flocs
became unstable and irreversibly aggregated. As the
pure water sample also demonstrated an increase in
viscosity at high strain rates, the high rotational speed
likely contributed to erroneous measurements of vis-
cosity and shear stress in this regime, exaggerating
the effects of entanglements in the CNF solutions.

The shear thinning properties of cellulose
suspensions arise from the balance of entanglements
between the cellulose fibrils and the increasing shear
rate. Initially, as shear rate increases, more cellulose
fibers are brought into contact with each other,
entangling and increasing viscosity. At the same time,
the higher shear rate disrupts the entangled structures,
aligning them with the flow direction and breaking them
down into smaller bundles, decreasing the viscosity. At
higher shear rates, shear thinning behavior arises from
increased breakdown of the cellulose entanglements.
As a result, at higher concentrations of cellulose this
effect becomes more pronounced, resulting in a much
larger difference in the viscosity at high and low shear
rates and therefore a higher shear thinning exponent
(Table 2). The increase of a shear thinning exponent
with cellulose concentration has been reported by
Quennouz et al., who noted an increase from n=0.37
at 0.3 wt% CNFs to n=0.86 at 1.2% CNFs (Quennouz,
2016). Although they were using a different source of
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CNFs, and tested different concentrations at a different
temperature, their data supports the trend observed
in this work. This behavior can be beneficial for
applications using higher concentrations of cellulose,
where the higher viscosity of the suspension would
usually hinder the flow of the material. Although the
increased viscosity results in greater resistance to initial
flow, as the material begins shearing, the enhanced
shear thinning behavior leads to easier movement of the
material over time, while still maintaining the benefits
of a higher viscosity suspension overall. Cellulose
is also thixotropic (Jiang et al. 2021; Iotti et al. 2011;
O’Banion and Shams Es-haghi 2023), which means the
flow behavior changes over time regardless of shear,
further improving the flow properties of cellulose
suspensions over time.

Oscillatory sweeps

The oscillatory strain sweeps confirmed the storage
and loss moduli of the cellulose suspensions were all
constant in the linear viscoelastic range, which went
until roughly 0.001 strain at 1 wt% CNFs, and closer
to a strain of 0.01 for the 0.5 wt% CNFs. At higher
strains the gel-like structure formed by the suspen-
sion begins to change and breakdown from the high
strain, resulting in a decrease in the storage moduli.
The oscillatory strain sweep showed that the 0.5 and
1 wt% cellulose suspensions were yield stress flu-
ids that have a static yield strength that needs to be
reached before the material will flow. The 0.5 wt%
and 1 wt% CNF suspensions formed a stronger gel
network and displayed more solid-like behavior, with
a higher storage modulus than loss modulus, while
the 0.1 wt% CNF suspension behaved more liquid-
like, with a higher loss modulus than storage modu-
lus, and did not show any gel-like characteristics.
Observing the storage and loss moduli with an oscil-
latory frequency sweep in the LVR revealed that for
all CNF suspensions the moduli appear to be almost
frequency independent, with a slight dependence on
applied frequency. There was a clear increase in stor-
age moduli with cellulose concentration, as the higher
number of entanglements increased in the more con-
centrated suspensions to form a stronger gel-like
structure. The trend in the increase in storage modu-
lus with cellulose concentration clearly matches the
power law relationship observed in literature (Nechy-
porchuk et al. 2016).
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An oscillatory stress sweep was used as a second-
ary method for yield stress analysis of the cellulose
suspensions. Oscillatory stress sweeps are typically
used for yield analysis of higher viscosity materials
that do not reveal yield stresses in dynamic strain rate
measurements. Although a Herschel-Bulkley fit was
applied to the dynamic strain rate tests to determine
the yield stress of the cellulose suspensions, the yield
stress was not immediately obvious in the continu-
ous flow experiments without fitting the data. In the
oscillatory test the CNF suspensions clearly demon-
strated behavior indicative of yield stress fluids with
a change in slope of both strain and storage moduli at
a critical applied stress value. This critical stress was
the yield stress, which increased with cellulose con-
centration and therefore showed that higher concen-
trations of cellulose show stronger gel-like behavior.
In structured fluids, the higher the storage modulus
and yield stress, the stronger the material resistance
is to sedimentation and structural breakdown. This is
extremely important for using CNF suspensions for
polymer gels, aerogels, and structural applications to
ensure the cellulose fibral network stays intact while
the composite material sets, cures, or evaporates.

Temperature dependence

The viscosity, moduli, shear stress, and shear thin-
ning behavior of 1 wt% CNF suspensions were all
dependent on the CNF suspension temperature, rang-
ing from 2 °C to 25 °C. As the temperature of the sus-
pension decreases, the molecules in the suspension
have less thermal energy and the distance between
the molecules is reduced, so the intermolecular forces
are stronger. The higher intermolecular forces result
in more resistance to flowing the material, which is
represented by a higher viscosity. For this same rea-
son, the shear stresses experienced by the CNF sus-
pensions increased as the temperature decreased,
which is reflected in the yield stress calculations.
The increased intermolecular forces result in a higher
torque needed to shear the material at the same rate,
resulting in a higher stress experienced in the mate-
rial. Although it is well known that the viscosity of
water increases with decreasing temperature, the
changes in viscosity of the 1 wt% CNF suspensions
were much more significant than what was observed
in pure water, implying that the viscosity depend-
ence on temperature is more strongly related to the

interactions between the cellulose molecules, not the
water they are suspended in.

Despite the increase in the viscosity of the CNF
suspensions at lower temperature, the shear thinning
behavior of the suspensions showed the opposite
trend, as the shear thinning constant increased with
increasing temperature. At higher temperatures shear
thinning effects are more pronounced as the higher
energy in the suspension more readily disrupts the
interactions between the molecules in the suspen-
sion. As the temperature decreases, the kinetic energy
in the suspension decreases, so as the shear rate
increases there is insufficient kinetic energy to over-
come the entanglements of the cellulose fibers.

The storage modulus was also dependent on tem-
perature, with the moduli increasing with decreas-
ing temperature, indicating that a stronger gel-like
network forms at lower temperatures. Interestingly,
one literature report on the rheology of 1-6 wt%
MFC (microfibrillated cellulose) in the temperature
range of 20-80 °C found that the moduli increased as
temperature increased (Padkko et al. 2007). Another
publication reported a constant moduli over the tem-
perature range of 25-60 °C for 3 wt% CMF (cellu-
lose microfibrils) (Lowys et al. 2001). Paiakko et al.
and Lowys et al. each describe different trends than
we report herein; however, our temperature range
(2 to 25 °C) does not overlap with the ranges they
examined (20-80 °C and 25-60 °C respectively) so a
robust trend for the modulus of cellulose over a broad
temperature range is not yet available.

Similar to the storage modulus results, our vis-
cosity results showed an inverse correlation to tem-
perature, increasing with decreasing temperature.
Nechyporchuk et al. discussed that the storage mod-
ulus behaved opposite to viscosity in cellulose as a
function of temperature because gels behave differ-
ently in the linear viscoelastic region versus under
flow (rotational measurements). Because we did not
observe the same trend, we can surmise that our CNF
suspensions behave similarly under oscillatory and
rotational action over the temperature range of 2 to
25 °C (Nechyporchuk et al. 2016). There are multiple
reasons why we may have observed different trends
than have previously been reported. Both sources
use micro fibrillated cellulose suspensions, rather
than nanocellulose, and use a higher concentration
of fibers, which change the intermolecular interac-
tions (e.g., entanglement) present in the suspension.
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Additionally, we used a different geometry for our
testing. Rather than the cone and plate geometry,
we used a cup and rotor for oscillatory measure-
ments because we had lower viscosity suspensions.
Although we used a serrated cup, this would still
result in wall interactions that are not present in the
cone and plate geometry. Existing literature reports
on the rheology of cellulose suspensions were all
conducted at or above room temperature, and there
is a lack of reports on cellulose dispersions as they
approach the thermodynamic freezing point of water.
It is possible that as the CNF suspensions are cooled
below room temperature, their rheological behavior
is governed by different mechanisms than at higher
temperatures.

Conclusions

Overall, the viscosity, shear stress, shear thinning,
and storage modulus were all found to be depend-
ent on cellulose concentration and suspension tem-
perature. These differences were observed using both
steady flow rotational measurements as well as oscil-
latory measurements in the linear viscoelastic range.
Our data matches trends seen in literature confirming
the shear thinning behavior of cellulose. This behav-
ior was enhanced with increasing cellulose concentra-
tion and at lower temperatures. Similarly, the appar-
ent viscosity, shear stress, and storage modulus were
confirmed to all increase with increasing cellulose
concentration and decreasing temperature. The 0.5
and 1 wt% CNF mixtures formed gel-like suspensions
and were shown to be yield stress fluids. However, the
0.1 wt% CNF suspension did not form a gel because
the concentration was below the critical concentra-
tion needed to form an entangled network. The tem-
perature dependence of the 1 wt% CNF suspensions
was heightened compared to pure water, indicating
the changes in viscosity and strength as a function of
temperature were related to changes in the polymer
chains interactions.

The rheological properties of cellulose suspen-
sions demonstrate good behavior as an additive for
polymer extrusions, gels, or other applications that
aim to use the high strength of cellulose fibers. The
shear thinning behavior of cellulose suspensions
allows for easier flow of the material, while the yield
strength is sufficient to provide support for polymer

@ Springer

scaffolds or composites. The properties of these CNF
suspensions can be tuned by modifying the tempera-
ture of the suspension to achieve the desired viscosity
or strength. This is promising for applications using
lower temperature material processing methods, such
as ice templating, or suspensions exposed to colder
environments.
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