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Abstract The rheological properties of microfibril-
lated cellulose (MFC)/nanofibrillated cellulose (NFC)
suspensions have an important role during processing
and mixing. In this work, the process parameters for
MFC/NFC production within a microfluidizer (i.e., the
size of interaction chamber and number of passes) were
varied to investigate the influences on morphology,
zeta potential, chemical properties and rheological
features including viscosity, creep, strain recovery and
yield stress behavior. The stability and appropriate
viscosity of the fiber suspensions can be controlled by
optimizing the processing conditions, resulting in a
reduction in fiber diameter and most negative zeta
potential value. The viscosity increased with higher
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amount of fibrillation by using a smaller chamber or
higher number of passes, but intermediate plateau
values are characteristic for temporary aggregation and
breaking-up of the fiber network. The creep response
and yield stress have been described by parameters of
the Burger model and Herschel-Bulkley model,
respectively, showing a more prominent effect on
yield stress of chamber size than number of passes. The
network formation leads to lower creep compliance
and step-like strain recovery. The transition from gel-
like to liquid-like behavior as characterized by the
dynamic yield point at a specific strain, is almost
independent of the processing conditions. Most impor-
tant, the total number of passes applied in production
can be directly related to the rotational Péclet number,
which combines rheological and morphological data.

Keywords Microfibrillated cellulose - Processing -
Morphology - Viscosity - Creep

Introduction

Micro- and nanofibrillated cellulose (MFC and NFC)
were first produced in 1983 (Herrick et al. 1983), by
extracting fibrillated fibers from different wood pulps.
Several techniques based on mechanical separation of
elementary fibrils and their bundles from native cellu-
losic fibers have been used, such as homogenization,
microfluidization, microgrinding, cryocrushing or
ultrasonication. During high-pressure homogenization,
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the high shear rate within a homogenizer chamber
causes fibrillation of the fibers in aqueous suspension.
The microfibrillated cellulose (MFC) or nanofibrillated
cellulose (NFC) terms are designated for long flexible
nanofibers with either micro- or nanoscale fiber diam-
eters and high aspect ratio, consisting of crystalline and
amorphous states (Moon et al. 2011). By using different
number of passes and chamber sizes within the
homogenizer, the fiber morphologies can be varied,
i.e. with decrement or increment in number of passes
the thicker fibers (MFC) or thinner fibers (NFC) are
produced (Abdul Khalil et al. 2012). Finally, the
processed suspension contains a heterogeneous mixture
of MFC/NFC fibers with different diameter and aspect
ratio. The composition of the fibrils and the homogene-
ity of the fibril size distribution will further affect the
rheological properties of MFC/NFC suspensions (Ta-
heri and Samyn 2015).

After processing through the homogenizer, the
fibers form a gel-like suspension with a stepwise
increment in viscosity due to strong interfibrillar
forces, as observed e.g., for TEMPO-oxidized fibers
(Padkko et al. 2007; Lasseuguette et al. 2008). The
interfibrillar forces result in variations of rheological
behavior for MFC/NFC suspension that are essential
to control (Dinand et al. 1996; Iotti et al. 2011).
However, other works describe an increment of
viscosity followed by decreases of viscoelastic prop-
erties as the number of passes in the homogenizer
increases, resulting in weaker gels (Shogrena et al.
2011; Benhamoua et al. 2013). One of the reasons of
decrement of viscoelastic behavior (besides the
increase of negative electrostatic charge) is a decrease
of the aspect ratio (Li et al. 2015). The non-uniform
MFC/NFC suspension has a tendency to become
instable: (1) flocculation occurs when thicker fibers
are entangled into a thinner fiber network and form big
flocs, while (2) aggregation of single cellulose
microfibrils occurs through the interaction of thin
fibers. Therefore, stabilizing agents (e.g., NaClO,)
help to overcome a critical challenge during MFC/
NFC extraction and lead to a uniform production of
fibers with high surface area (Iwamoto et al. 2008).
The entanglement of the fibrillated fiber network
widely influences the rheological properties such as
zero-shear viscosity, yield stress, shear thinning and
shear thickening, which can be altered by the amount
of fibrillation (Saito et al. 2006). The fiber network is
responsible for the gel-like behavior of MFC/NFC
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suspensions even at low concentrations. Moreover, the
settlement and flocculation of fibrils within the network
affect the yield stress and provide a power-law
correlation between storage modulus and concentration
(Tatsumi et al. 2002; Ono et al. 2004; Hill 2008;
Lasseuguette et al. 2008). The fibril diameter and
fibrillation directly affect the colloidal and non-col-
loidal behavior of MFC/NFC suspension at macro-
scopic (volume fraction and rotation of the fibers) and
microscopic (electrostatic interactions between fibers)
scale (Saarikoski et al. 2012), and contributes to the
flocculation (Hubbe 2007; Mewis and Wagner 2009).
The higher viscosity of NFC suspensions compared to
MFC suspensions at equivalent concentration is related
to a higher number of hydrogen interactions and/or
more important fiber entanglement (Missoum et al.
2010). The rheological response of MFC/NFC suspen-
sions, such as aggregation/flocculation and viscosity
over different shear rates or at rest, is essential
information for better control of the processing and
mixing of MFC/NFC in future biocomposite applica-
tions. Therefore, good insight in the relation between
fiber morphology and rheological properties of the fiber
suspension should be established. Moreover, the appli-
cation of shear may induce a “memory” or “time-
dependent” effect with retarded strain recovery after
creep due to the visco-elastic properties of the suspen-
sion, which has not yet been widely detailed.

In this work, the effect of mechanical processing
(homogenization and/or microfluidization) of fibrillated
cellulose within different chambers and number of
passes on rheological behavior was detailed in order to
optimize the processing steps providing stable fiber
suspensions. As the fiber content is another primary
factor affecting the rheology properties of the fiber
suspension (Charani et al. 2013; Chen et al. 2013), the
fiber concentration has been kept constant. Besides
traditional rotational and oscillatory rheology testing,
the viscoelastic behavior of the suspensions was further
detailed and better understood by fitting experimental
creep and strain recovery data to the phenomenological
Burger model. Furthermore, the apparent yield stress
has been determined from the Herschel-Bulkley equa-
tion and can be related to the formation and breakage of
the fiber network and fiber entanglements (Barnes 1999;
Masalova et al. 2008; Derakhshandeh et al. 2010).
Although it is sometimes difficult to quantify the MFC/
NFC morphology and correlate it to rtheological behav-
ior, a wunique relationship between processing
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parameters and rheological properties is presented by
introducing the total number of passes, Péclet number
and zeta potential as representative parameters for the
suspension characteristics.

Experimental
Materials and sample preparation

Starting from never dried hard wood kraft pulp (Stora
Enso, Finland), MFC/NFC suspensions were obtained
by processing a 0.5 wt% diluted pulp suspension under
high pressure/shear rate in a M-110EH Microfluidizer
(Microfluidics, USA). The fiber suspensions have been
sonicated for 15 min before processing to avoid
chamber blockage or clogging.

The sample preparation was designed in four differ-
ent groups with use of three different chamber sizes
including a homogenizer chamber (H210 Z-shaped with
pressure of 500 bar), 200 um interaction chamber (H30
Z-shaped with pressure of 1000 bar) and 87 pm inter-
action chamber (G10 Z-shaped with pressure of
1500 bar). Two different chambers can be connected
serially or in case of using a single chamber, the other
chamber can be substituted with a normal flow tube. As
shown in Table 1, the samples H1-H3 and S1-S9 have
been processed with a combination of different cham-
bers and passes. According to this processing protocol,
comparing a sample with an optimum number of passes

from each group presents comparative data about the
effect of chamber size on rheological behavior: the
effect of number of passes can be seen by comparing
(S2, S4, S5, S6), while the effect of chamber size can be
seen by comparing (H2, S5, S8). The optimum number
of passes in each group has been selected based on
microscopy or zeta potential data, providing suspen-
sions with desired properties (i.e. fiber homogeneity and
lowest zeta potential value (see later)).

Sample characterization

The stability of the suspensions and surface charges of
the fibers have been characterized by zeta potential
values, measured with a Zetasizer Nano ZS90 (Malvern,
UK) at 25 °C using a capillary cell (DTS 1060, Malvern,
U.K).

The morphology of fibrillated cellulose has been
studied by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). A diluted droplet of
the MFC/NFC suspension was dried overnight on
freshly cleaved mica and characterized by SEM
(Tabletop microscope TM 3000, Hitachi, Krefeld,
Germany). The AFM measurements were obtained on
a Nanoscope III with a tube scanner from Digital
Instruments (Veeco, Santa Barbara, CA, USA) and
AFM tips with radius of curvature less than 10 nm,
stiffness of k = 50 N/m and frequency of 300-350 kHz
(PPP-NCH, Nanoandmore, Wetzlar, Germany). A non-
diluted droplet of the MFC/NFC suspension was placed

Table 1 Process conditions of MFC/NFC suspension samples in four different groups with use of 0.5 wt% pulp suspension

Group Sample Number of passes within (H210Z) Number of passes within Number of passes within
name homogenizer chamber with (H30Z) 200 pm chamber with (G10Z) 87 pm chamber with
constant pressure of 500 bar constant pressure of 1000 bar constant pressure of 1500 bar
1 H1 20 N/A N/A
H2 25 N/A N/A
H3 30 N/A N/A
2 S1 20 10 N/A
S2 25 10 N/A
S3 30 10 N/A
3 S4 25 5 N/A
S5 25 15 N/A
S6 25 20 N/A
4 S7 25 15 5
S8 25 15 10
S9 25 15 15
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on a carbon-coated copper grid for observation by
transmission electron microscopy (TEM) (Zeiss LEO
CEM 912) operating at 100 kV accelerating voltage.
The crystalline structure of fibrillated cellulose was
studied after freeze-drying the MFC/NFC suspension
samples (H2, S2, S5 and S8) for 48 h. The samples
were converted into pellets that were compressed in a
hydraulic press with prescribed pressure of 170 MPa.
The Wide Angle X-ray Diffraction (WAXD) mea-
surements were done with a STOE diffractometer
(Darmstadt, Germany, STADI-P) using Cu Kal
(wavelength 1.54056 A) as a radiation source at
40 kV and 30 mA, and patterns were recorded in the
range 260 = 5°-40° at 0.6°/min with a 0.01° resolution.
No further background corrections were made. The
Miller indices were assigned to the diffraction peaks
according to recommended conventions for the unit
cell dimensions of cellulose I (French 2014). An
estimation for the cellulose crystallinity was made by
calculating the crystallinity index (CrI;) following the
Segal method (Segal et al. 1959), according to Eq. (1):

(100 — Iam)

Cr11 (%) - 1200

x 100 (1)
with Igp the maximum intensity of the diffraction
peak at 20 = 22.5° corresponding to (200) and 1, the
minimum in intensity at around 26 = 18° representing
the amorphous fraction for cellulose Ip.

The chemical composition of freeze-dried samples
(H2, S2, S5 and S8) was further studied by attenuated
total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR) (Spectrum 65, Perkin Elmer),
measuring spectra at 4000-550 cm ™' with a resolu-
tion of 4 cm™' and averaged over 32 scans. The
crystallinity index (Crl,) was calculated as the average
of the absorbance ratio of 1372 cm™' (A;37,) over
2900 cm ™" (Asono) Or A;, and the absorbance ratio of
1430 cm™' (Ajazp) over 893 cm™' (Agos) or A,
(Salmén et al. 2005), according to Eq. (2):

(Al +A2)

Crly(%) = x 100 (2)

Rheometry and methods
A cylindrical rheometer (Haake Mars III, Thermo

Scientific, Germany) with a bob (CC25 DIN Ti with
radius 12.54 mm) and cup (CCB DIN TM-PE-C with
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radius of 13.60 mm) rotational system was used for
rheological tests of MFC/NFC suspensions at 25 °C.
For each experiment, 16.1 ml of suspension was
loaded into the cup with smallest stress to eliminate
history or memory effects. The gap distance of
2.1 mm was slowly adjusted during 2 min to erase
additional stress and equilibrate the temperature
between sample and cup. During testing, water
evaporation of the suspensions was eliminated by
using a standard hood-glass cover. The rheometry
tests were designed in three different protocols with
steady-state rotational, creep & strain recovery, and
oscillatory testing. The rotational measurements were
done under controlled shear rate in a ramp-up/ramp-
down sequence to show the suspension stability at
shear rates 1 to 1500 s~' (within 15 min) at 25 °C.
The wall slip effect and reproducibility were checked
under ramp-up and ramp-down shear rates (15 min
ramp-up + 15 min ramp-down) between 10 and
1500 s™' for a single sample. The wall slip phe-
nomenon might be indicative for instabilities in shear-
viscosity plots (Brockel et al. 2013; Nechyporchuk
et al. 2014) and can be assessed by changing the gap
distance: by preliminary testing, the MFC/NFC
suspensions did not show wall slip or viscosity
differences of more than 0.5 Pa s at gap distances of
1.5, 2.1 and 2.7 mm (see supplementary information
SI1). The creep tests were done at a shear stress of
1 Pa for the first samples group (H1, H2 and H3) over
a time of 300 s at constant temperature of 25 °C and
the strain recovery was recorded after unloading of
stress over a time of 900 s. The same creep (over
300 s) and strain recovery (over 900 s) protocol was
applied to the second samples group (S1, S2 and S3)
and third samples group (S4, S5 and S6) at shear
stresses of 2 and 5 Pa. This test was also done for the
fourth samples group (S7, S8 and S9) at shear stresses
of 2, 5 and 20 Pa. The different stresses during creep
were selected to show the viscoelastic or viscous
behavior at low stress and high stress, respectively.
The oscillatory data were measured under strain
sweep (strain interval from 0.001 to 100 % at constant
frequency 0.1 Hz) and frequency sweep (frequency
interval from 0.1 to 100 rad.s™' at constant strain
0.05 %) modes at 25 °C. The oscillatory test was used
to indicate the gel-like and liquid-like transition
region at the cross-over point of storage modulus (G’)
and loss modulus (G").
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Results and discussion
Microscopy and zeta potential

The morphology of MFC/NFC fibers was observed by
SEM and AFM to determine the diameter of the fibers
and homogeneity of the samples, as shown in Figs. 1
and 2. As seen from the micrographs, the samples
contain a mixture of MFC and NFC fiber morpholo-
gies. With ongoing processing, an increasing amount

of fibrillation is observed as a reduction in fiber
diameter (Henn and Fraundorf 1990). The fiber
diameter range has been determined as an average
from 10 micrographs. With use of zeta potential
values, the stability of the suspensions was judged.
The fiber diameters and zeta potential values for all
samples are summarized in Table 2. In this discussion,
samples of each group are first separately evaluated
and then the samples processed under optimum
conditions (H2, S2, S5 and S8) are compared:

Group Different number of passes
H2
1
2
3

Fig. 1 Scanning electron microscopy (SEM) of MFC/NFC suspensions processed within different interaction chambers and with

different number of passes

@ Springer
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Fig. 2 Atomic force
microscopy (AEM) of MFC/ Group
NFC suspensions processed
within different interaction
chambers and with different
number of passes
1
2
3
4

Different number of passes

Group 1 (HI, H2 and H3): The number of passes in
the homogenizer chamber has an important effect
on homogeneity of the MFC/NFC suspensions, as
the amount of thick fibers decreased and the
maximum fiber diameter range changed from 45
to 20 um with increment of number of passes
(SEM). According to AFM images, however, the
minimum fiber diameter range did not decrease
below 45 nm with higher number of passes.
Therefore, the minimum diameters after processing
in the homogenizer chamber did not depend on the

@ Springer

number of the passes but was primarily limited by
the size of chamber. The zeta potential values show
a primary increment of negative electrical charge
(—39.3 to —48.8 mV) and secondary decrement
(—48.8 to —45.7 mV) with number of passes,
which can be related to fibrillation (H1, H2) and
flocculation (H3), respectively.

Group 2 (S1, S2 and S3): By changing the number
of passes in the homogenizer chamber followed by
a constant number of passes in the 200 pm inter-
action chamber, the homogeneity of the suspension
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Table 2 Zeta potential and

: Group Sample Zeta potential £ SD Fiber diameter
fiber diameter range for name (mV)
MFC/NFC suspension Minimum Maximum diameter
samples (SD standard diameter from determined from
deviation) AFM (nm) SEM*, TEM** or
AEM
1 H1 —-393 +1.25 45 45 pm*
H2 —48.8 + 0.81 45 25 um*, 5 pm**
H3 —457 + 1.14 45 20 pm*
2 S1 —50.1 + 1.13 20 15 pum*
S2 —632 + 1.34 20 9 pm*, 100 nm**
S3 —-523 +£1.97 20 7 pm*
3 S4 —61.3 £ 1.51 20 10 um*
S5 —66.7 + 1.62 20 5 pm*, 100 nm**
S6 —53.7 + 1.64 20 3 pum*
4 S7 —62.2 + 049 15 60 nm***
The fibers diameter was S8 —67.0 £ 1.02 15 55 nm**,
extracted from SEM (¥), 50 nm*
TEM (**) and/or AFM 9 —535+ 1.18 15 35 nm
(***) data

improved and the thick fibers were further fibril-
lated with a decrease in maximum fiber diameter
from 15 to 7 um at higher number of passes (SEM).
From AFM images, the minimum fiber diameter
range did not decrease below 20 nm. In general, the
use of a 200 um interaction chamber favors the
production of a more uniform suspension. The zeta
potential values show a primary increment (—50.1
to —63.2 mV) and secondary decrement (—63.2 to
—52.3 mV), which can be related to ongoing
fibrillation of fibers (S1, S2) and aggregation (S3),
respectively.

e Group 3 (S4, S5 and S6): By changing the number
of passes in the 200 pm interaction chamber for a
constant number of passes in the homogenizer
chamber, the thick fibers were progressively fibril-
lated with a decrease in maximum fiber diameter of
10-3 pm (SEM). The AFM images showed no
reduction in minimum fiber diameter below 20 nm.
The variation in zeta potential values with a primary
increment (—61.3 to —66.7 mV) and secondary
decrement (—66.7 to —53.7 mV) can systemati-
cally be related to fibrillation (S4, S5) and aggre-
gation (S6). By comparing the samples (S4, S5, S6)
with the sample (S2) from the second group, a
monotoneous trend in fiber diameter reduction and
zeta potential reduction with increasing number of
passes in the 200 pm chamber is noticed. However,
the homogeneity of the suspension relates to the

number of passes in the 200 pm chamber, as a too
high number of processing steps deteriorates the
quality of the suspension.

e Group 4 (S7, S8 and S9): By altering the number of
passes in the 87 um interaction chamber with a
constant number of passes within the homogenizer
chamber and 200 pm chambers, fibers were not
visible in SEM due to very fine fibrillation. The
AFM images showed that the maximum fiber
diameter was further reduced from 60 to 35 nm,
but the minimum fiber diameter did not decrease
below 15 nm. The zeta potential values show
similar a trend as other groups with a primary
increment (—62.2 to —67.0 mV) and decrement
(—67.0 to —53.5 mV), due to aggregation for the
sample with highest number of passes (S9).

Comparing the samples with optimum processing
conditions within each group (H2, S2, S5 and S8 with
highest zeta potential), a monotonous diameter reduc-
tion from 25 pum to 50 nm for thick fibers and from 45 to
15 nm for thin fibers is in parallel with the progressive
increase in zeta potential values from —48.8 to
—67.0 mV. In conclusion, the use of smaller chamber
sizes with an optimum number of passes improves the
quality of the suspension in terms of increasing of zeta
potential. On the other hand, an increase in the number
of passes behind the optimum value decreases the zeta
potential because of aggregation. An increase in number
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of passes per chamber further reduces the maximum
fiber diameter and results in a suspension with more
uniform fiber diameter. Meanwhile, the minimum fiber
size depends on the size of the interaction chamber while
it does not depend on the number of passes within that
chamber. However, it has to be noticed that SEM and
AFM images represent local observations of the fiber
morphology and are characteristic for the dry fiber state,
while the flow behavior of the overall suspensions might
rather depend on the overall amount of fibrillation,
aspect ratio distribution and long-range ordering. In this
regard, zeta potential values are more representative for
the MFC/NFC fibers in suspension and will be further
considered in relation with rheological characteristics.

Due to the eventual aggregation of MFC/NFC
fibers by hydrogen-bonding during the drying process,
the genuine morphology and size of MFC/NFC fibers
with optimum processing conditions within each
group (H2, S2, S5 and S8) were further evaluated by
TEM, as shown in Fig. 3. The TEM images elucidate
that processing within the homogenizer chamber (H2)
results in a MFC/NFC suspension with low proportion
of MFC and high proportion of NFC, while processing
within the smaller microfluidizer chambers (S2, S5
and S8) result in a nearly pure NFC suspension with
high proportion of NFC. The fiber diameters for
samples under optimum processing conditions (H2,
S2, S5 and S8) were determined from TEM and are
listed in Table 2.

Crystallinity of fibrillated cellulose fibers

Based on Wide Angle X-ray Diffraction (WAXD)
measurements, the crystallinity of samples with opti-
mum processing conditions (H2, S2, S5 and S8) has
been evaluated. The experimental WAXD patterns
(see supplementary information SI2a) show diffrac-
tion peaks for MFC/NFC samples at 20 = 16.1° for a
combination of (1-10) and (110), and 20 = 22.4° and
34.5° that correspond to (200) and (004) crystallo-
graphic planes of cellulose If.

Based on FTIR spectra, variations in fibrillation and
crystallinity of samples (H2, S2, S5 and S8) together
with native cellulose pulp (R) can be distinguished (see
supplementary information SI2b) after normalization at
the 1160 cm ™" band corresponding to C—O—C stretch-
ing (Kataoka and Kondo 1998). A full spectroscopic
analysis is beyond the scope of this study, while only
most relevant influences of processing are illustrated.

@ Springer

The broad band at 3600-3100 cm ™" corresponds to OH
stretching due to hydrogen bonds (Adebajo and Frost
2004; Kondo 1997), which however does not provide
quantitative data about the MFC/NFC samples [mainly
not in case of highly different amounts of fibrillation
comparing R, H2 and (S2, S5, S8)], because of
aggregation under drying. It only is noticed that the
intensity of the more fibrillated sample (S8) is higher
than (S2, S5), which can be correlated with the scission
of the intra- and intermolecular hydrogen bonds under
shear by using a smaller chamber. Otherwise, the single
band at 2900 cm ™' corresponding to the C—H stretching
splits into two separate bands under more intense
processing and increment in intensities (S2, S5) < S8,
depending on chamber size. Both observations are
typical for the occurrence of more amorphous cellulose
developing during processing (Karande et al. 2011),
which seems to be more sensitive to the chamber size
than number of passes. The fingerprint region for
cellulose at 900—1100 cm ™" strongly varies with pro-
cessing, characterized by a gradual broadening in the
970 cm™' shoulder with higher total number of pro-
cessing steps as most important trend, related to the
formation of amorphous structure and conformational
changes in the cellulose backbone by internal fibrillation
(Janardhnan and Sain 2011). In addition, the band
appearing at 1035 cm™' has been attributed to OH
groups in glucose units (Kacuralova et al. 2000), which
likely may be exposed more gradually upon shear
processing. The absorbance band at 1430 cm™" corre-
sponds to a symmetric CH, bending and is referred to as
a “crystallinity band” (Oh et al. 2005): the band
increases sharply after first homogenization step due to
abrupt reorganization of the structure, but further
decrements in intensity indicate a reduction in crys-
tallinity with intensities (S2, S5) < S8 < H2. This
variation is even more clear at the absorbance band
1458 cm™" band, representing the C—OH group. As
such, the variations in crystallinity seem to relate mostly
to the change in chamber size, while the increase in
number of passes is of secondary influence. In parallel,
the variations in the absorbance band at 893 cm™'
related to C—O-C stretching as a characteristic “amor-
phous band” (Nelson and O’Connor 1964) show a
progressive increase in amorphous phase after process-
ing, with highest intensity for sample S8. The decrease
in crystalline phase and increase in amorphous phase
with processing might not fully correlate due to presence
of a semi-oriented nematic phase (Kondo et al. 2001).
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Fig. 3 Transmission
electron microscopy (TEM)
of MFC/NFC suspensions
processed within different
interaction chambers and
with different number of
passes

The crystallinity index Crl; calculated from
WAXD data [see Eq. (1)] and Crl, calculated from
FTIR data [see Eq. (2)] is given in Table 3. By
comparing crystallinity index Crl, (from WAXD) and
Crl, (from FTIR), there is a parallel trend of decreas-
ing crystallinity with using smaller interaction cham-
bers of 200 and 87 um (e.g., samples H2, S2, S8).
Similar findings of decrease in crystallinity by high
pressure disintegration were reported by means of

X-ray diffraction (Iwamoto et al. 2007). This can be
related to an alteration of crystallinity under high
mechanical shear forces and consequent frictional
forces on the crystalline regions within the thinner
interaction chamber. Alternatively, crystallinity index
Crl; (from WAXD) and Crl, (from FTIR) show the
same trend of increment in crystallinity with higher
number of passes with using the same interaction
chamber (e.g., samples S2 and S5), which might be
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Table 3 Crystallinity index of cellulose micro- and nanofibers
calculated from WAXD data (Crl;) and FTIR data (Crl,)

Sample name Crystallinity index

Crl; (%) Crl, (%)
H2 715 £ 0.1 72.0 £ 0.1
S2 61.3 £ 0.1 66.9 % 0.1
S5 65.6 £ 0.1 69.1 £ 0.1
S8 62.0 £ 0.1 60.0 £ 0.1

explained by a decrease in the random amorphous
phase by orientation of smectic regions under shear.
The differences in absolute values between Crl; and
Crl, may be related to the presence of a nematic phase
that can either be seen as a crystalline or amorphous
state by different characterization methods.

Rotational rheology

The steady-state data for viscosity versus shear rate
under controlled shear rate mode are compared for
samples from the first group (H1, H2, H3 processed
with homogenizer chamber) in Fig. 4a and third group
(84, S5, S6 processed with different number of passes
in the 200 pm chamber) in Fig. 4b. The viscosity
trends for samples from second group (S1, S2, S3) and
fourth group (S7, S8, S9) show the same behaviors
(see supplementary information SI3).

e For the first group H1, H2, H3 (Fig. 4a), the
ascending shear rate data show primary shear
thinning and secondary shear thickening effects with
high viscosity fluctuations. The shear thinning hap-
pens when the suspension network flows within a low
shear rate interval. However, the shear thickening at
intermediate shear rates might be caused by floccu-
lation of thick fibers and the viscosity fluctuations at
high shear rates might happen by packing/flowing of
thick and thin fibers. The visual observation also
showed accumulation of big flocs on the surface of
the cup, which might happen while the secondary
flow at high shear rate pushes the flocs towards the
top of the cup. This behavior demonstrates the
instability of MFC/NFC suspensions and is in
agreement with inhomogeneous morphology of H1,
H2 and H3 samples described before. The descending
shear rate data show minimum viscosity fluctuations
while the flocs formed under high shear stress were
not removed but rather disentangled.
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e For the third group S4, S5, S6 (Fig. 4b), strong
linear shear thinning was observed for samples that
were processed within the homogenizer chamber,
200 and/or 87 um chambers, in parallel with other
literature (Lowys et al. 2001; Iotti et al. 2011).
Moreover, the small hysteresis comparing ramp-
up/ramp-down tests demonstrates the good mor-
phological homogeneity of the samples. A general
increase in viscosity trend form S4 to S5 and
decrease in viscosity trend from S5 to S6 is
observed, which agrees with the evolution of zeta
potential values. Therefore, an optimum number of
processing passes leads to the increment of
viscosity (in parallel with zeta potential and
amount of fibrillation), while a higher number of
processing passes might decrease these parameters
because of aggregation.

In general, the structure of NFC/MFC suspensions
alters at higher shear rate (Bjorkman 2003). While
flocculated fiber networks can form by fibrils at rest,
the networks rupture to form chain-like flocs under
low shear rates and form large flocs at high shear rates.
Therefore, optimum processing conditions of the
MEFC/NFC suspensions should provide an optimum
fiber network morphology with smooth rheological
characteristics. The viscosity versus shear rate plots
for optimum processed samples (H2, S2, S5 and S8)
within a broader shear rate interval 1072 to 10 s~
(within 30 min) are shown in Fig. 4c. The viscosity
trend for H2 becomes somewhat more stable at very
low shear rates, but it remains highly fluctuating at
high shear rates as an indication for flocculation. The
viscosity trends for S2, S5 and S8 show a transition
region with a Newtonian plateau at intermediate shear
rates 2-40 s~ ', representative for the aggregation of
MEFC/NFC suspensions. The aggregation can occur at
intermediate shear rates (e.g., S2, S8) or at higher
shear rates (e.g., S5) during a ramp up test, while
breaking up again at higher shear rates. Thus, it can be
assumed that samples with high homogeneity tend to
dynamically aggregate or flocculate under certain
conditions of shear rate while becoming homogeneous
again under high shear rates, which is characteristic
for fibrillated cellulose suspensions (Karppinen et al.
2012; Saarikoski et al. 2012).

The shear rate and shear stress data from rotational
rheometry were used to determine the apparent yield
stress of MFC/NFC suspensions, which is related to

the onset of flow. The flow behavior of a fluid is related
to the yield stress in a non-linear way according to the
Herschel-Bulkley model given in Eq. (3),

T =10+ k(7)" (3)

with parameters k (consistency), n (flow index) and 7
(apparent yield stress). The equation does not describe
the Newtonian plateau at intermediate shear rates
(Karppinen et al. 2011), and fits can only be done at
shear rates above the transition region between 50 and
500 s_l, as shown in Fig. 5a. These fits were used to
define the effect of chamber size and the number of the
passes on the apparent yield stress for MFC/NFC
suspensions: as concluded from Fig. 5b, the size of the
chamber has more influence on the increment of yield
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Fig. 5 Description of yield stress for MFC/NFC suspensions,
a Herschel-Bulkley fits of different MFC/NFC suspensions
(0.5 wt%) within ramp-up test at 25 °C, b effect of chamber
type and number of passes on apparent yield stress of MFC/NFC
suspensions, (i) group 2 (if) group 3 (iii) group 4
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stress compared to the number of passes. Therefore,
the MFC/NFC suspensions (S7-S9) processed in the
87 pum chamber show higher yield stress, which can be
related to the onset of flow at higher stress for samples
with a more entangled fiber network.

The relation between rheological properties (vis-
cosity) and processing conditions (total number of
passes) of MFC/NFC suspensions is further assessed
by introducing the rotational Péclet number as a
dimensionless quantity that explains the contributions
of size, rheological parameters, Brownian and hydro-
dynamic forces by the following Eq. (4) (Brockel et al.
2013):

8na’y .
¥ (4)
3kpT(In21/2a — 0.5)

Pemt =

where a and [ are the diameter and length of fibers, kzT'
is the thermal energy, 7 is viscosity and 7y is shear rate.
As shown in Fig. 6, the effect of total number of passes
versus rotational Péclet number for MFC/NFC sus-
pensions is plotted (R* = 0.985) at zero shear viscos-
ity for [ = 2 um and fiber diameters determined in
Table 2. Thus, an increment of the number of passes
results in a higher rotational Péclet number, which can
interestingly serve as a unique parameter that directly
relates the morphology and rheological behavior of
MEFEC/NFC suspensions at low shear rate/shear stress.
The aspect ratio of fibers can be altered within
processing conditions. As the variations were more
pronounced for diameter reduction comparing to

0,05 T T T T T T T T

0,04 .

0,03 4

Pe

0,02 4

0,01 4

— T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60

Total Number of Passes

Fig. 6 Relation between total number of passes during
mechanical processing of MFC/NFC suspensions (0.5 wt%) in
microfluidizer versus rotational Péclet number (Pe)
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length reduction (1-3 pm), a constant length of fibers
(I = 2 pum) has been assumed for all rotational Péclet
number calculations.

Creep and strain recovery

The creep and strain recovery of MFC/NFC suspen-
sion were measured for samples from different groups:
the suspensions show elastic, viscoelastic or purely
viscous behavior depending on the applied shear
stress. Therefore, creep and strain recovery was
measured at stresses where the suspension behaves
either like a viscoelastic or viscous material, i.e. 1 Pa
for the first group (Fig. 7), 2 and 5 Pa for the second
group (Fig. 8) and third group (see supplementary
information SI4), or 2, 5 and 20 Pa for the fourth group
(Fig. 9).

e For the first group H1, H2, H3 (Fig. 7), the
suspension behaves viscoelastically at 1 Pa. The
number of passes within the homogenizer chamber
directly influences the maximum compliance and
the recovery part. Therefore, the lower number of
passes results in larger creep compliance for H1
due to low amount of fibrillation. Unlikely, the
increment of the number of passes results in a
lower creep compliance for H2 or H3 related to the
higher amount of fibrillation and network forma-
tion. Moreover, the suspensions show more recov-
ery with higher number of passes. The creep and
strain recovery at low stress correspond to the gel-

8 T T T 0.4
Compliance == H1{
— H2
—H3
Stress
6+ 103
H1
= 4-(___ 1o 2,_'.3
& s o
e -
H2 ~
2] {o
0+ 40,0
T T T
0 300 600 900 1200

Time (s)

Fig. 7 Creep (stress 1Pa) for tcreep =300s and strain
recovery (zero stress) for trecovery = 900 s at 25 °C for MFC/
NFC suspensions (0.5 wt%) processed within homogenizer
chamber
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Fig. 8 Creep and strain recovery test of MFC/NFC suspensions
(0.5 wt%) processed within homogenizer and 200 pm cham-
bers; a creep and strain recovery compliance versus time at
stress 5 Pa, b stress versus time, ¢ creep and strain recovery
compliance versus time at stress 2 Pa. Tests were done for
tereep = 300 s and strain recovery (zero stress) for trecovery =
900 s at 25 °C

like behavior of the suspension. For this group,
however, the stresses higher than 1 Pa resulted in
strong fluctuation of the creep compliance, which
is not further considered.

e For the second group S1, S2, S3 (Fig. 8), the
suspensions show viscoelastic behavior at 2 Pa
and viscous behavior at stresses above 2 Pa,
representing the effect of a higher amount of
fibrillation and fiber entanglement by use of an
additional interaction chamber of 200 pm. The
decrease in creep compliance with number of
passes also demonstrates the influence of amount
of fibrillation on creep compliance and strain
recovery of suspensions with a gel-like behavior.

e For the fourth group S7, S8, S9 (Fig.9), the
suspensions show viscoelastic behavior at 2 and
5 Pa or viscous behavior at 20 Pa. At low stress
(Fig. 9a), a stepwise increment of 5, 10 and 15
number of passes within the 87 pm chamber
results in a maximum creep compliance of 0.06,
0.04 and 0.05 Pa™', respectively. At high stress
(Fig. 9b), the sample S8 shows lower creep
compliance than sample S9 in parallel with the
intermediate stress of 5 Pa (Fig. 9c), while the
creep compliance of S8 and S9 is quite similar at
lower stress of 2 Pa. In this concern, the increment
of number of passes would not necessarily produce
MFC/NFC suspensions with linear rheological
properties. However, the gel-like behavior of all
samples was observed at low stresses, in parallel
with oscillatory data below.

The creep compliance J.(¢) results from the ratio of
strain (y) to stress (1) and represents the deformation
per unit stress in time. The viscoelasticity of MFC/
NFC suspension was characterized by the Burger
model, based on the creep data at stress of 2 Pa for
samples from the second, third and fourth group. The
Burger model (see supplementary information SIS)
with a serial combination of the Maxwell and Kelvin—
Voigt units can be used for a phenomenological
description of the creep compliance J.(f) under steady-
state conditions, as a function of time by the following
Eq. (5) (Barnes 2000):

1 1 —1G, t
Jo(t) = — 4 — |1 il 5
et G0+G1{ exp( M )]+'io ©)

where (Gy) is the instantaneous elastic modulus of the
Maxwell unit, (G;) is the elastic modulus of the
Kelvin—Voigt unit, (7o) is the residual viscosity of the
dashpot in the Maxwell and (7;) represents internal
viscosity of the dashpot in the Kelvin—Voigt element
(Barry 1983).

The parameters (Go, Gy, 1o, 1) allow to compare
the internal structure of the MFC/NFC suspensions in
response to the deformation in a first approximation
under steady-state creep conditions, as shown by the
fitting curves in Fig. 10a. According to the calculated
values in Table 4, the elastic moduli G, and G, are
most predominant at stress of 2 Pa. The values
G > G for different sample groups (S2, S5 and S8)
can be explained by the flexibility of each system
before deformation. Moreover, 1o > #; indicates that

@ Springer
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Fig. 9 Creep and strain recovery test of MFC/NFC suspensions at stress 20 Pa, ¢ creep and strain recovery compliance versus

(0.5 wt%) processed within homogenizer and 200 pm cham- time at stress 2 Pa, d stress versus time. Tests were done for

bers; a creep and strain recovery compliance versus time at tereep = 300 s and strain recovery (zero stress) for trecovery =

stress 5 Pa, b creep and strain recovery compliance versus time 900 s at 25 °C

the instantaneous deformation is larger than the creep that was processed in the smallest chamber shows up

deformation at a stress of 2 Pa. For all MFC/NFC to four steps in strain recovery, which might occur by

suspensions, the contribution of the Maxwell spring progressive relaxation of the strongly entangled fiber

(i.e., permanent deformation) is larger than the network.

contribution of the Kelvin—Voigt element (i.e., time-

dependent deformation) relatively to the total defor- Oscillatory rheology

mation. As mentioned before, the sample from the

fourth group (S8) has a higher amount of fibrillation The rheological properties in oscillatory testing of

than samples from the third and second group (S5 and optimum processed MFC/NFC suspensions (H2, S2,

S2), however by taking into account the fitting S5 and S8) were studied in a strain sweep (Fig. 11a)

parameters, it can be concluded that the fiber network and frequency sweep (Fig. 11b) test.

of sample S5 is more stable than for sample S8. The The strain sweep plots (Fig. 11a) show a linear

strain recovery plots for different samples per group regime with a Newtonian plateau at low strain up to

(82, S5 and S8) show first an instantaneous recovery 0.1 %. The lower values of loss modulus compared to

and then a step-like recovery, as shown in Fig. 10b: storage modulus (G” < G’) indicate that the gel-like

the instantaneous recovery occurs irrespectively of the properties dominate at low strain. With increment of
chamber size and number of passes, but the sample S8 strain, the loss and storage modulus of samples S2, S5

@ Springer
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Fig. 10 a Burger’s model fits of creep data for MFC/NFC
suspensions (0.5 wt%), b strain recovery comparison of MFC/
NFC suspensions (0.5 wt%). The stress of 2 Pa for
tereep = 300 s was applied and after unloading the strain
recovery for trecovery = 900 s at 25 °C is plotted

and S8 start to change at 0.1 % strain and the cross-
over of G” and G’ was observed at 0.3 % strain,
indicating the transition into liquid behavior. This
behavior represents a strain dependency of the elastic
modulus and “softening” under higher deformation
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Fig. 11 Oscillation rheometry for different groups of MFC/
NFC suspension (0.5 wt%) at 25 °C; a strain sweep test,
b frequency sweep test. The solid symbols represent storage
modulus (G') and the open symbols represent loss modulus (G”)

characterized by a decrement of the modulus. The
limitation of the linear regime for MFC/NFC suspen-
sions correlates with a dynamic yield point that occurs
at almost the same strain of 0.2 % for samples S2, S5,
S8. The smooth increment of loss modulus (G”) close
to the cross-over point represents the dynamic yield
point. The cross-over point can be related to yield

Table 4 Creep parameters Parameters Samples

according to the Burger’s

model fitted by Eq. (5) S5 S8

under stress of 2 Pa
Gy (Pa) 28.82 £ 0.01 40.63 £ 0.01 38.18 £ 0.01
G, (Pa) 152.67 £+ 0.01 198.41 + 0.01 151.05 £+ 0.01
o x 107* (Pa s) 8.00 + 0.54 5.29 £ 0.03 6.45 £ 0.11
m x 10* (Pas) 1.44 £ 0.08 2.43 + 0.06 1.95 £ 0.05
r 0.98 0.99 0.99
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stress: in more detail, a higher number of passes or
smaller chamber increases the yield stress of the MFC/
NFC suspensions, as also concluded from Fig. 6b.
Unlikely, the onset of strain thinning for sample H2
occurred at a strain below 0.3 % and the maximum in
loss modulus was less intense, while the cross-over
point was observed at somewhat higher strain. In
conclusion, the increment of strain directly influences
viscoelastic properties of MFC/NFC suspensions due
to breakage of networks and the elastic-to-viscous
transition shows that viscous losses dominate over
elasticity beyond the cross-over point. However, the
gel-like properties for inhomogeneous samples with
less fibrillation are less clear.

The frequency sweep plots (Fig. 11b) show almost a
linear behavior of storage modulus and slow increment
of loss modulus with increasing of frequency, where
fiber entanglements might gain more importance. The
values G” < G’ confirm the gel-like behavior over the
entire frequency range. The storage moduli G' of
samples that were processed with more than one
chamber (homogenizer, 200 and 87 um) are close and
independent of frequency. In comparison, the mean
values of loss and storage moduli at a specific frequency
and strain are in agreement with previous strain sweep
measurements (o = 0.6 rad s~ ' and y = 0.05 %).

Conclusion

The effects of processing parameters in a microflu-
idizer (i.e., size of interaction chamber and the number
of passes) have been related to morphology (SEM,
TEM and AFM), physicochemical analysis (Zeta
potential, WAXD and FTIR) and rheological data of
micro- and nanofibrillated cellulose (MFC/NFC).

The smallest fiber diameters (45 to 15 nm) were
limited by the chamber size and the largest fiber
diameters further reduced (25 pm to 50 nm) with
number of passes, thereby improving the homogeneity
in fiber morphology. An optimum number of passes
and chamber size was characterized by most negative
zeta potential (-48.8 to -67.0 mV), resulting in a good
balance between amount of fibrillation and stability of
the suspension. The use of a smaller interaction
chamber resulted in lower fiber crystallinity while a
higher in number of passes slightly increased the fiber
crystallinity, which might be related to the formation
of an oriented nematic phase.

@ Springer

The rheometry data strongly fluctuated for samples
processed within a homogenizer chamber due to
flocculation of thin and thick fibers. For the optimum
processed samples, the viscosity increased with higher
amount of fibrillation by using a smaller chamber or
higher number of passes, and a Newtonian plateau
occurred at intermediate shear rates of 240 s due to
temporary aggregation and breaking-up of the fiber
network. With a too high number of the passes,
however, the viscosity dropped because of aggregation
of fine fibers. This can also be related to the aspect ratio
variations during processing which decreases the
percolation threshold. In parallel, a higher number of
passes leads to lower creep compliance and a step-like
strain recovery, which represents the progressive
relaxation of an entangled fiber network. From dynamic
rheometry, the gel-like properties are dominating at low
strain while a dynamic yield point occurs at almost the
same strain of 0.2 % for samples: the behavior is less
clear for poorly homogenized samples, while it is
almost independent of processing conditions for opti-
mized samples. The calculation of yield stress from
Herschel-Bulkley fits showed that chamber size has a
more important effect on the yield stress than number of
passes. The total number of passes applied in process-
ing of MFC/NFC suspensions can be directly related to
rheological and morphological data by introducing the
rotational Péclet number. Based on this value, the
processing parameters can be adapted towards specif-
ically required rheological properties.
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