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Abstract Fine fibre fractions in wood pulp may
contribute to advantageous paper properties, but in
some instances their removal from pulp may be
beneficial to the production process of certain paper
grades. In order to study the suitability of fine fibre
fractions for the production of nanocellulose as an
alternative use option, sulfite pulp was fractionated
and homogenised, and cellulose nanopapers were
produced. Characterisation revealed that fine fibre
fractions were more easily homogenised than long
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fibres. Aqueous suspensions of nanocellulose pro-
duced from fines showed remarkably reduced viscos-
ity compared to nanocellulose derived from long
fibres. Nanopapers produced from all nanocellulose
variants showed roughly similar mechanical perfor-
mance. Only nanopaper produced from primary fines-
derived nanocellulose deviated in that it showed a
comparably high modulus of elasticity at a low strain
at failure. Overall, fine fibre fractions separated from
wood pulp were found to be highly suitable for
nanocellulose production.
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Introduction

Since more than one decade, nanocellulose has been a
topic of high relevance to the scientific community and
the pulp and paper industrial sector (Charreau et al.
2013; Dufresne 2013; Eichhorn et al. 2010; Klemm
etal. 2018; Klemm et al. 2011; Li et al. 2015; Oksman
et al. 2016; Thomas et al. 2018). The term nanocel-
lulose comprises the sub-groups of cellulose nanofib-
rils (CNFs) and cellulose nanocrystals (CNCs). While
the major processing step in CNF production is
mechanical fibrillation of cellulosic raw materials to
high-aspect  ratio  nanofibres  with  diame-
ters < 100 nm, the key process in CNC synthesis
involves the digestion of non-crystalline cellulose by
means of strong acids, resulting in highly crystalline
cellulose nanorods. Owing to the high specific surface
area and mechanical strength of nanocellulose, a
manifold of opportunities for application arises.

The reinforcement of polymeric matrices with
nanocellulose suggests itself as an obvious application
of nanocellulose, but lack of control over fibril
orientation, insufficient surface-chemical fibre-matrix
compatibility, the need for processing in wet condi-
tion, and the question of scalability still prevent a
large-scale break-through in this field (Ansari and
Berglund 2018; Kargarzadeh et al. 2018; Lee et al.
2014; Oksman et al. 2016). Porous nanocellulose-
based materials (De France et al. 2017; Long et al.
2018) represent a second large class of potential
applications. Also, for these materials the challenge of
scalable dewatering and drying methods towards
industrialisation of production is substantial.

In contrast to polymer reinforcement and porous
materials as two major routes of application, the use of
nanocellulose as a functional additive in paper and
similar materials seems to present less technological
hurdles as wet processing is the norm in papermaking
(Boufi et al. 2016; Osong et al. 2015). Within the
major classes of nanocellulose materials, i.e. polymer
composites, porous materials, and paper-like materi-
als, there is an extreme diversity of potential applica-
tions studied.
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To name just a selection based on recently
published studies, nanocellulose applications are
being studied in biomedical applications (Du et al.
2019; Dumanli 2017), supercapacitors (Xing et al.
2019; Zu et al. 2016), 3D printing (Dai et al. 2019;
Siqueira et al. 2017; Xu et al. 2018), flexible-hybrid
printed electronics and conductive composites (Agate
et al. 2018), packaging (Bharimalla et al. 2017; Ferrer
et al. 2017; Gan and Chow 2018), or luminescent and
transparent films (Yang et al. 2018). With ongoing
progress towards the realisation of applications, the
question of suitable raw material resources for the
production of nanocellulose comes to the fore.

While basically any cellulose-containing resource
can be successfully converted to nanocellulose,
different groups of resources are characterised by
individual sets of advantages and disadvantages
(Phanthong et al. 2018; Rajinipriya et al. 2018).
Nanocellulose was successfully produced from food-
industrial sidestreams such as sugar beet pulp (Hietala
et al. 2017; Leitner et al. 2007), residues of fruit juice
production (Cypriano et al. 2018), or spent beer
brewing grains (Shahabi-Ghahafarrokhi et al. 2015),
and residues from biogas- and bioethanol production
may be valorised by nanocellulose extraction (Hen-
niges et al. 2014; Mathew et al. 2014). Notwithstand-
ing the importance of non-woody resources for
nanocellulose production, the most relevant and
continuously available resource of cellulosic fibre is
wood pulp (Dufresne 2013; Siddiqui et al. 2011) with
fibres being the main component in a pulp suspension.

According to ISO 16065-2 (ISO 2014), they are
defined as all particles in the pulp furnish with a length
larger than 200 pm, consisting of a lumen and a fibre
wall. The second fibrous component of a pulp
suspension is termed fines. Papermaking fines are
defined as the pulp fraction which passes through a
200 mesh (76 pm) screen (Odabas et al. 2016).
Primary fines are those fines present already after the
pulping process and mainly consist of ray cells,
parenchyma cells, fragments of the middle lamella
and only a small portion of fibrils, whereas secondary
fines contain fibrillated (microfibrillar) and lamellar
material (microfibril bundles) originating from the
fibre wall, as a result of mechanical forces acting on a
fibre during beating (Hyll 2015). Related to their
origin, primary fines contain more lignin and extrac-
tives as well as a higher carboxyl group content and
consequently less cellulose (Odabas et al. 2016). Also
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secondary fines, sheared off the fibre during beating
from the outermost lignin rich primary wall and S1
layer show a higher lignin and extractives content
compared to the fibre fraction (Odabas et al. 2016).
Higher lignin content may be of relevance e.g. with
regard to the thermomechanical properties of fines
(Tao et al. 2019; Zhang et al. 2018; Zhang et al. 2019).

As a component of paper, sheets containing primary
fines show lower strength properties compared to
sheets containing the same quantity of secondary fines
(Fischer et al. 2017). Also films of pure primary or
secondary fines fractions show this behaviour related
to the fact that secondary fines are more flexible, have
a higher specific surface area and therefore a higher
bonding ability. Furthermore, the high specific surface
area of fines compared to regular paper fibres may
disproportionately contribute to consumption of
bleaching and wet end chemicals and impair dewa-
tering of the suspension during papermaking. Thus,
while beneficial to certain paper grades, removal of
fines from production lines not positively affected by
fines may be of interest, opening up the possibility of
valorisation beyond papermaking. As shown for
spray-dried powder (Colson et al. 2017), oil-absorbing
porous materials (Colson et al. 2018), and paper
handsheets (Bossu et al. 2019; Fischer et al. 2017),
papermaking fines show some similarity in perfor-
mance to CNFs.

Furthermore, pre-fractionation of the pulp and
subsequent fibrillation of the primary fines can be
useful to facilitate the implementation of CNF derived
products. This can only be ensured under the prereq-
uisite that the performance of the resulting CNFs is
comparable with CNFs produced from unfractionated
pulp. The grinding of cellulose into microfibrillated
cellulose (MFC) and further into CNFs has been
known since the early 1980 s (Turbak et al. 1983).
Since then the comparably high energy demand
(Spence et al. 2011; Tejado et al. 2012) of CNF
production impedes applications in industry. Fines
fractionation from wood pulp and ensuing fibrillation
may be economically advantageous because it benefits
the main product by eliminating undesired fines
fractions and generates additional value from CNFs
produced thereof.

Thus, the question arises whether papermaking
fines may be converted into CNFs showing perfor-
mance comparable to CNFs derived from standard
wood pulp. Since this question has not been addressed

in literature to the knowledge of the authors, the
question whether individual fractions exhibit advan-
tageous characteristics when used as a raw material for
CNF production will be evaluated in the present study.
A fractionation device is used to isolate fibres and fines
fractions from sulfite pulp and produce CNFs from all
these fractions, which will then be compared accord-
ing to their suitability for CNF production.

Experimental
Preparation of pulp fractions and CNFs

Never-dried bleached sulfite pulp (90% spruce, 10%
beech, magnefite process) with a kappa number of 6
was supplied by Sappi, Gratkorn. It was used as basis
material for reference, fractionation and grinding
experiments. The unrefined pulp samples were frac-
tionated at approximately 1% solids content, using a
lab-scale pressure screen (Fischer et al. 2017), in order
to separate the fibre fraction from the fines fraction.
This pressure screen was equipped with a perforated
plate (hole diameter 100 pm). The material passing
through this plate was defined as the primary fines
fraction and collected in a separate tank. The pulp was
recirculated until the remaining volumetric fines
content (measured with an L&W Fiber Tester Plus,
ABB) was below 0.5%. This fraction was defined as
the fibre fraction. The fines were allowed to settle for
three days, before the supernatant was removed and
approximately 1% solids content was reached. Fibres
were centrifuged to approximately 30% consistency.

Secondary fines were produced by refining (grind-
ing) a part of the fibre fraction (after the removal of the
primary fines) in a Valley Beater. The obtained
material containing refined fibres and secondary fines
was also fractionated with the lab-scale pressure
screen, identically to the procedure described for the
isolation of primary fines above.

For the preparation of CNFs, each type of fibre
suspension was ground five times with a solid content
of 0.5%, using a Masuko supermasscolloider
MKCAG6-2] CE (Masuko Sangyo Co., Ltd, Japan) at
1500 rpm and — 50 um nominal gap clearance.
Grinding was necessary in order to ensure passage of
long fibres through the homogeniser in the following
homogenisation process. Fibrillation was carried out
in an SPX APV 1000 homogeniser (SPX Corporation,
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USA). For each pass through the homogeniser, the
pressure on the homogenisation valve was increased
gradually, starting with zero nominal pressure, then
10, 20, and 40 MPa. Thereafter, a pressure of 80 MPa
was applied for every pass, considering the first pass at
80 MPa as pass number 1. All variants were homo-
genised for up to 20 passes (80 MPA). The solids
content of the suspension gradually increased due to
evaporation of water. Hence, for the following
viscosity measurements the solid content was re-
determined and if necessary the sample was diluted
back to its original value of 0.5%.

Table 1provides a summary of the materials and
nomenclature used

Characterisation

For light microscopy, fibre suspensions were treated
with gential violet stain (methylrosanilinium chloride,
Sigma-Aldrich) and observed in transmitted light
mode using glass slides and cover slips. Pulp fibre
dimensions and shape were examined by means of an
L&W Fiber Tester Plus (ABB / Lorentzen & Wettre,
SWE) having a resolution of 3.3 pm/pixel. For each
measurement, 200 ml suspension of 0.1% fibres in
deionised water was prepared. The measurement was
carried out for a maximum duration of 10 min and
aborted earlier in cases where a threshold of 300.000
particles measured was surpassed. Two independent
replicates of each sample were measured, followed by
a washing step with 350 ml of distilled water. While
the geometry of regular pulp fibres is described in a
straightforward manner using parameters such as fibre

Table 1 Nomenclature and material description

length and diameter, pulp fines are often of irregular
geometry and consist of aggregates of smaller fibre
fractions. Therefore, fibre geometry was expressed as
the average circle equivalent diameter (CED), which
can be used instead of the length weighted average
particle length (Fischer et al. 2017; Mayr et al. 2017).
The CED is the diameter of a circle whose area is
equivalent to the projected area of an irregularly
shaped particle or fibril aggregate.

The viscosity of suspensions of the four homo-
genised fibre variants was measured using a CS50
cone and plate rheometer (Bohlin Instruments). The
cone diameter was 40 mm, cone angle 4°, and the
truncation gap 150 pm. For each measurement, 1.5 ml
of suspension containing 0.5% fibres was placed on
the plate with a syringe. Measurements were per-
formed at a constant shear rate of 20 s~ ' and constant
temperature of 20 °C.

Mechanical characterisation was carried out with
thin nanopapers produced from suspensions that were
homogenised 20 times. A 100 mm diameter Biichner
funnel equipped with a 90 mm diameter polycarbon-
ate membrane filter type 0.2 um (Isoporem) was
placed on top of a vacuum flask, connected via an
elastomer bung. The flask was attached to a vacuum
pump with an ultimate vacuum of 80 Pa. An aliquot of
fibril suspension corresponding to 0.5 g dry fibril mass
was poured into the funnel and vacuum applied until a
transportable fibre mat was formed on top of the filter
paper. For the next step, another 90 mm diameter
polymer filter was placed on top of the fibre mat to
avoid sticking during further drying. The mat was then
put in between a 240 mm diameter carrier carton and a

Nomenclature Description

Original Pulp  Untreated never dried sulfite pulp
Long fibres

Primary fines

Long fibre fraction > ~ 100 pm, originated from never dried sulfite pulp

Short fibre fraction < ~ 100 pm, originated from never dried sulfite pulp

Secondary Mechanical fibrillated and subsequent fractionated fibre fraction < ~ 100 pm originated from never dried sulfite
fines pulp
HO Prefix for material without further defibrillation
H5 Prefix for material treated with one grinding step, three homogenisation steps with 10, 20 and 40 MPa, and five
homogenisation steps with 80 MPa
H20 Prefix for material treated with one grinding step, three homogenisation steps with 10, 20 and 40 MPa, and 20

homogenisation steps with 80 MPa

@ Springer
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205 mm diameter cover sheet (both sheet formation
equipment of PTI). This layered structure was exposed
to vacuum and heat inside the drying unit of a RK-1 h
laboratory sheet former (Rapid-Kothen / PTI). Drying
time depends on the fibre mat’s water content after
filtration and was about 20 min. Uneven sheets were
smoothened using a conventional iron and a spray of
distilled water. By means of a razor blade parallel
strips with a width of 5 mm and a length of about
80 mm were cut out of the nanopaper sheets. Prior to
testing the samples were conditioned at 23 °C and
50% r.h. until equilibrium moisture content was
reached. Tensile tests were performed with these
strips on a universal testing machine Zwick/Roell
7020. The clamping length was 25 mm and samples
were strained at a rate of 1 mm min~ '. The sample
deformation was characterised via crosshead displace-
ment without the use of an extensometer. Modulus of
elasticity was determined by linear regression in the
range of 10-40% of the maximum applied load. The
criterion for ending the tests was set at an 80% load
drop.

Microscopic characterisation of the nanopaper
sheets was carried out by means of scanning electron
microscopy (SEM) and atomic force microscopy
(AFM). For SEM, a Qanta 250 FEG electron micro-
scope (FEI, USA) was used. The nanopapers were
sputter coated for 2 min by 1500 V to obtain a thin
gold layer, enhancing conductivity and image resolu-
tion of the obtained pictures. The surface morphology
was scanned with a 20 kV electron beam.

A Dimension Icon AFM equipped with a Scanasyst
Air cantilever (Bruker, USA) was used to obtain high-
resolution topography images of the surface of the
nanofibers and nanopapers. The nominal radius of the
silicon tip was 2 nm. Measurements were performed
at ambient conditions and post-processing was carried
out using Gwyddion 2.42 software. The fibre diameter
was expressed as geometric mean by measuring 15
individual fibril diameters per variant.

Results and discussion

Light microscopy of fibre suspensions shown in Fig. 1
reveals differences in morphology between the four
variants of raw materials used and demonstrates the
effect of homogenisation. While the original pulp used
as a base material for the entire study consists of long

fibres and a small fraction of fines, the fines fraction is
very efficiently removed during fractionation, as
highlighted by the “clean” appearance of the washed
long fibre fraction shown in Fig. 1. With regard to the
primary and secondary fines fractions, the overall
qualitative impression is that, primary fines consist of
a fibrillar fraction, but larger non-fibrillar fragments
with diameters > 1 pm are also present in significant
amounts (in the context of the present study, those
parts of a fibre suspensions whose diameter cannot be
clearly resolved in the light microscope, i.e. well
below 1 pum, are termed fibrils or fibrillar). By
contrast, the overall tendency in secondary fines is
that fibrillar material dominates, even though a small
amount of larger fragments may also be found.

In order to confirm nano-scale fibrillation, light
microscopy was supplemented with AFM (Fig. 2).
Clearly, nanofibrils are abundant after 20 homogeni-
sation cycles, with geometric diameters in the order of
10-13 nm. It should be emphasized that these mea-
surements reflect only a limited part of the fibrils and
do not allow any conclusion about the whole popula-
tion. For the exact measuring points, the reader is
referred to the supplementary material.

This visual and only qualitative impression is
supported by quantitative results obtained by means
of automated fibre sized measurement in a Fiber Tester
Plus. Due to the highly efficient removal of fines, the
CED averaged over all fibres characterised is highest
for the long fibre fraction with 290 um compared to a
value of 230 pum (Fig. 3) for the original pulp. By
contrast, with values close to 50 pm the average CED
is significantly smaller for both fines fractions isolated
from the original pulp. The frequency distribution of
different CED values of the original pulp and fractions
derived thereof provides more detailed insights
(Fig. 4). In the original and untreated pulp long fibres
with CED in the range between 100 and 500 pm are
detected together with a significant proportion of fines
with CED < 100 pum (Fig. 4a). While the fraction of
elements with large CED remains unchanged after
fractionation, the fines portion is completely removed
in the long fibre fraction (Fig. 4b). As to the primary
and secondary fines fractions, whose average CED is
52 and 55 pm, respectively, a tendency towards very
small CED is observed in primary fines compared to
secondary fines (Fig. 4c-d).

@ Springer
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Untreated pulp
fraction

Orig. pulp

Prim. fines Long fibres

Sec. fines

5 e 8
S . - .

5x homogenised 20x homogenised

(H5) (H20)
-
pasiy . g
v " 3
. . ‘
s *
s 100 um

Fig. 1 Light microscopy of original pulp and fractions thereof in untreated and grinded/homogenised condition. with specified
averaged geometric mean values (the same scale applies to all images)

Orig. pulp Long fibres

Xgeom = 10.2 nm

Xgeom = 12.3 nm

Xgeom = 13.0 nm

Prim. fines Sec. fines

40 nm

onm

Xgeom = 10.5nm

Fig.2 AFM images of CNFs derived from pulp fractions treated by 20 homogenisation cycles with averaged geometric mean values of

fibril diameters, n = 15 (the scale applies to all images)

Starting from the original pulp and the three
fractions derived thereof, different mechanical treat-
ments were applied. A grinding step proved necessary
in order to avoid clogging of the homogeniser with
long fibres. Grinding changed the optical appearance
of the original pulp and the long fibre fraction towards
more fibrillation (Fig. 1). Fibres appeared to be
fibrillated on their surface, but remained intact in their
overall size i.e. they were not completely broken down
into fibrils by this treatment step. While the optical
appearance was not noticeably affected by grinding,

@ Springer

some larger fragments seemingly were broken down to
fibrillar elements in secondary fines. In contrast to five
passes to the Masuko grinder, the same number of
passes through the high-pressure homogeniser
resulted to a complete breakdown of fibre structure
in terms of fibrillation as revealed by light microscopy
(Fig. 1), AFM (Fig. 2) and characterisation in the
Fibre Tester (Figs. 3 and 4). In all four fibre variants
CED shifts towards smaller values and large elements
in the original pulp and long fibre fractions are
diminished. Accomplishing 5 passes for the fines
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Fig. 3 Average circle equivalent diameter (CED) of original
pulp and fractions thereof in untreated and homogenised
condition

fractions the CED values are overall below 100 um
(Fig. 4c, d), while for original pulp and long fibre
fraction the observed CED values are divided over an
area below 250 um. Although no fines are contained in
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the long fibre fraction, compared to the original pulp
the CED values are both very similar after 5 passes
which could be explained by defibrillation occuring
predominantly on long fibres before smaller aggre-
gates get further reduced (Fig. 4a, b). After 20 passes
through the homogeniser, the average CEDs of three
pulp fractions, i.e. original pulp, long fibres and
secondary fines, approach similar values in a range
between roughly 31 and 36 pm (Fig. 3). In case of
secondary fines, the CED alteration through defibril-
lation diminishes after 5 passes. In contrast, primary
fines show the smallest CED values around 24 pm.
With regard to the frequency distribution of CED,
primary fines show a dominance of very small
elements, whereas the frequency distribution pattern
is of comparable shape for the remaining three variants
(Fig. 4). Emphasizing that, primary fines contain
besides fibrillar cellulosic material, flake like residues,
which originates from different cell wall fragments,
e.g. middle lamella and parenchyma cells. The defib-
rillation pattern of these fractions obviously differs
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Fig. 4 Distribution of the circle equivalent diameter (CED) of a original pulp, b long fibres, ¢ primary fines and d secondary fines in
untreated (HO) and homogenised condition (H5 and H20, signifying 5 and 20 passes through the homogeniser, respectively)
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from that of cellulosic fibrillar material, ending in the
smallest aggregates after 20 passes.

In parallel to the development of microscopic fibre
morphology and fibre dimensions, the viscosity of
fibre suspensions was monitored as an additional
indicator of fibrillation (Desmaisons et al. 2017).

Flocculation is a critical factor in viscosity mea-
surements, and therefore each measurement was
carefully examined with regard to this phenomenon.
Discarding all such measurements, meaningful vis-
cosity data for the original pulp and long fibre fractions
were obtained only after the 5th and 10th homogeni-
sation pass, respectively (Fig. 5). By contrast, no
flocculation was observed for the fines fractions at a
low number of passes. When evaluating viscosity data,
the clearest difference is evident between the fibre and
the fines fractions. Both, original pulp and long fibres
show significantly higher viscosity than both fines
fractions. Two factors may be responsible for this clear
difference. Firstly, even though the average size of
fibril aggregates after 20 homogenisation passes
expressed by CED is only slightly higher for fibres
compared to fines (Fig. 3), longer and more slender
CNFs may be generated by homogenisation of fibres
compared to homogenised initially much smaller
fines. The tendency of longer fibrils towards aggrega-
tion and network formation (Iotti et al. 2011) then
results in higher viscosity of CNF suspensions derived
from long fibres. Secondly, the trend towards higher
lignin content in fines compared to fibres (Odabas
et al. 2016) may lead to reduced adsorption of water to
the fines surface, favouring reduced viscosity of fines-
derived CNF suspensions. In a similar study dealing

0.5

with the evolution of viscosity of CNF suspensions
produced from fibres, fines, and mixtures thereof
(Colson et al. 2016) and in related studies (Gruene-
berger et al. 2014), a clear trend towards increasing
viscosity with an increase in the number of homogeni-
sation passes was observed. In the present study, no
such trend is evident, partly because in the case of long
fibres no valid data is available for low numbers of
homogenisation passes (Fig. 5). As to the fines
fractions, after an initial increase in viscosity, the
viscosity of primary fines suspensions decreases
steadily with increasing numbers of homogenisation
passes, while a steadily decreasing viscosity over the
whole range of homogenisation passes is observed for
secondary fines. Here, one may speculate that pro-
gressing fibrillation of fines negatively affects the
length of, initially already comparably short, fibrils,
leading to reduced viscosity in suspension.

In order to evaluate the suitability of CNFs derived
from different pulp fractions for application a struc-
tural material, thin nanopapers were produced and
characterised. SEM images of nanopaper surfaces
(Fig. 6) show a smooth appearance indicating thor-
ough fibrillation. Here, only in the long fibre fraction
unfibrillated larger fibres occasionally show up. While
higher magnification did not reveal more detail for
most fractions, the primary fines fraction was a
notable exception. Here, numerous smooth platelets
with size in the order of 2 um were found. It may be
speculated that these platelets originate from the lignin
rich middle-lamella/primary cell wall region. How-
ever, due to the low lignin content of the starting

0.4

0.3

0.2 1

Viscosity (Pa s)

0.1

0.0 ; i

0 5 10

15 20 25 30

Number of homogenisation passes

Fig. 5 Viscosity of original pulp and different pulp fractions after different numbers of passes through the high pressure homogeniser
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Long fibres

Original pulp

SEM

AFM height

AFM error

Fig. 6 SEM and AFM images of nanopaper surfaces produced
from original pulp and different fractions thereof. Dotted circles
highlights large fibre residues. The inset in the SEM image of the

material, differences in microfibril angle of individual
cell wall layers as well may contribute to the formation
of the observed plate like structures.

In good agreement with a high degree of fibrillation
already indicated in SEM images, AFM reveals
surface topography typical of highly fibrillated pulp.
As far as this can be ascertained from topography
images, typical fibril diameters are < 50 nm and
smaller. Same as for fibril diameter, the surface
structure of nanopapers produced from the individual
pulp fractions did not show clear differences.

Finally, the mechanical performance of nanopapers
was evaluated by means of tensile tests (Fig. 7;
Table 2). All nanopapers typically show a short phase
of linear elastic behaviour and, after a yield point at
around 1% strain, a distinct plastic phase (Fig. 7).
Interestingly, only the nanopaper derived from the
original pulp also shows clear strain hardening as
visible in the upward curvature of the stress strain
graph in the plastic region.

Primary fines Secondary fines

primary fines section shows a high magnification image (bar
=5 pm). The AFM error image derives from the feedback
system, which controls the tip movement

The mechanical performance of nanopapers
derived from different pulp fractions is summarised
in Table 2. By comparison with literature (Gindl-
Altmutter et al. 2012; Henriksson et al. 2008) the
modulus of elasticity of cellulose nanopaper is typi-
cally in the order of 10 GPa, tensile strength > 200
MPa and elongation around 10%. This also applies to
materials tested in the present study, with some minor
exceptions. On the one hand, CNF nanopapers derived
from original pulp and secondary fines, respectively,
show best performance in terms of strength and
elongation, but their modulus of elasticity remains
below 8 GPa. On the other hand, CNFs derived from
primary fines yields the highest modulus (9.3 GPa) but
lowest elongation at break (6.3%). Even though,
having the smallest particle size distribution, this
indicates imperfections deriving from small cell wall
particles in the material as mentioned before.
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Fig. 7 Typical stress-strain curves from tensile tests with nanopapers produced from original pulp and different fractions thereof

Table 2 Results of tensile tests (10 specimens each) with CNF
nanopapers produced from different pulp fractions after 20
homogenisation passes (E modulus of elasticity, o tensile
strength, € elongation at break)

Fibre type E (GPa) o (MPa) e (%)
Original pulp 71+045 213 £335 9.8 +2.09
Long fibres 6.7+ 048 174 £349 9.8 £ 237
Primary fines 93+031 185 *121 63+ 1.13
Secondary fines 7.7 £ 0.31 201 &+ 21.1 10.0 + 1.57

Conclusions

Overall, the results of the present study demonstrate
that the use of fines instead of long pulp fibres for the
production of CNFs does not show a negative impact
on CNFs quality. By comparison, the average aggre-
gate size of fines-derived CNFs is smaller than is the
case for CNFs derived from regular long fibres and
pulp, resulting also in lower viscosity in suspension.
Since AFM measurements show comparable fibril
diameters, the reason for reduced viscosity is most
probably reduced overall fibril length. Notably, after 5
homogenisation passes the disintegration kinetics
diminishes, which could be useful for upscaling CNF
production. Resulting in lower energy consumption
compared to production processes involving original
and long fibre pulp fractions. Nonetheless, mechanical
CNF nanopaper performance is similar for all variants
(fines- or long fibre-derived), with primary fines
nanopaper showing high stiffness at comparably low
elongation, and secondary fines nanopaper performing
well in terms of high strength and elongation. Conse-
quently, the fines fraction of sulfite pulp is deemed a

@ Springer

technically highly suitable raw material for CNF
production.
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