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SUMMARY: Cellulose nanofibrils (CNF) are steadily
gaining attention since this material is a renewable
alternative to artificial polymers. Moreover, waste
products from cellulose-based industries (e.g. paper
mills) or from agriculture can be used as raw material for
CNF isolation. However, the up-scaling from the
laboratory to the industry can only be achieved if the
energy costs are low enough to compete against low-price
petroleum derivatives. The objective of this work is to
present an energy-related study of the direct fibrillation of
cellulose-based materials using a grinding process. Two
waste materials, namely wheat straw and recycled
newspaper, have been investigated as starting materials,
together with bleached wood pulp for comparison
purposes. The mechanical properties and specific surface
areas of the resulting fibrillated materials are then
presented and systematically compared with each other.
The properties of the bleached wood-pulp fibres exhibited
the highest values that were reached already at low
energy inputs. The different properties of CNF isolated
out the waste materials could reach values close to their
maxima for energy inputs as low as about 5 kWh/kg
compared to the ca. 10 kWh/kg needed with high
pressure homogenization.
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Due to environmental concerns, increasing oil prices and
more drastic international regulations, there is a need for
green alternatives for the elaboration of functional
materials (i.e., packaging, construction, purification
technologies, automotive or biomedical applications for
instance). In this context, the use of natural renewable
polymers has steadily gained a strong interest over the
last three decades, and still remains one challenge of the
21 century. Plants contain the largest amount of organic
polymers on Earth, cellulose representing among them
about 1.5x10" tons of the total annual biomass
production (Klemm et al. 2005; Siro, Plackett 2010).
Different types of nanomaterials can be isolated from

cellulose using physical, enzymatic and/or chemical
treatments. Among the most popular nanoelements that
have been the object of intensive studies over the last
years, cellulose nanocrystals (also called cellulose
“nanowiskers”) and “cellulose nanofibrils (CNF)”
materials, which are in focus of this study, have been
mainly envisaged.

Apart from the advantages related to the native
biopolymers, such as low densities, renewability and
biodegradability, cellulose nanomaterials also possess
very specific characteristics, such as high aspect ratios
and high specific strengths (Bledzki, Gassan 1999; Samir
et al. 2005; Ishii et al. 2011). CNF consist of long,
flexible and interconnected fibrils, with diameters from
10 to 100 nm and aspect ratios from 50 to 100 (Turbak et
al. 1983; Boldizar et al. 1987; Zimmermann et al. 2004;
Gardner et al. 2008).

Besides the costs of the starting material, the different
CNF production processes are significantly energy
consuming, but only few works have focused up to now
on the energy costs of the CNF production, which are
however of major importance for their subsequent use at
the industrial level (Spence et al. 2011; Jonoobi et al.
2012; Qing et al. 2013). Two main CNF production
methods have been reported: homogenisation and
grinding processes (Herrick et al. 1983; Turbak et al.
1983; Taniguchi, Okamura 1998; Abdul Khalil et al.
2014). In a very interesting study related with the energy
consumption of these different fibrillation techniques,
Spence et al. (2011) the homogenisation process has been
shown to be the most expensive method for CNF
isolation.

The main difficulty with the homogenisation process,
commonly used in other industrial fields, is inherent to
the morphology of the starting material which often tends
to clog the production apparatus. Moreover, the direct
fibrillation of cellulosic materials using homogenisation
has been shown to require relatively large energy inputs
of about 27 kWh/kg (Lindstrom, Winter 1988). For these
reasons, a pre-treatment of the fibrous material is usually
performed in order to decrease the size of the cellulose
fibres and ease the fibrillation process. This pre-treatment
can be performed mechanically, but it has been shown
that chemical or enzymatic pre-treatments could also lead
to significant improvements in terms of energy
consumption — up to 98% energy savings - and/or
properties (Saito et al. 2006; Henriksson et al. 2007;
Paakko et al. 2007; Henriksson et al. 2008; Wagberg et
al. 2008; Ankerfors 2012). These aspects are discussed in
recent publications of Tejado et al. (2012), Ankerfors et
al. (2012) and Abdul Khalil et al. (2014).

The fibrillation method used in the present work is the
grinding process first reported in 1998 (Taniguchi,
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Okamura 1998; Iwamoto et al. 2005). Indeed, the
fibrillation is the result of the shearing forces occurring
between two ceramic stones, one rotating, and the other
acting as a stator. The fibres are usually processed
sequentially, passing several times through the adjustable
clearance between grinding stones, until the desired
quality is reached (lwamoto et al. 2007). CNF with
diameters down to 15nm have been reported after
fibrillating a water suspension of pre-treated wood fibres
with this technique (Abe et al. 2007).

One of the main advantages of the use of a grinding
process can be seen in its simplicity and its robustness.
Compared to high pressure homogenization processes, it
does not have blocking problems generated by larger
fibers. However, the CNF obtained through this method
appears to be less homogeneous in terms of fibril
diameters compared with CNF processed by high-
pressure homogenisation since large bundles of fibrils can
still be observed (Qing et al. 2013). Moreover,
degradation of the pulp fibers resulting from the high
shear forces generated by the grinding stones was
reported in the literature (Iwamoto et al. 2007).

Wood-based fibres have been widely used to produce
CNF, however, other less expensive plant-based or even
waste materials are increasingly being considered,
including wheat straw, sugar beet pulp, potato pulp,
bagasse, sludge, etc. (Alemdar, Sain 2008; Siro, Plackett
2010; Zimmermann et al. 2010). The present study deals
with the fibrillation of different materials through the
“super-grinding” technique mentioned above.

The objective of this work is to provide an energy-
related description of CNF production from cellulosic
waste materials, and assess a potential reuse of those
materials. The first material is issued from the processing
of wheat straw through a bio-refinery plant (WS),
whereas the second one consists of fibres obtained from
recycled newspapers (NP). Bleached wood-pulp fibres
(ECF) have also been processed into CNF for comparison
purposes. Among microscopic observations and
mechanical characterisations, the specific surface area
(SSA) was determined to estimate the “fibrillation
degree” of the materials at the different grinding stages.

Materials and Methods

Materials
Three materials have been used in this study.

Elemental Chlorine Free (ECF) fibers from bleached
softwood-based pulp-fibers (Picea abies and Pinus spp.)
were obtained from Stendal (Berlin, Germany) and used
as reference material.

The recycled newspapers (NP) were obtained from
Ecopulp (Koria, Finland) and processed as received. This
material is based on recycled thermo-mechanical pulp
obtained from newspapers, without inks removal.

The wheat straw (WS) is an agricultural waste product
used for bioethanol production and was used as received
from the Compagnie Industrielle de la Matiére Végétale
(Estillac, France). This fibre material has been pre-treated
prior to use in bio-refinery. Pre-treatments of the wheat
straw pulp included the impregnation of the raw material
with a mixture of acetic acid/formic acid and water (85%

acids/15% water) followed by the extraction of the lignin
at 105°C for 3 h by adding hydrogen peroxide (H,O,)
directly in the acidic media. This leads to the formation of
peracetic and performic acids which react with the lignin.
The slurry was then washed and treated in alkaline
conditions to extract silica and finally washed with water
(Kham et al. 2005).

The costs of these different materials are respectively
about 700€, 150€ and 400 € per dry tonne. Their
chemical compositions can be found in Table 1.

Fibrillation

The three materials were obtained in wet state, with water
contents higher than 70 wt.%. 20 I slurries were prepared
from the different materials, adjusting the dry solid
content to 2 wt.%. These slurries were allowed to stay at
room temperature for 24 h in order to let the fibres swell.
This swelling time is necessary to allow the inclusion of
water molecules between the microfibrils, leading to an
easier fibrillation process. This phenomenon is driven by
osmotic forces due to the presence of charged groups on
the cellulosic chains, depending on the nature of the

material and on its pre-treatment (e.g. bleaching)
(Ankerfors 2012).
The slurries were processed with a “Supermass

Colloider” (MKZA10-20J CE) from the company
Masuko Sangyo Co.,Ltd. (Kawaguchi/Saitama, Japan)
equipped with non-porous grinding stones made out of
SiC/Al,O5 particles in resin. The rotating grinding stone
was driven at the nominal velocity (ca. 1500 rpm, motor-
load: 15 kW).

The slurries were grinded 10 times through the device
while recording the energy consumption with a power-
meter. This value was normalised by the dry weight of
the material processed.

For each grinding cycle, the stones were first carefully
brought close to contact, as noticed by the starting of a
low friction-sound, then the slurry was poured into the
hopper and, as soon as it touched the stones, these were
tightened as close as possible, so that the clearance
appeared to be “negative” on the monitor. The clearance
was adapted to limit the temperature increase of the
slurries to 50°C leading to flow-rates of ca. 5 I/min.
Concerning the first two grinding cycles of the ECF, the
flow-rate was set to ca. 10 L/min in order to prevent
excessive water squeeze-out which leads to engorgement
at the early fibrillation stages.

Two independent samples of ca. 50ml of the
suspensions were collected at each stage for further
analysis.

Table 1 - Chemical analysis of the materials. ECF: elemental
chlorine free bleached wood-pulp fibers; NP: recycled
newspaper-based material; WS: wheat straw-based material

Material ECF NP WS

Cellulose 81.3% 47.3% 83.1%
Hemicellulose 12.6% 18.9% 5.6%
Lignin 0.0% 17.8% 1.3%
Ash 0.3% 10.3% 4.6%
Total 94.2% 94.3% 94.6%
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Mechanical tests

For each material, films (diameter 9 cm) were prepared
by filtering the CNF suspensions over a metallic filter
with pore size of 5 um, and subsequent hot-pressing of
the wet cakes. Each film was first hot-pressed at 120°C at
1000 N/cm? for 10 min between two metal meshes, these
placed between two felts and then 1 min under the same
conditions, but directly between the heating metal-plates
of the press. The films were prepared from suspensions
collected at different grinding cycles (i.e. 0, 2, 4, 6, 8 and
10 grinding cycles, respectively). Two films were
prepared per cycle. Out of each paired-films, 12 dog-bone
shaped specimens were punched out (length 5 cm, surface
330 mm?, width of the central part 4 mm). They were
allowed to equilibrate 18 h at 23°C and 50% RH.

Mechanical properties in tension were determined using
a Zwick Z010/TH2A (Zwick GmbH& Co. KG, Ulm,
Germany): Young's modulus (E), Tensile strength (o at
Fmax) and elongation to break (¢ at Fn.). The pre-load
applied was 0.2 N, the loading speed 2 mm/min. The
Young’s modulus (E) was determined using the strain
curve between elongations from 0.05% and to 0.25%.
The results presented are the mean values and the
standard deviation of at least 5 values.

The statistical analysis of the mechanical properties was
performed using Matlab R2011b. For each material and
each mechanical property, a multiple comparison of the
mean differences vs. the energy consumed was performed
using the Tukey—Kramer method (TKM) at a 5%
significance level (Kramer 1956).

Aerogels preparation through critical point drying
The water of the slurries was exchanged with ethanol,
which shows higher solubility in liquid CO,. For each
sample, 10 g of suspension (2 wt.% solid content) were
vigorously stirred with 30 ml of an ethanol:isopropanol
(E95, 95% v/v:5% v/v) mixture and filtered on a metal
mesh (pore size ca. 5 um) to obtain a wet filtration cake
of about 2 g. This filtration cake was re-dispersed in
40 ml of E95 and filtered to obtain again a wet filtration
cake. This second step was repeated one more time with
E95 and finally once with absolute ethanol (99.9% v/v).
Each filtration cake was placed in a metal mesh, rolled to
form a tube (ca. 60 mm length, diameter ca. 10 mm, pore
size 300 um) and stored in a closed vessel to avoid
premature drying before aerogel preparation.

After this water-to-ethanol exchange, the ethanol was
replaced by liquid CO, in a pressurised chamber (model:
E3000, Quorum Technologies, Newhaven, U.K.). The
pressurised chamber was first cooled down to 10°C, and
filled with liquid CO, (pressure: 60 bar). The system was
let to equilibrate for one hour, the reason of the use of
mesh-tubes being the increase of the diffusion of the
liquid species (i.e. ethanol and liquid CO;). Then, the
upper CO, inlet was closed and liquid CO, slowly
allowed to flow out through the underneath exhaust, until
the surface of the liquid CO, reached the top of the
samples situated at the mid-height of the chamber. This
flushing step was repeated twice and the chamber was
filled again and let for one hour. This whole procedure
was realised five times. The samples were stored in a
desiccator.

Specific surface area (SSA) measurements

The Brunauer-Emmett-Teller (BET) surface area was
determined according to a multipoint BET method by N,
physisorption on a surface area. For each measurement,
an amount comprising between 60 mg and 200 mg of
each aerogel was dried overnight at 105°C and the dry
weight of each sample was determined. An automated
device from Micrometerics (Ottawa, Canada, model:
SAP 2020) was used to determine the B. E. T. surface of
the aerogels. Prior to the measurement at 77 K with N,
each sample was degased for one hour to remove the
water adsorbed during the transfer to the measurement
cell (20°C to 75°C within 30 min, then 75°C 30 min,
5 umHg).

Optical microscopy

For each material, 1 ml of slurry collected after 0, 7 and
10 grinding cycles was diluted to ca. 0.1% w/w and a
droplet dried over a glass slide at 105°C for 10 min. After
this fixation step, the fibres were double-stained with
astra blue and safranin (Gerlach 1977).

Electron microscopy

For each material, 1 ml of slurry collected after 0, 7, 9
and 10 grinding cycles was diluted to ca. 0.1% w/w and
placed on a mica platelet. All samples were sputter coated
directly with a platinum layer of about 8 nm (BAL-TEC
MED 020 Modular High Vacuum Coating Systems,
BAL-TEC AG, Liechtenstein). SEM images were taken
with a FEI Nova NanoSEM 230 instrument (FEI,
Hillsboro, Oregon, USA) at an acceleration voltage of
5kV.

Statistical analysis of the mechanical properties
Many parameters during the preparation of the samples
can lead to heterogeneities; the Tukey-Kramer Method
(TKM) was used to determine if the observed differences
were significant. This method supposes that the mean
values are obtained from normally distributed populations
which have the same finite variance (Kramer 1956).

Due to the sample size (5<n<10) in this work, it is
difficult to assess if these assumptions are observed.
However, the standard deviation can be used to estimate
the variance and it has been shown that the TKM is
robust to deviations from the normal distribution
(Driscoll 1996).

Briefly, the TKM makes comparisons of all possible
pairs in a group of average values and tests if their
differences are significant. In this work, for each material
and each property, average values and variances were
calculated at 0, 2, 4, 6, 8 and 10 grinding cycles and the
TKM was then used to compare each pair of averages.
For a better reading of the results, each average value is
usually classified as belonging into one or more arbitrary
group which are denominated by letters. If two average
values have one or more group in common, they cannot
be considered as different at the chosen significance level
(5% in this work).
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Results

Microscopies

Fig 1 and 2 present optical and electronic micrographs of
the starting materials, as well as after 7 and 10 grinding
cycles, respectively. The ECF fibers appeared in blue
under the optical microscope since they only contain
cellulose which is preferentially stained by the astra blue.
The fibers of the recycled newspaper (NP) and of the
wheat straw (WS) displayed both blue and red colours,
since these fibers contain both cellulose and lignin, the
latter being preferentially stained in red by the safranin.
Both ECF and WS starting materials are composed of
relatively intact fibers with diameters around 50 pm,
while on the contrary to the NP ones are already
fibrillated as a consequence of the refining processes.

For all materials, fibrils could be observed at the early
grinding stages but large amounts of macroscopic fibers

were still present. The proportion of these large fibers
appeared to be progressively reduced during the grinding
process and a network of interconnected nanofibers could
be observed for all materials after 10 grinding cycles,
even if some fibers can still be observed at the end of the
treatment in all cases as shown on the (Fig 2 and 3).

Energy consumption

The evolution of the energy consumption upon grinding
cycles for the three materials is presented in Fig 3A. For
all materials, the energy consumptions increased almost
linearly after two grinding cycles, with an energy-
consumption rate of ca. 0.7 kWh/kg per grinding cycle.
On a dry-weight base, the whole treatment of the ECF
fibers (10 cycles) consumed 5.25 kWh/kg, the WS fibers
5.75 kWh/kg and the NP fibers 6.75 kWh/kg.

A

_—

A

D

Fig 1 - Optical micrographs of the different materials after 0, 7
blue and safranin. Scale bar is 100 pym.

and 10 grinding cycles. The samples were double stained with astra
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Fig 2 - SEM micrographs of the different materials after 0, 7 and 10 grinding cycles. Scale bar is 10 um.

SSA measurements through N; adsorption

Specific Surface Area (SSA) measurements can be
performed in the liquid phase by dye adsorption
techniques e.g. with methylene blue or Congo red,
(Jonoobi et al. 2012) but the results have been shown to
be affected by the chemical composition of the fibres
(Spence et al. 2011). Moreover, the remaining ink and
more generally the chemical composition of the water
matrixes would have biased such spectrophotometric
measurements. Hence, SSA determinations through N,
adsorptions  (Brunauer—-Emmett-Teller theory) were

preferred in this work since they are considered to be
independent from the chemical composition.

However, the samples need to be completely dried prior
to the measurements and this is a major difficulty with
CNF which tend to aggregate through a process called
“hornification” (Young 1994; Eyholzer et al. 2010),
obviously leading to very low SSA. Sehaqui et al.
(2011b), showed that supercritical CO, drying leads to
much higher SSA in comparison to other drying
techniques, e.g. oven drying or freeze drying. Hence, this
procedure was used to prepare the samples.
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Fig 3 - Properties of each NFC materials from bleached softwood pulp (ECF), recycled newspaper (NP), and wheat straw (WS) after
0, 2, 4, 6, 8 and 10 grinding cycles. A) Energy consumed vs. grinding cycle. B) Specific surface area vs. consumed energy. C)
Density vs. consumed energy. D) Young’'s modulus vs. consumed energy. E) Tensile strength vs. consumed energy. F) Elongation at
break vs. consumed energy. For the mechanical properties, the mean values and the standard deviation of at least five
measurements are depicted. The table indicates for each material which averages can be considered different at 5% significance
level: if two values have at least one letter in common, they cannot be considered different at this significance level.

As shown in Fig 3B, the SSA of the three materials
significantly increased during the grinding process. A
direct comparison between the materials indicates that the
CNF from ECF presented a higher SSA than NP and WS,
after all grinding cycles. For all materials envisaged in
this study, a gradual increase of the SSA has been
observed with the grinding cycles, as expected. These
results are in agreement with a progressive fibrillation of
the materials upon grinding cycles previously observed
with SEM (Fig 1). After 8 grinding cycles, the increase in
SSA was slowed for the ECF which reached after
10 cycles a final SSA of 226 m?/g for 5.25 kWh/kg. Both
NP and WS even reached plateaus of respectively
132m?g (for 6.75kWh/kg) and 155m?g (for
5.75 kWh/kg). This latter trend could be associated with

the highest fibrillation level reachable for these two
materials with this grinding technique.

Young’s modulus

An increase of the Young’s modulus (E) has been
generally observed upon fibrillation for all materials
studied here, but different trends were observed between
the samples (Fig 3C).

CNF films prepared from ECF and WS nanofibers
displayed the same profile, with a rapid increase of E
during the first grinding cycles before reaching a plateau
above which any variation in E could no longer be
considered as significant. This plateau has been reached
at an earlier stage for the films prepared from ECF
compared with those from WS (i.e., 1.25 kWh/kg versus
4.5 kWh/Kg, respectively), which may indicate that the
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energy demand for a full fibre fibrillation through
grinding is lower for ECF than for WS fibers (Fig 3C). In
contrast, the recycled fibers of the NP material showed a
regular increase of E at a rate of ca. 400 MPa/(kWh/kg)
upon fibrillation. However, the TKM methods showed
that there is no statistically significant difference between
the E values obtained from the films made out of fibers
grinded 8 and 10 cycles. The films prepared with this
material reached a similar value than the ECF fibers
(8 GPa) but for 5.25 kWh/Kkg instead of 1.25 kWh/kg.

The Fig 3C allows a direct comparison between samples
concerning the energy consumption required per material
to reach a specific E value. Looking at an energy
consumption between 3.0 and 5.5 kWh/kg (i.e., between
4 and 10 grinding cycles, respectively, see graph), the
highest stiffness could be reached for the CNF films
prepared from ECF, with a E above 8 GPa, followed by
the CNF prepared with NP and finally the WS fibers.

Tensile strength

The tensile strengths (o) of the 3 different materials are
depicted in Fig 3D. In the case of the ECF fibres, the
tensile strength rapidly increased during the first grinding
cycles and, similarly to the other mechanical parameters,
did not vary significantly from its maximum
(between 90 and 100 MPa) after 1.25 kWh/kg despite
further energy inputs.

For the waste materials, the increase in the tensile
strength was almost linear at the beginning of the process
and both materials reached a plateau after 6 (WS) and
8 (NP) grinding cycles. The NP reached 75 MPa whereas
the WS peaked between 40 and 50 MPa for energy inputs
larger than 4 kWh/kg. Once again, this result seems to
indicate that the degree of crosslinking density between
cellulose nanofibers in the ECF films was higher than for
the other materials prepared from NP and WS.

Strain at break
The evolution of the strain at break (g) with the energy
consumption is presented in Fig 3E. For all materials
envisaged in this study, a higher ¢ has been measured for
films elaborated with fibrillated material as compared
with samples prepared with non-fibrillated fibres. A
direct comparison between samples led to the same trend
already observed for E and o, the highest value being
measured for films elaborated with ECF nanofibres.
Thus, the ECF fibre films exhibited the highest
elongation potential of the three materials. The films
made out of non-fibrillated fibres could be strained up to
3%. After the whole grinding treatment, they resisted to
stress leading to deformation of more than 5%. The
evolution between the starting material and the final
product was however not absolutely consistent since the
dispersion of the results was quite high for this material.
The elongation potential of the waste materials
remained quite low, increasing from 0.5% to 1.5% for the
WS, whereas the NP did not present significant changes
at all (ca. 2% strain during the whole grinding process).

Discussion
The high-energy demand for the CNF isolation processes
is frequently reported as an issue which limits its

application and commercialization (Siro, Plackett 2010;
Ankerfors 2012). Recent reports indicate that the energy
consumption during the isolation of CNF is in the range
of 5 to 30 kWh/kg, when using bleached cellulose pulp
without pre-treatment (Zimmermann et al. 2010; Klemm
et al. 2011; Spence et al. 2011; Wang et al. 2012). In this
work, energy consumptions between 5 and 7 kWh/kg for
high quality CNF were recorded (10 passes through the
grinder) and are therefore in a similar range. However,
those values can be reduced to ca. 1.5 kWh/kg when
using sludge (Jonoobi et al. 2012) or enzymatic pre-
treatments (Rezayati Charani et al. 2013). For TEMPO-
oxidized bleached-cellulose pulp, the energy required for
isolation is reported to be lower than 2 kwWh/kg (Isogai et
al. 2011).

The fibrillation of wheat straw is quite well documented
in the literature but to the best of our knowledge, the
literature concerning the fibrillation of newspaper
material is very scarce, with only one reported value
concerning the costs engaged for its fibrillation of 95$/kg
(Spence et al. 2011).

Concerning the Young’s modulus values, other authors
have reported the tensile properties of cellulose
nanofibres films. For instance, a value of 14 GPa for E
has been obtained by Henriksson et al. (2007) for CNF
films produced out of pre-enzymatically treated bleached
pulp. For TEMPO-oxidized CNF network, Sehaqui et al.,
(2011a) found a value of 13.5 GPa for E. Yano and
Nakamura (2004), reported values of E for CNF films
equal to ca. 16 GPa, but in this case the CNF was
produced via high pressure homogenisation.

Zimmerman et al. (2004) showed that CNF produced
via high pressure homogenisation can demand
energy amounts in the range of 8.5 - 14.8 kWh/kg. The
CNF films they obtained presented E values ranging from
5.5 to 6.0 GPa. In the present work, up to three times
lower energy inputs were required to produce films with
E values comprised between 6 and 9 GPa.

The tensile strength values of the films elaborated with
CNF from ECF are comparable with the literature data
for films prepared with nanofibers from bleached
softwood pulp (Syverud, Stenius 2009; Qing et al. 2013).
The lower values obtained for WS and NP samples,
compared to CNF from bleached softwood pulp (ECF),
can be attributed to the differences on the chemical
composition of the samples. Compared to WS, ECF
presents higher hemicellulose content and according to
Iwamoto et al. (2008), hemicelluloses contribute to the
adhesion between nanofibers in the dried state, leading to
an improvement in the strength and stiffness of the films
produced out of them.

Concerning the mechanical performance of CNF from
recycled newspaper, inorganic components (e.g. inks,
impurities) might have increased the stiffness (similar
performance compared with ECF after 10 fibrillation
cycles), but however decreased tensile strength of the
resulting films (Syverud, Stenius 2009; Sehaqui et al.
2011a; Sehaqui et al. 2013). The CNF produced from NP
exhibited the lowest SSA of the three materials with
132 m?g in comparison to the 227 m?g and 155 m?/g
obtained respectively with the CNF from ECF and WS.
This could have led to low tensile properties but the
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presence of impurities could have positively contributed
to the observed values of E (ca. 8 GPa) and o (ca.
80 MPa) close to those obtained with the ECF CNF
(respectively 8 GPa and 95 MPa).

The elongations at break values for ECF samples are in
the same range of the ones reported in the literature (e.g.
2.5 to 8.0% for cellulose nanofibers network produced
from untreated bleached cellulose pulp or pre-treated via
TEMPO oxidation or enzymes (Henriksson, Berglund
2007; Syverud, Stenius 2009; Sehaqui et al. 2011la;
Spence et al. 2011). However, it can be observed that
elongation at break for waste materials remained low
independently of fibrillation degree. Similar to the other
properties, it might be influenced by the presence of
inorganics components and lignin which rendered the
samples more brittle.

Conclusion

Here we prove that CNF films out of this material reach
similar mechanical properties than the ECF fibres, even if
its elongation at break was sensibly lower than for the
films made out the other materials, as well as its specific
surface area. The fact that this material appears already
fibrillated prior to the treatment surely participates to
these results and makes it an interesting low-cost starting
material for CNF production.

Finally, it could be observed that the films of the three
cellulosic materials tested in this study reached maxima
in their mechanical properties for low energy inputs.
Especially in the case of the ECF, only 1.25 kWh/kg were
needed to obtain high increases in tensile strength and
stiffness. For the other materials, the energy inputs for
reaching the best mechanical properties of the prepared
films were higher and around 4 to 5 kWh/kg.
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