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Abstract In the present work the evolution of

physical and mechanical properties of papers and

nanopapers is studied. Handsheets made of eucalyptus

fibres reinforced with 0, 25, 50, 75 and 100 wt% of

nanofibrillated cellulose (NFC) content were fabri-

cated using a Rapid Köthen-like equipment. The

obtained papers and nanopapers were physical- and

mechanically-characterized. The results showed a

significant increase in density and a reduction of

porosity in the samples during their transition from

paper to nanopaper; besides, nanopapers were more

transparent and smoother than normal papers. These

physical changes where more evident with increasing

amounts of NFC. Regarding mechanical properties,

nanopapers with a 100 wt% content of NFC improved

their strength and rigidity in 228 and 317 %, respec-

tively, in comparison with normal papers. The evolu-

tion of strength and rigidity from paper to nanopaper

was linear in relation to the amount of NFC, which

means that the ultimate tensile strength was mainly

dependant on nanofibril failure.

Keywords Nanofibrillated cellulose � Nanopaper �
Eucalyptus pulp � Mechanical properties � Physical

properties

Introduction

The interest for the production and application of

nanofibrillated cellulose (NFC) has kept increasing

during the last years (Siró and Plackett 2010). Their

low weight, abundance, biodegradability and renew-

ability, combined with high strength and rigidity make

them interesting materials for reinforcing different

polymeric matrices, including cellulose itself. In

addition to these properties, NFC presents the ability

to form networks of great strength within the matrix

through hydrogen-bonding (Yano and Nakahara 2004;

Henriksson et al. 2011). The resulting nanocomposites

present improved mechanical strength, barrier prop-

erties, transparency and biodegradability. The struc-

ture of normal paper can be described as a network of

cellulose fibres intertwined among them and held
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together by mechanical and hydrogen bonds. The

strength of paper is usually improved by the paper-

making industry through mechanical treatments that

tend to defibrillate the cellulose fibres, thus increasing

the specific surface area of the fibres and promoting

the formation of more hydrogen bonds (Carrasco et al.

1996). However, the use of NFC as paper additive to

enhance mechanical properties has only been slightly

explored. Its addition on papermaking slurries

improves strength, increases density and reduces

porosity of the ensuing paper (González et al. 2012).

Nevertheless, deterioration in draining capacity of

papermaking slurries has been argued as a drawback

for NFC-reinforced papers (Ahola et al. 2008; Taipale

et al. 2010; González et al. 2012, 2013a, b). This

phenomenon limits the amount of NFC that can be

added to the paper suspensions. The fabrication of

films or sheets made completely of NFC (nanopaper)

has also been explored. These films have been

produced either by casting of a diluted NFC water

suspension and evaporation of water at room temper-

ature or in an oven (Dufresne et al. 1997; Andresen

et al. 2007; Chinga-Carrasco 2013), or by vacuum

filtering of the same dilution (Henriksson et al. 2008;

Nogi et al. 2009; Sehaqui et al. 2010; Chun et al. 2011;

Österberg et al. 2013; Varanasi and Batchelor 2013).

In the case of filtering, a subsequent drying step

becomes necessary to eliminate the humidity of the

resulting NFC mat. The nanopapers obtained are

reported like transparent rigid films with high strength

and good barrier properties. These characteristics

make nanopapers excellent materials for applications

on electronic devices (Fang et al. 2013). In that work,

the authors reported the fabrication of highly trans-

parent, nanostructured paper with varying contents of

NFC. Such hybrid nanopapers were used as a physical

support to carbon nanotubes for the fabrication of

touchscreens. One of the main drawbacks found in the

different approaches for the fabrication of nanopapers

is the long time required to drain the water from the

suspension (Österberg et al. 2013). Draining times

reported vary from several hours to a few days if we

also consider the drying step. This disadvantage

becomes unfeasible from a commercial point of view.

However, several authors have recently reported an

important reduction of the overall time of fabrication

of a single nanopaper sheet (Österberg et al. 2013;

Varanasi and Batchelor 2013). Even though there is a

growing amount of published articles about the

fabrication, properties and possible uses of nanopa-

pers, the evolution of mechanical and physical prop-

erties from papers with 0 wt% of NFC until 100 wt%

of NFC has not been fully studied. In the present work

we study the evolution of physical and mechanical

properties from papers with 100 % content of

bleached eucalyptus fibres to 100 % tetramethylpiper-

idine-1-oxyl radical (TEMPO)–NFC from the same

bleached pulp, with intermediates of 25, 50 and 75 %

content of NFC.

Materials and methods

Materials

Commercial dried bleached Eucalyptus pulp from La

Montañanesa (Grupo Torraspapel, Zaragoza, Spain)

was used as starting material for the preparation of NFC.

For the oxidation process prior to defibrillation, 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO), sodium

bromide (NaBr), sodium chlorite (NaClO2) and sodium

hypochlorite solution (NaClO) were acquired from

Sigma-Aldrich and used as received.

Methods

Preparation of NFC

The TEMPO-mediated oxidation of cellulose fibres

was carried out at neutral pH conditions according to

methodology reported elsewhere (Besbes et al. 2011;

Alila et al. 2013). In a typical experiment, five grams

of cellulose fibres were suspended in 0.05 M sodium

phosphate buffer solution (500 mL, pH 7) that

contained TEMPO (25 mg) and NaBr (250 mg).

Magnetic stirring was applied to the suspension in

order to assure good dispersion of all the substances.

NaClO2 solution (1.13 g, 10 mM) and NaClO

(0.5 mL, of a 2 M solution, 1.0 mM) were added to

the suspension, stirring at 500 rpm and 60 �C during

2 h. Oxidation was then stopped by adding 100 mL of

ethanol. The oxidized fibres were next washed with

distilled water two times and then filtered. Finally, the

fibre suspension was cooled at room temperature

before proceeding to the mechanical treatment. The

fibrillation process was performed by passing a

1–2 wt% fibre-water suspension through a high-

pressure homogenizer (NS1001L PANDA 2K-GEA).

2600 Cellulose (2014) 21:2599–2609

123



The equipment operated at 600 bar pressure and

60–70 �C. The process was repeated several times

until a transparent, gel-like product was obtained.

Characterization of NFC

The degree of polymerization (DP) was determined

from intrinsic viscosity measurements, according to

UNE 57-039-92. The viscosimetric average molecular

weight was calculated from the next equation:

g ¼ K �Ma, where g is the intrinsic viscosity,

K = 2.28 and a = 0.76 (Henriksson et al. 2008).

The water retention value (WRV) was measured by

separating a determined volume of NFC gel into 2

equal portions, which were then centrifuged in a

Sigma Laborzentrifugen model 6K15 at 2,400 rpm for

30 min to eliminate non-bonded water. In order to

retain the NFC, a nitrocellulose membrane with a pore

of 0.65 lm diameter was used at the bottom of the

centrifuge bottles. Once centrifuged, only the NFC in

contact with the membrane was removed, weighted

and then dried at 105 ± 2 �C for 24 h in containers of

previously measured weight. This methodology is

based on TAPPI UM 256. The average WRV value

was then calculated according to the next equation:

WRV ð%Þ ¼ Ww� wd

Wd
� 100 ð1Þ

where Ww is the wet weight (g), Wd the dry weight

(g). The carboxyl content (CC) of TEMPO-oxidized

cellulose was calculated by conductometric titration.

A dried sample (50–100 mg) was suspended in 15 mL

of 0.01 M HCl solution; this exchanges Na cations

bound to the COOH group by H ions. After 10 min of

magnetic stirring, the suspensions were titrated with

0.01 M NaOH, adding 0.1 mL of NaOH to the

suspension and then recording the conductivity in

mS/cm; this process was repeated until observing a

reduction, stabilization and increasing in the conduc-

tivity. From the conductometric titration curve the

presence of strong and weak acid is observed. The CC

is given by the following equation:

CC ¼ 162 V2 � V1ð Þc w� 36ð Þ V2 � V1ð Þc½ ��1 ð2Þ

where V1 and V2 are the equivalent volumes of added

NaOH solution (L), c is the NaOH concentration

(mol/L), and w the weight of oven-dried sample (g).

The results indicate the average mmols of –COOH

groups per gram of NFC. The cationic demand of NFC

was also determined by means of a Mütek PCD 04

particle charge detector. First, 0.04 g of NFC (dried

weight) was diluted in 1 L distilled water and

dispersed with a pulp disintegrator during 10 min at

3,000 rpm. Afterwards, 10 mL were taken and mixed

with 25 mL of cationic polymer polydiallyldimethy-

lammonium chloride (polyDADMAC) for 5 min with

magnetic stirring. After this time the mixture was

centrifuged in a Sigma Laborzentrifugen model 6K 15

during 90 min at 4,000 rpm. Then, 10 mL of the

supernatant were taken to the Mütek equipment.

Anionic polymer (Pes-Na) was then added to the

sample drop by drop with a pipette until the equipment

reaches 0 mV. The volume of anionic polymer

consumed was used to calculate the cationic demand

through Eq. 3:

CD = � ðCPolyD � VPolyDÞðVPes�Na � CPes�NaÞ
Wsample

ð3Þ

where CD is the cationic demand (leq/L), CPolyD =

cationic polymer concentration (g/L), VPolyD = used

volume of cationic polymer (mL), CPes-Na = anionic

polymer concentration (g/L), VPes-Na = used volume

of anionic polymer (mL) and Wsample = sample’s dry

weight (g). The yield in NFC was also determined; a

NFC suspension with 0.2 % of solid content was

centrifuged at 4,500 rpm during 20 min in order to

isolate the nanofibrillated fraction (contained in the

supernatant) from the non-fibrillated and partially

fibrillated one retained in the sediment fraction which

is recovered, weighted and oven-dried at 90 �C until

constant weight. The yield of nanofibrillation is then

calculated from the next equation:

Yield% ¼ 1� weight of dried sediment

weight of diluted sample �%Sc

� �

� 100

ð4Þ

where %Sc represents the solid content of the diluted

gel sample.

Transmittance measurements were performed on

NFC suspensions with 0.1 % of solid content. The

sample was introduced in quartz cuvettes and the

transmittance measured with a UV–Vis Shimadzu

spectrophotometer UV-160A set in the range between

400 and 800 nm. Distilled water was used as reference.
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Fabrication of nanopaper

Slurries with 0, 25, 50, 75 and 100 wt% content of

NFC against eucalyptus fibres were prepared by

dispersing the required amount of NFC and fibres in

2 L of distilled water and dispersed in a pulp

disintegrator at 180,000 revolutions. The NFC slurry

was then vacuum-dewatered in a Rapid Köthen-like

sheet former equipment. The screen in the stock

container was provided with a 0.65 lm nitrocellulose

filter membrane to retain the NFC. The sheet former

operated at -0.4 bars of pressure. The slurry was left

to dewater until a mat of NFC gel was observed at the

bottom of the stock container. The thus obtained

nanopaper sheets were then put between two absorb-

ing sheets and vacuum dried during 15–20 min in a

Rapid–Köthen sheet formator (ISP mod. 786 FH)

according to ISO 5269-2. Finally, the handsheets were

conditioned in a weather chamber at 25 �C and 50 %

humidity for 24 h before mechanical testing.

Mechanical and physical characterization

of nanopapers

Nanopaper samples were mechanically tested in an

Instron universal testing machine provided with

2.5 kN load cell. Distance between clamps was set at

150 mm. Preload was 0.1 N and cross-head speed

15 mm/min. The testing specimens were cut down to

stripes of 20 mm length and 15 mm width. The results

obtained were the average of at least 5 tested samples.

Density was calculated from the basis weight, thick-

ness and dimensions of the handsheets. Porosity was

determined from the density of the biocomposite by

applying the next equation:

Porosity ð%Þ ¼ 100 � 1�
qsample

qcellulose

� �
ð5Þ

where qsample is the density of the biocomposites and

and qcellulose is the density of crystalline cellulose,

assumed to be 1.6 g/cm3 (Henriksson et al. 2011; Saito

et al. 2013). The roughness of the nanopaper samples

was studied through laser profilometry. Samples of

10 mm 9 10 mm were coated with a layer of gold for

LP analysis (Lehmann, Lehman Mess-Systeme AG,

Baden-Dättwil, Germany). Ten LP topography images

were acquired from the top side of each sample. The

lateral and z-resolution of the LP system was 1 lm and

10 nm, respectively. The size of the local areas was

1 mm 9 1 mm. The surfaces were horizontally lev-

elled. The surface images were bandpass filtered to

suppress the surface structures with wavelengths

larger than approximately 160 lm, applying a FFT

filter implemented in the ImageJ program. The

roughness described by the root-mean square (Sq)

was thus quantified at wavelengths of \160 lm

(Chinga-Carrasco et al. 2013).

Scanning electron microscopy (SEM)

The microscope was a Hitachi S-3000 variable

pressure SEM (Hitachi High-Technologies Corpora-

tion, Minatoku, Tokyo, Japan). SEM surface images

were acquired at 509 and 1,0009 magnifications, in

secondary electron imaging mode. The acceleration

voltage and working distance were 5 kV and 12 mm,

respectively.

Atomic force microscopy (AFM)

The AFM imaging was performed in a Multimode

AFM (with Nanoscope V controller), Digital Instru-

ments. All images were recorded in ScanAsyst mode

(peak force tapping mode), at room temperature in air.

The AFM tips of spring constant value *0.4 N/m was

purchased from Bruker AFM probes. The size of the

assessed areas was 2 lm 9 2 lm. AFM imaging was

performed only on the sample with 100 wt% content

of NFC.

Results and discussion

Characterization of NFC

The DP, WRV, cationic demand and CC of NFC were

characterized. The average DP was determined to be

423. The DP is directly related to the ultimate tensile

strength of nanopapers (Henriksson et al. 2008; Chun

et al. 2011); the relation between the DP of our NFC

and the tensile strength of produced nanopapers are in

accordance with the results reported by Henriksson

et al. (2008), though nanopapers in that study were

fabricated following a different methodology. The

WRV, which is a measure of the capacity of a test pad

of fibres to hold water, NFC presented an average of

17 g/g. This value is superior than those seen in larger
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fibres submitted to mechanical beating. Dang et al.

(2007) also found an increase in the WRV of fibres

after TEMPO-mediated oxidation of softwood

bleached Kraft pulp. Regarding cationic demand,

NFC presented a value of 859 leq g/g. Cellulose

fibres become negative when suspended in water due

to the ionisation of carboxylic groups and to the

absorption of some ions in the water (Mutjé et al.

2006). Fibrillation leads to a larger specific surface

area of fibres due to cell-wall delamination, which

increases the cationic demand. The content of car-

boxyl groups of NFC samples was 0.4 mmol/g. This

parameter is the main factor that determines the extent

of the nanofibrillation (Besbes et al. 2011) and the DP

(Isogai et al. 2011). The level of fibrillation of the NFC

was studied using UV–Vis transmittance and yield of

fibrillation. The first technique refers to the transmit-

tance of a NFC aqueous suspension measured by UV–

Vis spectrophotometer. The transmittance is wave-

length-dependant because light scatters more when the

wavelength approaches the diameter of the particles

(Saito et al. 2007). Highly fibrillated fibres produce

spectra where the transmittance is close to 100 %

(Saito et al. 2007; Besbes et al. 2011). Figure 1 shows

the spectrum of the NFC suspension used during the

present work; distilled water was used as a reference.

The carboxylic content and the intensity of the

mechanical treatment greatly influence the transmit-

tance of the NFC suspensions (Besbes et al. 2011).

Though higher content of COOH groups would have

produced more transparent NFC suspensions, the

resulting depolymerisation of cellulose is an undesir-

able consequence of high carboxylic content.

The yield of a NFC sample is considered as the

fraction in percentage of non-nanofibrillated and

partially fibrillated fibres. The fibrillated fraction is

separated from the non-fibrillated one by centrifuga-

tion. The individual nanofibrils are found in the

supernatant, whereas non-fibrillated and partially

fibrillated material remains in the precipitate at the

bottom of the bottle. Thus, the yield of our NFC was

90.13 %. This can be considered as a high yield,

though NFC with higher carboxylic content may

present yields closer to 100 %.

Physical and morphological properties

of nanopapers

The physical properties of all samples are summarized

in Table 1. In general, the transition from paper to

nanopaper produced thinner handsheets as the amount

of NFC was increased. Samples entirely made of NFC

were almost twice thinner and less bulky than those of

neat eucalyptus fibres. The addition of NFC also gave

denser papers, and 100 wt% NFC samples presented

density values similar to those reported by other

authors (Henriksson et al. 2008; Österberg et al. 2013).

Papers also became more transparent (less opaque)

as the NFC content increased. This reduction in

opacity is explained by the nanometric nature of NFC:

since nanofibres have diameters below light’s wave-

length, an increase in transparency was expected.

Samples with 100 wt% of NFC were not fully

transparent due to the presence of fibres with micro-

metric size which were not completely fibrillated.

Porosity is a parameter that describes the empty spaces

(filled with air) between the fibres; nanofibrils tend to

occupy these air-filled spaces among the larger fibres.

Thus, paper becomes more compact, with a more

continuous and homogenous structure. The reduction

in porosity is an important feature because of its close

relationship with mechanical properties: less-porous

papers present higher strength due to an increase of

hydrogen bonds, promoted by the high specific surface

area of NFC. The porosity value of 20 % for 100 wt%

NFC nanopapers is similar to that reported by Sehaqui

et al. (2010) for nanopapers prepared also with a Rapid

Köthen equipment. Dense nanopapers with low-

porosity are interesting for applications where barrier

properties are needed (Österberg et al. 2013).

Laser profilometry allowed understanding the sur-

face characteristics of the papers and how they are

Fig. 1 UV–Vis transmittance spectra of the NFC suspension

and water as a reference
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affected by the NFC presence. Low values indicate

smoother surfaces. Table 1 also presents the rough-

ness determined for both sides of the papers. The

bottom side column corresponds to the side in contact

with the nitrocellulose membrane. The evolution of

this parameter from papers made of large fibres to

smoother nanopapers is significant. Paper made of

large fibres presented similar roughness at both sides

of the sheet; the difference in roughness between the

two sides becomes wider as the amount of NFC

increases. The lower roughness for bottom sides can

be explained as a consequence of NFC being pressed

against the flat membrane during the dewatering

process.

In Fig. 2 SEM microphotographs of nanopapers

with 50, 75 and 100 wt% of NFC at different

magnifications are presented. This set of pictures

shows how the main morphological features of

nanopapers change with amount of NFC added.

Picture C corresponds to handsheets with a 50 wt%

of NFC content; the larger fibres are very conspicuous,

with a random-in-the-plane distribution; large spaces

appear between fibres, and these spaces are occupied

by the NFC, though some NFC are also expected to be

attached to the surface of larger fibres. Picture B shows

a more homogeneous, smoother surface, which is

important in printing papers (Sehaqui et al. 2011).

Dense regions of NFC occupy the spaces between

large fibres. Picture A belongs to 100 wt% NFC

nanopaper; in this sample, the surface is very homog-

enous and smooth, with only a few larger fibres

distributed within the nanopaper. The inset in this

picture has an AFM image that gives some important

morphological characteristics of nanopapers.

The nanometric nature of the NFC used in the

present work is clear in the AFM picture; the width of

the NFC was around 20–50 nm, which indicates that

the NFC gel contains aggregates rather than single

nanofibrils, since individual nanofibrils present widths

in the range of 5 nm; the length of the NFC could not

be determined through AFM imaging due to the dense

physical entanglement of NFC where nanofibril ends

were not visible. Another important feature of nano-

papers is their porous structure. Pores are of irregular

shape, not uniformly distributed, with diameters of up

to 50 nm. A similar morphology has been reported by

several authors (Henriksson et al. 2008; Chinga-

Carrasco et al. 2013; Nogi et al. 2009; Chun et al.

2011).

Mechanical properties of nanopapers

Table 2 illustrates the evolution of mechanical prop-

erties of the samples. Tensile strength was doubled up

after adding only 25 % of NFC to the slurry; the

improvement continued almost linearly with subse-

quent addition of NFC. Nanopapers made out of

100 wt% of NFC presented the best tensile strength

results.

The stress–strain curves of the nanopapers are

shown in Fig. 3. A fairly linear elastic behaviour was

observed at early deformations, with no structural

damage. The next important feature is a yielding knee

that corresponds to debonding of eucalyptus fibres

(Sehaqui et al. 2011). Samples with 25 and 50 wt% of

NFC have very similar curves. As the amount of NFC

increases, this yielding knee was observed at higher

stress. A linear plastic region comes after the yielding

knee; stress and strain at break become higher in

relation to the amount of NFC, except for the sample

with 75 wt% of NFC, where the strain at break is

somehow lower than the other samples. The fibre–

fibre stress transmission in the plastic region is clearly

enhanced by better bonding ability a formation of a

three-dimension network (Chun et al. 2011) and

higher intrinsic strength of NFC in comparison to

Table 1 Evolution of physical properties of papers and nanopapers with different NFC content

NFC content Thickness (lm) Density (kg/m3) Bulk (m3/kg) Opacity (%) Porosity (%) Roughness (lm)

Top side Bottom side

0 % NFC 101 ± 1.20 640 ± 1.2 1,562 84.50 ± 0.01 57.30 4.66 ± 0.14 4.62 ± 0.26

25 % NFC 88 ± 0.23 730 ± 1.8 1,569 51.02 ± 0.02 51.30 4.13 ± 0.20 3.96 ± 0.13

50 % NFC 75 ± 0.15 810 ± 0.9 1,233 45.66 ± 0.01 46.00 3.05 ± 0.13 2.57 ± 0.12

75 % NFC 62 ± 0.18 950 ± 1.0 1,051 40.20 ± 0.01 36.66 2.23 ± 0.16 2.17 ± 0.44

100 % NFC 52 ± 0.01 1,200 ± 1.1 832 33.20 ± 0.01 20.00 1.10 ± 0.14 0.85 ± 0.11
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larger fibres. Strength at break in the plastic region of

cellulose fibres with polymerization degrees under

2,500 is a consequence of slippage of overextended

cellulose chains, instead of breaking of covalent bonds

expected at higher DP (Henriksson et al. 2008;

Sehaqui et al. 2011).

The second column of Table 2 shows the evolution

of Young’s modulus; papers with a 25, 50 and 75 wt%

Fig. 2 SEM microphotography of the surface of nanopapers with 100, 75 and 50 wt% of NFC content (a–c, respectively). The inset in

a shows an AFM image from the same sample exemplifying the nanofibrillated structure

Cellulose (2014) 21:2599–2609 2605
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content of NFC increased rigidity up to 142, 188 and

282 %, respectively. Nanopapers with 100 wt% con-

tent of NFC presented the highest Young’s modulus. It

is known that Young’s modulus of a fibre network

depends on fibre orientation, number of bonds

between fibres and intrinsic Young’s modulus of a

single fibre (Kulachenko et al. 2012). In nanopapers,

NFC presents a random-in-the-plane orientation, as

can be seen in SEM microphotography (Fig. 2), no

matter the amount of NFC added. This fact greatly

influences the ultimate tensile strength and Young’s

modulus of the nanopaper. The Young’s modulus of a

single, highly crystalline nanofibril has been reported

to be between 30 and 250 GPa, depending on the

author (Yano and Nakahara 2004; Zimmerman et al.

2004; Iwamoto et al. 2009; Saito et al. 2013; Alcala

et al. 2013); this variation of results may be a

consequence of the different sources of cellulose,

methods of extraction and techniques applied to

determine the strength and stiffness of the fibre.

However, this high Young’s modulus of a single

nanofibril seems not to be reflected in nanopapers;

though there is a clear, fairly linear increase in tensile

strength and modulus in relation to the amount of NFC

(Fig. 4), nanopapers of 100 wt% content of NFC have

lower mechanical properties than expected if we

consider the high intrinsic strength of single nanofi-

brils. In the case of nanopapers with a content equal or

below to 50 wt% of NFC, the low Young’s modulus

could be the result of the presence of larger fibres

inside the nanopaper; these larger fibres are less rigid

than nanofibrils and develop tensile fracturing before

NFC does when the nanopaper undergoes tensile

stress; besides, the amount of hydrogen bonds between

larger fibres is lower. At higher NFC content,

however, the increase in mechanical properties is still

far from that of a single nanofibril. In the present work,

the Young’s modulus of 11.9 GPa found in our

nanopapers is very close to what has been reported by

other authors (Henriksson et al. 2008; Chun et al.

2011; Österberg et al. 2013; Alcala et al. 2013).

Several theories have been developed to explain

this fact. Saito et al. (2013) proposed that nanofibrils

undergo structural damages in the fabrication of NFC,

for example during the TEMPO-mediated oxidation,

where the formation of –COOH groups on the

nanofibrils’ surface possibly reduces the intrinsic

Table 2 Mechanical

properties of nanopapers

with different NFC content

NFC content r (MPa) E (GPa) Elastic limit (MPa) e (%)

0 % NFC 41.20 ± 2.32 2.85 ± 0.81 15.12 ± 1.01 0.65 ± 0.02

25 % NFC 82.98 ± 2.95 6.91 ± 0.25 23.47 ± 0.38 3.23 ± 0.21

50 % NFC 91.82 ± 4.45 8.20 ± 0.69 30.01 ± 0.61 3.24 ± 0.46

75 % NFC 113.48 ± 8.01 10.90 ± 0.34 36.51 ± 1.39 1.90 ± 0.14

100 % NFC 135.21 ± 18.28 11.90 ± 0.78 46.35 ± 1.32 3.59 ± 0.71
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Fig. 3 Stress–strain curves of nanopapers with different NFC

content
Fig. 4 Evolution of Young’s modulus and tensile strength in

relation to the NFC content
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strength of the nanofibrils. On the other hand,

Kulachenko et al. (2012) explained that low Young’s

modulus of nanopapers can be a consequence of the

variation of the intrinsic Young’s modulus along the

fibres and the three-dimensionality of the bonds within

the nanopaper’s structure.

Regarding the elastic limit, this parameter also

increased along with the addition of NFC. On the other

hand, the strain to failure presented first an increase

until 50 wt% of NFC content. Then, a reduction was

observed in nanopapers with 75 wt% of NFC and then

the property increases again with a 100 wt% of NFC.

The improvement of the overall handsheet’s strength

is a result of a high specific surface area of NFC, which

promotes the formation of hydrogen bonding inside

the paper’s inner structure. Handsheets with NFC

content below 50 % can be considered as nanocom-

posites where larger fibres are the matrix and NFC the

filler. In this case, NFC forms a web-like network

embedded among the larger fibres, filling the empty

spaces within in the matrix. A part of the NFC is also

supposed to attach to the rough surface of larger fibres,

which accounts for the smoother surface of papers

with high contents of NFC. In handsheets with a NFC

content superior to 50 %, nanofibrils become the

matrix and larger fibres can be considered as the filler.

In this case, the improvement in mechanical properties

was not affected by the presence of larger fibres with

inferior mechanical properties due to the good inter-

face between the NFC matrix and the larger fibres.

It is important to remark the impact that dispersion

and drying have on the overall properties of nanopa-

pers. A previous study from our research group

denoted the importance of good dispersion in the final

mechanical properties of NFC-reinforced paper (Al-

cala et al. 2013). In that study the improvement of

paper’s strength was achieved by only increasing the

intensity of the dispersion step. The direct conclusion

of this was that, by keeping the NFC-fibre mixture

more time in the pulp disintegrator, the dispersion of

the slurry was slightly improved. This produced a

better contact between NFC and micro-sized fibres,

hence boosting the number of hydrogen bonds formed

during the drying step that ultimately are responsible

for many of the final properties of nanopaper. In the

aforementioned study, papers fabricated had a max-

imum NFC content of 12 wt%. It is possible that the

same behaviour would be observed in paper sheets

with higher contents of NFC like in the present work.

The SEM microphotographs from Fig. 2 show that, in

general, a good dispersion of NFC was achieved.

Regarding the drying step, the process has a great

influence on the ultimate strength of nanopapers.

Several methodologies are reported in the literature

with varied results, from casting and drying at room

temperature to vacuum drying. The Rapid–Köthen

methodology used in the present study has been

recognized as the fastest and easiest technique for

fabrication of nanopaper sheets. Sehaqui et al. (2010),

experimented on several drying methods and noted the

effect on the ultimate tensile strength and Young’s

modulus, proving that the Rapid–Köthen equipment

provided nanopaper sheets with better mechanical

properties in comparison to suspension casting, hot

drying and hot pressing. The main advantage of using

the Rapid–Köthen is its fast water removal. Besides,

since the nanopapers are constraint between the two

clamps, shrinkage and wrinkling of the sheet are

prevented. Moreover, the technique favours a homog-

enous in-plane orientation of the nanofibres which

accounts also for the high mechanical properties and

high density of nanopapers.

Finally, the high degree of fibrillation in NFC’s has

also an important effect on the characteristics of

nanopapers. NFC with high degree of fibrillation,

indirectly quantified here by transmittance and yield of

fibrillation, promotes good dispersion of nanofibres

and therefore a uniform distribution of the defects and

failure starters (i.e. pores) within the nanopaper

structure.

Conclusions

The results presented in this work show that it is

possible to prepare a wide variety of papers with

different NFC content. These papers or nanopapers

could be prepared in a Rapid Köthen-like equipment.

Nanopapers become denser, bulkier and smoother as

more NFC is added and nanopapers made only of NFC

presented porosity values similar to those reported in

the literature; opacity was greatly reduced in accor-

dance to the amount of NFC. The SEM microphotog-

raphy showed that the structure of papers and

nanopapers becomes smoother and with a more

homogenous appearance as the amount of NFC

increases. AFM imaging from 100 wt% of NFC

showed nanofibril aggregates with diameters in the
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range of 20–50 nm that form a porous structure of

entangled NFC.

The evolution of mechanical properties is also in

relation to the amount of NFC in the nanopaper. Both

tensile strength and Young’s modulus increased

linearly after more NFC was added to the paper.

Nanopapers of 100 wt% of NFC presented the best

strength results. NFC also induced an improvement in

the elastic limit. The strain at failure had an irregular

behaviour, showing first a steady increase in samples

with up to 50 wt% of NFC, followed by a reduction in

nanopapers with 75 wt% of NFC, whereas samples

fully made of NFC presented the highest value for

strain at break.

The superior properties of nanopapers in compar-

ison to normal papers is a result of the high adhesion

between nanofibrils thanks to hydrogen-bonding, their

high intrinsic mechanical properties and their ability to

form homogenous, compact structures where morpho-

logical defects are more regularly distributed in

contrast to larger fibres. Moreover, the dependence

of paper strength on the amount of NFC indicates that

the ultimate tensile strength relies on nanofibril

breakage.
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Alcala M, González I, Boufi S, Vilaseca F, Mutjé P (2013) All-
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