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Abstract Nanocellulose is an interesting building

block for functional materials and has gained consid-

erable interest due to its mechanical robustness, large

surface area and biodegradability. It can be formed

into various structures such as solids, films and gels

such as hydrogels and aerogels and combined with

polymers or other materials to form composites.

Mechanical, optical and barrier properties of nano-

fibrillated cellulose (NFC) and microfibrillated cellu-

lose (MFC) films were studied in order to understand

their potential for packaging and functional printing

applications. Impact of raw material choice and

nanocellulose production process on these properties

was evaluated. MFC and NFC were produced follow-

ing two different routes. NFC was produced using a

chemical pretreatment followed by a high pressure

homogenization, whereas MFC was produced using a

mechanical treatment only. TEMPO-mediated oxida-

tion followed by one step of high pressure (2,000 bar)

homogenization seems to produce a similar type of

NFC from both hardwood and softwood. NFC films

showed superior mechanical and optical properties

compared with MFC films; however, MFC films

demonstrated better barrier properties against oxygen

and water vapor. Both the MFC and NFC films were

excellent barriers against mineral oil used in ordinary

printing inks and dichlorobenzene, a common solvent

used in functional printing inks. Barrier properties

against vegetable oil were also found to be exception-

ally good for both the NFC and MFC films.
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Introduction

Nanocellulose has recently gained considerable inter-

est for its unique properties. For example, it is an
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interesting building block for functional materials due

to its mechanical robustness, large surface area and

biodegradability. Researchers have given different

names to nanocellulose either depending on the route

utilized to produce it from native cellulose fibers or

simply based on degree of fibrillation. A formal

naming convention for this material is still in devel-

opment. The terms microfibrillated cellulose (MFC)

and nanofibrillated cellulose (NFC) are used to

distinguish between the two different fibrillation

techniques used in this study. These forms of nano-

cellulose are produced by mechanical methods and are

quite different from the chemically produced material

often called nanocrystalline cellulose (NCC). Nano-

cellulose can be formed into structurally different

materials such as solids, films, gels (aerogel) or foams

depending on the target application. Films made of

nanocellulose can find applications in various areas

such as barriers for packaging, substrates for printed

electronics and sensor applications. Mechanical, opti-

cal and barrier properties play a major role for these

films to be suitable for such applications. Therefore, it

is essential to study these properties in detail, which

further opens the gateway to any improvements

needed in raw materials or production processes.

Mechanical properties of films made of nanocellu-

lose have been investigated recently by numerous

researchers with the focus on the impact of nanocel-

lulose as reinforcement material in composites (Kuri-

hara and Isogai 2014; Qing et al. 2012; Hansen et al.

2012; Lee et al. 2012; Aulin et al. 2012). Compre-

hensive literature reviews covering earlier work on the

same have come up recently (Paunonen 2013; Eich-

horn et al. 2009; Moon et al. 2011; Siro and Plackett

2010; Klemm et al. 2011). Studies focusing on

mechanical properties of neat nanocellulose films are

few. MFC and NFC films generally have excellent

strength properties, which are affected by various

factors that include, but are not limited to, cellulose

raw material and its composition, production process

for nanocellulose, film preparation technique and

drying conditions. In one of the early works (Tanig-

uchi and Okamura 1998), neat films made from MFC

produced by super masscolloider grinding method

were reported to have superior tensile strength com-

pared to commercial print grade papers. Another early

work reported a strong influence of moisture and

pectin content on mechanical behavior of films cast

from sugar beet cellulose microfibrils (Dufresne et al.

1997). Mechanical properties of nanocellulose films

are also reported to be influenced by the pulp type

(softwood or hardwood) (Fukuzumi et al. 2009; Stelte

and Sanadi 2009; Syverud et al. 2011; Rodionova et al.

2012). Hemicellulose content (Iwamoto et al. 2008;

Plackett et al. 2010) and lignin content (Spence et al.

2010a) of wood pulp also affect the fibrillation process

and mechanical properties of nanocellulose films.

Various chemical pretreatments and mechanical pro-

cessing lead to different purification levels and

disintegration states of nanocellulose, which contrib-

ute to mechanical properties of films prepared from

them (Dufresne et al. 1997; Spence et al. 2011b; Siro

et al. 2011; Fukuzumi et al. 2009; Qing et al. 2013).

These properties can also be altered using plasticizers

(Hansen et al. 2012). Syverud and Stenius (2009)

recently compared the strength properties of neat MFC

films prepared by filtration and dynamic sheet former,

and found the former to create films with higher

density and elastic modulus but comparable tensile

strength. Sehaqui et al. (2010) developed a new

method for a fast preparation of 200 mm diameter

MFC films using a semiautomatic sheet former

(Rapid-Kothen). These MFC films demonstrated bet-

ter mechanical properties than those prepared using

different techniques such as solvent casting, filtration

combined with oven drying and filtration combined

with hot pressing. Physical and mechanical properties

of nanocellulose films depend also on drying condi-

tions as material distortions occur during drying due to

the development of moisture gradients within the fiber

network (Baez et al. 2014).

Nanocellulose fibers have much smaller diameters

compared to the wavelength of visible light, which

allows them either to suppress light scattering due to

dense packing (Nogi et al. 2009) or cause it in the

forward direction (Hu et al. 2013) resulting in

transparent films unlike conventional paper. High

transparency of nanocellulose films make them an

interesting choice for various functional applications

and therefore light transmission through these films

has been an area of interest in some recent studies (Zhu

et al. 2013; Qing et al. 2013; Fang et al. 2014; Kurihara

and Isogai 2014). Optical properties are affected by

surface roughness or the presence of fiber aggregates

(Nogi et al. 2009; Aulin et al. 2012). Additional

homogenization steps increase the optical transpar-

ency of MFC films by reducing the number of fiber

aggregates (Siro et al. 2011).
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Barrier properties of polymers, in our case cellulose,

are largely determined by the crystallinity and the

network structure formed by fibers in a dry film as it is

difficult for other molecules to penetrate the crystalline

parts or the very dense network (Lagaron et al. 2004;

Syverud and Stenius 2009; Aulin et al. 2010). Lavoine

et al. (2012) present a comprehensive review of studies

which have investigated the barrier properties of MFC

films. MFC and NFC films and coatings have been

reported to have good barrier properties against oxygen

(Chinga-Carrasco and Syverud 2012; Minelli et al. 2010;

Li et al. 2013; Österberg et al. 2013); however, they have

a poor water vapor barrier due to the hydrophilic nature of

the cellulose molecule. The water vapor barrier function

of these films is affected by various parameters. The

impact of type and chemical composition of wood

sources on the Water Vapor Transfer Rate (WVTR) has

been studied in detail by Spence et al. (2010b). They

found the WVTR to decrease with refining pretreatment

and homogenization; however, samples containing more

lignin showed a higher WVTR. Use of glycerol as

plasticizer seems to increase the water uptake by MFC

films (Minelli et al. 2010). Post treatments such as

acetylation and solvent exchange also improve the water

vapor barrier of MFC films (Rodionova et al. 2012). The

coating of MFC films with cooked starch, beeswax and

paraffin reduces the WVTR values significantly (Spence

et al. 2011b). Gas phase esterification of MFC films using

various combinations of trifluoroacetic acid anhydride,

acetic acid and acetic anhydride imparts hydrophobicity

and hence, an improved barrier against water vapor

(Rodionova et al. 2013). Hydrophobization of MFC films

has also been achieved by treatment with alkylketenedi-

mer (Fukuzumi et al. 2009). Crystalline nanocellulose

films have been reported to have the same water vapor

barrier as MFC films (Belbekhouche et al. 2011). In many

food packaging applications, a barrier to oxygen is of

high importance. Syverud and Stenius (2009) reported

21–30 lm thick MFC films having oxygen transmittance

rate (OTR) values of 17:0–17:8 m Lm�2 day�1 satisfy-

ing the OTR requirement (\10–20m Lm�2 day�1) for

modified atmosphere packaging. Aulin et al. (2010)

improved the oxygen barrier for MFC through use of

carboxymethylation. Plasticizing and swelling of the

nanofibers by water molecules can cause a dramatic

drop in oxygen barrier properties at high relative

humidity (Minelli et al. 2010; Aulin et al. 2010). The

degree of homogenization does not seem to have a

significant impact on oxygen permeability (Siro et al.

2011); however, acetylated MFC films show a higher

OTR value (Syverud and Stenius 2009). Even a very

thin (0.4–1 lm) coating layer of MFC on PLA or PET

films has been reported to decrease OTR significantly

(Fukuzumi et al. 2009; Fujisawa et al. 2011; Rodionova

et al. 2013). MFC coated papers have been reported to

have superior oil barrier properties due to reduced

surface porosity induced by fibers (Aulin et al. 2010).

Österberg et al. (2013) recently reported strong NFC

films with good grease barrier and resistance to solvents

such as methanol, toluene and dimethylacetamide.

Studies on the evaluation of various physical

properties of neat MFC and NFC films are not only

few but they also seem to provide differing opinions on

the impact of the raw material and nanocellulose

production route on these properties. Therefore, the

need for re-evaluation and confirmation of these results

arises. Investigation of barrier properties of these films

against liquids has also been scarce, especially against

oils and solvents used in functional printing inks. For

example, the barrier against dichlorobenzene and

mineral oil is important because the former is a

commonly used solvent in various functional inks for

printed electronics applications and the latter is mainly

used in ordinary offset printing inks. The study of water

vapor and oxygen transport through films is important

in order to confirm their suitability for food packaging

applications. Therefore, the objectives of this work

were (1) to evaluate the impact of raw material and

nanocellulose production process on mechanical and

optical properties of nanocellulose films, and (2) to

understand the barrier properties of the films not only

against oxygen and water vapor, but also against oils

and solvents used in functional printing inks.

Materials and methods

MFC and NFC production

MFC and NFC were produced following two different

routes. NFC was produced by chemical pretreatment

and high pressure homogenization at South China

University of Technology, China. Hardwood bleached

eucalyptus Kraft pulp (Votorantim Celulose e Papel,

Brazil) and softwood conifer bleached Kraft pulp

(Celgar, Canada) were used to produce four types of

Cellulose (2014) 21:3443–3456 3445
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NFCs. 2 g (dry weight) wood pulp was dispersed at

1 % (w/v) concentration into 200 ml distilled water, in

which 2,2,6,6-tetramethylpiperidine-1-oxyl radical

(TEMPO) and sodium bromide (NaBr) were dissolved

in advance (0.1 and 1 mmol/g based on oven-dry pulp,

respectively). This suspension was stirred at 700 rpm

using a Turrax mixer (IKA, RW20 digital) for 5 min to

disintegrate the agglomerated wood fibers. A 10 wt%

sodium hypochlorite (NaClO) solution was then

titrated into the above suspension (12 mmol/g dry

weight pulp) keeping the pH of the system at 10–11.

After 3 h of TEMPO-oxidation reaction, the wood

pulp was rinsed three times with distilled water. The

obtained TEMPO-treated wood pulp was diluted to 0.5

wt% and was then passed one or two times through a

homogenizer (D8 nozzle, Nano DeBEE, BEE Inter-

national) at a pressure of 2,000 bar. Softwood and

hardwood NFCs obtained after a single pass or double

pass homogenization were named SW 1H, SW 2H and

HW 1H, HW 2H respectively. MFC was produced

using mechanical treatment only at the Process

Development Center of the University of Maine. A

bleached softwood Kraft pulp was dispersed with a

beater at 2.5 % solids and sent to a refiner equipped

with specialized plates. The pulp was circulated

through the refiner until the fines content reached

over 90 % as measured with a standard fiber size

analyzer (Morfi, Techpap). The refiner was operated

with low clearance and careful gap control. This

material is called refiner made material and designated

as MFC Refined (MFC R). MFC R was further fed to a

lab scale ultra-fine friction grinder (Supermasscollo-

ider, Masuko) also at 2.5 % solids. The gap was set to

�19 on the scale where zero is set when the stones are

moving, and a ‘‘rubbing’’ sound is heard for first time

as the stones are brought progressively into contact.

Around 12 L of the suspension was circulated through

the grinder for 2 h. From past experience, this amount

of time is enough to allow the rheology of the suspension

to reach a new steady state: the yield stress of the

material decreases with the grinding. The material thus

obtained is called MFC Ground (MFC G).

Preparation of films

NFC and MFC films were prepared by casting and

evaporation under controlled air conditions of 23 �C
and 50 % relative humidity (RH). The fiber suspen-

sion was stirred at 700 rpm for 30 min using a

magnetic stirrer (RCT Basic from IKA) before casting

into polystyrene petri dishes (dia. 8.5 cm). The petri

dishes were placed on a leveled surface to ensure a

uniform thickness of dry films. The amount of

suspension used varied from 30 to 36 ml for different

NFCs and MFCs to achieve the same dry film

thickness of approximately 25 lm. Films were ready

in 5 days and afterward they were kept under the same

conditions until further testing. NFC films in the

present work were very brittle and therefore some

films were also prepared with glycerol as plasticizer

and its impact on the mechanical properties was

studied. Glycerol, SigmaUltra, 99 % (GC) with a

molecular weight (Mw = 92.09) was supplied by

Sigma-Aldrich. The amounts of glycerol added were

5, 10 and 20 % by weight of dry MFC/NFC.

Density and moisture content measurements

Basis weight of the film was determined by weighing

fixed size samples (2.5 � 2.5 cm2) from different

areas of the film. Thickness of the films was

determined using a Lorentzen and Wettre Micrometer.

Three parallel measurements were carried out both for

thickness and basis weight and the average is reported.

Apparent density was calculated using the basis

weight and thickness data. Moisture content was

determined by measuring the change in weight of a

film after oven drying at 80 �C for 48 h. Three parallel

Fig. 1 Dog-bone shaped specimen from MFC film for mechanical tests
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measurements were carried out for moisture content

determination.

Measurement of mechanical properties

Mechanical properties of the films were characterized

using an Instron 8872 equipped with a 10 kN load cell.

For testing, dog-bone shaped specimens of 30 mm

gauge length and 4 mm width were cut from each film

as shown in Fig. 1. Stress–strain data were produced

using a cross-head speed of 1 mm/min under con-

trolled air conditions of 23 �C and 50 % RH. Results

with standard deviations are reported from five

parallel measurements.

Transmittance measurements

The light transmittance of films was measured by a

Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer

in the wavelength range of 200–900 nm. Three

parallel measurements were carried out for each

NFC and MFC film at ambient conditions.

Measurement of barrier properties

Liquid (water, mineral oil, vegetable oil and dichlo-

robenzene) and gas (oxygen and water vapor) barrier

properties of films were studied under controlled

conditions of 50 % RH and 23 �C. The prism method

illustrated in Fig. 2 developed by Bollström et al.

(2012) was used for measurement of barrier properties

against liquids. The method monitors the penetration

of liquid through film by utilizing the change in

refractive index of the backside of the sample as air is

replaced by the penetrating liquid. ASTM Standard

(E96/E96M-05) method was followed for water vapor

transmission rate (WVTR) measurements. Anhydrous

calcium chloride (CaCl2) salt was used in the cup,

which was then sealed with NFC/MFC film using wax.

The change in weight of the cup over course of 24 h

was used to calculate WVTR and the results are

reported as the mean value from three parallel

measurements. Oxygen barrier measurements were

performed at Tampere University of Technology,

Finland, using standard oxygen transmission rate

testing system (MOCON OX-TRAN 2/21 MH) fol-

lowing the ASTM D3985-05 test standard. The mean

value is reported from two measurements made for

each film type.

Determination of carboxylate content

The carboxylate content of NFC and MFC suspensions

was determined using conductometric titration

described by Araki et al. (2001); 50 mg of NFC/

MFC was diluted to 0.1 % (w/v) and 2.0 ml of 0.1 M

HCl was added to exchange the sodium ions bound to

the carboxyl groups by protons. Then, 1.0 ml of

1.0 mM NaCl was added to promote the dynamic

distribution equilibrium of the ions and the slurry was

sufficiently stirred for 90 min before titration. When a

stable suspension was obtained, the mixture was

titrated with 0.1 M NaOH at the rate of 0.1 ml/min

and the carboxylate content of the sample was

calculated from the conductivity and pH curves, from

where the strong acid corresponding to the excess

added HCl and weak acid assumed to be the carboxyl

group can be observed. Carboxylate content for NFCs

(1.44–1.49 mmol/g) was found almost 5 times higher

than that for MFCs (0.31–0.34 mmol/g) due to the

chemical pretreatment used during NFC production.

SEM and TEM

Scanning electron microscope Leo (Zeiss) 1530

Gemini was used to obtain images for the MFC

samples. TEM images of MFCs and NFCs were

acquired by JEM-1400 Plus electron microscope.

Fig. 2 Prism method setup for liquid barrier measurements

(Bollström et al. 2012)
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Results and discussion

Characterization of MFC and NFC

One obtains different morphologies of NFC or MFC

due to different chemical treatment, shear mechanisms

and intensity used in their production. Figure 3 shows

SEM images of refined and ground MFC fibers. NFC

fibers could not be seen in the SEM images even after

several attempts. This could have been caused either

by a low resolution of the equipment or by heat

damage to NFC fibers during sputtering. TEM images

of the MFCs are shown in Fig. 4. Grinding of MFC

leads to slightly more fibrillated fibers. The fiber

diameter of MFC G in the TEM images varies

approximately between 15 and 500 nm while the

same for MFC R is approximately 20–500 nm. One

can also observe that there are slightly more small

sized fibers in MFC G than MFC R.

TEM images of the different types of NFCs in

Figs. 5 and 6 show that there is little difference

between the fiber morphologies. The fiber diameters of

all the NFC samples appear to vary between 4 and

10 nm. The length of individual fibers is difficult to

determine due to fibers crossing over each other;

however, the straight crystalline parts appear to be

around 200 nm. The softwood NFC fibers are slightly

longer than hardwood NFC fibers. The 2nd step

homogenization of NFC does not influence the fiber

morphology much, only a slight reduction in length of

fibers can be seen.

The morphological difference between MFC and

NFC fibers is clear. NFC fibers are much smaller in

size and appear straight, rod-like, while MFC fibers

Fig. 3 SEM images of MFC R (left) and MFC G (right)

Fig. 4 TEM images of MFC R (left) and MFC G (right)
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are larger and appear more flexible and irregular in

shape. Fibrillated portions visible on the MFC fibers

almost reach the diameter of NFC fibers. Aspect ratio

of MFC fibers is higher than that of NFC fibers. These

basic differences in the morphology and size play an

important role in the packing of fibers during film

formation, and consequently contribute to the final

film properties. TEMPO oxidation pretreatment is

known to generate very fine scale nanocellulose.

Therefore, the key difference in the methods to

produce these fibers is from chemical pretreatment,

not from the method to impose mechanical energy.

Density, moisture content and mechanical

properties of films

Density of films is a good indicator of the packing of

fibers. The density, moisture content and mechanical

properties data for MFC and NFC films are in Table 1.

Density of NFC films is higher than that of MFC films

because of the lower aspect ratio of NFCs. Similar

density differences between films of cellulose nanof-

ibers obtained by different treatments have been

reported by Qing et al. (2013). Syverud and Stenius

(2009) also reported comparable values for density of

MFC films. Grinding and the 2nd step homogenization

further reduce the aspect ratio and broaden the fiber

size distribution leading to denser packing during film

formation. The density of films from two times

homogenized NFCs almost approaches the density of

pure cellulose I crystallite, i.e. 1.63 g/cm3 (Nishiyama

et al. 2002), confirming a very close packed structure.

The density data is in agreement with what has been

reported earlier in literature.

The moisture content data for NFC films also agrees

with the data from literature; however, the moisture

content of MFC films is on the lower side. Density

does not seem to have much impact on the moisture

content of NFC films. NFC films have almost double

the moisture content of MFC films presumably due to

high carboxylate content of NFCs. Adding up to 10 %

glycerol does not affect the moisture content of NFC

films much as can be seen from Fig. 7. However, 20 %

glycerol increases the moisture uptake in NFC films by

more than 30 %. An increase in moisture content of

Xylan/NFC composite films with increasing glycerol

amount has also been reported by Hansen et al. (2012).

The moisture content of softwood and hardwood NFC

films is affected slightly differently as glycerol amount

increases. Softwood NFC films seem to afford more

glycerol without much increase in moisture content.

Moisture content of the films plays a crucial role in

mechanical performance of films due to its plasticizing

effect. Mechanical properties of approximately 25 lm

thick NFC and MFC films are in shown Table 1. The

NFC films have a higher tensile strength and Young’s

modulus compared to MFC films but the strain at

break is almost double for the MFC films. The

difference in mechanical properties of MFC and

NFC films arises from the difference in their micro-

structures. As can be observed from Figs. 8 and 9,

grinding in the case of MFC improves the strength

properties of films and the 2nd step homogenization

does the same for NFC films. Siro et al. (2011) also

report a similar impact of grinding and degree of

homogenization on mechanical properties of nanocel-

lulose films. This is due to the higher surface area of

fibers obtained after the additional grinding or

Fig. 5 TEM images of NFC HW 1H (left) and NFC SW 1H (right)
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homogenization step, which enhances hydrogen bond-

ing between fibers during film formation.

It can be observed from Figs. 8 and 9 that there is

no significant difference between the mechanical

properties of softwood and hardwood NFC films,

which is in agreement with results from Fukuzumi

et al. (2009). However, they reported a higher tensile

strength (� 230 MPa) and strain at break (� 7 %) but

a lower Young’s modulus (� 6.5 GPa) for their films.

The difference in results could be due to the different

mechanical treatment (Ultrasonic homogenizer) uti-

lized by them. In the present study, the pressure used

during homogenization was very high (2,000 bar)

which breaks cellulose chains to a large extent

resulting in similar type/size of nanofibers for soft-

wood and hardwood cellulose. Also, the TEMPO-

mediated oxidation is quite harsh under alkaline

conditions (Syverud et al. 2011). Aulin et al. (2012)

reported a pure NFC film with tensile strength of

256 MPa, modulus of 14.2 Gpa and 6.6 % strain at

break. The higher strength and flexibility in their film

could be a result of carboxymethylation pretreatment

contrary to the TEMPO-mediated oxidation treatment

used herein. They also used a different homogenizing

technique. Lee et al. (2012) reported tensile strength

and strain at break of ground NFC films in a similar

range as that for MFC G but they had a higher Young’s

modulus. The difference could be either because of

excessive grinding (7 times) or due to a different NFC

film making technique used by them. Plackett et al.

(2009) reported MFCs with same mechanical proper-

ties as MFC G and MFC R in the present work even

though they had used different pretreatments (enzy-

matic and carboxymethylation) for production of

MFCs. The differences in mechanical properties of

MFC and NFC films are similar to the difference

between refined cellulose nanofibers and TEMPO-

mediated oxidized cellulose nanofibers reported by

Qing et al. (2013). Generally, the values for tensile

strength and Young’s modulus for MFC and NFC

films reported here lie well within the range reported in

literature. The slight differences between mechanical

properties of softwood and hardwood NFC films also

agree with the results from Syverud et al. (2011).

Stelte and Sanadi (2009) reported nanocellulose films

from softwood to have much better mechanical

properties compared to those from hardwood. Since

Table 1 Density, moisture content and tensile properties data for NFC and MFC films

Sample code Density (g/cm3) Moisture content (%) Tensile strength (MPa) Young’s modulus (GPa) Strain at break (%)

HW 1H 1.32 ± 0.04 9.80 ± 0.37 151 ± 15 10.7 ± 0.3 2.07 ± 0.32

HW 2H 1.47 ± 0.04 9.23 ± 0.73 158 ± 16 11.5 ± 0.7 2.07 ± 0.48

SW 1 H 1.31 ± 0.03 9.72 ± 0.46 136 ± 2 10.7 ± 0.6 2.14 ± 0.33

SW 2 H 1.52 ± 0.03 9.36 ± 0.09 153 ± 7 11.5 ± 0.4 1.99 ± 0.17

MFC R 0.96 ± 0.03 4.88 ± 0.07 81 ± 3 5.5 ± 0.3 3.86 ± 0.27

MFC G 1.15 ± 0.03 4.78 ± 0.05 105 ± 6 6.5 ± 0.6 4.46 ± 0.48

Fig. 6 TEM image of NFC SW 2H

Fig. 7 Moisture content of NFC films with varying glycerol

content
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they had used only mechanical treatments for produc-

tion of hardwood and softwood cellulose nanofibers,

the results from this study cannot directly be compared

to their results.

One important observation from Fig. 8 is that the

strain at break for NFC films is relatively low

compared to what has been reported in literature

(Iwamoto et al. 2008; Syverud and Stenius 2009;

Fukuzumi et al. 2009; Sehaqui et al. 2010; Aulin et al.

2012; Qing et al. 2012; Kurihara and Isogai 2014). In

cellulose microfibers/nanofibers, crystalline parts are

responsible for providing stiffness and the plastic

behavior comes from the amorphous regions. Due to

harsh reaction conditions and the high pressure

homogenization used in the present work, the amor-

phous regions in NFCs might have almost disap-

peared. This could be the reason for such low values

for strain at break as there might be significantly

lower amounts of the plasticity providing part. Film

distortions during free drying also affect the mechan-

ical properties negatively and restrained drying con-

ditions help improve these properties (Baez et al.

2014). A high number of localized stress concentra-

tions developed during drying might be another

reason for NFC films having such low values for

strain at break. NFC films appeared much more brittle

compared to MFC films. Neat cellulose nanofiber

films with a very high strain at break (12.6 %) but

relatively low elastic modulus (4.79 GPa) have been

reported by Qing et al. (2012). Here, the films were

prepared by a filtration technique followed by

controlled drying, which might have helped lower

the localized stress concentrations in the films and

increase the strain at break.

Impact of glycerol on mechanical properties was

also studied. Glycerol acts as a plasticizer and the

strain at break increases for HW 1H as is shown in

Fig. 10; however, the tensile strength and Young’s

modulus deteriorate with increasing amount of glyc-

erol. Hansen et al. (2012) also noticed the similar

effect of glycerol amount on the mechanical properties

of xylan/NFC composite films. The plasticizing effect

of glycerol can be attributed to its ability to occupy the

space between cellulose fiber joints in dry film and

thus making a weaker but softer and more flexible

film. Due to its hygroscopic nature, a higher amount of

glycerol also promotes more moisture uptake thus

leading to further plasticizing of the film.

Light transmittance

Figure 11 demonstrates NFC and MFC suspensions at

same solids content. Visual observation for turbidity

indicates that MFC suspensions are almost opaque

while the NFC suspensions are transparent. This is

Fig. 8 Young’s modulus (GPa) and strain at break (%) for MFC

and NFC films. Error bars indicate standard deviation of five

measurements

Fig. 9 Tensile strength (MPa) of MFC and NFC films. Error

bars indicate standard deviation of five measurements

Fig. 10 Impact of glycerol content on mechanical properties of

NFC (HW 1H)
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attributed to smaller and more homogeneous fiber size

in NFC suspension. Transparency is a function of light

scattering elements and MFC still has micron size

fragments of fibers that scatter light. As the fiber size

decreases, the suspension becomes more and more

transparent at constant solid concentration (Saito et al.

2006). Another reason could be 4–5 times lower

carboxylate content of MFC suspension. Besbes et al.

(2011) report higher transparency degree of suspen-

sions at high carboxylate content as it leads to more

efficient homogenization.

One can observe from Fig. 12 that NFC films are

slightly more transparent than MFC films of similar

thickness. However, there is no significant difference

in transparency among MFC R and MFC G films.

Thickness of the NFC films has a minimal impact on

light transmittance as shown in Fig. 12. However,

thickness had slightly more pronounced impact on

light transmittance in MFC films. Light transmittance

through MFC and NFC films was measured in the

200–900 nm wavelength range. Figure 13 shows the

UV–Visible light transmittance spectra (300–800 nm)

of approximately 25 lm thick NFC and MFC films.

The transmittance in the UV region drops significantly

as it depends on wavelength and decreases due to

higher light scattering as the wavelength of light

approaches the diameter of fibers (Saito et al. 2006).

NFC films show a very high visible light transmittance

of more than 90 % compared to MFC films where it is

80–85 %. The lower light transmittance in MFC films

is due to presence of large fiber fragments or fiber

aggregates. The packing density also decreases for

large fibers as is the case for MFC films reported here.

Large fibers and large pores significantly increase

back scattering of light (Hu et al. 2012). The MFC and

NFC films reported here show higher light transmit-

tance in visible region than those reported by Sehaqui

et al. (2010), Plackett et al. (2010) and Qing et al.

(2013). This could be due to difference in raw

material; MFC/NFC production method or a different

film preparation technique utilized in these studies.

It is apparent from Fig. 13 that softwood and

hardwood NFC films do not show any significant

difference in light transmittance in the visible region.

This contradicts to the difference reported by Fukuz-

umi et al. (2009) where a hardwood NFC film showed

a lower transmittance (78 % at 600 nm) compared to a

softwood NFC film (90 % at 600 nm). Rodionova

et al. (2012) and Syverud et al. (2011) also reported a

lower transmittance for hardwood NFC films com-

pared to softwood NFC films. These papers ascribed

this to the presence of non-oxidized xylans in hard-

wood, which scatter light and hence result into lower

transmittance in hardwood NFC films. In the present

study, a higher amount of oxidizing agent NaClO

(12 mmol/g) was used compared to these earlier

studies. This seems to have oxidized most of the

xylans in hardwood resulting into a similar transmit-

tance for hardwood and softwood NFC films. Grinding

seems to improve the light transmittance in the visible

region for MFC film but the extra step of homogeni-

zation does not have such an impact on NFC film.

Aulin et al. (2010) reported an increase in light

transmittance (at 600 nm) from 25 to 90 % for 5.1 lm

thick MFC film as the number of homogenization

steps was increased from 1 to 10. Siro et al. (2011) also

observed an improvement in transmittance with

increasing degree of homogenization. The difference

could again be explained by the high amount of

oxidizing agent and the high pressure (2,000 bar)

Fig. 11 MFC G (opaque) and NFC (SW 1H) (transparent) suspensions at 0.5 % solids
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homogenization used in the present study. One step of

homogenization seems to achieve high enough degree

of fiber separation required for optimal light transpar-

ency (90 %) in the visible region.

In the shorter UV wavelength region, softwood

NFC films show a pronounced absorption band

shoulder (at around 250–260 nm) compared to hard-

wood NFC films as shown in Fig. 13. This absorption

is caused by C6 aldehyde groups formed as interme-

diate structures during TEMPO-mediated oxidation of

C6 primary hydroxyls (Fukuzumi et al. 2009). The

overall number of C6 primary hydroxyls available for

TEMPO-mediated oxidation is more in softwood due

to the presence of glucomannan compared to hard-

wood which contains xylan. Therefore, more C6

aldehyde groups present in softwood NFC films could

result in an absorption band shoulder at 250 nm. Light

absorption at 250–260 nm further increases with

homogenization for both hardwood and softwood

NFC films which could be because of increased

Fig. 12 Photographs of MFC R, MFC G and different thickness NFC (HW 1H) films

Fig. 13 UV–Visible

transmittance spectra of

MFC and NFC films
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exposure of C6 aldehyde groups due to further

opening of the fiber structure. Adding glycerol to

NFC or MFC films did not have a noticeable impact on

light transmittance through these films.

Barrier properties

Barrier properties of the MFC and NFC films were

measured against mineral oil, vegetable oil, water and

dichlorobenzene. WVTR and OTR were also deter-

mined. Multiple layers of MFC coating on greaseproof

paper and unbleached paper have been reported to

reduce air permeability and thus improve the barrier

against turpentine oil and castor oil (Aulin et al. 2010).

In the present work, stand-alone MFC and NFC films

have been studied for their oil barrier properties using

the method described by Bollström et al. (2012). The

films were found to be perfect barriers against mineral

oil and vegetable oil as these oils did not pass through

any of the films over a period upto 4 weeks. Both MFC

and NFC films were also found to be exceptionally good

barriers against dichlorobenzene as no penetration could

be detected within the 2 h measurement time. Mineral

oil, vegetable oil and dichlorobenzene could not pen-

etrate into the MFC or NFC films either due to their non

polar nature or because their molecule size was larger

than the pores. Neither type of film had any barrier

against water due to their inherent hydrophilic nature.

Table 2 shows the WVTR and OTR data for MFC

and NFC films. The WVTR values for NFC films are

in the same range as it has been reported in literature

previously, but MFC films have values that are 25 %

of the NFC films. This result was not expected based

on the lower density of the MFC films compared to the

NFC films. WVTR is controlled by microstructure as

well as surface chemistry of the film. Based on the

observation from TEM images, NFC fibers seem very

straight and rod-like while MFC fibers are more

flexible and have hairy protuberances. It appears that

while the NFC fibers can pack tightly as evidenced by

the high density of the NFC films, the rod-like fiber

geometry leads to a higher permeability when com-

pared to films made from more flexible MFC fibers.

The combination of low density and low permeability

of the MFC films suggests an existence of uncon-

nected pores in the film. The permeability of the

boundary layer of the films created against the smooth

petri dish can be of importance for barrier properties of

the whole film. The lower WVTR of the MFC films

when compared to NFC films might be related to the

lower equilibrium moisture content of the former (see

Table 1). Furthermore, it has also been observed

earlier that the surface of film rather than the core

controls the diffusion of water, probably because of a

barrier effect related to the presence of water at the

surface during the sorption kinetics (Belbekhouche

et al. 2011). As water molecules directly adsorb onto

the hydroxyl groups of external surface (Belbekhou-

che et al. 2011), carboxylate content here also might

play a role allowing NFC films to adsorb more water.

The 2nd step homogenization seems to improve the

WVTR while grinding does not have a similar impact.

NFC films are an excellent barrier against oxygen

simply due to a very densely packed structure. These

films have OTR values in the same range as has been

reported in literature (Aulin et al. 2010, 2012). These

values meet the oxygen barrier requirements of mod-

ified atmosphere packaging. MFC films had a lower

OTR than NFC films by a factor of two, again not a

result that was expected based on film density. As with

the WVTR, this result may again be explained on the

basis of non-connecting pores in MFC films. Improved

OTR with the 2nd step homogenization and grinding

can be related to denser structure formed due to lower

aspect ratio and wider size distribution of fibers.

Conclusions

Softwood and hardwood NFCs did not differ much in

mechanical properties. Degree of homogenization and

grinding clearly seems to improve the tensile strength

Table 2 WVTR and OTR values for NFC and MFC films (normalized to 25 lm thickness)

Sample code HW 1H HW 2H SW 1H SW 2H MFC R MFC G

WVTR (g=m2=day) 218 ± 37 162 ± 34 206 ± 6 181 ± 24 52 ± 6 51 ± 4

OTR (cm3=m2=day) 16.1 ± 1.2 3.7 ± 3.0 2.5 ± 1.1 6.0a 1.7 ± 0.4 1.4 ± 0.9

a From one measurement only
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and Young’s modulus. Glycerol addition improves the

strain at break due to its plasticizing effect but at the

same time causes a reduction in Young’s modulus and

tensile strength. NFCs show superior tensile strength

and Young’s modulus but a lower strain at break

compared to MFCs.

NFC films have a higher light transparency than

MFC films. TEMPO-mediated oxidation followed by

one step of high pressure (2,000 bar) homogenization

seems enough for achieving maximal light transmit-

tance (90 %) for both softwood and hardwood NFC

films in the visible region. Grinding slightly improves

the light transmittance of MFC films in the visible

region.

MFC and NFC films have excellent barrier proper-

ties against dichlorobenzene, mineral oil, vegetable oil

and oxygen. In this study, MFC films had exceptionally

good barrier against water vapor and oxygen.

TEMPO-mediated oxidation followed by homoge-

nization at high pressure (2,000 bar) produces a very

similar kind of NFC from both softwood and hard-

wood. Single and double pass through the homoge-

nizer had quite similar properties. The key findings of

this work indicate a promising future for NFC and

MFC films in various applications requiring transpar-

ent and strong barrier films. In future, it might be of

interest to investigate the physical properties of such

films at different ambient conditions, since it is well-

known that e.g. the barrier properties of nanocellulose

films deteriorate at high RH. It will also be interesting

to evaluate the performance of NFC/MFC films at

elevated temperatures as it is sometimes required of

the substrate to survive sintering during functional

printing.
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