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ABSTRACT

To replace petroleum-based barriers used in, for example, packaging
applications with a bio-based alternative, the sensitivity to moisture
must be lowered. The present work describes the fabrication and
characterisation of cellulose-based films with remarkably improved
oxygen and water-vapour-barrier properties at 80% relative humidity.
This was achieved by fabricating films of self-cross-linking fibrillated
cellulose after partial periodate oxidation to dialdehyde cellulose. At
a relative humidity of 80%, films made of 27% and 44% oxidised
cellulose, respectively, showed less than half the water vapour perme-
ability of the untreated reference; 3.8 g-mm/(m*24 h-kPa) and 3.7
g-mm/(m?-24 h-kPa) compared to 8.0 g-mm/(m?-24 h-kPa). This was
presumably due to a lower moisture uptake in the films, and conse-
quently less swelling. In the absence of moisture, films from both

15th Fundamental Research Symposium, Cambridge, September 2013 851



Per A. Larsson, Joby J. Kochumalayil and Lars Wdgberg

unmodified and modified fibrillated cellulose were ideal oxygen
barriers, but at a relative humidity of 80%, films based on 27% and
44% converted cellulose had an oxygen permeability of 2.2 ml-pum/
(m*-24 h-kPa) and 1.8 ml-um/(m?-24 h-kPa), respectively, compared
to 9.2 ml-um/(m?-24 h-kPa) for the non-oxidised material.

The cross-linking resulted in an embrittlement of the films, but the
27% oxidised material still had a tensile strength of 148 MPa and a
tensile strain at break of 2.0%, which is sufficient in, for example,
many packaging applications.

INTRODUCTION

The development of novel bio-based packaging and barrier materials that can
compete with, and replace, conventional non-renewable materials is a great chal-
lenge. One of the most severe shortcomings of carbohydrate-based materials is their
sensitivity to moisture. At low relative humidity various films made from starches,
hemicelluloses, dissolved cellulose and fibrillated cellulose offer excellent barriers
against oxygen, but as soon as the relative humidity increases, carbohydrates start to
adsorb moisture and this leads to a swelling of the film and a subsequent increase in
gas permeability [1-11]. To prevent water vapour transmission, carbohydrate-based
films are often considered to be so poor that few researchers even make the effort to
measure it, and the amount of experimental data is hence limited [2, 8, 10-13],
especially over a broad relative humidity range.

There are, however, ways of reducing the affinity of cellulose to water and the
water diffusivity. A commonly used approach is by covalent cross-linking, which
is a well-known route to increase the dimensional stability in the face of changes
in moisture content, and to reduce the diffusion of moisture [14—18]. Yang et al.
[13] recently added cross-linking chemicals to cross-link fibrillar films from well-
dispersed, highly charged fibrils, and the water vapour transmission was signifi-
cantly lowered. Unfortunately, barrier properties were evaluated only at 50% RH,
i.e. the effect of a lower moisture sorption and film swelling under high humidity
was not explored. Chemical modifications such as esterification and grafting have
also been explored to improve water-vapour-barrier properties [11, 19, 20], but
critical mechanical and oxygen-barrier-properties were sacrificed. Another widely
used approach with polysaccharides is to disperse layered silicates in the matrix
polymer [7, 21, 22]. However, the dispersion of inorganic platelets in the matrix
polymer and the orientation of the platelets in the final films presented serious
limitations to the final properties [7, 21].

In the present investigation, the introduction of internal cross-links between
aldehydes, induced by periodate oxidation of the C2—C3 bonds, and hydroxyl
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Scheme 1. Schematic representation of how the C2—C3 bonds of two cellulose chains

(A) are oxidised into dialdehyde cellulose (B), and finally covalently cross-linked with

each other (C). The aldehyde still available in the rightmost structure may cross-link with

other available hydroxyl groups, possibly the C6 hydroxyl group, as suggested by Morooka
et al. [23].

groups [16, 23, 24] on a fibril level was explored. A schematic oxidation and
cross-linking reaction is shown in Scheme 1. To achieve films with high density
and few large pores, the modified fibres were fibrillated in a homogeniser prior to
film fabrication.

MATERIALS AND METHODS
Fibres

Dried bleached kraft fibres (K44) were provided by SCA AB (Ostrand pulp mill,
Sweden). Before use, the fibres were soaked in water and disintegrated, and the
carboxyl groups of the fibres were converted into their sodium form according to
an earlier described procedure [11].

Chemicals

Sodium (meta)periodate for the oxidation of cellulose, isopropanol (>99.8%
purity) used as radical scavenger and hydroxylamine hydrochloride for the
determination of the degree of oxidation were all purchased from Sigma-Aldrich.
Polyethyleneimine (PEI), with a molecular weight of 60 kDa, used to promote
fibril adsorption prior to AFM imaging, was purchased from Acros Organics.
Other chemicals, such as hydrochloric acid and sodium hydroxide, were all of
analytical grade.
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Oxidation of cellulose

Under stirring, 5.4 gram of sodium periodate per gram of fibre was added
to a 4 g/l fibre suspension containing 6.3% isopropanol (by volume) as radical
scavenger to prevent side reactions and chain scission [25, 26]. To further
prevent chain scission, the oxidation reactions were performed in the dark [27]
for 12 or 36 h before the reaction was terminated by filtration and thorough
washing with deionised water. The degree of conversion to dialdehyde
cellulose, assuming pure cellulose as starting material, was determined to be
27% and 44%, respectively, by reaction with hydroxylamine hydrochloride
and titration with sodium hydroxide according to an earlier described procedure
[16, 28].

Fibril preparation

Fibrillated cellulose was prepared from treated and untreated fibres by homogeni-
sation (Microfluidics’ Microfluidizer processor M-110 EH) of 4-5 g/1 suspen-
sions at a pressure of ca. 1600 bar. The fibres were pre-homogenised once through
400 um and 200 um chambers connected in series, before being homogenised ten
times through 200 wm and 100 pum chambers connected in series. To minimise the
risk of clogging, the untreated fibres were beaten for 6000 revolutions in a PFI
mill prior to homogenisation.

Fibril characterisation

To estimate the dimensions of the fibrils, a polished silicon wafer (MEMC Elec-
tronic Materials, Italy) with a pre-adsorbed PEI layer (5 min adsorption at 0.1 g/1)
was dipped for 10 s in a 20 times diluted fibril suspension, followed by drying and
Atomic Force Microscopy (AFM) in the tapping mode using a model MMP-
12100-10 cantilever (Veeco Instruments’ Multi-Mode I11a).

Film fabrication

Prior to film fabrication, the fibrillated cellulose was diluted to approximately
2.5 g/l and sonicated for 10 min ina VWR Ultrasonic Cleaner, followed by vacuum
filtration using a 325x2300 mesh Twill Dutch Double Weave (BoppUtildi,
Sweden) in a Rapid Kothen sheet former (Paper Testing Instruments, Austria),
using an earlier described film-preparation method [29]. After filtration, a second
metal weave was placed on top of the film and the whole assembly was dried for
15 min at 93 °C under a reduced pressure of 95 kPa. The films were stored at
23 °C and 50% RH until further analysis.
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X-ray diffraction

The crystallinity was evaluated by collecting X-ray diffraction (XRD) spectra of
fibril films using an X’Pert Pro XRD (PANalytical). Diffractograms were
recorded in the reflection mode in the angular range of 5-40° (20). CuKo radia-
tion (1.5418 A) was generated with an applied voltage of 45 kV and a current of
35 mA. An incremental step of 0.05° and a rate of 1 step per 10 s were used.
Samples were dried in a desiccator with silica gel prior to the measurements.

Scanning electron microscopy

A high-resolution field-emission scanning microscope (FE-SEM) (Hitachi
S-4800) was used to acquire micrographs of the fabricated films. In order to
suppress specimen charging during imaging, the specimens were sputtered for
5-10 s using a Pt-Pd target in a 208 HR Cressington Sputter Coater.

Tensile testing

Tensile testing was performed at 23 °C and 50% RH using an Instron 5944 with a
500N load cell. Test pieces, 5 mm wide, were clamped with a free span of 40 mm and
strained at a strain rate of 10%/min. Young’s modulus (£) was determined from the
slope of the stress-strain curve in the low-strain region in the vicinity of 0.05% strain.

Permeability testing

The barrier properties of the films were evaluated on 5 cm? samples with respect
to oxygen (Systech instruments’ Model 8001 oxygen permeation analyser) and
water vapour (MOCON PermaTran-W 3/33) according to the ASTM D-3985
and ASTM F1249-06 Standards, respectively. In terms of relative humidity, the
oxygen permeability measurements were performed symmetrically, i.e. having
the same relative humidity on both sides of the test specimen, whereas the water
vapour permeability measurements were performed asymmetrically by feeding
the detection side with dry nitrogen. Water vapour permeability was measured in
quadruplicate and oxygen permeability in triplicate.

Moisture sorption

The equilibrium moisture contents at the relative humidities used for the water
vapour permeability measurements, and 90% RH, were determined by placing
films on a balance located in a glove box connected to a moisture generator
mixing dry and wet air currents in the appropriate proportions. Dry weights were
determined by drying overnight at 105 °C.
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RESULTS AND DISCUSSION
Fibril characterisation

Fibrils were produced by homogenisation, either from untreated fibres or after peri-
odate oxidation to dialdehyde cellulose at two degrees of oxidation: 27% or 44%.
Figure 1 shows AFM images of these fibrils and, as can be seen, there are apparent
differences between the differently treated fibrils, in terms of both size and their
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Figure 1. AFM height images, with image sizes of 10x10 um? (left column) and 1x1

um? (right column), of fibrils adsorbed at a concentration of ca. 0.25 g/l on PEI-pre-treated

silica surfaces after ten passes through a 100 um homogeniser chamber; (a—b) non-
oxidised, (c—d) 27% oxidised, and (e—f) 44% oxidised.
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affinity for the PEI-coated silica surface. The reduced affinity confirms that there is
a change in chemical composition and structure of the fibrils, caused presumably
not only by the conversion to dialdehyde cellulose but also by the observed material
loss of ca. 15% of the material during the oxidation and subsequent washing. The
removed material consists mainly of hemicelluloses and, since these contain charged
groups, the charge density of the modified fibrils, and consequently their affinity for
the PEI-surface, is less than that of the unmodified fibrils. Besides this difference in
adsorption, there is also a distinct difference in particle shape, size, and size distribu-
tion. The untreated fibrils have fibril widths ranging from 4 to 10 nm with some
larger 20 nm aggregates (Figure la—b), as is expected from fibrillated wood fibres
[30, 31]. The surface with 27% oxidised fibrils (Figure 1c—d), which has less surface
coverage than the surface with untreated fibrils, contains a larger number of fibril
aggregates, indicating that the fibres were more difficult to homogenise, due presum-
ably to cross-links introduced between individual fibrils prior to homogenisation.
Nevertheless, free fibrils are present, i.e. the fibril suspension had a high size poly-
dispersity. When the fibres, prior to homogenisation, were further oxidised to 44%
oxidation (Figure 1e—f), there was even less adsorption, and there were fewer high-
aspect-ratio aggregates than in the 27% oxidised material (Figure 1c), but a signifi-
cant amount of large low-aspect-ratio particles. Furthermore, the single fibrils seen
in Figure le—f are very thin; 2—5 nm.

Figure 2 shows XRD spectra of reference and modified fibrils and it is clear
that the periodate oxidation significantly reduced the crystallinity of the material.
The crystallinity index [32] decreased from 73% for the reference to 63% for the
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Figure 2. X-ray diffraction spectra of films made from cellulosic fibrils, untreated and
periodate oxidised to 27% or 44%. Crystalline planes, as well as the region corresponding
to amorphous cellulose, are marked by arrows.
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27% oxidised material and 21% for the 44% oxidised material, well in accordance
with earlier published results for periodate-oxidised cellulose [33, 34], and further
treated dialdehyde cellulose [34, 35]. This presumably leads to thinner (Figure 1f)
and more flexible fibrils [34], and is expected to affect the formation and mechan-
ical properties of the films, as well as their barrier properties. The fact that perio-
date oxidation gradually reduces the crystallinity (Figure 2), with a simultaneous
decrease in crystallite width [36], also makes it plausible to assume that there is a
heterogeneous oxidation process that leaves behind a fibril with a highly crystal-
line core and a cross-linked amorphous outer layer.

Film fabrication and mechanical characterisation

As shown in Table 1, the time to fabricate the films was relatively short, i.e. it was
fairly easy to dewater the fibril suspensions (without significant material loss; not
shown). The two grades of oxidised fibrils were also significantly easier to dewater
than the untreated grade, which may be an effect of particle size (Figure 1). The
films had densities 5-10% less than 1500 kg/m’, i.e. the density of completely
non-porous cellulose [37]. This, and the fact that the films were only semi-
transparent, indicates that they were somewhat porous. This was further supported
by microscopy investigations, where Figure 3 shows SEM images of the three
different films, all of which show the presence of small pores. The SEM images
also support the difference in fibril size distribution found by AFM (Figure 1),
i.e., the 27% oxidised material consisted of larger fibril aggregates than the
untreated material (Figure 3b compared to 3e). In Figures 3g—i, showing the 44%
oxidised material, it is interesting to note the absence of any distinct fibrillar struc-

Table 1. Film filtration times and average structural and mechanical properties. Tensile
data are given with 95% confidence limits.

Approx. filtration Apparent density ~ Apparent thickness

time (min) (kg/m’) (um)
Untreated 24 1420 34
27% oxidised 9 1400 43
44% oxidised 11 1325 46
Young’s modulus Tensile stress at Tensile strain at

(GPa) break (MPa) break (%)
Untreated 10.1 (0.8) 225 (22) 6.08 (1.26)
27% oxidised 11.1(0.5) 148 (10) 2.02 (0.35)
44% oxidised 6.0 (0.2) 48 (15) 0.99 (0.21)
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Figure3. SEM images of films made from homogenised kraft fibres that prior to homogeni-

sation were (a—c) untreated, (d—f) 27% periodate oxidised, and (g—i) 44% periodate oxidised.

The first and second columns show top-view images at 500 and 10 000 times magnification,

and the third column shows cross-section views at 20 000 times magnification. The repeating
patterns in the left-hand column are imprints of the filter and drying support.

ture. The XRD spectrum (Figure 2) for the same material shows a significantly
lower crystallinity than the non-oxidised and 27% oxidised material. This is in
agreement with earlier findings by Kim et al. [34], who reported a lower crystal-
linity and a greater fibril flexibility after periodate oxidation. The film made from
the most highly oxidised material was also less homogeneous in its microstruc-
ture, showing a smoother cross-section with fewer pores closer to the filter side of
the film (not shown). Possibly linked to these properties, the films made of the
most highly oxidised fibrils showed a different, and more distinct, imprint of the
metal wire weave used for filtration and drying support (Figure 3g).

The mechanical performance of the films was significantly affected by the
chemical modification. The bottom half of Table 1 shows the Young’s modulus,
tensile stress at break and tensile strain at break for the three different films. The
films made of chemically untreated fibrils had mechanical properties similar to
those reported earlier [29, 38], but, as can clearly be seen in Table 1, the chemical
treatment made the films weaker and more brittle. This is well in agreement with
earlier studies on the cross-linking of cellulose in general [15, 39—41], and on
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sodium-periodate-induced cross-linking in particular [16, 23, 42]. There is an
indication of an (insignificant) increase in modulus compared to the untreated
material when the cellulose is oxidised to 27% oxidation, but a distinct loss of
modulus at 44% oxidation. An increase in modulus due to periodate-induced
cross-links is plausible, since inter-fibrillar covalent cross-links are likely to lead
to an improved stress transfer [43, 44]. However, since the periodate oxidation
simultaneously reduced the material’s crystallinity (Figure 2) there was a net
decrease in modulus at 44% oxidation. In a discussion of mechanical properties,
it is also important to keep in mind the difference in fibril size (Figure 1) and
differences in network structure (Figure 3), which may affect the mechanical
performance of the materials.

Film gas permeability

At 0% RH, all the films acted as ideal oxygen barriers and the oxygen permeability
was below the detection limit of the instrument (0.008 ml/(m?-24 h)), indicating a
material with strong intra-molecular interaction and without interconnected pores,
preventing the diffusion of non-polar gas molecules such as oxygen by any means
other than as dissolved molecules. Evaluated at 50% RH, i.e. where the films
are expected to contain moisture, the oxygen permeability ranged from 0.6
ml-um/(m?-24 h-kPa) for films made from untreated fibrils to 1.5 ml-um/(m*-24
h-kPa) for the most oxidised material (Figure 4a). These values are comparable
with those of other cellulose-based films [1, 2, 4, 8] and other films based on
carbohydrates such as starch or hemicellulose, or carbohydrate-based nanocom-
posite [3, 5, 7, 9, 45, 46]. However, all these materials suffer from a significant
deterioration in oxygen-barrier properties with increasing relative humidity. Typi-
cally there is an increase in oxygen permeability by one or two orders of magnitude
when the relative humidity is increased from 50% RH to 80% RH [1, 2, 7-9],
but, for the films fabricated from self-cross-linking cellulose, Figure 4a shows
that the permeabilities of the two oxidised grades remain unchanged when the
relative humidity is increased to 80%RH, presumably because the fibrils are
prevented from separating from each other and opening up greater diffusion paths
for the oxygen molecules.

For polar molecules such as water vapour the trend was similar to that of
oxygen permeability. Figure 4b shows the water vapour permeability as a func-
tion of relative humidity, and the permeability remained at the same level between
50% RH and 80% RH for the oxidised grades, whereas the films made of untreated
fibrils showed a significantly higher water vapour permeability at 80% RH than at
50% RH. The permeabilities of all three films at 50% RH (3.3—4.5 g-mm/
(m?-24 h-kPa)) were similar to that of other reported cellulose-based films [8, 12,
13], except that, for example, Yang et al. [8] reported a fourfold increase in
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Figure 4. Permeability with respect to (a) oxygen and (b) water vapour as a function of
relative humidity of films made of untreated and two degrees of oxidised cellulose; 27%
and 44%. Error bars indicate standard deviations (n=3 and n=4, respectively).

permeability when the relative humidity was raised from 50% RH to 70% RH. In
the case of the cross-linked cellulose in Figure 4b the permeability was the same
or even slightly lower at 80% RH. These barrier properties both for oxygen and
water vapour are therefore highly competitive compared to those of other
carbohydrate-based barriers, but, the films are still significantly poorer barriers
than most commercial synthetic polymers such as polypropylene, polyethylene or
polyethylene terephthalate, which all typically have a water vapour permeability
below 0.1 g'-mm/(m*-24 h-kPa) [11, 47].

To elucidate the mechanism behind the unchanged oxygen and water vapour
permeabilities of the treated samples with increasing relative humidity, the equi-
librium moisture content was determined at the corresponding relative humidities.
Figure 5 shows how the two cross-linked films are more or less inert to moisture
sorption in the relative humidity interval from 50 to 80% RH. Figure 5 also shows
that the most highly oxidised material had a higher equilibrium moisture content
at 50% RH, which is probably a result of the larger amount of amorphous cellu-
lose (Figure 2) and which possibly explains why the water vapour permeability
was slightly higher for this grade at 50% RH. The lack of any change in moisture
content in the 50-80% RH interval shows that the cross-links formed between the
fibrils prevent the adsorption and diffusion of moisture [16, 17], and limit swelling
and the creation of surfaces and pores available for gas diffusion. Interestingly,
the 27% oxidised films showed a rapid increase in moisture content when the rela-
tive humidity was further increased to 90%, which may indicate an increase in
permeability at this, or higher, humidity if the increase in moisture content is
accompanied by a structural change in the material. It has been suggested that the
cross-links may partly hydrolyse with time at high relative humidity [16], but, this
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Figure 5. Equilibrium moisture content as a function of relative humidity for films made
of untreated, 27% oxidised and 44% oxidised cellulose. The figures by the data points are
approximate conditioning times at the respective relative humidities.

hypothesis was later rejected since soaking in water did not alter the molecular or
supra-molecular structure [48].

To further understand the sorption behaviour at high relative humidity and the
corresponding barrier properties, further measurements are needed. Nevertheless,
the present results show that these materials have a potential for use in e.g. the
packaging of dry goods that are not too sensitive to moisture, but need protection
from oxidising air.

Finally, from an application point of view, it is also important to note that these
self-cross-linking fibrils can be used in other ways than as films. Fibrillated cellu-
lose can, for example, be coated onto a substrate film or board and act as a barrier
coating [1].

CONCLUSIONS

Films have been fabricated from homogenised cellulose fibres partly converted
(27% or 44%) to dialdehyde cellulose by periodate oxidation of the cellulose
C2-C3 bond. The aldehyde groups then enable the formation of intra- and
inter-fibrillar covalent bonds which reduce the moisture adsorption, and
hence film swelling, when exposed to high relative humidity, and consequently
hinder the increase in gas permeability often associated with increasing relative
humidity. The oxygen permeabilities of the 27% and 44% oxidised cellulose were
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2.2 ml-um/(m?-24 h-kPa) and 1.8 ml-um/(m?-24 h-kPa), respectively, compared
to 9.2 ml-um/(m?-24 h-kPa) for the untreated reference at 23 °C and 80% RH,
and the corresponding water vapour permeabilities were 3.8, 3.7 and 8.0 g-mm/
(m?-24 h-kPa).

ACKNOWLEDGEMENTS

Dr Torbjorn Pettersson, KTH Fibre and Polymer Technology, and Mr Nicholas
Tchang-Cervin, KTH Wallenberg Wood Science Center, are acknowledged
for assistance with the AFM imaging and homogenisation of fibres, respectively.
StoraEnso AB, Karlstad, Sweden, is greatly acknowledged for measuring the
water vapour permeability. Innventia AB, Stockholm, Sweden, is acknowledged
for granting access to their moisture generator for the determination of
equilibrium moisture contents. The financial support from VINNOVA,
through the BiMaC Innovation excellence centre, is also respectfully
recognised.

REFERENCES

1. C. Aulin, M. Gillstedt and T. Lindstrdom. Oxygen and oil barrier properties of micro-
fibrillated cellulose films and coatings. Cellulose 17:559-574, 2010.

2. C. Aulin, G. Salazar-Alvarez and T. Lindstrom. High strength, flexible and transparent
nanofibrillated cellulose-nanoclay biohybrid films with tunable oxygen and water
vapor permeability. Nanoscale 4(20):6622—6628, 2012.

3. U.Edlund, Y. Yu, Y. Zhu Ryberg, R. Krause-Rehberg and A.-C. Albertsson. Positron
lifetime reveals the nano level packing in complex polysaccharide-rich hydrolysate
matrixes. Anal. Chem. 84(8):3676-3681, 2012.

4. H. Fukuzumi, T. Saito, S. Iwamoto, Y. Kumamoto, T. Ohdaira, R. Suzuki and A.
Isogai. Pore size determination of tempo-oxidized cellulose nanofibril films by posi-
tron annihilation lifetime spectroscopy. Biomacromolecules 12(11):4057-4062, 2011.

5. M. Grondahl, L. Eriksson and P. Gatenholm. Material properties of plasticized hard-
wood xylans for potential application as oxygen barrier films. Biomacromolecules
5(4):1528-1535, 2004.

6. C. Johansson, J. Bras, I. Mondragon, P. Nechita, D. Plackett, P. Simon, D.G. Svetec,
S. Virtanen, M.G. Baschetti, C. Breen, F. Clegg and S. Aucejo. Renewable fibers and
bio-based materials for packaging applications — a review of recent developments.
BioResources 7:2506-2552, 2012.

7. J.J. Kochumalayil, M. Bergenstrdhle-Wohlert, S. Utsel, L. Wagberg, Q. Zhou and
L.A. Berglund. Bioinspired and highly oriented clay nanocomposites with a xyloglucan
biopolymer matrix: Extending the range of mechanical and barrier properties. Biomac-
romolecules 14(1):84-91, 2013.

15th Fundamental Research Symposium, Cambridge, September 2013 863



Per A. Larsson, Joby J. Kochumalayil and Lars Wdgberg

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

864

Q. Yang, H. Fukuzumi, T. Saito, A. Isogai and L. Zhang. Transparent cellulose films
with high gas barrier properties fabricated from aqueous alkali/urea solutions. Biomac-
romolecules 12(7):2766-2771, 2011.

Y.Z. Zhu Ryberg, U. Edlund and A.-C. Albertsson. Conceptual approach to renewable
barrier film design based on wood hydrolysate. Biomacromolecules 12(4):1355-1362,
2011.

C. Aulin and T. Lindstrdm. Biopolymer coatings for paper and paperboard. In Biopol-
ymers — new materials for sustainable films and coatings, (ed. D. Plackett), pp.
255-276, John Wiley & Sons, Ltd, Chichester, UK, 2011.

N.M.L. Hansen and D. Plackett. Sustainable films and coatings from hemicelluloses:
A review. Biomacromolecules 9(6):1493—-1505, 2008.

F. Debeaufort and A. Voilley. Aroma compound and water vapor permeability of
edible films and polymeric packagings. J. Agric. Food Chem. 42(12):2871-2875, 1994.
H. Yang, A. Tejado, N. Alam, M. Antal and T.G.M. Van De Ven. Films prepared from
electrosterically stabilized nanocrystalline cellulose. Langmuir 28(20):7834-7842,
2012.

D.F. Caulfield and R.C. Weatherwax. Tensile modulus of paper wet-stiffened by
crosslinking. In Fibre-water interactions in papermaking: transactions of the sympo-
sium held at Oxford, pp. 741-763, 1977.

W.E. Cohen, A.J. Stamm and D.J. Fahey. Dimensional stabilization of paper by cata-
lyzed heat-treatment. Tappi 42:904-908, 1959.

P.A. Larsson, M. Gimaker and L. Wagberg. The influence of periodate oxidation on
the moisture sorptivity and dimensional stability of paper. Cellulose 15:837-847,
2008.

P.A. Larsson and L. Wagberg. Diffusion-induced dimensional changes in papers and
fibrillar films: Influence of hydrophobicity and fibre-wall cross-linking. Cellulose
17:891-901, 2010.

R.G. Lebel, R.W. Schwartz and O. Sepall. A novel approach to dimensional stabiliza-
tion of paper. Tappi 51(2):79-84, 1968.

G. Moad. Chemical modification of starch by reactive extrusion. Prog. Polym. Sci.
36(2):218-237,2011.

C. Peroval, F. Debeaufort, A.M. Seuvre, P. Cayot, B. Chevet, D. Despré and A.
Voilley. Modified arabinoxylan-based films: Grafting of functional acrylates by
oxygen plasma and electron beam irradiation. J. Membr. Sci. 233(1-2):129-139,
2004.

F. Chivrac, E. Pollet and L. Averous. Progress in nano-biocomposites based on
polysaccharides and nanoclays. Mat. Sci. Eng. R 67(1):1-17, 2009.

S. Sinha Ray and M. Bousmina. Biodegradable polymers and their layered silicate
nanocomposites: In greening the 21st century materials world. Prog. Mater. Sci.
50(8):962-1079, 2005.

T. Morooka, M. Norimoto and T. Yamada. Periodate oxidation of cellulose by homo-
geneous reaction. J. Appl. Polym. Sci. 38(5):849-858, 1989.

E.L. Back. Thermal auto-crosslinking in cellulose material. Pulp Paper Mag. Can.
68(4):T-165-T-171, 1967.

Session 7: Fibres and Microfibrillar Cellulose



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Oxygen and Water Vapour Barrier Films with Fibrillated Cellulose

G.V. Buxton, C.L. Greenstock, W.P. Helman and A.B. Ross. Critical review of
rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl
radicals (*OH/+O") in aqueous solution. J. Phys. Chem. Ref. Data 17(2):513-886,
1988.

T.J. Painter. Control of depolymerisation during the preparation of reduced dialdehyde
cellulose. Carbohydr. Res. 179:259-268, 1988.

M.C.R. Symons. Evidence for formation of free-radical intermediates in some reac-
tions involving periodate. J. Chem. Soc.:2794-2796, 1955.

H. Zhao and N. Heindel. Determination of degree of substitution of formyl groups in
polyaldehyde dextran by the hydroxylamine hydrochloride method. Pharm. Res.
8(3):400-402, 1991.

H. Sehaqui, A. Liu, Q. Zhou and L.A. Berglund. Fast preparation procedure for large,
flat cellulose and cellulose/inorganic nanopaper structures. Biomacromolecules
11(9):2195-2198, 2010.

L. Wégberg, G. Decher, M. Norgren, T. Lindstrom, M. Ankerfors and K. Axnés. The
build-up of polyelectrolyte multilayers of microfibrillated cellulose and cationic
polyelectrolytes. Langmuir 24(3):784-795, 2008.

M. Piikkd, M. Ankerfors, H. Kosonen, A. Nykinen, S. Ahola, M. Osterberg,
J. Ruokolainen, J. Laine, P.T. Larsson, O. Ikkala and T. Lindstrom. Enzymatic
hydrolysis combined with mechanical shearing and high-pressure homogenization
for nanoscale cellulose fibrils and strong gels. Biomacromolecules 8(6):1934-1941,
2007.

L. Segal, J.J. Creely, A.E. Martin and C.M. Conrad. An empirical method for esti-
mating the degree of crystallinity of native cellulose using the x-ray diffractometer.
Text. Res. J. 29(10):786-794, 1959.

Q.X. Hou, W. Liu, Z.H. Liu and L.L. Bai. Characteristics of wood cellulose fibers
treated with periodate and bisulfite. Ind. Eng. Chem. Res. 46:7830-7837, 2007.

U.-J. Kim, S. Kuga, M. Wada, T. Okano and T. Kondo. Periodate oxidation of crystal-
line cellulose. Biomacromolecules 1:488-492, 2000.

J. Sirvid, H. Liimatainen, J. Niinimiki and O. Hormi. Dialdehyde cellulose micro-
fibers generated from wood pulp by milling-induced periodate oxidation. Carbohydr.
Polym. 86(1):260-265, 2011.

H. Liimatainen, M. Visanko, J.A. Sirvié, O.E.O. Hormi and J. Niinimaki. Enhance-
ment of the nanofibrillation of wood cellulose through sequential periodate—chlorite
oxidation. Biomacromolecules 13(5):1592-1597, 2012.

C.J. Malm, L.B. Genung and J.V. Fleckenstein. Densities of cellulose esters. /nd. Eng.
Chem. Res. 39(11):1499-1504, 1947.

C.-N. Wu, T. Saito, S. Fujisawa, H. Fukuzumi and A. Isogai. Ultrastrong and high
gas-barrier nanocellulose/clay-layered composites. Biomacromolecules 13(6):1927—
1932,2012.

R.G. Lebel, R.W. Schwartz and O. Sepall. A novel approach to dimensional stabiliza-
tion of paper. Tappi 51:2:79A—84A, 1968.

A.J. Stamm. Dimensional stabilization of paper by catalyzed heat treatment and cross-
linking with formaldehyde. Tappi 42:44-50, 1959.

15th Fundamental Research Symposium, Cambridge, September 2013 865



Per

41.

42.

43.

44,

45.

46.

47.

48.

866

A. Larsson, Joby J. Kochumalayil and Lars Wdgberg

R.C. Weatherwax and D.F. Caulfield. The pore structure of papers wet stiffened by
formaldehyde crosslinking. 1. Results from the water isotherm. J. Colloid Interface
Sci. 67:498-505, 1978.

M. Gimaker, A.-M. Olsson, L. Salmén and L. Wégberg. On the mechanisms of
mechano-sorptive creep reduction by chemical cross-linking. In Advances in Pulp and
Paper Research: Transactions of the 14th Fundamental Research Symposium held in
Oxford, (ed. S. ’anson), pp. 1001-1017, 2009.

A. Fonseca, T. Borders, R. Baughman and K. Cho. Load transfer between cross-linked
walls of a carbon nanotube. Phys. Rev. B 81:045429-045421-045427, 2010.

F. Quero, S. Eichhorn, M. Nogi, H. Yano, K.-Y. Lee and A. Bismarck. Interfaces in
cross-linked and grafted bacterial cellulose/poly(lactic acid) resin composites. J.
Polym. Environ. 20(4):916-925, 2012.

S. Gaudin, D. Lourdin, P.M. Forssell and P. Colonna. Antiplasticisation and oxygen
permeability of starch—sorbitol films. Carbohydr. Polym. 43(1):33-37, 2000.

A. Saxena, T.J. Elder, J. Kenvin and A.J. Ragauskas. High oxygen nanocomposite
barrier films based on xylan and nanocrystalline cellulose. Nano-Micro Lett. 2:235—
241, 2010.

M. Fereydoon and S. Ebnesajjad. Development of high-barrier film for food pack-
aging. In Plastic films in food packaging — materials, technology, and applications,
(ed. S. Ebnesajjad), pp. 71-92, William Andrew Publishing, Oxford, 2013.

P.A. Larsson, M. Giméker, P.T. Larsson and L. Wagberg. Can moisture sorption in
lignocellulosic fibres be prevented? In 8t/ International Paper and Coating Cehmistry
Symposium, pp. 253-256, Stockholm, Sweden. 2012.

Session 7: Fibres and Microfibrillar Cellulose



Transcription of Discussion

OXYGEN AND WATER VAPOUR
BARRIER FILMS WITH LOW
MOISTURE SENSITIVITY FABRICATED
FROM SELF-CROSS- LINKING
FIBRILLATED CELLULOSE

Per A. Larsson,'? Joby J. Kochumalayil'*
and Lars Wigberg'*>

! Fibre and Polymer Technology, KTH Royal Institute of Technology,
SE-100 44 Stockholm, Sweden
2 BiMaC Innovation, KTH Royal Institute of Technology,
SE-100 44 Stockholm, Sweden
* Wallenberg Wood Science Centre, KTH Royal Institute of Technology,
SE-100 44 Stockholm, Sweden

Gil Garnier Monash University

Very interesting work. Two questions: first, how long does it take for the biodeg-
radation of your cross-linked films? Second, by how much do you depolymerise
the cellulose?

Per Larsson

Firstly, we haven’t really tested how long it takes to degrade them, but if you
simply look at the structure of the cross-links, they are all the same kinds of bonds
you have in cellulose to begin with and you can easily hydrolyse them by
increasing the pH. So, I don’t really think there is any major risk that there will be
any major difference in biodegradability, but it needs to be tested, of course. As
for depolymerisation, in this study we did not measure that, but in another study,
we saw a limited change in DP.
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Gil Garnier

Why do you have such a big decrease in mechanical properties — you show a big
decrease in modulus, in strength and in yield — if you don’t decrease the DP?

Per Larsson

The modulus would be the most obvious one because there is less crystallinity,
this is close to a complete amorphous material. It has a very low crystallinity, so
that will give a lower modulus.

(Added later by the author): Since there is cross-linking, the effect of DP (prior to
cross-linking) should be low since the DP of the cross-linked material would be
high.

Gil Garnier

I am not convinced.

Roger Gaudreault Cascades

What is the degree of oxidisation of the fibres, in milli-mole per gram, that you got
after the chemical reaction with periodate?

Per Larsson

Well, 27% oxidation that corresponds to about 3.4 milli-moles per gram of fibres.

Roger Gaudreault

After this reaction, the fibres could be oxidized using sodium hypochlorite. Could
you speculate about the performance of the film in terms of oxygen and water
vapour transmission rate?

Per Larsson

If you add a chlorite strep, you would end up with highly charged fibrils, so after
homogenisation the fibrils would probably be very, very thin and highly dispersed;
so that would be good from a film-formation point of view. Probably it would give
very dense films. But just to speculate, I don’t think they will work as well at high
humidity. The films that I have seen using TEMPO-oxidised fibrils, and other
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fibrils, they all have these properties at a high humidity, i.e. having a high
permeability.

Bill Sampson University of Manchester

I have got a couple of questions about your characterisation of the density and the
void structure. My question, which I don’t think is addressed in the article unless
I’ve missed something, is how do you measure thickness?

Per Larsson

Ah, isn’t that in there? Ten random places on the film; it is apparent thickness.

Bill Sampson

With an electronic micrometer? With a micrometer we might expect to get a
density, even for a non-porous material, that is of the order of the numbers that
you are getting, because of surface effects and compressibility. So, how did you
obtain your z- sections that you show in these slides here?

Per Larsson

Yes, a brand new sharp razor blade.

Bill Sampson

Yes, I think in doing that, you probably created the pores that are so clear in the
left hand side image. I think your films are probably not porous, I think you made
the pores.

Per Larsson

Yes, it can easily happen that you create artefacts in the cross-section.

Akira Isogai University of Tokyo

Thank you for an interesting paper and I have two questions. In your case, you add
aldehyde groups directly to cellulose molecules, have you ever tried to add glyoxal
as an additive?
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Per Larsson

No. The whole idea here is that we want really short cross-links.

Akira Isogai

Okay, and another question is that once the aldehyde-containing cellulose was
heated, in your case, did some discolouration problems such as yellowing happen?

Per Larsson

Slight.

Akira Isogai

Slight? Usually when such a large amount of aldehyde groups are present in cellu-
lose, there may be a serious discolouration problem when heated at 100 °C or so
for ten minutes.

Per Larsson

But ideally, the aldehyde should have reacted.

Akira Isogai

But hemiacetals are intrinsically reversible to aldehydes and alcohols, it may be
possible to have a discolouration problem for such materials once heated.

Gil Garnier Monash University

Your work is very interesting because your implicit hypothesis was that, by
preventing swelling through cross-linking, you will improve the resistance to
moisture and keep the permeability constant and you proved that. Now my ques-
tion: what is the mechanism as you swell normal cellulose, what is the increase in
porosity through which the gas comes? Is it through the cellulose itself? Is it
through the pores, which are getting bigger? Can you discuss a bit?

Per Larsson

I have discussed it but I do not have any data to support my arguments. I would
assume that, as it swells, you have delamination between fibrils and then you
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open up passages for oxygen to diffuse through. This is not the case when the
cellulose is cross-linked; you maintain the existing pathways for the molecules
to diffuse. You do not create any shortcuts by having swelling and delamination
of fibrils.

Gil Garnier

Short question. How thick are your films and how many fibre or fibrils thick are
they on average?

Per Larsson

Thickness is between approximately 30 and 40 wm; the actual figures are in the
paper. It differs between the grades. All the results are normalised with respect to
thickness.

Torbjorn Wahlstrom Stora Enso

In the beginning, you mentioned that you want to replace plastic but you
didn’t even mention aluminum, but later you said it has diffusion rates down in
the basement. So for cellulose-based material, you don’t see replacing it as an
option?

Per Larsson

Well, not necessarily, I mean since aluminium has a very high embedded energy
content, it is really desirable to replace that as well. The main thing with aluminium
foil is that it is an ideal barrier; it stops all gases, so it depends on the application,
what you need. Even if you were to start using these films, we need something that
stops the water vapour, and that could be some conventional plastic and not
necessarily aluminium foil. Also, it needs to be stated that we do not know how
well these films stop UV light, an application where you usually use aluminium
as a barrier.

Bill Sampson University of Manchester

What is the grammage of these films?

Per Larsson

They are 40 um thick and you have density of 1.4 g m™ (56 g m™, ed.).
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Bill Sampson

So that is quite thick for a film, isn’t it? My concern is that the permeability seems
to be okay for something which is very thick and heavy.

Per Larsson

The permeability is normalized with respect to its thickness. It does not really
depend on the thickness in any certain way.
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