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Glucomannan composite films with cellulose nanowhiskers
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Abstract Spruce galactoglucomannans (GGM) and
konjac glucomannan (KGM) were mixed with cellu-
lose nanowhiskers (CNW) to form composite films.
Remarkable effects of CNW on the appearance of the
films were detected when viewed with regular and
polarizing optical microscopes and with a scanning
electron microscope. Addition of CNW to KGM-
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based films induced the formation of fiberlike struc-
tures with lengths of several millimeters. In GGM-
based films, rodlike structures with lengths of several
tens of micrometers were formed. The degree of
crystallinity of mannan in the plasticized KGM-based
films increased slightly when CNW were added, from
25 to 30%. The tensile strength of the KGM-based
films not containing glycerol increased with increas-
ing CNW content from 57 to 74 MPa, but that of
glycerol-plasticized KGM and GGM films was not
affected. Interestingly, the notable differences in the
film structure did not appear to be related to the
thermal properties of the films.

Keywords Composites - Cellulose nanowhiskers -
Films - Konjac glucomannan -
Spruce galactoglucomannans

Introduction

O-acetyl galactoglucomannans (GGM) are polysac-
charides that can be obtained as a by-product from
thermomechanical pulping of Norway spruce (Picea
abies) at high yield and purity (Willfor et al. 2003).
Use of GGM as bio-based and biodegradable oxygen
barrier film former was suggested and the cost of such
films was estimated to be approximately nine times
lower than that of the widely used synthetic oxygen
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barrier material ethylene vinyl alcohol (Persson et al.
2007). The formation of cohesive films from GGM
requires the use of an external plasticizer, such as
glycerol (Hartman et al. 2006). However, even with
glycerol, the mechanical properties of GGM films
have previously been considered to be poor (Mikko-
nen et al. 2008).

GGM consist of a backbone of f-1,4-D-manno-
pyranosyl and f-1,4-D-glucopyranosyl units carry-
ing single a-D-galactopyranosyl residues 1,6-linked
to mannose units, and acetyl substituents attached
to the C-2 or C-3 positions of mannose (Sjostrom
1993). The ratio of mannose:glucose:galactose of
water-extracted GGM is approximately 4:1:0.5, the
degree of acetylation is about 20-30%, and the
molar mass varies from approximately 30000 to
60000 g/mol (Willfor et al. 2008). Konjac gluco-
mannan (KGM), a polysaccharide from the tuber of
Amorphophallus konjac, has a chemical composi-
tion rather similar to that of GGM with a
mannose:glucose ratio of 1.6:1 and a degree of
acetylation of 5% (Takigami 2000). The molar
mass of KGM is significantly higher than that of
GGM, approximately 1000000 g/mol (Li et al.
2006a). In contrast to GGM, KGM shows excellent
film formation with high tensile strength and
elongation at break (Cheng et al. 2006). These
properties were further enhanced by blending KGM
with other polymers (Xiao et al. 2001; Li et al.
2006b).

Cellulose nanowhiskers (CNW) have been stud-
ied as reinforcements of various synthetic and some
natural polymer matrices (Samir et al. 2005; Kvien
et al. 2007; Petersson et al. 2007; Saxena et al.
2009). CNW are prepared by acid hydrolysis of
cellulose, which yields a suspension of highly
crystalline, nanoscale (width approximately 10 nm,
length several hundreds of nm), whisker-shaped rods
in water, the dimensions of which are dependent on
the cellulose origin and the hydrolysis conditions
(de Souza Lima and Borsali 2004). The crystalline
structures are extremely tightly packed and tend to
be impermeable to gases (McHugh and Krochta
1994). Due to the extensively ordered structure, the
tensile strength of CNW is high (Samir et al. 2005).
Uniform dispersion of the reinforcement leads to
large interfacial areas between the reinforcement
and matrix, which alters the molecular mobility,
relaxation behavior, and the thermal, mechanical,
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and gas barrier properties of the nanocomposite
(Sorrentino et al. 2007). When reinforcement-
reinforcement interactions are favored, nanocompos-
ites containing CNW can have greatly improved
mechanical properties in comparison to the matrix
polymer alone. However, high matrix-reinforcement
interactions, such as transcrystallization, can result
in low mechanical performance (Samir et al. 2005).
The tensile properties of a starch-CNW system were
dependent on CNW content, moisture conditions,
and the type of plasticizer (Anglés and Dufresne
2001; Lu et al. 2006; Mathew et al. 2008). The
properties of CNW-reinforced xylan films also
depended on the method of CNW preparation
(Saxena et al. 2009). In the present study, CNW
were used as a reinforcement in GGM- and
KGM-based films. The morphology of the films as
well as their tensile and thermal properties were
studied.

Experimental part
Materials

GGM was obtained from an industrial-scale isola-
tion trial from process water of a Finnish pulp mill,
according to the method developed by Willfor et al.
(2003). The concentrated solution was spray-dried
and then dissolved in water at 10 g L™, filtered
through a fiberglass filter to remove a small amount
of agglomerated particles, concentrated using a rota
evaporator, and vacuum-dried. The molar mass of
GGM was determined by multiangle laser light
scattering to be 39000 g/mol according to Xu et al.
(2009). The amorphous mannan reference for X-ray
study was obtained by purifying GGM with dialysis
against water and lyophilizing (Laine et al., sub-
mitted). This sample had no long range order in
atomic arrangement on the basis of the diffraction
pattern. KGM (Luxara 208-1, purity 80-85 wt%)
was kindly provided by Arthur Branwell & Co.
Ltd. (Epping, Essex, UK). The CNW were prepared
from microcrystalline cellulose (Vivapur 105: JRS
Pharma GmbH & Co KG, Rosemberg, Germany)
by sulphuric acid hydrolysis, according to Bonden-
son et al. (2006). Glycerol (101184 K) was
obtained from BDH Laboratory Supplies (Lutter-
worth, Leicestershire, UK).
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Preparation of films

The films were prepared from GGM and KGM
alone and at GGM:CNW and KGM:CNW ratios of
95:5 and 85:15 (w/w). The GGM-based films were
plasticized using glycerol at 40% (wt% of GGM
and cellulose). From KGM, the films were prepared
with 40% glycerol and without added plasticizer.
The mannans were dissolved in deionized water at
80 °C, preceding the addition of CNW when used.
The mannan-CNW suspensions were mixed by
magnetic stirring at 80 °C for 5 min, after which
glycerol was added when used. The combined
content of GGM and CNW in the film suspensions
was 10 g L~!, and that of KGM and CNW was
5gL7", due to the high viscosity of KGM in
water. Air was removed by ultrasonication under
vacuum, after which 80 mL of suspensions con-
taining GGM were cast on Teflon plates (diameter
13 cm) and 100 mL of suspensions containing
KGM were cast on Petri dishes (diameter 14 cm)
to obtain films with average thicknesses of approx-
imately 80 and 40 pm, respectively. The films were
dried overnight at 60 °C and stored in desiccators
containing saturated Mg(NOs3), or NaCl solutions to
condition the films to relative humidities (RHs) of
54 and 76%, respectively, for water content anal-
ysis. Other analyses were done on films conditioned
at 54% RH.

Microscopy

Optical imaging of the films was done with a Leica
Dialux 20 optical microscope (OM) (Leica Micro-
systems GmbH, Wetzlar, Germany) and a Zeiss
PolJenalab polarizing OM (Carl Zeiss Inc., Oberko-
chen, Germany), using transmitted light. The frac-
tured surfaces of the films were viewed with
scanning electron microscopy (SEM). Rectangular
strips of approximately 5 mm x 40 mm were
plunged into liquid nitrogen and fractured manually
using tweezers. The fractured fragments were
mounted on aluminum stubs, using conductive
carbon tape, and coated with a thin layer of gold
by direct-current sputtering. Images of the oriented
fracture faces were collected, using a Jeol JSM
840A SEM (Jeol Ltd., Tokyo, Japan) operated
under high vacuum, using the secondary electron-
imaging mode.

X-ray diffraction

All films and oven-dried (at 60 °C) CNW were
characterized using X-ray diffraction. Wide-angle X-
ray-scattering measurements were carried out in
perpendicular transmission geometry using Cu Ko
radiation. A setup with a Rigaku rotating anode (fine
focus) X-ray tube (Rigaku Corp., Tokyo, Japan) and
an MAR345 image plate detector (Rayonix, Evans-
ton, IL, USA) was used. The beam was monochro-
mated and focused on the detector with a bent Si(111)
crystal and a totally reflecting mirror. The intensities
measured were corrected for absorption of radiation
and a geometrical factor to compensate for the flat
detector. The angular range was calibrated with silver
behenate, silicon, aluminum, and sodium chloride
standards. The broadening of the diffraction maxima
due to the instrument was determined to be 0.37° at
20 of 31.6°, using the 200 reflection of NaCl.

The diffraction patterns were measured at 31 °C
(304 K) and 60 °C (333 K). The samples were heated
in situ under ambient atmosphere with a Linkam
heating stage (Linkam Scientific Instruments, Tad-
worth, Surrey, UK). The heating was started at 304 K
and the temperature was raised to 333 K with a
gradient of 10 K min~'. After heating, a 10-min
pause was kept to ensure an isotropic distribution of
heat in the sample. In each temperature step the
diffraction pattern was cumulated for 20 min.

The scattering angles are in 20, which is twice the
value of the Bragg angle in Bragg’s law
A = 2dyy, sin(0 [°]), or in wavelength-invariant form
q = 2n/dyy = 4 sin(0)/2 [I/Angsrém]. In these
formulas, 0 is the Bragg angle, 4 the wavelength of
the radiation used, and d,; the distance of the planes
given by Miller indices hkl.

X-ray diffraction patterns measured at 60 °C were
used in the determination of mannan crystallinity in
the samples. The scattering of X-rays due to the
CNW content in the samples was first subtracted from
the measured diffraction patterns, so that the sub-
tracted diffraction patterns would only consist of
scattering from the mannan. The pure CNW diffrac-
tion pattern used in the subtraction was recorded from
the oven-dried CNW sample of approximately the
same thickness as the mannan samples.

The 100% crystalline mannan diffraction pattern
was calculated using the known crystal structure and
atomic coordinates of mannan I (Atkins et al. 1988).
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The positions, intensities, and widths of all the
reflections of mannan I in the angular range of 5°-60°
were calculated, using PowderCell 2.4 computer
software (Institute for Molecules and Materials,
Radboud University Nijmegen, Nijmegen, The Neth-
erlands) (Kraus and Nolze 1996). The fully amor-
phous mannan diffraction pattern was measured from
the pure mannan powder sample, which is assumed to
have a crystallinity of 0% (i.e. all the crystallinity
estimations are crystallinities compared to this refer-
ence). The amorphous reference was also measured at
60 °C.

The 100% crystalline mannan diffraction pattern
and the amorphous background were fitted with the
least-squares method to the measured diffraction
pattern and the crystallinity of mannan in the samples
was determined from the best fit of the relative
amount of crystalline and amorphous components.
The uncertainties due to the fitting method were
estimated by varying slightly the fitting parameters
and calculating the effect of the changes on the
calculated crystallinity values. The uncertainties also
include the possibility that the samples contain
crystalline mannan II, which is not taken into account
in the crystallinity calculations.

Thermal gravimetric analysis (TGA)

The thermal degradation of the materials and films
used was studied in triplicate, using a TGA Q500
(TA Instruments, New Castle, DE, USA). For this
purpose, the CNW suspension was dried at 60 °C
overnight, as were the films. The dried CNW,
glycerol, and KGM and GGM powders were
conditioned at 54% RH for at least 3 d before
analysis. The samples were heated from 21 to
600 °C at a rate of 5°C min~' and the sample
weight was recorded. A Mettler-Toledo TGA 850
thermogravimetric analyzer (Mettler-Toledo AG,
Greifensee, Switzerland) equipped with STAR®
software (Star Software Systems, Warner Robins,
GA, USA), was used to determine the water
content of the films. Three replicate specimens of
each film were heated from 25 to 120 °C at a
heating rate of 50 °C min~'. The temperature was
then maintained at 120 °C for 10 min, during
which a steady specimen weight was reached.
Weight loss during the heat treatment was taken as
water content.
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Mechanical testing

Dynamic mechanical analysis (DMA) of films was
performed on a DMA Q800 (TA Instruments), using
a film tension clamp. Triplicate specimens of
5 mm x 30 mm were prepared. The specimen width
was measured with a digital caliper (NSK Ltd.,
Tokyo, Japan), and the thickness was determined as
an average of three measurements with a Lorenzen &
Wettre micrometer (Lorenzen & Wettre, Kista,
Sweden) at 1-pm precision. The gap between the
jaws at the beginning of the test was 14 mm. A strain
of 0.1% was applied on KGM-based films and a
strain of 0.05% on GGM-based films. A frequency of
1 Hz was used. The specimens were equilibrated at
—120 °C for 5 min, after which the storage modulus
(E’), loss modulus (E’*), and loss tangent (tan ) were
determined as a function of temperature from —120
to 100 °C at a heating rate of 5 °C min~".

The tensile strength, elongation at break, and
Young's modulus of the films were determined, using
an Instron 4411 mechanical property tester with a
500-N load cell (Instron Ltd., Norwood, MA, USA).
The initial grip distance was 25 mm and the rate of
grip separation was 5 mm min~'. Two films of each
type and 5-7 specimens from each film were tested.
The specimens were 6 mm wide and approximately
80 mm long. The thickness of the specimens was
measured at three points, using a micrometer (NSK,
Japan) at 10-pm precision and an average was
calculated.

Results
Microscopy

When examined visually, the KGM-based films
without CNW were clear and transparent. However,
OM showed the presence of some irregularly shaped
agglomerates that could have originated from less
soluble fractions of KGM (Fig. la). Addition of
CNW caused a remarkable change in the appearance
of the films, which was seen immediately after drying
of the films. The CNW induced the formation of
fibrous structures visible with the naked eye and also
shown by OM (Fig. 1b). The appearance of the KGM
films and KGM-CNW composites was similar,
regardless of the use of glycerol. In addition, the
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(A)KGM +40% gly _

Fig. 1 Optical microscopic images of films from (a) KGM
and (b) KGM:CNW 95:5 (weight ratio) plasticized with 40%
glycerol (gly) (Wt% of KGM and CNW) and polarizing optical
microscopic images of films from (¢) KGM and (d)

KGM:CNW ratio did not affect the appearance of the
composites. The fibrous structures were not orien-
tated, but ran randomly in all directions along the film
plane.

Polarizing OM confirmed the extraordinary effect
of the CNW on the structure of the KGM-based films.
The bright components seen with polarizing OM
were visible due to their characteristic of orientating
polarized light, which indicates crystalline structures.
In the films from pure KGM, the crystalline structures
were seen as single, relatively small, bright spots
scattered all over the films (Fig. 1c). The KGM films
containing glycerol had a higher number of structures
visible with polarizing OM than the unplasticized
films. In the KGM-CNW composites, the bright
components were organized as long and fibrous
structures resembling those seen with regular OM
(Fig. 1d).

The CNW also clearly altered the structure of the
GGM-based films. The OM study of the GGM-CNW
composites showed the presence of rods with lengths
of tens of micrometers (Fig. 2a), which were absent
in the film from pure GGM. When viewed with

(B) KGM:CNW95:5 + 40% gly

KGM:CNW 095:5 plasticized with 40% glycerol. The scale
bar in a is 0.1 mm and images a and b are at the same
magnification. The scale bar in ¢ is 1 mm and images ¢ and d
are at the same magnification

polarizing OM, the film from pure GGM showed
some poorly visible bright spots several micrometers
in size (not shown), but the GGM-CNW composites
contained bright rods corresponding to the structures
seen with regular OM (Fig. 2b). The size of the
polarizing structures increased with increasing con-
tent of the CNW, indicating that the structures most
probably originated from the CNW.

The differences in the film structures were also
seen with SEM. The films from the pure mannans had
relatively smooth fractured surfaces (Fig. 3a, d, and
g). The effect of the CNW was seen as increased
heterogeneity of the film. The layered structure of the
KGM-CNW composites viewed with SEM (Fig. 3b,
¢, e, and f) may correspond to the fibrous shapes
visible with the naked eye and with OM. In the
GGM-based films, the increase in CNW content
caused increasing porosity.

X-ray diffraction

Figure 4 shows the X-ray diffraction patterns of
unplasticized and plasticized KGM:CNW 85:15

@ Springer



74

Cellulose (2010) 17:69-81

Fig. 2 a Optical microscopic image and (b) polarizing optical
microscopic image of film from GGM:CNW 95:5 (weight
ratio) plasticized with 40% glycerol (gly) (wt% of GGM and

(A) KGM

(D) KGM + 4(

Fig. 3 Scanning electron micrographs of cross-sections of
unplasticized films from (a) KGM, (b) KGM:CNW 95:5, and
(¢) KGM:CNW 85:15 and of films from (d) KGM (e)
KGM:CNW 95:5, and (f) KGM:CNW 85:15, (g) GGM, (h)

composite films, from which the diffraction of
cellulose has been subtracted. The degrees of crys-
tallinity of mannan in the films calculated from the
X-ray diffraction patterns are shown in Table 1. The
unplasticized KGM:CNW 85:15 composite film had
the lowest degree of mannan crystallinity, 11.8%.
The degree of mannan crystallinity of the plasticized

@ Springer

(B) KGM:CNW 95:5

CNW). The scale bars are 0.1 mm. The vertical texture in a is
due to the texture of the Teflon plates

(C) KGM:CNW 85:15

GGM:CNW 95:5, and (i) GGM:CNW 85:15 plasticized with
40% glycerol (gly) (wt% of mannan and CNW). All images are
at the same magnification

KGM and GGM composite films was clearly higher,
close to 30 and 25%, respectively. The addition of
CNW slightly increased the crystallinity of mannan
in the plasticized KGM films. An upper boundary for
the average size of the mannan crystallites was
calculated with the Scherrer formula (Guinier 1994);
the value was 3.5 nm (i.e. the average size of the
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Fig. 4 X-ray diffraction patterns and crystallinity fits of (a)
unplasticized and (b) plasticized KGM:CNW 85:15 composite
films. The diffraction from cellulose has been subtracted from
the measured curve

Table 1 Degree of crystallinity of mannan in the films mea-
sured at 60 °C

Film Crystallinity
of mannan (%)

KGM 133 +24
KGM:CNW 95:5 13.1 £ 25
KGM:CNW 85:15 11.8 £2.7
KGM + 40% glycerol 247 £ 15
KGM:CNW 95:5 4 40% glycerol 309 £ 1.9
KGM:CNW 85:15 + 40% glycerol 293 £ 1.6
GGM + 40% glycerol 243+ 12
GGM:CNW 95:5 + 40% glycerol 252+ 1.8
GGM:CNW 85:15 + 40% glycerol 26.6 £ 1.7

mannan crystallites is smaller than 3.5 nm). The
CNW used in this study included approximately 11
wt% of a crystalline impurity of unknown origin. The
impurity was discovered from unexpected maxima in
the X-ray diffraction patterns of all the samples
containing CNW, including the pure CNW sample.
The positions of these maxima were at 19.2° (1.346
1/A) and 23.3° (1.643 1/A), which did not correspond
to any known crystalline arrangement of cellulose.
The unexpected maxima disappeared from the dif-
fraction patterns when the samples were heated to
60 °C, so this temperature was used for determination
of the degree of mannan crystallinity. The small
amount of the impurity in the CNW was considered
insignificant for the film properties.

Thermal stability and water content

To study the thermal degradation of the raw materials
and films, the specimens were heated to 600 °C,
using a TGA (Fig. 5). The loss of water was seen
close to 100 °C. During further heating, the thermal
degradation of glycerol began at temperatures higher
than 120 °C. The KGM and GGM powders had
higher thermal degradation stability than the glycerol
and CNW (Fig. 5a).

Those KGM-based films not containing glycerol
maintained their weight until higher temperatures were
reached than those of the glycerol-plasticized films.
Their thermal degradation began steeply at approxi-
mately 250 °C, whereas that of the glycerol-plasticized
KGM- and GGM-based films was initiated between
100 and 150 °C and took place more gradually. The
TGA curves of the KGM-based films not containing
glycerol were almost identical up to approximately
280 °C, regardless of the use of CNW, after which the
films with the CNW were degraded somewhat more
rapidly up to about 400 °C (Fig. 5b). When glycerol
was used, the addition of the CNW at a KGM:CNW
ratio of 95:5 slightly increased the degradation stability
of the KGM-based films (Fig. 5c). The glycerol-
pasticized KGM:CNW 85:15 composite had a lower
degradation stability and a TGA curve of somewhat
different shape than the corresponding composite at a
ratio of 95:5 and the pure KGM-based film. The
degradation stability of the pure GGM-based film and
of the composite at the GGM:CNW ratio of 95:5 were
also slightly higher than that of the GGM:CNW 85:15
composite (Fig. 5d).
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Fig. 5 Selected representative thermal gravimetric analysis
graphs of (a) raw materials used and films from (b) unplasticized
KGM and KGM:CNW at weight ratios of 95:5 and 85:15, (¢)
KGM and KGM:CNW at weight ratios of 95:5 and 85:15
plasticized with 40% glycerol (gly) (wt% of KGM and CNW),
and (d) GGM and GGM:CNW at weight ratios of 95:5 and 85:15
containing 40% glycerol (wt% of GGM and CNW). All
specimens were conditioned at 54% RH before analysis
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In addition to thermal degradation stability, the
water content of the films was studied, using TGA.
The results are indicative, because the thermal
degradation study showed that the degradation of
films with a mannan:CNW ratio of 85:15 containing
40% glycerol was initiated at approximately 110 °C,
whereas the water content study was done until
120 °C. The latter temperature used was previously
considered suitable for films not containing CNW
(Mikkonen et al. 2007).

When conditioned at 54% RH, the water content of
the films varied from 7.6 to 11.8% (Table 2). Those
KGM-based films not containing glycerol had the
lowest water content, and the GGM-based films that
were plasticized with 40% glycerol had the highest.
The water content at 54% RH did not show a clear
dependence on the amount of CNW. In contrast, the
water content at 76% RH generally decreased with
increasing amounts of CNW, especially with the
GGM-based films. The film from GGM had a water
content of 22%, whereas that of the GGM:CNW
85:15 film was only 15%. In a manner similar to that
at 54% RH, the KGM films not containing glycerol
absorbed the least water.

Mechanical properties

The plasticizing effect of glycerol can be seen in the
shape of the storage modulus (E) curve (Fig. 6a and
b). The E’ of the KGM-based films not containing
glycerol decreased during heating, but did not show a
well-defined transition zone (Fig. 6a). The glycerol-
plasticized KGM and GGM films showed a clear
decrease in E’ (Fig. 6b and ¢), and a peak in E”
(results not shown) and in tan delta (Fig. 7) at
approximately —50 °C, indicating o-relaxation. The
dynamic mechanical behavior of the mannan-CNW
composites at both ratios studied was similar to those
of the corresponding films from KGM and GGM not
containing CNW (Figs. 6 and 7). To eliminate the
effect of variation in thickness of the films and the
error in its measurement, the E’ in Fig. 6 was
normalized at 1 GPa, as explained by Mathew et al.
(2008).

The tensile strength of the KGM-based films not
containing glycerol increased with increasing CNW
content (Fig. 8a). However, the CNW did not signif-
icantly affect the other tensile properties of these
films. The tensile strength and Young’'s modulus of



Cellulose (2010) 17:69-81 77

E;::lear?- Cﬁsﬁ%iﬁge}];:f Film Water content (£sd) (wt%)

averages are based on three RH 54% RH 76%

measurements
KGM 82 £ 0.6 126 £ 1.0
KGM:CNW 95:5 9.9 +£0.8 139+ 14
KGM:CNW 85:15 7.6 £ 04 10.7 £ 0.6
KGM + 40% glycerol 10.8 £ 1.2 19.9 £ 0.6
KGM:CNW 95:5 4 40% glycerol 10.2 £ 0.3 18.5+ 0.4
KGM:CNW 85:15 + 40% glycerol 10.7 £ 1.0 182+ 04
GGM + 40% glycerol 11.8 £ 0.6 21.6 £ 0.3
GGM:CNW 95:5 + 40% glycerol 10.7 £ 04 16.1 +£ 04
GGM:CNW 85:15 + 40% glycerol 11.8 £ 0.6 14.6 £ 0.3

the KGM-based films decreased and the elongation at
break increased when glycerol was added, as
expected (Fig. 8). The GGM-based films, plasticized
with glycerol, had significantly lower tensile strength
and elongation at break than the KGM-based films,
but their Young’s moduli were rather similar to those
of the glycerol-plasticized KGM-based films. Sur-
prisingly, the addition of CNW showed no clear
effect on the tensile properties of the plasticized
KGM and GGM films.

Discussion
Effect of CNW on morphology of films

The addition of CNW greatly changed the appearance
of the KGM-based films. This could be seen even
with the naked eye and was confirmed with micros-
copy. The visible structures in the composites were
several magnitudes larger than the size of the CNW.
Chanzy et al. showed that glucomannan can crystal-
lize on cellulose microfibrils, which, however, are
much longer than CNW (Chanzy et al. 1982). To the
best of our knowledge, structures of similar size have
not been reported previously in films from other
polymers with CNW. Microscopic study with OM
and SEM showed that CNW also induced morpho-
logical changes in GGM-based films. The structures
formed in the GGM-CNW composites were consid-
erably smaller than those in the KGM-CNW com-
posites. This was most likely affected by the lower
molar mass of GGM compared with KGM. The pores
seen in the GGM-CNW films with SEM could have

been derived from air bubbles, pulled-out undis-
solved structures and/or moisture evaporation during
film drying and the sputtering operation (Nordqvist
et al. 2007).

Polarizing OM imaging suggested that the forma-
tion of the fibrous and rodlike structures was due to
reorganization of crystalline components in the films.
As found with the X-ray diffraction measurements,
the pure KGM- and GGM-based films were semi-
crystalline. The degree of crystallinity of mannan of
the KGM films was higher when glycerol was used,
which could also be seen with polarizing OM.
Surprisingly, the crystalline structures in those
GGM films not containing CNW detected with
X-ray diffraction were poorly visible with polarizing
OM. This could have been due to the small size of
crystalline structures in the GGM films. The degree
of crystallinity of mannan in the plasticized KGM-
based films slightly increased when CNW were
added. However, the differences in the degree of
crystallinity of mannans due to the addition of CNW
were small and did not correspond to the remarkable
differences in the visual appearance of the films.
Therefore, increased mannan crystallization could not
have been responsible for the formation of the fibrous
structures. In contrast, mannans could gather CNW
into larger crystalline structures visible with polariz-
ing OM.

‘When conditioned at 76% RH, the water content of
the films containing CNW was lower than that of
films from pure mannans, especially for GGM films.
Due to the plasticizing effect of water, the molecular
mobility of polysaccharides and their ability to rear-
range to crystalline forms increase at high levels of RH.
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This could further lead to tightly packed molecular
structures, and therefore to a decreased ability to
absorb water (Anglés and Dufresne 2000). The results
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4Fig. 6 Logarithm of the selected representative storage

modulus (E') spectra of KGM-based films (a) without and
(b) with 40% glycerol (wt% of KGM and CNW) as plasticizer
and (¢) GGM-based films with 40% glycerol. The measure-
ment points in (¢) above 60 °C are missing because most of the
GGM-based film specimens broke during measurement at 60—
80 °C. The E’ at —120 °C was normalized at 1 GPa for all the
samples
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Fig. 7 Selected representative tangent delta spectra of (a)
KGM- and (b) GGM-based films plasticized with 40% glycerol
(wt% of mannans and CNW)

of the water content analysis suggest that at 76% RH,
the interactive effect of the CNW and high RH
increased the level of crystallization in the films.

Effect of CNW on thermal and mechanical
properties

Unexpectedly, the remarkable differences in the film
structure did not indicate great changes in the other
film properties studied. The thermal degradation
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Fig. 8 a Tensile strength, (b) elongation at break, and (c)
Young's modulus of films from KGM and GGM and of
composites at KGM:CNW and GGM:CNW weight ratios of
95:5 and 85:15. The GGM-based films contained 40% (wWt%

stability of the glycerol-plasticized KGM- and
GGM-based films increased only slightly when
CNW was added at the mannan:CNW ratio of 95:5,
and somewhat decreased at the ratio of 85:15. The
addition of CNW did not significantly affect the E/,
E”’ or tangent delta of the films. The tensile
strength of the KGM-based films increased with

of GGM and CNW) glycerol (gly) as plasticizer. The KGM-
based films were tested with and without glycerol. The results
are averages from 10 to 13 measurements and the error bars
indicate standard deviations

increasing amount of CNW when glycerol was not
used, but that of glycerol-plasticized KGM- and
GGM-based films did not change significantly due
to the addition of CNW. The films were rather
heterogeneous and therefore the standard deviations
in the tensile testing were large. Similarly as in the
present study, the reinforcing effect of nanofibrils
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on cassava starch matrix was limited (Teixeira
et al. 2009).

Regarding the mechanical strength and stiffness
of the films, at least three explanations for the lack
of larger effect can be considered: (1) the CNW
were heterogeneously dispersed in the films, (2) the
fibrous and rodlike structures induced by the CNW
had low mechanical strength, or (3) the interaction
between these structures and the film matrix was
weak. In all cases, the major continuous and
presumably amorphous film matrix would have
been responsible for the mechanical strength of the
films. Glycerol and/or water could have attached to
the interface of the crystallites and the amorphous
film matrix, lubricating the interfacial area and
reducing the load transfer between these compo-
nents. The increase in tensile strength with increas-
ing CNW content in those KGM-based films not
containing glycerol supports this reasoning. Unfor-
tunately, GGM does not form cohesive films
without an external plasticizer and thus the differ-
ence noted with KGM could not be verified with
GGM. In addition, the similar temperature of
relaxation of the amorphous phases of the films,
as shown by DMA, indicates that the degree of
plasticization by water and glycerol in that phase
did not change when a relatively low amount (5
and 15%) of CNW were added, which also
supports the idea that some water and glycerol
was located either inside or on the surface of the
fibrous and rodlike structures as well as in the main
film matrix. All GGM films as well as plasticized
KGM films with different CNW content were
equally easy to handle indicating similar plasticizer
level in the matrix. This would also be in
agreement with a study of starch-CNW composites
by Anglés and Dufresne (2000), who concluded
that glycerol accumulated in the amylopectin-
cellulose interface. To reduce the interference of
glycerol during film preparation, we first mixed the
mannans and CNW in water and after that added
the glycerol. The formation of the fibrous and
rodlike structures could have occurred during
mixing of the film solution, and when added
afterwards, the glycerol could have attached to
the surface of these structures. An experiment was
conducted by mixing KGM and CNW in water
containing glycerol, and noting the formation of

@ Springer

fibrous structures similar to those described earlier
in this report.

Mathew et al. (2008) showed that the mechanical
performance of the starch-CNW composites was
higher with sorbitol as plasticizer instead of glycerol
and illustrated this with formation of a rigid network
of sorbitol, amylopectin, and CNW. Additionally,
higher filler loads than those used in the present study
had a notable reinforcing effect on the starch-based
films (Lu et al. 2006). In the present work, the CNW
were apparently heterogenously dispersed in the film
matrix as detected by the film appearance. Feasible
explanation for the formed structures is strong
interactions between mannans and CNW.

Conclusions

Mannans and CNW showed interactions seen as the
formation of fiberlike structures with lengths of
several millimeters in KGM-CNW composite films,
and rodlike structures with lengths of tens of
micrometers in GGM-CNW composite films. The
differences in the degree of crystallinity of man-
nans due to the addition of CNW were small and
did not correspond to the remarkable differences in
the visual appearance of the films. In contrast,
mannans could gather CNW into larger visible
structures. The tensile strength of unplasticized
KGM films increased with increasing CNW con-
tent, but unexpectedly the mechanical properties of
the plasticized films were not affected by the
addition of CNW, most probably due to accumu-
lation of glycerol in the CNW-matrix interface.
DMA showed similar plasticization of the film
matrix regardless of the amount of CNW, confirm-
ing that some glycerol was located in the interface.
To our knowledge, this is the first report on
mannan-CNW composite films and we are not
aware of other studies with CNW showing similar
interaction with other plant-derived polysacchairdes,
such as starch or xylan. The interactions of plant
cell-wall polysaccharides in composite materials
should indeed be studied more in future. Even
though the mechanical properties of the films were
not affected by the addition of CNW, the barrier
properties could be an interesting subject for further
studies.
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