
Films from Oat Spelt Arabinoxylan Plasticized with
Glycerol and Sorbitol

Kirsi S. Mikkonen,1,2 Susanna Heikkinen,1 Annemai Soovre,2 Marko Peura,3 Ritva Serimaa,3

Riku A. Talja,1,2 Harry Helén,2 Lea Hyvönen,2 Maija Tenkanen1

1Department of Applied Chemistry and Microbiology, University of Helsinki, P. O. Box 27, 00014 Helsinki, Finland
2Department of Food Technology, University of Helsinki, P. O. Box 66, 00014 Helsinki, Finland
3Department of Physics, University of Helsinki, P. O. Box 64, 00014 Helsinki, Finland

Received 29 May 2008; accepted 19 March 2009
DOI 10.1002/app.30513
Published online 8 June 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The development of packaging films based
on renewable materials is an important and active area of
research today. This is the first extensive study focusing on
film-forming properties of an agrobiomass byproduct,
namely, oat spelt arabinoxylan. A plasticizer was needed
for cohesive film formation, and glycerol and sorbitol were
compared. The tensile properties of the films varied with
the type and amount of the polyol. With a 10% (w/w) plas-
ticizer content, the films containing glycerol had higher ten-
sile strength than the films containing sorbitol, but with a
40% plasticizer content, the result was the opposite. Sorbi-
tol-plasticized films retained their tensile properties better
than films with glycerol during 5 months of storage. The
films were semicrystalline with similar crystallinity indices
of 0.20–0.26. The largest crystallites (9.5 nm) were observed

in the film with 40% glycerol. The softening of films with
40% (w/w) glycerol started at a significantly lower relative
humidity (RH) than that of the corresponding sorbitol-con-
taining films. The films with sorbitol also had lower water
vapor permeability (WVP) than the films with glycerol. The
films plasticized with 10% (w/w) sorbitol had a WVP value
of 1.1 g mm/(m2�d�kPa) at the RH gradient of 0/54%. The
oxygen permeability of films containing 10% (w/w) glyc-
erol or sorbitol was similar: 3 cm3�lm/(m2�d�kPa) at 50–
75% RH. A higher plasticizer content resulted in more per-
meable films. Permeation of sunflower oil through the films
was not detected. VVC 2009 Wiley Periodicals, Inc. J Appl Polym
Sci 114: 457–466, 2009
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INTRODUCTION

Oat (Avena sativa) spelts, composing almost 40% of
the grain total weight, are the major byproduct of
oat milling. They are mainly used as a low-value
animal feed additive.1 Recent research has been
aimed at the isolation and utilization of arabinoxylan
(AX), a polysaccharide constituting 35–40% of oat
spelts, and thus at obtaining value-added products
from this agrobiomass byproduct.2–4

Cereal AXs consist of 1,4-linked b-D-xylopyranosyl
backbones to which groups of a-L-arabinofuranosyl
units are connected by 1,3- and/or 1,2-glycosidic
linkages at irregular intervals. Many AXs also
carry 4-O-methyl-a-D-glucopyranosyluronic acid and
esterified side groups, mainly acetyl and feruloyl
groups.5,6 The apparent molar mass of oat spelt ara-

binoxylan (osAX) has been reported to vary between
50 and 170 kDa.7

Xylans from both agricultural and wood sources
have been studied as edible or biodegradable film
formers. Barley (Hordeum vulgare), wheat (Triticum
aestivum), rye (Secale cereale), and corn (Zea mays)
AXs have been reported to form cohesive films from
an aqueous solution.8–11 A combination of aspen
(Populus tremula) glucuronoxylan and chitosan
resulted in self-supporting films.12,13 The formation
and homogeneity of films from corn AX esters
blended with cellulose ester have also been tested.14

In many cases, polyols have been added as plasticiz-
ers to enhance the mechanical properties of xylan
films. The use of glycerol and sorbitol has been suc-
cessful, but xylitol crystallized in aspen glucuronox-
ylan-based films.15–18

The mechanical, thermal, and barrier properties of
edible or biodegradable films determine their applic-
ability as protective coatings or packages. The tensile
strength and elongation at break (EB) of previously
studied xylan films varied from less than 1 MPa and
almost 90%, respectively, for glycerol-plasticized
films from cotton (Gossypium hirsutum) stalk xylan18

to 50 MPa and 2.5% for films from barley AX pre-
pared without the addition of a plasticizer.8 The in-
termediate tensile strength and EB were obtained

Journal of Applied Polymer Science, Vol. 114, 457–466 (2009)
VVC 2009 Wiley Periodicals, Inc.

Correspondence to: M. Tenkanen (maija.tenkanen@
helsinki.fi).

Contract grant sponsor: Finnish Funding Agency for
Technology and Innovation (Tekes).

Contract grant sponsor: Nordic Forest Research Co-
Operation Committee.



when corn AX films were plasticized with glycerol
or sorbitol at a concentration of approximately 30%
(w/w of total dry weight).17 Birch (Betula) xylan
mixed with wheat gluten produced films with a ten-
sile strength similar to that of pure gluten-based
films but with decreased EB.19 Xylan films were
found to be sensitive to high ambient relative hu-
midity (RH).10,11,16 The use of glycerol further
increased the water vapor transmission rate (WVTR)
of xylan films.18 Increased hydrophobicity of AX
films was sought by chemical modifications and
emulsification of lipids into the film matrix.15,20–24

Aspen glucuronoxylan and barley AX films showed
potential as oxygen barriers.16,25 Extensive studies of
osAX-based films have not been published previ-
ously. The aim of this study was to examine the
film-forming capacity of osAX, to evaluate the mor-
phology and properties of the films from a food
application perspective, and to compare the actions
of glycerol and sorbitol as external plasticizers of
osAX films.

EXPERIMENTAL

Materials

The osAX (CAS 9014-63-5) was purchased from
Sigma–Aldrich (St. Louis, MO). Glycerol, xylitol, and
sorbitol were acquired from BDH Laboratory Sup-
plies (Lutterworth, England), Danisco (Kotka, Fin-
land), and Cerestar (Krefeld, Germany), respectively.
NaCl, NaAc, Mg(NO3)2, NaNO2, KCl, and anhy-
drous CaCl2 with a granular size of 1–2 mm were
obtained from Merck (Whitehouse Station, NJ). The
sunflower oil (Raisio Oyj, Raisio, Finland) was pur-
chased from a grocery store.

Preparation of the films

A suspension was made from osAX in deionized
water (14 g/L weighed on an as-is basis) and mixed
by magnetic stirring at 90–95�C for 15 min. The sus-
pension was centrifuged at 17,000 rpm (22,500 g) for
15 min, and the insoluble part (4 g/L) was removed.
The monosaccharide composition of the untreated
osAX and the liquid part after centrifugation were
determined by gas chromatography (HP 5890 series
II, Hewlett–Packard, Palo Alto, CA)26 after acid
methanolysis.27 A supernatant containing 10 g/L
osAX was taken for film preparation. When used,
glycerol or sorbitol was added as a plasticizer, and
the solution was heated to 60–70�C under magnetic
stirring to enhance their dissolution and even distri-
bution. The solution was degassed by ultrasonication
in vacuo for 5 min, after which it was cast into poly-
styrene Petri dishes. The thickness of the films was
adjusted by the solution volume, which was 125 mL

in a 14-cm-diameter dish for dynamic mechanical
analysis (DMA; film thickness � 100 lm), 100 mL in
a 14-cm-diameter dish for studying the effect of salt
(film thickness � 80 lm), 100 mL in a 9-cm-diameter
dish for crystallinity measurements (film thickness �
190 lm), and 50 mL in a 14-cm-diameter dish for all
other tests (average film thickness ¼ 20–50 lm). The
films were dried in a climate room at 23�C and 50%
RH for 3 days and then aged under these conditions
for at least 7 days before the analysis, except when
the effect of aging on the film properties was stud-
ied; then, the films were dried at 60�C for 4 h and
subsequently stored in the climate room (50% RH)
between printing papers for 7–169 days. To study
the effect of salt on the mechanical properties of the
films, 5 or 10% (w/w of osAX) NaCl and NaOAc
were dissolved in the centrifuged supernatant, after
which sorbitol (40% w/w of osAX) was added as a
plasticizer, and the preparation of the films was con-
tinued as described previously. Testing of the tensile
strength and EB was performed on all cohesive films
obtained. Grease permeability was studied on films
plasticized with 40% (w/w of osAX) glycerol or sor-
bitol. Other analyses were done of films plasticized
with 10 or 40% glycerol or sorbitol.

Tensile testing

The tensile strength, EB, and Young’s modulus of
the films were determined at 23�C and 50% RH with
an Instron 4465 universal testing machine (Instron
Corp., High Wycombe, England) with a load cell of
100 N. The initial grip distance was 50 mm, and the
rate of grip separation was 5 mm/min. The speci-
men width was 10 mm, and the length was approxi-
mately 100 mm. The thickness of the specimens was
measured with a micrometer (Lorentzen & Wettre,
Kista, Sweden; precision ¼ 1 lm) at five points, and
an average was calculated. When continuous films
were formed, 6–12 replicate specimens of each film
type were measured.

DMA

The a-relaxation [glass-transition temperature (Tg)]
of films was studied with temperature scans taken
with a dynamic mechanical analyzer (DMA 242,
Netzsch-Gerätebau GmbH, Selb, Germany). Three
conditioned specimens (10 � 50 mm2) were analyzed
with a dual-bending sample holder with a free bend-
ing length of 18 mm. The storage modulus (E0) and
loss modulus (E00) data were collected at a heating
rate of 2�C/min from �120 to 50�C at frequencies of
1, 2.5, 5, 10, and 20 Hz. Tg was taken as the peak
temperature of E00 at 1 Hz,28 which was determined
through the fitting of a parabolic curve to the E00

data with Origin 7.2 software (OriginLab Corp.,
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Northampton, MA). The average of three thickness
measurements, taken with a Mitutoyo micrometer
(Mitutoyo Corp., Kanagawa, Japan; precision ¼ 10
lm), was determined for each specimen.

Humidity scans were performed on a PerkinElmer
(Waltham, MA) DMA 7e. An amplitude of 5 lm for
films containing 10% glycerol or sorbitol or 10 lm
for films containing 40% glycerol or sorbitol was
applied to the specimens at a frequency of 1 Hz. The
E0 data were collected while the RH was increased
from 1 to 90% at a rate of 0.1%/min. The tempera-
ture was maintained at 30�C. The specimen width
was 5 mm, and the clamp distance was approxi-
mately 12 mm.

Thermogravimetric analysis

A Mettler–Toledo TGA 850 thermogravimetric ana-
lyzer (Mettler–Toledo, Inc., Greifensee, Switzerland)
equipped with STARe software (Star Software Sys-
tems Corp., Warner Robins, GA) was used to deter-
mine the water content of the films conditioned in
the climate room. 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. The weight loss during the heat
treatment was taken as the water content.

X-ray diffraction (XRD)

The XRD pattern of the film plasticized with 10%
glycerol was measured with both the symmetrical
transmission and symmetrical reflection geometry to
study the crystallinity and preferred orientation of
the crystallites in the film. The measurement setup
consisted of a sealed copper-anode X-ray tube, a
four-circle goniometer (J. M. Huber Corp., Rimsting,
Germany), and a scintillation detector (Quartz & Sil-
ice, Nemours, France). The wavelength of the X-ray
beam was 1.5408 Å, and it was selected with a bent
and cut germanium monochromator (J. M. Huber).
The measurements were made with scattering angles
of 5–60� with continuous rotation of the film around
the axis normal to the plane of the film. Only one
sample was measured with this setup because of the
very long measurement times required (several days
for each measurement).

Films plasticized with 10 or 40% glycerol or sorbi-
tol were measured with another XRD setup with
perpendicular transmission geometry. The measure-
ment setup consisted of a sealed copper-anode X-ray
tube, a multilayer monochromator (Incoatec, Ham-
burg, Germany), and an image plate detector
(MAR345, Mar Research, Norderstedt, Germany). Cu
Ka radiation with a wavelength of 1.542 Å was
used. Calibration of the 2y scale was performed by

the measurement of the diffraction patterns of the
silver behenate (AgC22H43O2) and silicon powder
samples. The measurement time was 1 h for each
sample.
The diffraction patterns were corrected for air

scattering, sample absorption, and detector geome-
try. For these corrections, the transmission of the X-
ray beam through the films was determined from
the image of the beam on the detector after a semi-
transparent beam stop, and the thickness of the films
was determined with a digital micrometer (MDC-
25SB, Mitutoyo, Kawasaki, Japan; accuracy ¼ 2 lm).
The crystallinity index (/) of the samples was calcu-
lated by the determination of the ratio of the inten-
sity of the amorphous regions (Iamorphous) to the total
intensity (Iexperimental) of the film with the following
formula:

/ ¼ 1�
P

Iamorphous
P

Iexperimental
(1)

The amorphous background (Iamorphous) was
obtained through the fitting of the amorphous model
(a polynomial of 6�) and the crystalline model (con-
sisting of 44 reflections of xylan dihydrate)29 to the
experimental diffraction pattern within a scattering
angle (2y) range of 6–44�. The data analysis was car-
ried out with the program MATLAB (The Math-
works, Inc., Natick, MA). The accuracy of / was
estimated to be 0.05.

Water vapor permeability (WVP)

Melted paraffin wax was used to seal the films on
aluminum cups (ø80 mm) containing 30 g of CaCl2
as a desiccant. The air gap between the desiccant
and the underside of the film was approximately
6 mm. The cups were placed in a desiccator cabinet
in which the air velocity above the samples was
0.15 m/s. The cabinet was kept at 22�C, and its RH
was maintained at 54%, 66%, and 86% with satu-
rated Mg(NO3)2, NaNO2, and KCl solutions, respec-
tively. The cups were weighed four to seven times
at intervals of 1–24 h. The temperature and RH of
the cabinet were measured before each weighing
with a Rotronic (Bassersdorf, Switzerland) Hygro-
Palm RH meter. The WVTR was calculated from a
linear regression of the slope of the weight gain ver-
sus time by division of the slope by the test cell
mouth area. The water vapor partial pressure at the
underside of the film was calculated with the correc-
tion method described by Gennadios et al.30 The
WVP was obtained by multiplication of the WVTR
by the thickness of the film and division by the
water vapor partial pressure difference between the
two sides of the film. Three replicates of each film
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type were tested, and their thickness was measured
before testing at 10 points with 1-lm precision.

Oxygen permeability (OP)

The oxygen gas transmission rate (OTR) of the films
was measured with an OP tester with a coulometric
sensor (Ox-Tran Twin, Modern Controls, Inc., Min-
neapolis, MN). The specimens were placed in the
instrument for approximately 20 h before testing to
condition them to the RH inside the test cells, which
was reported in the instrument manual to be 50–
75%. The film was exposed to 100% oxygen on one
side and to a mixture of 98% nitrogen and 2%
hydrogen on the other side. The OP was calculated
by multiplication of the OTR with the thickness of
the film and division by the oxygen gas partial pres-
sure difference between the two sides of the film.
The measurement was carried out at 22�C and nor-
mal atmospheric pressure. The specimen area was
5 cm2, and the thickness of the film was measured
after analysis at five points with a micrometer with
1-lm precision. The OP was determined for four
replicates from each film.

Grease permeability

A film specimen of approximately 40 cm2 was
placed on a ground glass plate, and two pieces of
thin fiber cloth with a weight of 16 g/cm2 were set
on top of the film. The system was stabilized at 60�C
for 30 min, after which 500 lL of sunflower oil was
added to the cloth. The migration of oil on the glass
surface at 60�C was examined visually every 30 min
for the first 2 h and later at convenient intervals. The
grease permeability was followed for 48 h for two
replicate specimens of each film.

Principal component analysis (PCA)

The average results of the tensile strength, EB,
Young’s modulus, Tg, water content, lattice constants
a and c, /, WVP at a gradient of 0–54% RH, and OP
of the films plasticized with 10 or 40% glycerol or
sorbitol were examined with PCA. SPSS 15.0 (SPSS,
Inc., Chicago, IL) was used.

RESULTS AND DISCUSSION

Film formation and tensile properties

The film preparation was first tested through the
casting and drying of the plasticized osAX suspen-
sion. The obtained films were heterogeneous, discon-
tinuous, and weak. Cohesive films were formed, and
the appearance of the films greatly improved when
the main insoluble part was removed. Gas chroma-
tography analysis showed that the xylose/arabi-

nose/glucose weight ratio of osAX was 84 : 8 : 8,
whereas after centrifugation it was 83 : 12 : 5. The
insoluble part thus appeared to contain xylan less
substituted with arabinose and a glucan such as
cellulose.
Even when the insoluble part was removed, osAX

did not form self-supporting films without an exter-
nal polyol plasticizer, unlike AXs from barley,
wheat, rye, and corn, which contain more arabinose
substituents and are more soluble in water than
osAX.8–11 In preliminary experiments, glycerol, sor-
bitol, and xylitol were tested in various amounts
and as binary mixtures. A decrease in the tensile
strength and an increase in EB were seen when the
amounts of the polyols were increased, as
expected.31 Migration and/or crystallization of xyli-
tol (but not of glycerol, sorbitol, or the polyol mix-
tures) on the film surface was visually observed.
Using polyol mixtures did not have a notable effect
on the tensile properties of the films, and so pure
glycerol and sorbitol were selected for further
experiments. All films obtained were easy to handle
and were of similar thickness, regardless of the plas-
ticizer content.
When 10% polyol was used, the films containing

glycerol had a higher tensile strength than those
containing sorbitol [Fig. 1(A)]. With a polyol content
of 40%, the result was contrasting, so the sorbitol-
plasticized films were somewhat stronger than the
glycerol-plasticized films. There was no clear differ-
ence between the EB of films plasticized with glyc-
erol or sorbitol [Fig. 1(B)], but in the Young’s
modulus results, a trend similar to that for the ten-
sile strength was seen [Fig. 1(C)]. The tensile proper-
ties of osAX films containing 10% glycerol were
comparable to those reported earlier for corn AX
films plasticized with 15–20% glycerol (w/w of sol-
ids), but the previously studied sorbitol-plasticized
corn AX films had higher tensile strength than
osAX-sorbitol films.15,17

Dynamic mechanical properties

The temperature-scan DMA spectra were similar to
those reported previously for galactomannan-based
films.32 A decrease in E0 and a peak in E00 were
detected as indications of the Tg values of the films.
The Tg values supported the results of the tensile
testing. The films containing 10% glycerol had a Tg

value of 17�C (Table I); thus, at the temperature
used for tensile testing (23�C), the films were close
to their glass transition. This explains the higher ten-
sile strength and Young’s modulus of the films plas-
ticized with 10% glycerol versus the films plasticized
with 10% sorbitol (Fig. 1), the Tg values of which
were lower (Table I). At low contents, glycerol may
induce an antiplasticization effect, which is a known
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phenomenon for synthetic polymers and has also
been studied with starch–glycerol films.33 Anti-
plasticization leads to increased tensile strength,
decreased EB, and high Tg values at low plasticizer
contents. However, the detailed mechanisms in-
volved are not well known.

When plasticized with 40% polyol, the films con-
taining glycerol had lower Tg values than those con-
taining sorbitol. This, together with the results from
tensile testing, indicates that at high contents, glyc-
erol was a more effective plasticizer of osAX films
than sorbitol. The Tg values did not correlate with
the water contents of the films (Table I). At the 10%
polyol level, the water contents of films plasticized

with glycerol or sorbitol did not differ significantly.
In contrast, increasing the polyol content to 40%
increased the water content of glycerol-plasticized
films but decreased that of sorbitol-plasticized films.
After an initial increase in E0 of some films at low

RH levels, which could be explained by an antiplas-
ticizing effect of water,34 E0 of all studied films
decreased with increasing RH (Fig. 2). Remarkable
effects of the amount and type of the polyol were
seen because the greatest E0 decrease occurred in dif-
ferent RH regions depending on the film composi-
tion. Softening of the film plasticized with 40%
glycerol started at a considerably lower RH than
that of the other films studied. At about 30% RH, E0

of the film containing 40% glycerol decreased to half
of its E0 value at 0% RH. The film plasticized with
40% sorbitol showed a steep drop in E0 between RH
levels of 40 and 60%. With a polyol content of 10%,
the differences in E0 between glycerol- and sorbitol-
plasticized films were relatively small, and the
decrease in E0 of these films occurred within a wide
RH range. The relative E0 values of films containing
10% glycerol or sorbitol decreased to 50% at 65–70%
RH. The results are in agreement with previous
studies indicating the softening effects of water on
xylan films11,16 and the softening of glycerol-plasti-
cized spruce galactoglucomannan films at lower
RHs in comparison with sorbitol-containing films,35

and they suggest that the interaction effect of polyol

TABLE I
Tg’s and Water Contents of the Films Conditioned at
50% RH (Mean 6 Standard Deviation from at Least

Three Measurements)

Plasticizer
(w/w of osAX) Tg (

�C)

Water
content
(% w/w)

10% glycerol 17 � 6 11.2 � 0.5
10% sorbitol �10 � 1 11.1 � 0.2
40% glycerol �59 � 6 12.5 � 0.9
40% sorbitol �24 � 11 10.4 � 0.9

Figure 2 Effect of RH on E0 of the films.

Figure 1 (A) Tensile strength, (B) EB, and (C) Young’s mod-
ulus of films plasticized with 10 or 40% (w/w of osAX) glyc-
erol or sorbitol. The averages were based on 11 or 12
measurements, and the error bars indicate standard deviation.
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and water should be considered in developing film
applications.

Morphology of the films

The osAX films were semicrystalline, and / was
between 0.20 and 0.26 (Table II). The values were
almost equal if we take into account the accuracy of
the determination (5%). The two-dimensional XRD
of the film plasticized with 10% glycerol showed iso-
tropic Debye rings. From this, it can be concluded
that the crystallites were randomly oriented in the
plane of the films. However, the xylan chains in the
crystallites were oriented preferably parallel to
the surface of the film. This preferred orientation of
the crystallites was revealed by a comparison of dif-
fraction patterns measured by symmetrical reflection
and transmission geometry. The XRD patterns of
films with 10 or 40% glycerol or sorbitol measured
in perpendicular transmission geometry are shown
in Figure 3. The positions of the diffraction peaks

were in agreement with a hexagonal crystal struc-
ture. However, the positions of the diffraction peaks
as well as the lattice constants differed slightly from
those determined for xylan dihydrate (a ¼ 9.64 Å
and c ¼ 14.95 Å;29 Fig. 4). The lattice constants are
given in Table II. In all cases, c was larger than that
determined by Nieduszynski and Marchessault.29

The unit cell was narrower in the direction per-
pendicular to the xylan chains in films with 10%
plasticizer versus those with 40% plasticizer. This is

Figure 3 XRD patterns of the films measured with per-
pendicular transmission geometry. Plasticizer content from
bottom to top: 10% sorbitol, 40% sorbitol, 10% glycerol,
and 40% glycerol. The intensity scales were shifted for
clarity.

TABLE II
a and c Values for the Films and / Determined by XRD

Plasticizer a (Å) c (Å) /

10% glycerol 9.58 � 0.01 15.21 � 0.08 0.23 � 0.05
10% sorbitol 9.33 � 0.01 15.56 � 0.08 0.20 � 0.05
40% glycerol 9.79 � 0.01 15.06 � 0.08 0.26 � 0.05
40% sorbitol 9.66 � 0.01 15.23 � 0.08 0.22 � 0.05

Figure 4 Crystalline structure of xylan dihydrate, illustrated according to the data by Nieduszynski and Marchessault.29

The black parallelepiped shows the unit cell. In total, nine unit cells are shown. The c axis is perpendicular to the plane of
paper. In the hexagonal structure, lattice vectors a and b are of the same length. The black and red spheres denote the car-
bon and oxygen atoms, respectively. Hydrogen atoms are not shown. The groups of oxygen atoms between the xylan
chains correspond to water molecules within the structure. The figure was prepared with the programs PowderCell 2.4
(Federal Institute for Materials Research and Testing, BAM, Berlin, Germany) and POV-Ray 3.6. (Persistence of Vision
Raytracer, Pty. Ltd., Williamstown, Australia). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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in agreement with the results presented by Gröndahl
et al.16 on aspen wood glucuronoxylan films plasti-
cized with xylitol or sorbitol. The polyol could inter-
act and even cocrystallize with xylan. However,
because the changes in the lattice constant were not
large, we suggest that these changes were caused by
different degrees of hydration.

The films with 10 and 40% polyol exhibited crys-
tallites of a size of 76–81 � 1 and 87–95 � 1 Å per-
pendicular to the xylan chains, respectively. These
values were obtained from the full width at half-
maximum of the 100 reflection with the Scherrer for-
mula36 with instrumental broadening of 0.23�. The
largest crystallites were observed in the film with
40% glycerol, which also showed the highest crystal-
linity. It has been suggested that plasticization may
increase the crystallinity of the film by increasing
the polymer chain mobility.16,37 The association
between the crystalline structure and the mechanical
and barrier properties of xylan films will be a subject
of further studies.

Permeability properties

Susceptibility to moisture and its relation to the type
and amount of the polyol were also clearly seen in
the WVP results. The WVP notably increased with
the RH gradient and polyol content increasing (Table
III). The WVP of the sorbitol-plasticized films was
lower than that of the corresponding glycerol-plasti-
cized films, and the films containing 10% sorbitol
had the lowest WVP in all three studied RH gra-
dients. Interestingly, the WVP of films plasticized
with 40% sorbitol was rather similar to that of films
plasticized with 10% glycerol in each RH gradient. In
agreement with the humidity-scan DMA results, the
WVP measurements showed that the films plasti-
cized with 40% glycerol were the most sensitive to
changes in RH because they had the greatest increase
in WVP with the RH gradient increasing. The films

with the highest WVP, plasticized with 40% glycerol,
also had the highest water content (Table I), but the
level of WVP of the films with the lowest water con-
tent, plasticized with 40% sorbitol, was intermediate.
In comparison with many previously studied biode-
gradable films, the WVP values obtained here are
higher,38 but they are similar to those reported for
corn AX films with low polyol contents.15,17

The OP of films containing 10% glycerol or sorbitol
was similar (Table IV). With a polyol content of 40%,
sorbitol resulted in more effective oxygen barrier
films than glycerol. In comparison with films from
other biopolymers and synthetic materials, the OP of
osAX films was low,37 but it was not as low as that
reported for the widely used oxygen barrier ethylene
vinyl alcohol or for films from aspen glucuronoxylan
and barley AX.16,25 In addition to WVP and OP, the
grease permeability of the films was studied. Perme-
ation of sunflower oil through osAX films was not
detected during a period of 48 h at 60�C.

PCA

PCA was used as an explanatory tool for grouping
the measured variables and visualizing the positions
of different film types with respect to their properties
(Fig. 5). The first two principal components (PC1 and
PC2) explained 74.2% and 16.4% of the variance,

TABLE III
WVTR, WVP, and Corrected WVP30 of the Films at Different RH Gradients and

at 22�C (Mean 6 Standard Deviation from Three Measurements)

RH gradient (%) Plasticizer
WVTR

(g m�2 � d�1)
WVP

(g mm � m�2 � d�1 � kPa�1)
Corrected WVP

(g mm � m�2 � d�1 � kPa�1)

0/54 10% glycerol 180 � 5 3.2 � 0.2 3.3 � 0.2
0/54 10% sorbitol 70 � 16 1.1 � 0.1 1.1 � 0.1
0/54 40% glycerol 580 � 34 11 � 2 13 � 3
0/54 40% sorbitol 90 � 10 1.8 � 0.2 1.9 � 0.2
0/66 10% glycerol 840 � 22 9.4 � 1 11 � 1
0/66 10% sorbitol 430 � 82 4.5 � 0.3 4.9 � 0.4
0/66 40% glycerol 1800 � 89 30 � 4 49 � 8
0/66 40% sorbitol 690 � 110 10 � 0.7 12 � 0.6
0/86 10% glycerol 2370 � 68 25 � 2 41 � 4
0/86 10% sorbitol 1800 � 79 19 � 3 26 � 3
0/86 40% glycerol 2900 � 190 41 � 4 78 � 12
0/86 40% sorbitol 2050 � 34 24 � 5 36 � 7

TABLE IV
OTR and OP of the Films at 50–75% RH and at 22�C

(Mean 6 Standard Deviation from Four Measurements

Plasticizer
OTR

(cm3 m�2 � d�1)
OP

(cm3 lm m�2 � d�1�kPa�1)

10% glycerol 10.7 � 0.9 3.0 � 0.9
10% sorbitol 12.5 � 2.7 3.2 � 0.6
40% glycerol 15.9 � 4.4 7.4 � 0.5a

40% sorbitol 9.6 � 1.8 4.7 � 1.6

a Only three measurements.
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respectively, and resulted in a cumulative value of
90.6%. The variables with high PC1 loadings were
associated with a high level of plasticization and mo-
lecular mobility in the films. These variables included
the water content, /, WVP, a, OP, and EB. Variables
associated with a low level of plasticization and low
PC1 loadings were the tensile strength, Young’s mod-
ulus, Tg, and c. High levels of PC2 loading tended to
follow plasticization by glycerol, although this was
not straightforward because some variables reached
both the maximum and minimum values with plasti-
cization by glycerol in different amounts. PCA sup-
ported the conclusion that the properties of osAX
films can be strongly affected by the variation of the
amount and type of the plasticizer.

Effect of salt

Technical xylan preparations may contain impurities
such as salts, the effect of which on film properties
is not known. In this study, the addition of NaAc or
NaCl decreased the tensile strength of the films [Fig.
6(A)]. Either salt even at a concentration of only 5%
(w/w of osAX) had a notable effect. Differences in
the EB values of the films were smaller and can be
explained by high standard deviations [Fig. 6(B)].
However, the results suggest that the purity of iso-
lated AX preparations should be carefully controlled
because salt residues can interfere with xylan film
formation and reduce the mechanical durability of
the film.

Effect of the storage time

The tensile properties of films plasticized with 40%
glycerol or sorbitol and stored between printing

papers at 23�C and 50% RH were followed monthly
for 5 months (Fig. 7). The glycerol-plasticized films
showed a significant increase in the tensile strength

Figure 5 (A) PCA factor loadings for the film properties and (B) factor scores for the film types plotted against the first
two principal components (lattice_a ¼ a; lattice_c ¼ c; CI ¼ crystal index).

Figure 6 Effect of NaAc and NaCl (w/w of osAX) on the
(A) tensile strength and (B) EB of films plasticized with
40% (w/w of osAX) sorbitol. The averages were based on
six to nine measurements, and the error bars indicate
standard deviation.
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during this time, and concomitantly, EB decreased.
The results suggest that the migration of glycerol
from the film matrix occurred, resulting in decreased
plasticization of the films. The effect of the storage
time on the tensile properties of sorbitol-plasticized
films was not quite as significant as that for glyc-
erol-plasticized films. The tensile strength of films
containing sorbitol slightly decreased during the ob-
servation time. EB of sorbitol-plasticized films also
showed a tendency to decrease. There was a
decrease in EB of sorbitol-plasticized films after 2
months, but this could be explained by high experi-
mental variation, which is typical for laboratory-pre-
pared biopolymer films and can originate from
heterogeneity of the starting material or differences
in film thickness. Such variation was also seen when
the reference samples from film sets prepared at dif-
ferent times were compared [e.g., in the EB values of
films plasticized with 40% sorbitol; Figs. 1(B) and
4(B)]. Whole sample sets for the stability evaluation
were prepared within a short period of time to
ensure similar conditions and minimize the effects
of external factors on a comparison of the results.

CONCLUSIONS

OsAX plasticized with polyol can be used for the
preparation of films with a variety of properties
depending on the amount and type of the plasti-

cizer. Low glycerol and sorbitol contents were asso-
ciated with high tensile strength, Young’s modulus,
and Tg and with low WVP and OP. More flexible
but also more moisture-sensitive films were obtained
with higher polyol contents. Results at a low polyol
content (10%) indicated that glycerol might induce
antiplasticization, which was detected as higher ten-
sile strength and Tg values of the glycerol-containing
films versus the films with sorbitol, whereas at a
40% plasticizer content, the difference between the
glycerol- and sorbitol-plasticized films was the oppo-
site. The use of sorbitol resulted in more effective
water vapor barrier properties than the use of glyc-
erol at both low and high plasticizer contents. At a
40% polyol content, the OP of films was also lower,
and softening of films occurred at a higher RH
when sorbitol was used instead of glycerol. The
films were semicrystalline with similar / values.
Thus, the differences observed in the tensile and bar-
rier properties of the films were not due to the dif-
ferences in the crystallinity. The xylan chains in the
crystallites showed a preferred orientation parallel to
the surface of the film. The addition of 5% salt sig-
nificantly decreased the tensile strength of the films,
and this indicated the importance of the purity of
the raw material. The tensile properties of glycerol-
plasticized films clearly changed during 5 months of
storage, whereas those of sorbitol-plasticized films
were more stable. To our knowledge, this is the first
report on the stability of xylan films. The film stabil-
ity could be further studied (e.g., with polyol mix-
tures as plasticizers to reduce their migration from
the film matrix). The development of films from an
agrobiomass-derived byproduct, osAX, as either edi-
ble or nonedible oxygen and/or grease barriers in
applications in which relatively high WVP is desired
or in combination with water-resistant materials is
an interesting possibility.

The authors thank Saara Hamarila for her contribution to
developing the film preparation method and for doing pre-
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