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Films were prepared from a renewable and biodegradable forest biorefinery product, spruce O-acetyl-galactoglucomannans
(GGMs), crosslinked with glyoxal. For the first time, cohesive and self-standing films were obtained from GGM without the
addition of polyol plasticizer. In addition, glyoxal-crosslinked films were prepared using sorbitol at 10, 20, 30, and 40% (wt.-%
of GGM). Glyoxal clearly strengthened the GGM matrix, as detected by tensile testing and dynamic mechanical analysis. The
elongation at break of films slightly increased, and Young’s modulus decreased with increasing sorbitol content. Interestingly, the
tensile strength of films was constant with the increased plasticizer content. The effect of sorbitol on water sorption and water
vapor permeability (WVP) depended on relative humidity (RH). At low RH, the addition of sorbitol significantly decreased the
WVP of films. The glyoxal-crosslinked GGM films containing 20% sorbitol exhibited the lowest oxygen permeability (OP) and

WVP of the studied films and showed satisfactory mechanical performance.

1. Introduction

Replacing oil-based plastics with renewable and biodegrad-
able materials is one of the most important aims of current
packaging research. Present biodegradable polymers include
starch, cellulose, polylactide (a synthetic polyester produced
from lactic acid), and polyhydroxyalkanoates (polyesters
produced by microorganisms from carbohydrates or lipids)
[1]. However, the biodegradation of polylactide was recently
found not to meet the OECD standard [2]. Thus, plant bio-
polymers such as polysaccharides and proteins have at least
two advantages over synthesized biodegradable plastics: they
can be used without the polymerization step, and their bio-
degradability and environmental compatibility are assured.

Hemicelluloses are the most abundant plant polysaccha-
rides apart from cellulose. They are biosynthesized in large
quantities in the majority of trees and terrestrial plants. In
spite of their abundance, the industrial utilization of hem-
icelluloses is minor in comparison with the use of starch and
cellulose. The most abundant hemicelluloses in softwoods
are mannans. Obtaining O-acetyl galactoglucomannans

(GGMs) from spruce wood holds potential as a forestry
industry byproduct, but they are currently partially removed
with the waste water of thermomechanical pulping. The lat-
ter is considered a disadvantage, as it reduces pulp and paper
yields and increases the impact load on either the environ-
ment or waste water management [3]. GGM can be recov-
ered at reasonable cost from the process water by pu-
rification, ultrafiltration, and alcohol precipitation or spray-
drying [3, 4]. GGMs can also be obtained from wastewater
of fiberboard mills by ultrafiltration [5] or from wood
chips by pressurized hot-water extraction [6]. GGM consist
of backbones of $-1,4-D-mannopyranosyl (Manp) and f3-
1,4-D-glucopyranosyl (Glcp) units carrying single a-D-
galactopyranosyl (Galp) residues that are (1 — 6)-linked to
Manp residues, and acetyl substituents attached to C2 or
C3 positions of Manp [7]. An average molar ratio of
Manp : Glep : Galp in water-soluble spruce GGM is 4:1:0.5
and the degree of acetylation is 15% [8].

GGM can be used as such or mixed with other polysac-
charides to form a raw material for biodegradable films with
promising oxygen barrier properties [9-11]. When used
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alone, however, GGMs require rather large amounts of
external plasticizer (30—40 wt.-% of GGM), such as glycerol
or sorbitol, to form cohesive self-standing films. Due to the
rather low molar mass of GGM (20-60kDa), the tensile
strength of the films is relatively low. As part of our recent
studies, we attempted to improve the mechanical perfor-
mance of GGM films by using cellulose nanowhiskers [12]
and microfibrillated spruce pulp cellulose [13] as reinforce-
ment. The use of 15% microfibrillated cellulose enabled film
formation from GGM and measurement of tensile properties
using a small sample size with dynamic mechanical analyzer
(DMA) with as little as 10% glycerol (wt.-% of GGM) as
plasticizer.

Films can be strengthened by crosslinking agents that
chemically modify polymers during preparation of film-
forming solutions. Crosslinking agents are natural or syn-
thetic molecules containing at least two reactive groups that
are able to form inter- and/or intramolecular links between
polymeric chains [14]. Glyoxal (ethanedial) is the smallest
existing dialdehyde and is widely used in, among other
things, permanent-press fabrics, dimensional stabilization of
rayon and other fibers, leather tanning, and paper coat-ings
[15]. Glyoxal forms hemiacetal bonds with hydroxyl groups,
many of which are present in polysaccharides [16]. Cross-
linking agents such as glyoxal or citric acid can improve
the moisture resistance of hemicellulose-based films [17].
Crosslinking of starch with glyoxal results in increased rigid-
ity and decreased moisture sorption of extruded foams [18].
The addition of glyoxal reduced the swelling ratio of hydrox-
ypropyl cellulose films in water [19]. Glyoxal-crosslinking
can also be used to increase the puncture strength of cotton
seed protein-based films [20]. The aims of the present study
were to crosslink GGM with glyoxal and to study the prop-
erties of crosslinked GGM-based films as a function of plas-
ticizer dosage.

2. Experimental

2.1. Materials. Spruce galactoglucomannans (GGM) were
obtained from process water of a Finnish pulp mill in an
industrial-scale isolation trial after ethanol precipitation [8,
21]. The carbohydrate composition of the precipitated mate-
rial was characterized by Xu et al. and was found to consist
of GGM at 80 mole-%, with a small percentage of other car-
bohydrates (mainly xylose, galacturonic acid, and glucuronic
acid) [8]. Along with carbohydrates, aromatic moieties from
degraded lignin, lignans, and lipophilic substances, such as
fatty acids, resin acids, steryl esters, and triglycerides are
extracted from spruce wood in water and can be present in
GGM at a minor content [22]. GGM was dissolved in water
at 10g/L, passed through a glass fiber filter to remove the
small amount of nondispersible material, concentrated using
a rotary evaporator, and lyophilized. Glyoxal was purchased
from Sigma-Aldrich (Taufkirchen, Germany), sorbitol (Sor-
bidex S58/16603) from Cerestar (Krefeld, Germany), HPLC
grade dimethyl sulfoxide (DMSO) from Lab-Scan (Dublin,
Ireland), and LiBr and NaNOj; from Sigma-Aldrich. The
P,0s5, MgCl,, Mg(NOs3),, KCI, and anhydrous CaCl, with
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TasLE 1: Film codes. The percentages are wt.-% of GGM.

Code Description
- oo
GGM:5g0x Film from GGM with 5%
glyoxal
Film from GGM with 5%
GGM:5gox/10sor glyoxal and 10% sorbitol
Film from GGM with 5%
GGM:5gox/20sor glyoxal and 20% sorbitol
) Film from GGM with 5%
GGM:5gox/30sor glyoxal and 30% sorbitol
Film from GGM with 5%
GGM:5gox/40sor glyoxal and 40% sorbitol
. . o
GGM/40sor Film from GQM with 40%
sorbitol

a granular size of 1-2mm were from Merck (Whitehouse
Station, NJ, USA).

2.2. Preparation of Films. Films were prepared from GGM
with glyoxal at 5% (wt.-% of GGM) without plasticizer and
with 10, 20, 30, and 40% sorbitol (wt.-% of GGM). In
addition, films were prepared without glyoxal, using 40%
sorbitol. Film codes are shown in Table 1. GGM was dis-
solved in water under magnetic stirring at 85°C for 10 min.
The solution was cooled to 60°C, glyoxal was added, and
the solution was mixed by magnetic stirring for 4 min before
the addition of sorbitol. The GGM content in the solutions
was 10 g/L. When thicker films were prepared for dynamic
mechanical analysis (DMA), the GGM content was 20 g/L.
The solutions were degassed by ultrasonication under vac-
uum for 5 min, cast into Teflon plates or Teflon-coated Petri
dishes, and dried in a climate room at 50% RH and 23°C. The
thickness of the films for DMA was approximately 100 ym;
that of other films was approximately 40 ym. The films were
conditioned at 50% RH and 23°C before analyses, with the
exception that samples for water sorption measurements
were stored in vacuum desiccators over P,Os at 0% RH.

2.3. Size Exclusion Chromatography. The lyophilized GGM
powder and the films from GGM:5gox and GGM:5gox/20sor
were mixed in water containing 0.1 M NaNOj; and in DMSO
containing 0.01 M LiBr with magnetic stirring for three days,
then filtered with 0.45 ym syringe filters (GHP Acrodisc 13,
Pall Corp., Ann Arbor, MI, USA). The samples were ana-
lyzed by high-performance size-exclusion chromatography
(HPSEC) using a dn/ds value of 0.150 for the aqueous eluent
and 0.064 for DMSO. The equipment as well as the method
of HPSEC analysis was described by Pitkdnen et al. [23].

2.4. Tensile Testing. The tensile strength, elongation at break,
and Young’s modulus of the films were determined at
23°C and 50% RH (climate room) using an Instron 4465
universal testing machine with aload cell of 100 N. The initial
grip distance was 50 mm and the rate of grip separation
5mm/min. Nine to 10 replicate specimens from each film
type were measured. The specimens were 10 mm wide and
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approximately 80 mm long. The thickness of the specimens
was measured with a micrometer (Lorentzen & Wettre, Kista
Sweden, precision 1pm) at five points and an average was
calculated.

2.5. Dynamic Mechanical Analysis. Dynamic mechanical
analysis (DMA) of films was performed on a DMA 242
(Netzsch-Gerdtebau GmbH, Selb, Germany), using a film
tension clamp. Triplicate specimens of 5mm X 30 mm were
prepared, and their thickness was determined as an average
of two measurements with a Lorenzen & Wettre micrometer
at 1-ym precision. The gap between the jaws at the beginning
of the test was 9 mm. A dynamic force of 0.2 N was applied
at the frequency of 1 Hz. The specimens were equilibrated at
—70°C for 5 min, after which the storage modulus (E), loss
modulus (E”), and tangent delta (tan &) were determined as
a function of temperature from —70°C to 100°C at a heat-
ing rate of 5°C/min. The glass transition temperature (T)
was taken as a peak temperature of E”at 1Hz [24], which
was determined by fitting a parabolic curve to E”data with
Origin 7.5 (OriginLab Corporation, Northampton, MA,
USA) software.

2.6. Water Sorption. A DVS Intrinsic sorption microbalance
(Surface Measurement Systems, Alperton, Middlesex, UK)
was used to collect water sorption isotherms. The experi-
ments were carried out at 25°C and RH values from 0 to
90%. The sample was hydrated stepwise in 10% RH steps by
equilibrating the sample weight at each step. The moisture
uptake was calculated according to:

Winoist — Wdry

Moisture uptake = 100 )
Wdry

(1)

where Wit is the sample weight equilibrated at the chosen
relative humidity and Wy is the weight of the dry sample.

2.7. Water Vapor Permeability. The water vapor permeability
(WVP) was determined according to the ASTM E 96/E 96 M-
05 standard [25]. In addition to the RH gradient recom-
mended in the standard (0/54%), the RH gradient of 33/86%
was studied. Films were sealed on aluminum cups containing
43 g CaCl, as a desiccant or 25 g saturated MgCl, solution to
give an atmosphere of 33% RH [26]. There was an air gap
of 6 mm between the salt or salt solution and the underside
of the film. The cups were placed in a desiccator cabinet
equipped with a fan to circulate the air above the samples at
a speed of 0.15 m/s. The cabinet was kept at 22°C, and its RH
was maintained at 54% using saturated Mg(NOs3), solution
when the desiccant was used inside the cups and at 86%
using saturated KCl solution when the inner atmosphere was
controlled with MgCl,.

The cups were weighed five to 10 times at intervals of 3 h—
3 d. The temperature and RH of the cabinet were measured
using a Rotronic HygroPalm RH meter (Bassersdorf, Switzer-
land) prior to each weighing. The water vapor transmission
rate (WVTR) was calculated from the linear regression of
the slope of weight gain versus time by dividing the slope by

the test cell mouth area. The water vapor partial pressure at
the underside of the film was calculated using the correction
method described by Gennadios et al. [27]. The water vapor
permeability (WVP) was obtained by multiplying the WVTR
by the thickness of the film and dividing by the water vapor
partial pressure difference between the two sides of the film.
Three replicates of each film type were tested and their thick-
ness was measured prior to testing at 10 points at 1 ym pre-
cision.

2.8. Oxygen Permeability. The oxygen gas transmission rate
(OTR) of the films was measured using an oxygen perme-
ability (OP) tester with a coulometric sensor (Ox-Tran Twin;
Modern Controls Inc., Minneapolis, MN, USA). The speci-
mens were placed in the instrument for approximately 20 h
prior to testing to condition them to the RH inside the test
cells, which is 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 multiplying the OTR
by the thickness of the film and dividing it by the oxygen
gas partial pressure difference between the two sides of the
film. The measurements were carried out at 22°C and normal
atmospheric pressure. The specimen area was 5 cm?, and the
thickness of the film was measured after analysis at five points
with a micrometer at 1 ym precision. The OP was determined
on four replicates of each film. However, in some cases,
some of the replicates leaked and fewer than four successful
measurements could be done.

3. Results

3.1. Film Formation. Pure GGM does not form a cohesive
self-standing film without the addition of external plasticizer,
such as glycerol or sorbitol. Moreover, a high dosage (30—
40%) of plasticizer is needed, which results in decreased
tensile strength and increased moisture sensitivity of the
films. When glyoxal was added as crosslinker at 5% (wt.-%
of GGM), film preparation was successful at all sorbitol
contents studied and even without the addition of sorbitol.

3.2. Molar Mass. The GGM powder and films from
GGM:5gox and GGM:5gox/20sor were analyzed with HPSEC
using both aqueous salt solution and organic DMSO as
eluents. The weight average molar mass of all samples in the
aqueous system was 32,000 g/mol. Thus, no increase in molar
mass was observed with glyoxal addition. All samples, how-
ever, contained some aggregates seen as prepeak in light scat-
tering signals (results not shown), which might somewhat
increase the molar mass results. The recovery values based
on the refractive index signal ranged from 72% to 89%, so
the samples were well soluble in the aqueous eluent used. The
recovery was slightly lower for the crosslinked samples than
for the GGM powder. In addition, the samples were analyzed
in DMSO with 0.01 M LiBr, which is an efficient solvent
for hemicelluloses [23]. GGM powder dissolved rather well
(recovery 75%), and the film from GGM:5gox/20sor dis-
solved partly (recovery 54%) in DMSO, but the unplasticized



TaBLE 2: Peak temperature of loss modulus (E”) indicating -
relaxation (glass transition, Tg) of films conditioned at 50% RH
(mean + standard deviations from three measurements). Sample
coding as presented in Table 1.

Film Ty + sd (°C)
GGM:5gox 83 +2
GGM:5gox/10sor 654
GGM:5gox/20sor 53+5
GGM:5gox/30sor 25+5
GGM:5gox/40sor 5+6
GGM/40sor —4+2

GGM:5gox film was not soluble in DMSO. The molar masses
of the GGM powder and the GGM:5gox/20sor film analyzed
in DMSO were slightly lower and higher, respectively, com-
pared to values obtained in the aqueous eluent.

3.3. Mechanical and Thermal Properties. The tensile strength
of glyoxal-crosslinked films, being 22-24 MPa, was inter-
estingly found to be independent on the plasticizer content,
except with 10% sorbitol when the tensile strength was lower,
16 MPa (Figure 1(a)). In comparison, the tensile strength of
the noncrosslinked GGM/40sor film was 12 MPa. Thus the
addition of 5% glyoxal doubled the tensile strength of films
with 40% sorbitol. The elongation at break of crosslinked
films slightly increased from 3.7% to 7%, and Young’s mod-
ulus decreased from 740 MPa to 490 MPa as the amount of
sorbitol increased from 10% to 40% (Figures 1(b) and 1(c)).
The elongation at break of GGM/40sor films was similar
to that of GGM:5gox/40sor films, but Young’s modulus,
and thus the stiffness of the reference GGM/40sor films,
was clearly lower than that of any of the glyoxal-crosslinked
films.

The storage modulus (E) of films at 50% RH decreased
(Figure 2) and loss modulus (E”) showed a peak (Table 2)
with increasing temperature indicating a-relaxation (glass
transition, Ty ). To eliminate the effect of variation in thick-
ness of the films and the error in its measurement, the E’ in
Figure 2 was normalized at 1 GPa, as explained by Mathew et
al. [28]. The E’ decrease was steadily greater and the T, lower
as the sorbitol content increased. Films with less than 30%
sorbitol were in a glassy state at room temperature. The glass
transition was detectable even in the films without sorbitol
(83°C), due to the plasticization with water. The moisture
uptake of films at 50% RH was 10-12% (Figure 3). The effect
of glyoxal crosslinking was also clearly seen, as the T, of the
reference GGM/40sor film was 9°C lower than that of the
GGM:5gox/40sor film.

3.4. Water Sorption. Crosslinking of GGM with glyoxal de-
creased the moisture uptake of films containing 40% sorbitol
at 40-90% RH (Figure 3). At RHs from 10% to 50%, the
moisture uptake of films decreased with increasing sorbitol
content. At higher RHs, from 70% to 90%, the effect was the
opposite, and the addition of sorbitol increased the moisture
uptake of films.

International Journal of Polymer Science

3.5. Permeability Properties. The water vapor transmission
rate (WVTR) and water vapor permeability (WVP) were
determined at two different conditions, with an RH differ-
ence between the inner and outer sides of the film of about
50% in both cases. At RH gradient of 0/54%, the low-
est WVP values were determined for GGM:5gox/20sor,
GGM:5gox/30sor, and GGM:5gox/40sor films (Table 3). The
WVP of unplasticized films was clearly higher than that of
the films containing sorbitol. The WVP of GGM:5gox/10sor
and GGM/40sor films was slightly higher than that of the
glyoxal-crosslinked films containing 20-40% sorbitol. At the
gradient of 33/86%, the WVTR and WVP increased steadily
with increasing sorbitol content.

The oxygen transmission rate (OTR) measurement
of GGM:5gox films was repeated several times, but the
films leaked and no result was obtained. In contrast,
two replicate OTR measurements of the sorbitol-plasticized
GGM:5gox/10sor and GGM:5gox/20sor films and all OTR
measurements of the other films were successful. Taking the
standard deviations into account, there were no great dif-
ferences in the oxygen permeability (OP) of films (Table 4).
Only GGM:5gox/20sor film was distinguished with regard to
the OP, which was lower than that of the other films.

4. Discussion

GGMs are a potential renewable and biodegradable film-
forming material, but require a rather large amount of
plasticizer to form cohesive films, and the mechanical
performance of the highly plasticized GGM films is rather
low. As indicated by tensile testing and DMA, addition
of 5% glyoxal clearly strengthened and stiffened the GGM
films. The macromolecular mobility of the film components
decreased with the addition of glyoxal, as shown by increased
T, (Table 2). That is expected to be due to formation of
hemiacetal bonds between glyoxal and GGM chains resulting
in a network of crosslinked GGM, in addition to hydrogen
bonding of GGM molecules. The formation of a crosslinked
network is also supported by the fact that GGM and gly-
oxal, unlike pure GGM, formed cohesive films even without
additional plasticizer. However, the HPSEC analysis in
aqueous eluent did not show increase of the molar mass of
GGM samples with glyoxal. This is most probably due to
the reversible nature of formed hemiacetal bonds in aqueous
solution. The insolubility of GGM:5gox film in DMSO, in
which pure GGM dissolves well, is an indication of successful
crosslinking. On the other hand, the partial solubility of
GGM:5gox/20sor film in DMSO indicates that, in the sorbi-
tol-plasticized films, the hemiacetal linkages might also be
formed between glyoxal and hydroxyl groups of sorbitol
instead of hydroxyl groups of GGM.

Interestingly, the effect of sorbitol dosage on the mechan-
ical properties of the films was not straightforward. Classi-
cally, increasing amount of plasticizer is known to decrease
the tensile strength and increase the elongation at break of
films [29]. However, with previously studied guar gum and
locust bean gum galactomannan films, increasing glycerol
and sorbitol content from 20% to 40% (wt.-% of polymers)
had a rather small effect on the tensile strength of films [30].
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FIGURE 1: (a) Tensile strength, (b) elongation at break, and (c) Young’s modulus of films. The results are averages from 9 to 10 measurements,
and the error bars indicate standard deviations. Sample coding as presented in Table 1.

TaBLE 3: Water vapor transmission rate (WVTR) and water vapor permeability (WVP) of films (mean + standard deviations from three
measurements). Sample coding as presented in Table 1.

Film WVTR + SD [g/(m? - d)] WVP + SD [g- mm/(m? - d - kPa)]
(RH 0/54%) (RH 32/86%) (RH 0/54%) (RH 32/86%)

GGM:5gox 325+ 10 748 + 38 12.0 £ 0.9 23.5+0.4
GGM:5gox/10sor 66 +3 850 =29 22+0.3 26.9 £ 4.4
GGM:5gox/20sor 26 +2 900 = 68 0.9+0.1 29.1 £ 1.1
GGM:5gox/30sor 22+3 939 + 37 1.0+ 0.4 27.4+0.8
GGM:5gox/40sor 261 1023 + 38 1.1 +0.2 30.6 + 2.1
GGM/40sor 49+6 1068 + 41 2.1+0.2 33.2+6.1

TaBLE 4: Oxygen transmission rate (OTR) and oxygen permeability (OP) of films (mean + standard deviations). Sample coding as presented
in Table 1.

Film OTR + sd [cm?®/(m? - d)] OP + sd [cm3 - ym/(m? - d - kPa)]
GGM:5gox nd nd
GGM:5gox/10sor 19+1 10+3
GGM:5gox/20sor 8§+2 3+0
GGM:5gox/30sor 14+5 8+4
GGM:5gox/40sor 13+1 8+1

GGM/40sor 12+2 7+2

Nd: not determined due to leaking of the film.
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The same phenomenon was observed with GGM films in the
present study, as the tensile strength of glyoxal-crosslinked
films was similar regardless of the sorbitol content, with the
exception of the GGM:5gox/10sor film (Figure 1). During
the preparation of the films, glyoxal was first allowed to
interact with GGM for 4 min before the addition of sorbitol.
Despite that, we cannot rule out the possibility of glyoxal
forming hemiacetal bonds with the hydroxyl groups of
sorbitol as well as with those of GGM, which would make
some of the sorbitol less effective as plasticizer. However, the
glyoxal dosage was constant at 5 wt.-% of GGM, whereas the
content of sorbitol ranged from 10% to 40%. Thus, in the
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highly plasticized films, there was not enough glyoxal to react
with all the sorbitol. In contrast to tensile strength, the results
of the elongation at break, Young’s modulus, and especially
DMA showed indeed clear plasticization of films with in-
creasing sorbitol content (Figures 1 and 2). The elongation
at break of all films was rather low, but there was a clear
increasing trend with increasing amount of sorbitol. Young’s
modulus of films dropped approximately 200 MPa when
40% sorbitol was present in the glyoxal-crosslinked films
(films from GGM:5gox and GGM:5gox/40sor). In addition,
DMA indicated that the films containing more sorbitol were
less stiff and softened more at high temperature than the
less plasticized films; that is, their T, was lower. The low
tensile strength of the GGM:5gox/10sor film is an interesting
result—one that is difficult to explain. Previously, the use of
10% glycerol, but not of sorbitol, in oat spelt arabinoxylan
films was thought to induce an antiplasticization effect [31].
The effect of increasing glycerol content on S-transition of
GGM films studied by dielectric analysis also suggested anti-
plasticization by glycerol [13]. However, the present data
does not support the antiplasticization theory, according to
which the tensile strength of a material increases with the
addition of a small amount of plasticizer [32].

In our recent study, GGM films were prepared with a
low content of plasticizer (glycerol) in the presence of 15%
microfibrillated cellulose (MFC) [13]. Due to fracturing of
the films during specimen preparation, the measurement of
the tensile properties of films with less than 40% glycerol
(wt.-% of GGM), even in the presence of MFC, was not
successful using the Instron tensile tester, which was success-
fully applied for all studied GGM-glyoxal films in the present
work. Therefore, tensile testing of GGM-MFC composite
films was performed using small specimens in a DMA. In
contrast to the present study, a constant decrease in tensile
strength of GGM-MFC films was detected with increasing
plasticizer content [13]. The tensile strength of MFC-rein-
forced GGM films containing 10% glycerol as analyzed by
DMA (34 MPa) was higher than that of any of the GGM-
glyoxal films in the present study. However, the glyoxal-
crosslinked GGM films were easier to handle than the MFC-
reinforced films, also with low plasticizer content, and their
tensile properties could thus be measured using the Instron
device.

The effect of the amount of sorbitol on water sorption
of glyoxal-crosslinked films depended on RH (Figure 3). At
RHs below 50%, the moisture uptake of films decreased with
increasing sorbitol content, whereas at RHs above 70% the
addition of sorbitol increased the water sorption. At RH
50%, which was used in the tensile testing and DMA, the
water content of films, and thus the plasticization by water,
did not vary significantly. Previously, the addition of glycerol
as plasticizer of GGM [13] and starch [33] was found to
decrease the moisture uptake of films at low RH and increase
it at high RH. The effect of sorbitol on glyoxal-crosslinked
GGM films in the present study was similar. Thus, as con-
sidered for glycerol and starch by Godbillot et al. [33], at
low RH sorbitol probably occupied the water sorption sites,
whereas at high RH, hydrophilic sorbitol dominated the
global sorption behavior.
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The dependence of moisture uptake of films on RH
most probably affected the obtained WVP results, which
were studied using two different RH gradients of about 50%
(0/54% and 33/86%) (Table 3). At lower RH (0/54%), the
glyoxal-crosslinked films with 20, 30, and 40% sorbitol had
lower WVP than the films with 10% and without sorbitol. In
contrast, at the higher RH (33/86%), increasing sorbitol con-
tent increased the WVP. Thus, at higher RH, the highly plas-
ticized films had higher water content and could have swelled
more, leading to faster permeation of water molecules. The
crosslinking seemed to slightly reduce the WVP of GGM
films with 40% sorbitol at high RH. At lower RH, the WVP
of the crosslinked films was half of that of GGM/40sor
films. Interestingly, the unplasticized GGM:5gox film had the
highest WVP of the films studied at the lower RH (0/54%),
12.0 g-mm/(m?-d-kPa), but even though its WVP increased
with increasing RH to 23.5 g-mm/(m?-d-kPa); it was lower
than that of the other films at high RH (33/86%). The OP
measurements of that film, which were done at RH 50-75%,
were not successful probably due to pinholes in the film,
leading to leaking of oxygen. This indicates that the structure
of the unplasticized film at about 50% RH was not compact.
At RH 33/86%, swelling took place, which had the potential
to block the pinholes. Thus, at high RH, increased water
content and the swelling of the film, which was lower when
sorbitol was not present, played the biggest role in affecting
WVP. The OP results of the films (at RH 50-75%) are in
agreement with the WVP data at the lower RH (0/54%),
as the presence of sorbitol improved the oxygen barrier
properties of the films (Table 4). The GGM:5gox/20sor film
had the lowest OP, 3cm?® - ym/(m?-d-kPa), indicating that
this plasticizer content was optimal, on one hand preventing
the formation of pinholes and on the other hand not
exceedingly increasing the swelling.

The WVTR data can be compared with the WVP, calcu-
lation of which takes into account the original thickness of
the films (Table 3). Due to variations in thickness of some of
the replicate specimens, the standard deviations of the WVP
results at RH 33/86% also vary. In contrast, the standard
deviations of the WVTR values are rather similar. This
indicates that the differences in thickness did not affect the
amount of water vapor passed through the films. Thus, it can
be speculated that the WVP of the films was mostly governed
by the solubility of water in the films, not by diffusivity,
though both can affect the permeability properties of films.
Corresponding argumentation cannot be done about the
mechanisms of oxygen permeation based on the present
OTR and OP data (Table 4), because the standard deviations
varied similarly in both the OTR and OP results.

Potential applications for GGM-based films could be in
the packaging industry, for example, as biodegradable food
packages. Thus, mechanical strength, flexibility, and mois-
ture and gas barrier properties are required to protect the
packaged product from mechanical stress and migration of
moisture and other volatiles to and from the outside environ-
ment. The tensile strength of glyoxal-crosslinked GGM films
was comparable to that of many other bio-based or synthetic
materials currently used in packaging [34]. However, the
elongation at break of GGM films was rather low compared

to that of materials in commercial use [34]. The WVP of
GGM films at the gradient of 0/54% was similar or lower
than that of other polysaccharide- or protein-based films,
but higher than that of polyethylene films [35] and further
increased with increasing RH. We have previously discussed
our results on the OP of GGM films in comparison with
those of films from other mannans and starch and a com-
mercial film containing ethylene vinyl alcohol with layers of
polyethylene on both sides [10]. Those, as well as our present
results, support the statement that GGM-based films hold
potential as oxygen barrier materials, although only in the
presence of a plasticizer. Despite crosslinking of GGM with
glyoxal, the studied films are still expected to be biodegrad-
able. As discussed earlier, the formed hemiacetal bonds
are reversible, that is, most likely break in water or moist
environment, after which the components are conventionally
degraded further by naturally occurring microorganisms.

5. Conclusion

Crosslinking GGM with 5% glyoxal resulted in a strength-
ened polymer network and films with higher tensile strength,
Young’s modulus, storage modulus (E"), and glass transition
temperature (T,) than uncrosslinked sorbitol-plasticized
films. The glyoxal-crosslinked films could be prepared and
studied with different amounts of sorbitol as plasticizer and
even without the use of polyol plasticizer, which is not suc-
cessful from pure GGM. The effect of increasing sorbitol con-
tent was seen as increased elongation at break and moisture
content at high RH and decreased Young’s modulus and T, of
films, but interestingly the tensile strength did not decrease
along the addition of sorbitol. At low RH, the addition of
sorbitol improved the water vapor barrier properties of the
films, but, at high RH, the WVP increased with increasing
sorbitol content. Presence of sorbitol in GGMs films was
necessary to obtain oxygen barrier materials. Spruce GGMs
are promising renewable polymers and a potential byproduct
from the forestry industry. In the present study, they were
shown for the first time to produce self-standing films
in the presence of a suitable crosslinking agent. The prop-
erties of GGM-based biodegradable films for various future
applications can be further tailored by optimizing the type
and content of crosslinking and plasticization agents.
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