
1. Introduction
Biodegradable plastics made from renewable
resources have received increased attention from
polymer scientists, plastics manufacturers, and
government agencies [1, 2]. The driving force for
this interest derives from sustainability gains and
environmental amelioration provided through a
reduced dependence on petroleum reserves,
increased disposal options, and lower levels of
greenhouse gases. This development has accrued in
spite of acknowledged challenges connected with
material properties, recycling, and cost [3–5]. Most
of the interest in biodegradable plastics is aimed at
developing low cost composites that are economi-
cal in high-volume applications. Applications con-
sidered most relevant include packaging and
consumer products.

Starch-based materials have been of particular
interest [6–10] because of the generally low cost of
starch, and because thermoplastic starch [6] can be
processed with conventional means such as extru-
sion and injection molding.
Starch foams are one segment of starch-based
materials. Interest in foams is based on their low
density, relative to non-foamed materials, which
leads to lower material costs. Also, starch foams are
biodegradable, in contrast to foamed polystyrene
which is recalcitrant. Starch foams have been pro-
duced by extrusion [11–14], solvent exchange [15],
and molding by means of a compression/explosion
process [16].
Starch foams can also be produced with a technique
similar to compression molding, whereby a mixture
of starch, water, and additives is deposited into
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heated molds [17]. Excess water is vented as steam
as the mixture expands and fills the mold cavity. A
small amount of the mixture tends to be forced
through the vents, which builds pressure inside the
mold and produces foaming [17, 18]. The proper-
ties of these foams and their dependence on compo-
sition and processing have been studied [18–21],
largely with the aim of improving mechanical prop-
erties and moisture resistance.
There is also growing interest in lignin-based mate-
rials. Lignin is an abundant renewable natural
resource. A byproduct of paper manufacture, lignin
is considered a fairly intractable waste material and
is usually burned as fuel for lack of higher-value
uses. The properties and uses of lignin have
recently been reviewed [22, 23]. Kumar et al. [24]
have reviewed applications of lignin combined
with other polymers.
Baumberger [25] has reviewed applications of
lignin specifically in starch-lignin films. Stevens et
al. [26] have examined thermoplastic starch-kraft
lignin-glycerol blends prepared by film casting and
by extrusion in a twin-screw extruder. Lignin is
also produced as a byproduct in the refining
process by which cellulose is isolated from ligno-
cellulosic feedstocks. Starch-lignin materials can
therefore be envisioned as becoming integrated into
the production of bioethanol.
Starch-lignin foams have not previously been
examined. The purpose of this study was to prepare
and characterize starch-kraft lignin foams. The
major applications for starch-lignin foams would
be packaging containers for single or short-term
use, as biodegradable alternatives to foamed poly-
styrene. Here the questions of interest were whether
the presence of a significant amount of lignin
would prevent foam formation or have any effect
on water resistance and mechanical properties rela-
tive to starch foams.

2. Materials and sample preparation
Melojel cornstarch was purchased from National
Starch and Chemical Company, Bridgewater, New
Jersey. Indulin AT lignin (kraft pine lignin) was
donated by MeadWestvaco, Charleston, South Car-
olina. Ammonium hydroxide (30% aqueous solu-
tion) was purchased from Fisher Scientific Com-
pany. Magnesium stearate was purchased from
Aldrich Chemical Company.
Sample compositions are shown in Table 1. The
water content of the starch, measured by heating at
130°C for 1 h and weighing at 20°C, was
11.6±0.1%. Sample 1 was a control, with a weight
ratio of starch (dry weight) to water (total weight)
equal to 1.00. In samples 2 and 3, 10 and 20% of
the starch, respectively, was replaced with lignin.
Water was added in an amount which kept the ratio
of starch-plus-lignin to water equal to 1.00. Magne-
sium stearate was added as a release agent, at a
level of 2.0% of the starch dry weight [19].
Lignin is soluble in aqueous solution only at high
pH. In studies of starch-lignin cast films [26],
ammonium hydroxide was used to raise the pH of
the casting solution and was found to be a require-
ment for obtaining viable films. Preparing starch-
lignin films by extrusion, on the other hand, had no
significant high-pH requirement [26]. In the present
study, samples were prepared both with and with-
out ammonium hydroxide. In samples 2N and 3N,
ammonium hydroxide was added as an aqueous
solution (30%) in an amount equal to the estimated
stoichiometric amount of OH protons in pine kraft
lignin [27], 2.0 ml per 10 g lignin. The ammonium
hydroxide is taken up by the starch-lignin mixture
quickly so that after mixing there is no ammonia
odor.
The dry ingredients were mixed manually. Water
and, when used, ammonium hydroxide solution
were added and the mixture again mixed manually.
The mixture was placed in a 70°C water bath and
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Table 1. Compositions

aThe starch contained 11.6% water.
bAdded as aqueous NH4OH solution (30%)

Sample Starcha [g] Water [g] Lignin [g] Mg stearate [g] NH4OHb [ml]
1 168 129 0 2.96 0
2 160 137 14.16 2.82 0
3 152 144 27.00 2.70 0

2N 160 137 14.16 2.82 2.83
3N 152 144 27.00 2.70 5.40



heated with mixing for 10–15 minutes after which
time it had thickened to a doughlike consistency.
Foam samples were prepared in an oven (Heben-
streit GmbH, Model ZQe, Germany) with rectangu-
lar 6.5 cm×11.1 cm molds. The mold was pre-
heated to 170°C and 30 g samples were heated for
50–60 s. The resulting foam panels were approxi-
mately 0.2 cm thick. After cooling, the panels were
cut into strips 2.5 cm×16.5 cm for density, water
absorption, and flexural measurements.

3. Sample characterization
3.1. Morphology
For density measurements, samples were condi-
tioned for 48 h at 20°C and 50% relative humidity.
Density was determined by weighing the foam and
calculating the volume from measured dimensions.
Four specimens of each sample were used.
For scanning electron microscope (SEM) measure-
ments, specimens of samples 1 and 3N were frac-
tured in liquid nitrogen, dried, sputter-coated with
Au-Pd, and examined with a Hitachi S-4700 scan-
ning electron microscope.
For X-ray powder diffraction (XRD) analysis,
specimens of samples 1 and 3N were ground to a
powder with a mortar and pestle. Analysis was car-
ried out with a Philips X-pert PW3040 MPD dif-
fractometer operated at 40 kV and 20 mA using
CuKα radiation with a graphite diffracted beam
monochromator. Data were acquired in steps of
2θ = 0.04° and 4 s.

3.2. Differential scanning calorimetry (DSC)

Foam samples were first ground into a fine powder
with a mortar and pestle to improve thermal contact
with the aluminum DSC cells. The heating curve of
kraft lignin alone was also obtained. DSC measure-
ments were made with a Perking Elmer Jade instru-
ment calibrated with indium (T, ΔH) and zinc (T).
Samples (12.0–21.0 mg) were placed in cells and
sealed at ambient temperature (23±2°C) and rela-
tive humidity (50±10%). Heating was from
30–130°C at 10°C/min. Measurements were made
on 2–4 samples of each composition.

3.3. Water absorption
An immersion gravimetric method was used for
measuring water absorption [28–30]. Specimens of
samples 1 and 3N, 7.6×2.5×0.2 cm, were condi-
tioned for 24 h at 50°C, weighed, then immersed in
a 23°C water bath for specified times of 15 sec to
30 min. The foams were held vertically under water
by two wires penetrating the foam and attached to a
clamp, thereby maximizing exposure to water.
After immersion, excess water was removed with
absorbent paper and the specimens were reweighed.
Two-to-four specimens were measured for each
sample at each immersion time.
The amount of water that entered the sample per
unit surface area at time t, mt, was calculated. Dif-
ferent specimens were used for each immersion
time, so values of mt were normalized to a uniform
sample weight (0.727 g), and divided by the surface
area of a sample of that weight, calculated from the
density measurements to be 35.4 cm2.

3.4. Flexural properties

Before mechanical testing, samples were condi-
tioned for 24 h at a temperature of 23±2°C and rel-
ative humidity of 53% using a saturated solution of
Mg(NO3)2. Three-point flexural tests were carried
out with an Instron Model 4500 testing machine
according to ASTM Test Method D 790 [31]. Spec-
imen width was 2.5 cm, span setting was 10.0 cm,
and crosshead speed was 2.54 mm/min. The num-
ber of specimens of each sample was 6–8.
In this ASTM test method, flexural stress is calcu-
lated according to Equation (1):

(1)

where σf is the flexural stress at the midpoint of the
specimen, in MPa; P is the load at a given point on
the load-deflection curve, in Newtons; L is the sup-
port span, in mm; b is the width of the specimen, in
mm; and d is the thickness of the specimen, in mm.
For the specimens used here, L = 100 mm, b =
25.4 mm, and d varied within a range near 2.0 mm.
We report flexural strength, i.e., the maximum flex-
ural stress, which uses the load (P) at the maximum
on the load-deflection curve; e.g., for P = 2.0 N,
σf = 3.0 MPa.
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Flexural strain is calculated according to Equa-
tion (2):

(2)

where εf is the fractional change of an element of
the outer surface of the specimen at the midpoint, in
mm/mm; D is the maximum deflection of the cen-
ter of the specimen, in mm; and L and d are as in
Equation (1). We report flexural strain at maximum
flexural stress, as a percent, εf·100; e.g., for D =
10 mm, εf = 1.2%.
The modulus of elasticity in bending is the ratio,
within the elastic limit, of stress to corresponding
strain, as in Equation (3):

(3)

where Eb is the modulus of elasticity in bending, in
MPa; m is the slope of the tangent to the initial
straight-line portion of the load-deflection curve, in
N/mm of deflection; and L, b, and d are as in Equa-
tion (1).

4. Results and discussion
4.1. Morphology
Figure 1 shows optical scans of a starch and starch-
lignin foam. Lignin imparts a brown color.
Foam densities are shown in Table 2. The density
of the control sample is the same as that previously
reported [19] for a similarly processed foam having
a 1:1 starch:water composition (0.22 g/cm3). Foam
density is known to depend on starch source, water
content, heating temperature, and heating time
[18, 19].
Lignin has little effect on foam density. The differ-
ence between samples 2N and 3N is only margin-
ally significant but suggests that the effect of

ammonium hydroxide on density may depend on
the amount of lignin present. For example, it may
be that lignin has the effect of decreasing foam den-
sity, whereas ammonium hydroxide has the effect
of increasing foam density.
Typical densities of foamed polystyrene are
0.06–0.09 g/cm3 [16, 18, 19], less than what is
observed here. However, starch foams prepared by
extrusion [13] have densities of approximately
0.06–0.07 g/cm3, similar to foamed polystyrene.
Extrusion may lead to lower densities in starch-
lignin foams than foams obtained with the present
method.
SEM images of samples 1 and 3N are shown in
Figure 2. The features of starch foams (Figure 2a)
have been observed previously [17, 18]. Below a
thin surface ‘skin’ of approximately 100 μm in
thickness, there is a region of cellular structure con-
taining 100–200 μm voids. The major internal
region of the foam consists of large voids of up to
1 mm in size. The boundaries separating these
regions are not sharp, but the combined thickness
of the outer skin and smaller voids in the present
micrographs is approximately 0.045 cm, similar to
what has been observed previously [17, 18].
Starch-lignin foams display the same features (Fig-
ure 2b). Lack of contrast makes the location of the
dispersed lignin impossible. Nevertheless, the SEM
images show that 20% lignin can be incorporated
into starch foams without collapse of the foam and
with no major change in morphology.
Figures 2c and 2d show enlarged images of sam-
ples 1 and 3N, respectively. The walls of the inter-
nal cells are approximately 10 μm thick, whether or
not the foams contain lignin.
Therefore, SEM indicates that replacing 20% of the
starch with lignin has no deleterious effect on over-
all morphology.
X-ray diffraction patterns of samples 1 and 3N are
shown in Figure 3. The significant diffraction max-
imum at 19.4° and a weaker maximum at 12.7° in
both samples indicate the presence of residual
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Figure 1. Optical scans of starch foam (top) and starch-
lignin foam (bottom)

Table 2. Sample densitiesa

aAverage values ± estimated standard deviation (N = 4)

Sample Density [g/cm3]
1 0.23 ± 0.02
2 0.24 ± 0.02
3 0.21 ± 0.01

2N 0.31 ± 0.07
3N 0.24 ± 0.03



structure of the V form of starch [13, 18, 32]. The
absence of the B structure indicates that the native
structure in the starch granule was destroyed during
foam formation. Some of the amylose probably
recrystallized into the V form during the cooling
[32].

4.2. Differential scanning calorimetry
Figure 4 shows the heating curves of the five sam-
ples described in Table 1. The starch foam (curve 1)
displays, within the measured temperature range, a
broad endothermic peak and a second smaller fea-
ture. Peak temperatures, averaged over four speci-
mens, were 85±1 and 95±2°C, respectively. The
integrated area, including both features and aver-
aged over four specimens, corresponds to
ΔH = 2.0±0.1 J/g of dry starch.
DSC features observed with starch samples depend
on water content, age, source plant, and sample his-
tory [32–34]. For our purposes, the thermal features
in the starch foam (Figure 4, curve 1) need only be
taken to indicate that heat treatment of starch dur-
ing foam formation leaves some residual starch
structure [32]. XRD analysis (above) indicates that
structure to be the V form of amylose.
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Figure 2. SEM images of (a) starch (sample 1), (b) starch-lignin (sample 3N), (c) starch (sample 1), and (d) starch-lignin
(sample 3N)

Figure 3. Powder X-ray diffraction patterns of foams of
starch (sample 1) and starch-lignin (sample 3N)



Sample 2, containing 10% lignin and prepared
without ammonium hydroxide, similarly shows
two thermal features but shifted to lower tempera-
tures, approximately 78 and 86°C, and with a
decreased enthalpy change of 0.91±0.02 J/g of
starch. The remaining samples show no distinct
thermal features (ΔH≤0.3 J/g of starch).
X-ray diffraction analysis indicates the presence of
residual structure in both samples 1 and 3N, but
only sample 1 displays a thermal transition by
DSC. This result indicates that, when lignin is pres-
ent, starch-lignin interactions are sufficient to
inhibit the thermal transition, as in sample 3N.
As a control experiment, the DSC of the lignin used
in this work was measured (Figure 5). Upon first
heating (curve a) there is a broad endothermic peak
at 80±2°C with ΔH = 5.7±0.6 J/g. After cooling
and reheating (curve b) the same sample shows no

thermal features in the temperature range examined
here. Therefore, following foam formation, lignin
does not contribute to the DSC data displayed in
Figure 4.
The data also suggest that the effect of ammonium
hydroxide on thermal features, as with its effect on
foam density (above), depends on the amount of
lignin present: at 10% lignin the melting features
are absent only when ammonium hydroxide is
used, whereas at 20% lignin the melting features
are absent whether or not ammonium hydroxide is
used. This result could be a concentration depend-
ent phenomenon related to the way in which lignin
is dispersed throughout the foam.
A hypothesis for the action of ammonium hydrox-
ide is that dissolution of lignin at high pH involves
phenolate formation in the lignin component; the
pKa of phenol is 9.9. Phenolate ions then interact
with hydroxyl groups of the starch through ion-
dipole interactions, supplementing hydrogen-bond-
ing dipole-dipole interactions. Some ammonium
ions remain as phenolate counterions and excess
ammonia escapes during the mixing and heating
processes. By the time the foams are formed, there
is no free ammonia and no ammonia odor.

4.3. Water absorption

An empirical power law model has often been used
to describe polymer absorption dynamics [35, 36]
(Equation 4):

(4)

where mt is the mass of absorbed water per unit
area at time t; k is an empirical rate parameter pro-
portional to D1/2, where D is the diffusion constant;
and n is a parameter related to the diffusion mecha-
nism. When n is equal to 0.5 the dynamics are
referred to as Fickian [29, 30, 35, 36].
Figure 6 shows a plot of mt versus t1/2 for samples 1
(starch) and 3N (starch-lignin), with mt in units of
g/cm2 and t in seconds. The behavior is initially lin-
ear, but the slopes increase at longer times. The
results of this empirical model indicate qualita-
tively that lignin impedes the absorption of water.
The ratio of the limiting slopes, at short times, for
samples 1 and 3N is approximately 2:1, indicating
a ratio of effective diffusion constants of approxi-
mately 4:1. This simple empirical model, however,
provides little insight into the mechanism of diffu-

n
t ktm =
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Figure 4. DSC curves for the samples described in
Table 1. The curves have been displaced on the
vertical axis for ease in viewing.

Figure 5. DSC curves for lignin; (a) first heating, (b) sec-
ond heating. The curves have been displaced on
the vertical axis for ease in viewing.



sion and does not explain the departure from linear-
ity in Figure 6 at long times.
Crank [37], on the other hand, provides a non-
empirical, analytical solution to Fick’s diffusion
equations for boundary conditions appropriate to
the present materials; i.e., diffusion into a slab hav-
ing an outer layer of thickness, l, through which dif-
fusion is determined by a diffusion constant, D. It is
assumed that further movement of water into the
core is unhindered.
The large voids in the present materials led us to
examine that model. The specimens were cut from
the original larger samples, exposing voids along
the edges, but for the sample sizes used here, only
10% of the surface area was exposed.
In such a model, solutions to Fick’s diffusion equa-
tions are obtained [37] as in Equation (5):

(5)

where c0 is the water concentration at the surface,
1.00 g/cm3, and erfc is the error function comple-
ment. The thickness of the outer region, l, was esti-
mated from the SEM images (Figure 2) to be
0.045 cm.
Equation (5) contains only the single fit parameter,
D. Crank [37] points out that when mt /2lc0 is plot-
ted as a function of (Dt/l2)1/2, the curve is expected
to be linear for small times but that its gradient later
increases steadily as t increases. When plotted as a
function of Dt/l2 the curve is initially parabolic,

then becomes linear. Data for samples conforming
to the model will be superimposed, with data for
different samples being distinguished by different
values of the fitted parameter, D.
Data for each of samples 1 and 3N were fit to Equa-
tion (5) by minimizing χ2. For sample 1 (starch),
D = 2.68·10–6 cm2/sec, with a standard deviation
for the fit of 0.036. For sample 3N (starch-lignin),
D = 0.80·10–6 cm2/sec, with a standard deviation
for the fit of 0.026.
Figure 7 shows the present data plotted as a func-
tion of (Dt/l2)1/2, displaying the expected initial lin-
ear behavior and significant curvature at longer
times. Figure 8 shows the data plotted as a function
of Dt/l2, displaying the initial parabolic behavior
and the expected linear behavior at longer times.
Equation (5) accounts satisfactorily for the data of
both samples. Lignin impedes diffusion into the
outer layers of the foam but does not affect the dif-
fusion mechanism. The ratio of the two effective
diffusion constants is 3.4, indicating a significant
improvement in water resistance in the starch-
lignin foam.
Baumberger et al. [38], who studied starch-lignin
films, also found that lignin improves water resist-
ance, as long as no plasticizer is used. Stevens et al.
[26] found that if glycerol is used to plasticize
starch-lignin films, the effect of the glycerol is to
reduce or eliminate the hydrophobic effect of
lignin.
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Figure. 6. Water absorption described by an empirical
power law model (Equation 4). Sample 1,
starch; sample 3N, starch-lignin.

Figure 7. Water absorption as a function of (Dt/l2)1/2 as
described by Equation (5); , starch (sample 1);

, starch-lignin (sample 3N). The dashed line
represents the best fit to Equation (5); the error
bars show the standard deviation of the fit.



4.4. Flexural properties

The load deflection curves for the starch control
samples showed an increase in strain beyond the
point of maximum stress; they showed a yield.
Beyond the yield, there was an additional strain of
approximately 0.2% before the sample broke. On
the other hand, foams containing lignin displayed
no yield; they broke at the maximum measured
stress.
Flexural properties are shown in Table 3. Shogren
et al. [39] and Lawton et al. [40] have shown that
starch content, plant source, and moisture content
affect the mechanical properties of foams prepared
by the present method. Results for the control sam-
ple can be compared with reported values [19] rep-
resenting averages for corn, wheat, potato and
tapioca starch foams and prepared with a 1:1 starch:
water composition: flexural strength, 4.7 MPa;

strain at maximum stress, 2.2%; modulus of elastic-
ity, 281 MPa.
Foams with 10% lignin or 20% lignin, prepared
without ammonium hydroxide (samples 2 and 3),
displayed the same flexural strength as the starch
control, a decreased strain at maximum stress, and a
larger modulus of elasticity.
Foams with 10% lignin, prepared with ammonium
hydroxide (sample 2N), displayed the same flex-
ural strength and strain at maximum stress as foams
prepared without ammonium hydroxide, but a
larger modulus of elasticity; the increase in modu-
lus between samples 2 and 2N is significant at the
99% confidence level.
In foams with 20% lignin and prepared with ammo-
nium hydroxide (sample 3N), the ammonium
hydroxide had the effect of significantly decreasing
flexural strength (99% confidence level), but had
no further effect on strain at maximum stress. The
modulus of elasticity decreased relative to the other
lignin-containing samples, but was larger than the
value for the starch control (95% confidence level).
Thus, the effect of ammonium hydroxide appears to
depend on the amount of lignin present.
The present results can be compared with those of
Baumberger et al. [38] who prepared starch-kraft
lignin pre-extruded molded films containing only
water as a plasticizer. They observed tensile elon-
gations at break of 1.0–1.5%. Without additional
plasticization, lignin increases the brittleness of
both films and foams.
For comparison, the values for foamed polystyrene
are: flexural strength, 1.3 MPa; strain at maximum
stress, 1.7%; and modulus of elasticity, 105 MPa
[19]. The flexural strength of starch-kraft lignin
foams is, therefore, similar to that of foamed poly-
styrene; the strain at maximum stress is smaller,
and the modulus of elasticity is larger.
Starch foams have also been produced by extrusion
and other means [11–16], and the mechanical and
other properties of starch-lignin foams are likely to
depend on processing. 

5. Conclusions

Replacing 20% of the starch with lignin does not
prevent foam formation and has no deleterious
effect on foam density or morphology. Lignin sig-
nificantly decreases the rate of water absorption.

318

Stevens et al. – eXPRESS Polymer Letters Vol.4, No.5 (2010) 311–320

Table 3. Flexural propertiesa

aAverage values ± estimated standard deviation.
bNumber of specimens.

Sample Nb
Flexural
strength
[MPa]

Strain at
maximum
stress [%]

Modulus of
elasticity

[MPa]
1 6 2.61 ± 0.32 1.4 ± 0.1 235 ± 37
2 8 2.20 ± 0.28 0.7 ± 0.1 348 ± 24
3 8 2.44 ± 0.30 0.6 ± 0.1 395 ± 32

2N 8 2.71 ± 0.55 0.7 ± 0.4 518 ± 149
3N 7 1.56 ± 0.56 0.6 ± 0.2 296 ± 55

Figure 8. Water absorption as a function of (Dt/l2)1/2 as
described by Equation (5); , starch (sample 1);

, starch-lignin (sample 3N). The dashed line
represents the best fit to Equation (5); the error
bars show the standard error of the fit.



XRD and DSC together indicate that there are sig-
nificant starch-lignin interactions that stabilize
residual structure in the starch. Starch-lignin foams
prepared by the present method have approxi-
mately the same flexural strength as foamed poly-
styrene, a smaller strain at maximum stress, and a
larger modulus of elasticity. 

Acknowledgements
We thank MeadWestvaco for donations of Indulin AT. The
technical assistance of Tina Williams, Marie Cope, and
David M. Jenkins is gratefully acknowledged.

References
[1] Chiellini E., Solaro R.: Biodegradable polymers and

plastics. Plenum Press, New York (2003).
[2] Wool R. P., Sun X. S.: Bio-based polymers and com-

posites. Elsevier, Amsterdam (2005).
[3] Zhang M. Q.: Polymeric materials from natural

resources- Emerging as the times require. Express
Polymer Letters, 1, 406 (2007).
DOI: 10.3144/expresspolymlett.2007.57

[4] Krawczak P.: Plastics and composites based on renew-
able resources: End-of-life recycling and recovery
issues. Express Polymer Letters, 2, 237 (2008).
DOI: 10.3144/expresspolymlett.2008.28

[5] Karger-Kocsis J.: Thermoset polymers containing bio-
based renewable resources. Express Polymer Letters,
3, 676 (2009).
DOI: 10.3144/expresspolymlett.2009.84

[6] Avérous L.: Biodegradable multiphase systems based
on plasticized starch: A review. Journal of Macromol-
ecular Science Polymer Reviews, 44, 231–274 (2004).
DOI: 10.1081/mc-200029326

[7] Tábi T., Kovács J. G.: Examination of injection
moulded thermoplastic maize starch. Express Polymer
Letters, 1, 804–809 (2007).
DOI: 10.3144/expresspolymlett.2007.111

[8] Cao X., Chen Y., Chang P. R., Muir A. D., Falk G.:
Starch-based nanocomposites reinforced with flax cel-
lulose nanocrystals. Express Polymer Letters, 2, 502–
510 (2008).
DOI: 10.3144/expresspolymlett.2008.60

[9] Wittek T., Tanimoto T.: Mechanical properties and
fire retardancy of bidirectional reinforced composite
based on biodegradable starch resin and basalt fibres.
Express Polymer Letters, 2, 810–822 (2008).
DOI: 10.3144/expresspolymlett.2008.94

[10] Lu D. R., Xiao C. M., Xu S. J.: Starch-based com-
pletely biodegradable polymer materials. Express
Polymer Letters, 3, 366–375 (2009).
DOI: 10.3144/expresspolymlett.2009.46

[11] Lacourse N. L., Altieri P. A.: Biodegradable packag-
ing material and the method of preparation thereof.
U. S. Patent 4863655, USA (1989).

[12] Harper J. M., Tribelhorn R. E.: Expansion of native
cereal starch extrudates. in ‘Food extrusion science
and technology’ (eds.: Kokini J. L., Ho C., Karwe M.
V.) Marcel Dekker, New York, 653–667 (1992).

[13] Willett J. L., Shogren R. L.: Processing and properties
of extruded starch/polymer foams. Polymer 43, 5935–
5947 (2002).
DOI: 10.1016/S0032-3861(02)00497-4

[14] Glenn G., Klamczynski A., Holtman K. M., Chiou
B-S., Orts W. J., Wood D.: Cellulose fiber reinforced
starch-based foam compositions. Journal of Biobased
Materials and Bioenergy, 1, 360–366 (2007).
DOI: 10.1166/jbmb.2007.010

[15] Glenn G. M., Irving D. W.: Starch-based microcellular
foams. Cereal Chemistry, 72, 155–161 (1995).

[16] Glenn G. M., Orts W. J.: Properties of starch-based
foam formed by compression/explosion processing.
Industrial Crops and Products, 13, 135–143 (2001).
DOI: 10.1016/S0926-6690(00)00060-1

[17] Tiefenbacher K. F.: Starch-based foamed materials –
Use and degradation properties. Journal of Macromol-
ecular Science, Pure and Applied Chemistry A, 30,
727–731 (1993).

[18] Shogren R. L., Lawton J. W., Doane W. M., Tiefen-
bacher K.: Structure and morphology of baked starch
foams. Polymer, 39, 6649–6655 (1998).
DOI: 10.1016/S0032-3861(97)10303-2

[19] Glenn G. M., Orts W. J., Nobes G. A. R.: Starch, fiber
and CaCO3 effects on the physical properties of foams
made by a baking process. Industrial Crops and Prod-
ucts, 14, 201–212 (2001).
DOI: 10.1016/S0926-6690(01)00085-1

[20] Shogren R. L., Lawton J. W., Tiefenbacher K. F.:
Baked starch foams: Starch modifications and addi-
tives improve process parameters, structure and prop-
erties. Industrial Crops and Products, 16, 69–79
(2002).
DOI: 10.1016/S0926-6690(02)00010-9

[21] Lawton J. W., Shogren R. L., Tiefenbacher K. F.:
Aspen fiber addition improves the mechanical proper-
ties of baked cornstarch foams. Industrial Crops and
Products, 19, 41–48 (2004).
DOI: 10.1016/S0926-6690(03)00079-7

[22] Glasser W. G., Northey R. A., Schultz T. P.: Lignin:
Historical, biological, and materials perspectives.
American Chemical Society, Washington (2000).

[23] Hu T. Q.: Chemical modification, properties, and
usage of lignin. Plenum Press, New York (2002).

[24] Kumar M. N. S., Mohanty A. K., Erickson L., Misra
M.: Lignin and its applications with polymers. Journal
of Biobased Materials and Bioenergy, 3, 1–24 (2009).
DOI: 10.1166/jbmb.2009.1001

[25] Baumberger S.: Starch-lignin films. in ‘Chemical
modification, properties, and usage of lignin’ (ed.: Hu
T. Q.) Plenum Press, New York, 1–19 (2002).

319

Stevens et al. – eXPRESS Polymer Letters Vol.4, No.5 (2010) 311–320

http://dx.doi.org/10.3144/expresspolymlett.2007.57
http://dx.doi.org/10.3144/expresspolymlett.2008.28
http://dx.doi.org/10.3144/expresspolymlett.2009.84
http://dx.doi.org/10.1081/mc-200029326
http://dx.doi.org/10.3144/expresspolymlett.2007.111
http://dx.doi.org/10.3144/expresspolymlett.2008.60
http://dx.doi.org/10.3144/expresspolymlett.2008.94
http://dx.doi.org/10.3144/expresspolymlett.2009.46
http://dx.doi.org/10.1016/S0032-3861(02)00497-4
http://dx.doi.org/10.1166/jbmb.2007.010
http://dx.doi.org/10.1016/S0926-6690(00)00060-1
http://dx.doi.org/10.1016/S0032-3861(97)10303-2
http://dx.doi.org/10.1016/S0926-6690(01)00085-1
http://dx.doi.org/10.1016/S0926-6690(02)00010-9
http://dx.doi.org/10.1016/S0926-6690(03)00079-7
http://dx.doi.org/10.1166/jbmb.2009.1001


[26] Stevens E. S., Willett J. L., Shogren R. L.: Thermo-
plastic starch-kraft lignin-glycerol blends. Journal of
Biobased Materials and Bioenergy, 1, 351–359
(2007).

[27] McCarthy J. L., Islam A.: Lignin chemistry, technol-
ogy, and utilization: A brief history. in ‘Lignin: His-
torical, biological, and materials perspectives’ (eds.:
Glasser W. G., Northey R. A., Schultz T. P.) Ameri-
can Chemical Society, Washington, 2–99 (2000).

[28] ASTM D 570: Standard test method for water absorp-
tion of plastics (2007).

[29] Abacha N., Kubouchi M., Sakai T.: Diffusion behav-
ior of water in polyamide 6 organoclay nanocompos-
ites. Express Polymer Letters, 3, 245–255 (2009).
DOI: 10.3144/expresspolymlett.2009.31

[30] Berketis K., Tzetzis D.: Long-term water immersion
ageing characteristics of GFRP composites. Journal of
Material Science, 44, 3578–3588 (2009).
DOI: 10.1007/s10853-009-3485-9

[31] ASTM D 790: Standard test methods for flexural
properties of unreinforced and reinforced plastics and
electrical insulating materials (2007).

[32] Shogren R. L., Jasberg B. K.: Aging properties of
extruded high-amylose starch. Journal of Environ-
mental Polymer Degradation, 2, 99–109 (1994).
DOI: 10.1007/BF02074778

[33] Shogren R. L.: Effect of moisture content on the melt-
ing and subsequent physical aging of cornstarch. Car-
bohydrate Polymers, 19, 83–90 (1992).
DOI: 10.1016/0144-8617(92)90117-9

[34] Maaruf A. G., Che Man Y. B., Asbi B. A., Junainah A.
H., Kennedy J. F.: Effect of water content on the gela-
tinisation temperature of sago starch. Carbohydrate
Polymers, 46, 331–337 (2001).
DOI: 10.1016/S0144-8617(00)00335-0

[35] Masaro L., Zhu X. X.: Physical models of diffusion
for polymer solutions, gels and solids. Progress in
Polymer Science, 24, 731–775 (1999).
DOI: 10.1016/S0079-6700(99)00016-7

[36] Meinders M. B. J., von Vliet T.: Modeling water sorp-
tion dynamics of cellular solid food systems using free
volume theory. Food Hydrocolloids, 23, 2234–2242
(2009).
DOI: 10.1016/j.foodhyd.2009.05.007

[37] Crank J.: The mathematics of diffusion. Oxford Uni-
versity Press, New York (1975).

[38] Baumberger S., Lapierre C., Monties B., Della Valle
G.: Use of kraft lignin as filler for starch films. Poly-
mer Degradation and Stability, 59, 273–277 (1998).

[39] Shogren R. L., Lawton J. W., Teifenbacher K. F.,
Chen L.: Starch poly(vinyl alcohol) foamed articles
prepared by a baking process. Journal of Applied
Polymer Science, 68, 2129–2140 (1998).
DOI: 10.1002/(SICI)1097-4628(19980627)68:13

<2129::AID-APP9>3.0.CO;2-E
[40] Lawton J. W., Shogren R. L., Tiefenbacher K. F.:

Effect of batter solids and starch type on the structure
of baked starch foams. Cereal Chemistry, 76, 682–687
(1999).

320

Stevens et al. – eXPRESS Polymer Letters Vol.4, No.5 (2010) 311–320

http://dx.doi.org/10.3144/expresspolymlett.2009.31
http://dx.doi.org/10.1007/s10853-009-3485-9
http://dx.doi.org/10.1007/BF02074778
http://dx.doi.org/10.1016/0144-8617(92)90117-9
http://dx.doi.org/10.1016/S0144-8617(00)00335-0
http://dx.doi.org/10.1016/S0079-6700(99)00016-7
http://dx.doi.org/10.1016/j.foodhyd.2009.05.007
http://dx.doi.org/10.1002/(SICI)1097-4628(19980627)68:13<2129::AID-APP9>3.0.CO;2-E

