
common materials for producing plastic foams. The main dis-
advantages with these types of plastics are their often fossil
origin as well as their slow degradation in nature [5], when not
being properly disposed of. One way to overcome at least part
of these problems can be to use polymers from nature instead
of fossil-based ones. Many successful attempts of producing
foamed materials from a renewable resource have been made
using starch as the raw material. Starch foams have been pro-
duced with good results using a hot-mould technique [6–8], as
well as by extrusion [9, 10].

Despite the promising properties of starch in this context,
there is always a concern when working with materials which
could potentially be utilized as a food resource. One idea
could be to use a resource which is not edible by humans
and which is not being utilized to its full potential as of today.
Plants consist mainly of three primary constituents in varying
proportions; cellulose, lignin and hemicellulose. Cellulose is a
very important polymer and has several areas of application,
for example in the form of paper products and also being the
base material for production of different cellulose derivatives.
Hydroxypropyl methylcellulose (HPMC) is a water soluble
cellulose derivative, used widely in the pharmaceutical [11]
and cosmetic industry as well as a food additive [12]. In ad-
dition, methyl cellulose (MC) have been investigated for use
in packaging materials [13, 14]. It is also known to give foams
by using a hot-mould foaming technique [15], as well as by
extrusion using water vapour as the blowing agent [16].

The hemicelluloses on the other hand are not often used
commercially. One of the reasons for this is that there are
several types of hemicelluloses, varying in structure and prop-
erties. Thus, it is not a very homogeneous polymer group and,
furthermore, their molecular weight is rather low which put
restrictions on their property profile. Moreover, the hemicel-
luloses are today often obtained in the form of diluted aqueous
solutions which would require purification and concentration
before they can be used as a material resource. However, it is
of interest to take the necessary steps to asses to which extent
these polymers can be transformed into useful compounds.
This is also the topic of this paper. Today large amounts of
hemicelluloses are burned for energy instead of being used as
starting material for renewable plastics.

Here, the foaming ability of the hemicelluloses xylan (X)
and two arabinoxylans (AX) with different botanical origin
has been investigated by a hot-mould foaming technique.

Due to a poor foamability of native xylan during initial
studies, the xylan hemicellulose was chemically modified
with hydroxypropyl methyl before processing. The molecu-
lar structures of xylan and AX are displayed in Fig.1,
along with the introduced substitution groups which
may be attached at different locations in the chain, pos-
sible locations are marked with an R. It is however not
possible to assign the exact positions of the substitution
groups in the materials produced here.

In previous work, it was shown that hydroxypropyl meth-
y la t ion of arab inoxy lan [17] gave c loud ing , a
thermoresponsive phase behaviour characteristic of HPMC.
It then seemed likely that hydroxypropyl methylation of the
hemicellulose backbone, a thermoresponsive hemicellulose
with increased foamability and formation of stable hemicellu-
lose ether phases in the foaming process, could be obtained. In
order to improve the foamability all four samples were mixed
with HPMC.

Experimental

Materials

Birch xylan, Xbi, was commercially obtained from Sigma-
Aldrich (Schnelldorf, Germany). The arabinoxylan hemicel-
luloses originated either from barley husk, AXba, which was
obtained from Lyckeby Culinar AB (Fjälkinge, Sweden) or
from wheat bran, AXw, which was supplied by Lantmännen
(Stockholm, Sweden). The extraction of arabinoxylan
from barley husk and wheat bran was performed by
weak acid hydrolysis as previously reported [18–20].
The xylan and the arabinoxylan hemicelluloses were
chemically modified with an etherification reaction,
resulting in hydroxypropyl methylxylan (HPMXbi) and
hydroxypropyl methylarabinoxylan (HPMAXba and
HPMAXw) [17, 21]. The subscripts refer to the origin
of the hemicelluloses which were xylan from birch and
arabinoxylan from barley and wheat.

Hydroxypropyl methylcellulose (HPMC) from Shin-
Etsu Chemical Co (Tokyo, Japan) was used as received.
HPMC is available in different grades, with molecular
weights, and the specific grade used here was HPMC
Metolose/60SH 4000, see Table1 for details from the
supplier. The choice of this grade was based on earlier
foaming studies of HPMC [15].

Methods

Modification of arabinoxylan (AX) and xylan (X)

For the modification, 10 g AX or X was pre-activated in
47 mL H2O at 60 °C for 20 min followed by addition of
14.6 g NaOH (50%) at 60 °C for 20 min. Then propylene
oxide (5.3 mL) and methyl iodide (4.7 mL) were added and
the reaction formed a two-phase mixture that was stirred for
60–80 min under pressure in a closed reaction vessel. The
two-phase mixture turned into a one-phase mixture and the
temperature was raised to 90 °C for 60–90 min, giving a
viscous solution. The reaction was neutralized with HCl and
precipitated using ethanol, isopropyl acetate and diethyl ether.
The precipitate was dried and weighed.
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Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared spectra of the hemicelluloses were
recorded using a PerkinElmer instrument with 8 scans per
sample and a resolution of 1 cm−1. The samples (1% by
weight) were pressed into the form of KBr tablets. Three
KBr tablets were made for each sample.

Preparation and foaming of the materials

The polymers in powder form were dispersed in water using a
90 °C water bath and a magnetic stirrer. The solution was let to
cool down and was then poured into circular aluminium foil
moulds with a diameter of 40 mm, placed on the bottom plate
of a double hot-plated moulding machine (Franz Haas
Waffelmaschinen, Austria). The plate temperature was set to
170 °C and the moulding time was 12 min. No external pres-
sure was applied, except of that exercised by the weight of the
top plate on the sample when closing the mould. The concen-
tration and proportion of the two polymers (hemicellulose and
HPMC) were varied according to Table2. During the mould-
ing time, the water evaporated, and the vapour acted as a
blowing agent facilitating the foaming.

Shear viscosity at room temperature

The viscosity of mixtures of different concentrations of hemi-
cellulose and HPMC was determined at room temperature
(25 °C). A strain-controlled rheometer (TA Instruments
ARES-G2, USA) with a 40 mm diameter cone-plate geometry
was used. The samples were tested in shear mode in the shear
rate region 0.1 to 50 s−1 and at least two replicates were made
for each sample.

Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis of the foamed materials was
performed using a MettlerToledo TGA/DSC 3+ Star System
instrument. Here, 2 mg foamed material was taken for mea-
suring the mass loss due to de-volatilization and chemical
degradation from 25 to 550 °C at a rate of 10 °C/min. The
purge gas was nitrogen at a flow of 60 mL/min.

Microscopy

An optical microscope, SteREO Discovery. V20, (ZEISS,
Germany) was used to study the structure of the foamed sam-
ples. A foam-sample was sliced using a surgical stainless-steel
blade (Swann-Morton, UK) and a slice of material was
studied.

Density

The apparent density of the foams was evaluated by measur-
ing the weight and approximating the volume. The weight of a
sample was recorded using a balance (Mettler Toledo AG285,
USA). The volume was approximated by measuring the di-
ameter and the height of a foam sample. The density was then
calculated as the mass divided by the volume. The density
measurements were made in duplicate and the experimental
error was estimated to be around 10%.

Absorption capacity

The absorption capacity of the foams was evaluated by both
the free swell capacity and the fluid retention capacity accord-
ing to the standard test methods NWSP 240.0.R2 (15) and
NWSP 241.0.R2 (15) [22]. Small pieces of the foam weighing

Fig. 1 The general molecular
structure of a xylan backbone
with possibly attached arabinose
groups in the case of
arabinoxylan. Also shown are the
substitution groups (R) which
were reacted onto the polymer
chains

Table 1 The viscosity, methoxy
content and hydroxypropyl
content for HPMC Metolose/
60SH 4000 as given by the
supplier

Sample Abbreviation Viscosity (cP)a,b Methoxy
content (%)

Hydroxypropoxyl
content (%)

HPMC Metolose/60SH 4000 HPMC60–4000 4000 28.0–30.0 7.0–12.0

a2 wt.% aqueous solution at 20 °C according to the USP measuring method; Shin-Etsu Chemical co.http://www.
metolose.jp/e/pharmaceutical/metolose.shtml
b Note that 1 cP is equal to 1 mPa·s, cP is the unit used by the manufacturer
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between 0.1 and 0.2 g were cut from a larger sample. The
pieces were placed in bags which were sealed by heat. The
bag was made of a poly(ethylene terephtalate) monofilament
fibre material, SEFAR PETEX 07–59/33. The samples were
thereafter weighed again, together with the bags, before being
dipped into a test liquid which was a 0.9% NaCl aqueous
solution. After being immersed into the liquid, the samples
were left hanging to let any excess fluid drip off before the
sample weight was measured again. Unlike in the standard
method, the step of dripping for 10 min was changed to
2 min. The free swell capacity was measured after 1, 5 and
30 min. The test was repeated four times for each foam sample
and average values are reported. The experimental error was
estimated to be around 10%.

Results and discussion

Modifications

Successful modification of xylan and arabinoxylan with
hydroxypropyl and methyl groups was confirmed using
FTIR, Fig. 2. The fundamental vibrations of hydroxypro-
pyl groups were found as C–H stretching signals at
2973 cm−1, 2932 cm−1 and 2880 cm−1 as well as the C–
H bending at 1380 cm−1. The C–H stretch signal at
2845 cm−1 and the C–H bend signal at 1461 cm−1 are
characteristic forthe methyl groups.

The characteristic differences in signals between the xylan
and the arabinoxylan were observed for the HPMAX and the

HPMX spectra in the fingerprint region (below 1250 cm−1).
The weak signal at 892 cm−1 is specific for the branched
arabinoxylan and do not show up in the xylan. All spectra
contain the O–H vibrations at 3400 cm−1 and the signals from
water of hydration at 1638 cm−1 that are characteristic for both
arabinoxylans and xylans [23]. Variation in the distribution
pattern of arabinose side chains between barley and wheat
arabinoxylan is a feature known to influence properties [24].
Side chain signals are in the convoluted part of the fingerprint
region (around 1000 cm−1) where the sum of signals from side
chain and backbone structure gave unique features for each
sample. For periodic side chain patterns the Fourier transform
spectra were too rich in information and complicated to ana-
lyze only from signals. Since the distribution of side chains
can influence foamability barley and wheat arabinoxylan were
included for analysis of foam properties.

Thermal stability

The thermal stability of the foams was assessed by TGA. As
shown in the case of the HPMC:HPMXbi 1:1 foam in Fig.3,
the mass loss curves were uniform for all the foamed

Fig. 3 TGA curve showing the thermal degradation of a foam of HPMC:
HPMXbi 1:1, with an onset temperature for thermal degradation in the
range of 280–290 °C

Table 2 The proportions of the two polymers and the concentration of
the solutions in weight-% (wt-%) used for the foaming experiments

Polymers Proportion Dry content (wt-%)

HPMC: HPMAXba 2:1 7

HPMC: HPMAXba 1:1 5

HPMC: HPMAXba 1:2 7

HPMC: HPMAXba 1:4 12

HPMAXba – 30

HPMC: HPMAXw 2:1 7

HPMC: HPMAXw 1:1 5

HPMC: HPMAXw 1:2 7

HPMC: HPMAXw 1:4 12

HPMAXw – 30

HPMC: HPMXbi 2:1 7

HPMC: HPMXbi 1:1 5

HPMC: HPMXbi 1:2 7

HPMC: HPMXbi 1:4 12

HPMC: HPMXbi – 30

HPMC:GGM 2:1 7

HPMC:GGM 1:1 5

Fig. 2 FTIR spectra of modified hemicelluloses; HPMAXba (top),
HPMAXw (middle) and HPMXbi (bottom). Characteristic signals for
the hydroxypropyl (2973, 2932, 2880, 1380 cm−1), methyl (2845,
1461 cm−1) and xylan (3400, 1638, 1160, 990, 892 cm−1) structures in
the spectra are found
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polymers. The onset temperature for thermal degradation of
all foams was in the range of 280–290 °C. The main mass loss
process for the foamed polymers continued up to 360 °C and
the remaining de-volatilization took place at a low rate. The
onset temperature was about 100 °C above the plate temper-
ature used for foaming, indicating thermal stability and a win-
dow for increasing the temperature during the foam
manufacturing.

Table3 shows the onset temperature (To), the degradation
temperature at maximum degradation rate (Tmax) and the re-
sidual mass values for all of the measured foams.

Shear viscosity of the polymer solutions at room
temperature

The shear viscosity was measured as a function of the shear
rate for ten of the hemicelluloses and hemicellulose-HPMC
blends. The results, which are displayed in Fig.4 show that
most of the hemicellulose-HPMC blends exhibited a common
polymeric, shear-thinning behaviour, meaning that the viscos-
ity decreased with increasing shear rate. Most of the dissolved
blends had viscosities starting between 10 and 30 Pa s, de-
creasing to about 4–10 Pa s, at shear rates increasing from 0.1
to 50 s−1. Two of the blends exhibited slightly higher initial
viscosities, 40–60 Pa s, at low shear rates, which is not sur-
prising since these solutions had the highest concentration;
HPMC:HPMXbi 1:4 and HPMC:HPMAXw 1:4. However,
the third blend with the same polymers concentration
(HPMC:HPMAXba 1:4) exhibited a lower viscosity, being in
the same range as the majority of the other dissolved blends.
Furthermore, the sample based only on hemicellulose
(HPMXbi 30 wt-%), did not behave as the blends. The viscos-
ity was quite low, around 0.3–0.4 Pa s and more or less con-
stant throughout the experiment, i.e. it behaved almost like a
Newtonian fluid. Aviscosity within a certain range, being low
enough to allow bubble growth, but high enough to stabilize
the foam structure during the water evaporation phase, is be-
lieved to be of importance for a successful, stable, foam
formation.

The foaming ability

A previous initial study, where unmodified birch xylan was
mixed with HPMC and foamed with the same hot-mould pro-
cess, showed that the foaming ability of the HPMC decreased
by an increasing addition of the xylan. At a 1:1 concentration
only flat, brittle films and no foam structure was obtained.
However using the modified hemicelluloses in the blends with
HPMC, foamed structures could be produced in a rather
straightforward manner and foamed structures of varying
quality were formed. Figure5 shows optical micrographs of
foams containing 1 part of HPMC and 1, 2 or 4 parts of
HPMAXw, as well as one foam containing only HPMAXw

(initial concentration 30 weight-%). At equal amounts of
hemicellulose and HPMC, the foams at a first glance seemed
to expand to an appreciable extent, but upon slicing the foams
it was clear that the structure was hollow and mainly consisted
of one big bubble, cf. Fig.5. When the amount of hemicellu-
lose was doubled, the structure had a somewhat more connect-
ed structure in the middle of the foams, but was still dominated
by large voids. When increasing the ratio to 4 parts of
HPMAXw and 1 part of HPMC, the structure became signif-
icantly more even. The inside of the foam now exhibited a
more even pore distribution, even though the pore-size distri-
bution is probably broad. Some pores appeared to be about
2000 μm in diameter. The foam that contained only
HPMAXw was hard, brittle and barely expanded at all. The
structure did not fill the mould and the specimen appeared
more like a few millimetre-thick film adhering to the bottom
of the heated plate.

Figure6 shows corresponding micrographs of foams con-
taining 1 part of HPMC and 1, 2 or 4 parts of HPMAXba, as
well as one foam containing only HPMAXba (initial concen-
tration 30 weight-%). A similar behaviour as for the
HPMAXw and HPMC foam formed at the 1:1 ratio was ob-
served. The foam with a 1:1 ratio was hollow and the centre
region consisted mainly of one large void. With the 1:2 ratio,

Fig. 4 The shear viscosity shown as a function of the shear rate for eleven
aqueous solutions of hemicellulose and hemicellulose-HPMC blends. A
majority of the blends had viscosities starting between 10 and 30 Pa s,
decreasing to about 4–10 Pa s, at shear rates increasing from 0.1 to 50 s-1

Table 3 Data from TGA curves of foamed polymers. To is onset
temperature and Tmax is degradation temperature at maximum
degradation rate

Sample To (°C) TMax (°C) Residual mass (%)

HPMC:HPMXbi 1:1 280–290 325 29

HPMC:HPMXbi 1:4 280–290 325 37

HPMC:HPMAXba1:1 280–290 320 28

HPMC:HPMAXba1:4 280–290 320 37

HPMC:HPMAXw 1:1 280–290 325 27

HPMC:HPMAXw 1:4 280–290 325 37
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the structure was more connected, see Fig.6. However, a
darker colour appeared, as can be seen at the top and bottom
of the sample. In the foam with the 1:4 ratio of HPMC and
hemicellulose content, a clear darkening of the sample took
place. The darkening may indicate that some degradation of
the hemicelluloses is initiated. The foam containing only
HPMAXba was hard, brittle and with a poor expansion com-
pared to the foams with some HPMC addition. The colour of
this foam was even darker than for the mixed ones.

Figure7 shows micrographs of foams containing 1 part of
HPMC and 1, 2 or 4 parts of HPMXbi. Foams containing this
type of modified hemicellulose exhibited a more uniform in-
ternal porosity, already at low mixing ratios (1:1 and 1:2 of
HPMC: HPMXbi), compared to the other types. At the 1:4
ratio, the foam was of a slightly darker colour and it was
somewhat brittle. The modified HPMAXba had initially a
somewhat more brownish appearance than the other hemicel-
luloses and the dark colour is thus not unexpected. However,
also in this case, an onset of thermal degradation cannot be
excluded. It was not possible to obtain any image of a foam

containing only HPMXbi, since the foaming ability was very
poor, i. e only thin and fragile films were obtained from the
experiments.

Figure8 shows micrographs of the best foams from each
hemicelluloses-HPMC blend. For HPMC:HPMAXba and
HPMC:HPMXbi, the blend ratio 1:2 produced the best foams.
For the HPMC:HPMAXw foam, a ratio of 1:4 appeared to
exhibit a better foamability. Out of the three, the
HPMC:HPMAXbafoams seemed to provide a somewhat less
promising pore structure. This may indicate that a further op-
timization of this modified hemicelluloses and the blending
with HPMC together with a tuning of the foaming conditions
is required in order to improve its foamability.

Density

The apparent densities of eight of the produced foamed sam-
ples were evaluated by weight measurements and volume ap-
proximations as described earlier. All foams from a combina-
tion of either HPMXbi, HPMAXw or HPMAXbawith HPMC,

Fig. 5 Cross-sectional images of
foamed HPMC:HPMAXw
samples containing different
proportions of the two polymers.
The proportions were one part of
HPMC and either 1, 2 or 4 parts of
HPMAXw. One foam contained
only HPMAXw

Fig. 6 Cross-sectional images of
foamed HPMC:HPMAXba

samples containing different
proportions of the two polymers.
The proportions were one part of
HPMC and either 1, 2 or 4 parts of
HPMAXba. One foam contained
only HPMAXba
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