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ln this study the applicability oftwo differently purified crude wheat bran extracts for sheet manufactur­
ing was evaluated. The sheet extrusion was chosen for material production because it is an industrially 
feasible large-scale process. The wheat bran extracts had different starch ( 45% and 11%) and protein (18% 
and 38%) contents but similar arabinoxylan (16% and 17%) and lignin (11 % and 12%) contents. Glycerol, 
sorbitol, and their blends were used as external polyol plasticizers to enhance the continuous formation 
of the sheet during the process. With the chosen extrusion parameters, cohesive 100-mm-wide sheets 
were successfully produced with single screw extruder. The mechanical and thermal properties of the 

sheets were evaluated, as well as their water sensitivity. Sorbitol plasticization made the sheets stronger 
and stiffer and significantly lowered the watervapor permeability(WVP)and watervapor sorption (WVS) 
of the sheets as compared to glycerol plasticization. The sheets rich in starch had a higher tensile strength 
and elongation at break and a lower WVP and WVS than sheets with low starch content and high prote in 
content. The strongest and stiffest sheet with the lowest WVP was the sorbitol-plasticized sheet with 
high starch and low protein content. 
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Tritium spp.) is widely cultivated in the world, and its 
produces large amounts of by-products, such as bran 
hich are a substantial reservoir of biopolymers. Wheat 

ns up to 30% arabinoxylan (AX). approximately 20% 
12-20% proteins (Bataillon et al., 1998; Hollmann and 
2005; Ebringerova, 2006; Xie et al., 2008; Jacquemin 
). Ali of these biopolymers form films individually 

be utilized more efficiently than they are currently 
, for example, in biodegradable packaging and coat­
ymer films are usually produced in a laboratory scale 
 casting method onto Petri/Teflon dishes. Depending 
uctural features, such as molecular weight, they may 

cizatio
when p
et al., 2
cohesiv
Glycer
and pr
Althou
it has h
tinuou
make fi
rides h
pectin,
extrusi
et al., 2
xternal plasticizer to enhance cohesive film formation. 
 with external plasticization film properties, such as the 
f the film can be adjusted. Cereal-based AX has been 
ous film studies, either with or without external plasti-

ding author. 
ress: susanna.l.heikkinen@helsinki.fi (S. Heikkinen). 
ntributed equally. 

rg/10.1016/j.indcrop2016.06.020

sunflower p
duced by ex
biopolymer
and even en
hydrolysate
required; in
upgraded fr

The extr
screw extru
r example, oat spelt AX films were successfully formed 
cized with glycerol, sorbitol, or their blends (Heikkinen 
 Mikkonen et al., 2009), whereas barley husk AX formed 
t brittle films without plasticization (Hoije et al., 2005). 
d sorbitol are often used polyol plasticizers in starch 
 films (Mc.Hugh and Krochta 1994; Talja et al., 2008). 
sting is a widely used technique on a laboratory scale, 

y ever been scaled up and is difficult to carry out con­
nlike casting, extrusion is a continuous process used to 
sheets from biopolymers. Film extrusion of polysaccha­
en reported; corn cob arabinoglucuronoxylan, starch, 

sugar beet pulp have been successfully utilized in sheet 
ishman et al., 2000, 2004; Rouilly et al., 2009; Bahcegul 
; Hietala et al., 2013; Akkus et al., 2014). ln addition, 
rotein isolate and soy protein films have been pro­
trusion (Zhang et al., 2001; Rouilly et al., 2006). Crude 
 fractions can be a feasible choice in film production 
hance the film's material properties. A study with wood 
 demonstrated that high-level purification is not always 

stead, crude hydrolysates may work as well as the 
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action of wheat bran and straw mixture using twin­
sion has been reported in a recent work (Jacquemin 



Table 1
Main components and monosaccharide composition of the wheat bran extracts
shown as a percentage of the dry matter (Jacquemin et al., 2015).

WBE-S WBE-P

Protein 17.9 38.2
Lignin 11.0 11.9
Total carbohydrates: 61.8 29.8

Arabinose 5.1 5.7
Xylose 11.0 11.5
Mannose 0.4 0.2
Galactose 0.8 1.0
Glucose 44.5a 11.4

e
e
o
t
a
c
t

2

p
c
s
t
4
u
p
s

e
(
F
p
w
o
s
T
s
o
c
a
1
e
s
w
w
t
w

H
l
a
T
1

f
L
p
a
a

Ara/Xyl 0.46 0.50

a Origin of glucose mainly starch.

t al., 2015). Here, we present the further processing of two of these
xtracts via single screw extrusion in an attempt to obtain continu-
us 100-mm-wide sheets. The composition of the extracts varied in
erms of their starch and protein content, whereas the arabinoxylan
nd lignin content remained similar. The effects of both the extract
omposition and the external plasticizer on the mechanical and
hermal properties, as well as water sensitivity, were evaluated.

. Materials and methods

A twin screw extrusion fractionation process was used in the
roduction of the two wheat bran extracts, one with high starch
ontent (WBE-S) and another with high protein content and low
tarch content (WBE-P) (Jacquemin et al., 2015). Prior to the extrac-
ion, bran for WBE-S was de-starched by washing the bran with
0 ◦C water, and bran for WBE-P was de-starched enzymatically
sing �-amylase (BAN 480L, Novozyme, Denmark). The main com-
onents and monosaccharide compositions of the extracts are
hown in Table 1 (Jacquemin et al., 2015).

Prior to sheet extrusion, the dried extracts were mixed with
xternal plasticizers, water (30%, w/w of dry extract) and polyol
30%, w/w of dry extract), in a Perrier 32.00 mixer (Montrouge,
rance) to enhance cohesive sheet production in the extrusion
rocess. Glycerol, sorbitol, and their blends (2:1, 1:1, and 1:2)
ere the polyols used in this study. Due to limited availability

f WBE-S isolate, only 1:1 blend was tested. The mixture was
tored in hermetically sealed bags at 4 ◦C for 12 h prior extrusion.
he sheets were extruded using a Polylab Haake system (Karl-
ruhe, Germany) with a single-screw mechanism. The diameter
f the screw was 18 mm, the screw speed was 100 rpm, and the
ompression rate was 1.8. The barrel temperature was adjusted
s 50 ◦C/80 ◦C/100 ◦C/110 ◦C (die). The system was fitted with a
00-mm-wide sheet die with a 250 �m slit thickness. After sheet
xtrusion, the samples were stored at 25 ◦C RH 60% prior to mea-
urements, except the samples for the water vapor sorption study,
hich were stored at 23 ◦C RH 0% (P2O5). The thickness of the sheets
as measured at five points by using a digital micrometer (Mitu-

oyo, Japan) with an accuracy of 0.001 mm, and the average value
as calculated.

The tensile properties of the sheets were determined with a
5KT (JFC, France) universal testing machine fitted with a 100 N

oad cell. At least ten specimens (75 mm long and 5 mm wide,
ccording to ISO 527-2, type 1BA) were tested for each kind of film.
he grip separation and the crosshead speed were set to 55 mm and
mm/s, respectively.

Dynamic mechanical analysis (DMA) experiments were per-
ormed using a Tritec 2000 DMA instrument (Triton Technology

td., UK) in single-cantilever bending mode. From the sheet sam-
les, pieces of about 30 mm in length and 5 mm in width were cut,
fter which they were placed in a ‘pocket’ designed for biomateri-
ls to be investigated by DMA. The temperature was ramped from
Fig. 1. Sheet production from plasticized wheat bran extract via extrusion. Width
of the die is 100 mm and slit thickness 250 �m.

−100 to 100 ◦C at 2 ◦C/min, with an applied frequency of 1 and
10 Hz and amplitude of 0.05 mm. The tan � was plotted as a func-
tion of temperature in order to determine the thermal relaxations,
of which the �-relaxation was taken as a glass transition.

In water vapor permeability measurements, sheet specimens
were clamped on 6.4-cm-radius aluminum cups containing 7 g of
CaCl2 (RH 0%) as a desiccant. The cups were then placed in a cli-
mate room with a controlled atmosphere (25 ◦C and RH 60%) and
weighed once a day for 7–10 days. The water vapor transfer rate
(WVTR) and water vapor permeability (WVP) were calculated as
described earlier (Heikkinen et al., 2013). Three parallel samples
were tested for each sheet type.

A DVS intrinsic sorption microbalance (Surface Measurement
Systems, Alperton, UK) was used for the water vapor sorption study,
as described previously (Heikkinen et al., 2013). The measurements
were carried out at a humidity range of 0–90% at 25 ◦C. Two parallel
samples were tested.

3. Results and discussion

With both studied extracts (WBE-S and WBE-P) plasticized with
polyol, 100-mm-wide continuous sheets were successfully pro-
duced by single-screw extrusion (Fig. 1). The thickness of the sheets
varied, with the average values being between 280 �m to 655 �m.
The thickness was larger than the slit of the extrusion die, which
was caused by the expansion of the material at the extruder output.
In pre-tests, slit thicknesses of 100, 250, and 400 �m were tested,
and the most regular and continuous sheets were obtained with

a slit thickness of 250 �m, regardless of the screw rotation speed
used (75, 100, and 125 rpm). For traditional thermoplastics, low
thicknesses are achieved by using post-extrusion treatments, such
as blowing or calendaring, which are rarely possible with natural



Table 2
Effect of plasticizer and extract type on the mechanical properties and water vapor permeability of extruded sheets.

Plasticizer Tensile strength (MPa) Elongation at break (%) Young’s modulus (MPa) WVP (g mm/m2d kPa) Tg1 (◦C) Tg2 (◦C)

WBE-S
Gly 30% 7.3 ± 0.5 7.4 ± 2.8 222 ± 25 28.8 ± 0.4 −59.9 +9.1
Gly 15% Sor 15% 7.8 ± 1.9 4.9 ± 1.9 168 ± 38 10.5 ± 0.1
Sor 30% 20.7 ± 2.6 2.2 ± 0.5 736 ± 59 3.2 ± 0.1 −21.2 +33.5
WBE-P
Gly 30% 2.4 ± 0.6 3.1 ± 1.3 84 ± 18 34.8 ± 0.4 −56.9 +3.6
Gly 20% Sor 10% 3.2 ± 0.7 2.3 ± 0.5 149 ± 3 19.9 ± 0.4
Gly 15% Sor 15% 2.9 ± 0.9 2.2 ± 0.6 138 ± 54 21.7 ± 0.6
Gly 10% Sor 20% 3.3 ± 1.0 2.9 ± 0.8 137 ± 51 15.3 ± 0.3
Sor 30% 5.3 ± 1.3 1.9 ± 0.6 297 ± 32 8.7 ± 0.1 −20.7 +33.3
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ig. 2. Water vapor sorption of the plasticized sheets produced from wheat bran
rotein than WBE-P.

olymers due to their poor melt strengths in the extrusion condi-
ions. Blowing has been successfully used with corn starch blends
nd milk caseinates (Belyamani et al., 2014; López et al., 2013). The
ffect of cutting direction on the mechanical properties of the sam-
le specimens was tested with glycerol- and sorbitol-plasticized
heets. The specimens cut in the direction of the extrusion flow
ad somewhat better mechanical properties than the specimens
ut in the perpendicular direction because of the chain alignment
t the die exit; therefore, the extrusion flow direction was chosen
or the analysis of all the samples.

The tensile strengths of the sheets varied from 2.4 MPa to
0.7 MPa, depending on the plasticizer and extract type used
Table 2). Additionally, stiffness and elongation, as well as water
apor permeability (WVP), were affected by the type of polyol plas-
icizer used. The same effect was seen in both sheet types (Table 2).

ith both extracts tensile strength and Young’s modulus increased
nd elongation at break decreased when sorbitol was used as a
lasticizer instead of glycerol. When polyol blends were used, the
ame effect was seen with increasing sorbitol content in the blend,
specially in the WBE-S sheets, but to a lesser extent in the WBE-P
heets. The effect of polyol type on the film properties has been seen
arlier for example with plasticized oat spelt AX films prepared via

asting (Heikkinen et al., 2014). Starch content clearly increased
he strength and the stiffness of the sorbitol-plasticized sheets
nd decreased the WVP. In the glycerol-plasticized sheets, the
ffect was similar, and furthermore, elongation at break increased.
ts (WBE) at RT. WBE-S contained higher amounts of starch and lower amounts of

The results indicate that the thermoplasticization of starch that
occurs during extrusion improved the material properties. The
sorbitol-plasticized sheet from WBE-S clearly had the highest ten-
sile strength (20.7 MPa) in this study, whereas the elongation at
break was similar to that seen in the WBE-P sheets plasticized with
glycerol, sorbitol, or their blends (Table 2). The strongest sheet
in this study had a higher tensile strength than sheets prepared
from glycerol-plasticized soy protein (15.6 MPa, at RH 50% and RT),
glycerol-plasticized sunflower protein isolate (6.7 MPa, at RH 60%
and 25 ◦C), and sorbitol-plasticized potato starch (8.8 MPa, at RH
53% and RT), but it had a clearly lower elongation at break (2.2% vs.
8.8%, 46%, and 23%) (Zhang et al., 2001; Rouilly et al., 2006; Hietala
et al., 2013). In contrast, corn cob AGX sheet strips produced with-
out external polyol plasticizer were stronger and elongated more
(76 MPa and 35%, at RH 50% and 23 ◦C) as compared to the sheets
in this study (Bahcegul et al., 2013).

Water vapor sorption (WVS) was higher in the glycerol-
plasticized sheets than in the sorbitol-plasticized sheets for both
extract types. Starch removal increased the WVS as the glycerol-
plasticized sheets (WBE-P) showed lower WVS as compared to the
starch-containing sheets (WBE-S) (Fig. 1). When sorbitol was used
as a plasticizer, no similar effect was observed.
The glass transitions (Tg) of the glycerol- and sorbitol-plasticized
sheets were analyzed using DMA (Table 2.). In all the measure-
ments, two separate tan � peaks were obtained indicating two
Tg values (Fig. 3). WBE-S data is shown in Fig. 2 (WBE-P showed
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Fig. 3. Variation of tan � for WBE-S extrud

imilar behavior, results not shown). It is plausible that there are
eparate plasticizer-rich (Tg1) and polymer-rich (Tg2) phases. The
rotein/starch content did not have an impact on Tg, as the val-
es were dependent on the type of polyol rather than the extract
ontent (Table 2). Two relaxation peaks have been observed in
olysaccharide films when the phase separation of the polyol plas-
icizer in the film matrix occurred (Mathew and Dufresne 2002;

ikkonen et al., 2007). In this study, the extruded sheets were a
ixture of arabinoxylan, lignin, protein, starch, and polyol plas-

icizer, and it is possible that polyol was not evenly distributed
n the sheet, causing two relaxation peaks in the DMA measure-

ents. Glycerol-plasticized extracts were in rubbery state at RT
hereas sorbitol-plasticized extracts were in glassy state, explain-

ng the highest strength and moduli, as well as the lowest WVP of
he sorbitol-plasticized samples.

. Conclusions

This study demonstrated that crude biomass extracts, such as
BEs, have potential as raw materials for sheet extrusion. The
BEs formed continuous 100-mm-wide sheets when polyol and
ater were added as external plasticizers. Water sensitivity and
echanical properties of the extruded sheets were affected both

y the chosen polyol and the extract composition, i.e. starch con-
ent. Sorbitol plasticized WBE-S sheets had the lowest WVP and

VS. The relatively high starch content in the extract made the
orbitol plasticized WBE-S sheets stronger and stiffer compared to
heets less starch and more protein (WBE-P). The effect was similar
n the glycerol-plasticized WBE-S sheets; furthermore, elongation
t break increased. This result highlights the role of starch in WBEs
nd potential of less refined extracts in sheet preparation.

cknowledgments
We thank Docent Kirsi Mikkonen for the valuable discussions
nd comments. The Academy of Finland (contract no 132150), the
rench National Research Agency (ANR) (ANR-09-CP2D-16), and
he COST Action FP1003 are thanked for their financial support.
ets plasticized with glycerol and sorbitol.

References

Akkus, M., Bahcegul, E., Ozkan, N., Bakir, U., 2014. Post-extrusion heat-treatment as
a facile method to enhance the mechanical properties of extruded xylan-based
polymeric materials. RSC Adv. 4, 62295–62296.

Bahcegul, E., Akinalan, B., Toraman, H.E., Erdemir, D., Ozkan, N., Bakir, U., 2013.
Extrusion of xylans extracted from corn cobs into biodegradable polymeric
materials. Bioresour. Technol. 149, 582–585.

Bataillon, M., Mathaly, P., Nunes Cardinali, A.P., Duchiron, F., 1998. Extraction and
purification of arabinoxylan from destarched wheat bran in a pilot scale. Ind
Crop. Prod. 8, 37–43.

Belyamani, F., Prochazka, F., Assezat, G., 2014. Production and characterization of
sodium caseinate edible films made by blown-film extrusion. J. Food Eng. 121,
39–47.

Ebringerová, A., 2006. Structural diversity and application potential of
hemicelluloses. Macromol. Symosia 232, 1–12.

Fishman, M.L., Coffin, D.R., Konstance, R.P., Onwulata, C.I., 2000. Extrusion of
pectin/starch blends plasticized with glycerol. Carbohydr. Polym. 41, 317–325.

Fishman, M.L., Coffin, D.R., Onwulata, C.I., Konstance, R.P., 2004. Extrusion of pectin
and glycerol with various combinations of orange albedo and starch.
Carbohydr. Polym. 57, 401–413.

Höije, A., Gröndahl, M., Tømmeraas, K., Gatenholm, P., 2005. Isolation and
characterization of physicochemical and material properties of arabinoxylans
from barley husks. Carbohydr. Polym. 61, 266–275.

Heikkinen, S.L., Mikkonen, K.S., Pirkkalainen, K., Serimaa, R., Joly, C., Tenkanen, M.,
2013. Specific enzymatic tailoring of wheat arabinoxylan reveals the role of
substitution on xylan film properties. Carbohydr. Polym. 92, 733–740.

Heikkinen, S.L., Mikkonen, K.S., Koivisto, P., Heikkilä, M.I., Pirkkalainen, K.,
Liljeström, V., Serimaa, R., Tenkanen, M., 2014. Long-term physical stability of
plasticized hemicellulose films. BioResources 9, 906–921.

Hietala, M., Mathew, A.P., Oksman, K., 2013. Bionanocomposites of thermoplastic
starch and cellulose nanofibers manufactured using twin screw extrusion. Eur.
Polym. J. 49, 950–956.

Hollmann, J., Lindhauer, M.G., 2005. Pilot-scale isolation of
glucuronoarabinoxylans from wheat bran. Carbohydr. Polym. 59, 225–230.

Jacquemin, L., Mogni, A., Zeitoun, R., Guinot, C., Sablayrolles, C., Saulnier, L.,
Pontalier, P.Y., 2015. Comparison of different twin-screw extraction conditions
for the production of arabinoxylans. Carbohydr. Polym. 116, 86–94.

López, O.V., Zaritzky, N.E., Grossmann, M.V.E., Garcia, M.A., 2013. Acetylated and
native corn starch blend films produced by blown extrusion. J. Food Eng. 116,
286–297.

Mathew, A.P., Dufresne, A., 2002. Plasticized waxy maize starch: effect of polyols
and relative humidity on material properties. Biomacromolecules 3,
1101–1108.

McHugh, T.H., Krochta, J.M., 1994. Sorbitol- vs glycerol-plasticized whey protein
edible films: integrated oxygen permeability and tensile property evaluation. J.
Agric. Food Chem. 42, 841–845.

Mikkonen, K.S., Rita, H., Helén, H., Talja, R.A., Hyvönen, L., Tenkanen, M., 2007.
Effect of polysaccharide structure on mechanical and thermal properties of
galactomannan-based films. Biomacromolecules 8, 3198–3205.

Mikkonen, K.S., Heikkinen, S., Soovre, A., Peura, M., Serimaa, R., Talja, R.A., Helén,

H., Hyvönen, L., Tenkanen, M., 2009. Films from oat spelt arabinoxylan
plasticized with glycerol and sorbitol. J. Appl. Polym. Sci. 114, 457–466.

Rouilly, A., Mériaux, A., Geneau, C., Silvestre, F., Rigal, L., 2006. Film extrusion of
sunflower protein isolate. Polym. Eng. Sci. 46, 1635–1640.



R

S

T

Xie, X., Cui, S.W., Li, W., Tsao, R., 2008. Isolation and characterization of wheat bran
starch. Food Res. Int. 41, 882–887.

Zhang, J., Mungara, P., Jane, J., 2001. Mechanical and thermal properties of
extruded soy protein sheets. Polymer 42, 2569–2578.
ouilly, A., Geneau-Sbarta, C., Rigal, L., 2009. Thermo-mechanical processing of
sugar beet pulp. III. Study of extruded films improvement with various
plasticizers and cross-linkers. Bioresour. Technol. 100, 3076–3081.

aadatmand, S., Edlund, U., Albertsson, A.-C., Danielsson, S., Dahlman, O.,

Karlström, K., 2013. Turning hardwood dissolving pulp polysaccharide residual
material into barrier packaging. Biomacromolecules 14, 2929–2936.

alja, R.A., Peura, M., Serimaa, R., Jouppila, K., 2008. Effect of amylose content on
physical and mechanical properties of potato-starch-based edible films.
Biomacromolecules 9, 658–663.




