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SUMMARY

One way to extend the shelf life for foodstuff is to use modified atmosphere packaging
(MAP). It is important that MAP are gas tight or in some rare cases permselective to
preserve the right gas mix. To be able to determine how the gas content changes it is
essential to know the gas permeability of the whole packaging with effects from seals,
folds and possible plasticisation effects from the products.

In the first part of the study a new technique for determining oxygen and carbon dioxide
permeability of flexible packaging was developed. The method was tested on very-low
density, low density and high density polyethylene pouches. The pouch head-space and
pouch volume of carbon-dioxide-filled pouches were measured as a function of time
until an equilibrium pouch gas composition was established. Permeability were obtained
from the rates of carbondioxide loss and oxygen uptake. HSP-method permeability
values were in good agreement with those obtained from traditional flat-film
permeability techniques. The HSP-method was found to be a valuable tool for
determining and quantifying changes in carbon dioxide and oxygen pouch barrier
properties due, for example, to the exposure to olive oil or due to the existence of poor
welds.

When use of MAP are growing the demands for suitable and cheap gas barrier materials
are increasing. Films made from wheat gluten, which is a by-product from the
manufacture of ethanol and sweeteners, has low oxygen permeability properties in dry
conditions and that makes it interesting as a packaging barrier. Several studies have
been performed on solution casted wheat gluten films, but to get a new material on the
market it is of great importance that the material is adapted to the present process
equipment, such as plastic extruders. The second part of the study deals with a way to
expand the processing window of wheat gluten plastisazed with glycerol.

The temperature -processing window of glycerol-plasticized wheat gluten was increased
by the use of a well-known scorch retarder, salicylic acid. It was possible to extrude 30
wt.% glycerol-wheat gluten films with a die-head temperature as high as 135°C, rather
than 95°C, by incorporating only 1% salicylic acid. Small effects of shear induced
heating during extrusion suggested that the acid acted as a lubricator. Chemilumiscence,
in turn, showed that it also had an effect on the heat-induced chemical changes of
gluten. Tensile tests on extrudates revealed that the substantially enhanced processing
temperature was achieved to the expense of a slightly reduced ductility. Tensile tests
were obtained on compression-molded samples containing 30wt% glycerol and an
additional 2.5-5% of glycerol, salicylic acid or sulfonamide. The tensile tests, performed
during the first 30 min after molding, did not reveal any scorch retarding effects.
However, the retarders did reduce the level of aggregation and crosslinking as compared
to glycerol, observed by that fact that the fracture stress was consistently lower for
salicylic acid and sulfonamide compared to glycerol. The complex shear modulus
increased more slowly above 110-120°C with increasing salicylic acid content,
indicating that it did have a scorch retarding effect.



PURPOSE OF THE STUDY

The aim of the first article was to develop a new method to measure the oxygen and
carbon dioxide permeability through flexible packages. The idea was to use a headspace
gas analyzer to measure the change in oxygen and carbon dioxide concentration and to
calculate the gas flow through the package from the measurement results.

The advantages of this method are that the measuring equipment is cheap and easy to
move and it is even possible to use to measure permeability on already filled packages,
so that effects from the contents, like swelling, plasticizing or effects from warmfilling
can be observed.

The purpose with the second part of the study was to investigate the extrudability of
wheat gluten to packaging film, with an ordinary plastic extruder and if possible widen
the processing window. To be able to use wheat gluten as a barrier layer in a packing
film, it is important to improve the heat resistant of the material. The final aim is to
make wheat gluten a commercially interesting alternative to other packaging materials.
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1. INTRODUCTION
In recent years, the food industry has started to use a modified atmosphere inside
packaging (MAP) in order to extend the product’s shelf life. There are two principal
types of modified atmosphere, or head space packaging, for food products1. Non-living
products, e.g. coffee or cooked food, need to be protected from oxygen and the package
is therefore made as impermeable to O2 as possible. Packages that contain living
produce, such as fresh vegetables, must permit some O2 to pass in order to maintain the
aerobic respiration.

The head space gas in MAP normally consists of CO2,N2 or a mixture of the two and a
small amount of O2 is sometimes added to reduce the anaerobic respiration of living
products. To maintain the correct head space mix, it is important to know the gas
transmission rate and the permeability of the packaging. Since the permeability
properties of the packaging are affected by the converting (e.g. folding) and sealing
operations, it is important to be able to measure the permeability of the ‘final’
packaging. Hot-filling operations and interactions between the food product and the
material can also mean that the permeability properties of the packaging are different
from those of the ‘virgin’ packaging film. It is thus necessary to be able to determine the
permeability properties of the packaging containing the food product.

In this theses a new method, based on analyses of the dynamics of the gas head space,
of determining the permeability to O2 and CO2 of the “final” package, are presented. Its
validity has been tested on polyethylene pouches of different thickness and crystallinity,
by comparing the permeability values with those obtained by other techniques. The
usefulness of the method in detecting package permeability changes due to sealing
operations and food-induced plasticization has been studied by comparing strong and
weak seals and unexposed and olive-oil-exposed pouches. The method is hereafter
referred to as the HSP method, i.e. “the Head Space Permeability method”.

Renewable packaging materials are of interest for a more sustainable environment.
Several studies have been performed in the field of new renewable packaging materials,
such as chitosan, starches, and proteins from whey, soy and wheat2-6. There is a large
surplus of wheat gluten (WG) protein from the manufacture of ethanol and sweeteners.
Today it is used mostly for forage and other low cost applications, but it could also be
used as a cost effective barrier material for packaging applications.

The main component groups in wheat are starch and protein. When the water-soluble
starch has been washed away from the wheat flour, the water-insoluble protein remains.
The protein fraction varies between different wheat quality and growth enviroment7.  In
wheat the protein is called wheat gluten and is composed of the main group gliadin
(from Greek “glia”=glue) and glutenin (from Latin “glutinis” =glue).  Gliadins are
compact and globular shape proteins with a molecular weight of 20–50 000.  Glutenins
are linear and have a higher molecular weight (up to 106). The combination of the two
classes of proteins explains the stretchy and rubbery nature of native gluten8.
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Films of WG are brittle and acceptable toughness is achieved first after addition of a
plasticizer. Glycerol, which is the most common plasticizer in films of WG9,10, has been
used in this study. In a dry environment, films of WG have excellent oxygen barrier
properties due to their high content of hydrogen bonds11.

Several studies have been performed on solution casted WG films12-15. However, in
order to get a new material on the market it is of great importance that the material is
adapted to the present process equipment, such as extruders. In contrast to solution
casting, where solvent type and pH are important parameters, the solid state
processability are affected by mechanical energy input, shear stress levels and
pressure9,16-24.

The gluten processing window in compression molding and extrusion is narrow and
needs to be expanded in order to be able to coextrude and colaminate it with other
polymers. The low-temperature limit, around 90°C for glycerol-plasticized gluten, is set
by the denaturation temperature. The upper limit is set by the onset of disulphide
depolymerisation, but most importantly, the increase in viscosity associated with
extensive aggregation.16,23 An important part of the aggregation is reorganization of the
intra-molecular disulfide bonds to intermolecular disulfide bonds via thiol-disulfide
exchange reactions.25 Consequently the upper processing temperature limit should be
possible to elevate by limiting or delaying the disulfide reactions.

Traditionally, in the rubber industry, this has been achieved by using scorch retarders.
These are compounds, e.g. radical scavengers that interfere with the crosslinking
reactions and yield a delay of the onset of crosslinking or a slower crosslinking. In the
present study the scorch retarders are transferred to the protein processing. Salicylic
acid was chosen because it has been used in the rubber industry and it is a known
radical scavenger26,27. It is also acceptable without limitations in packaging
applications28. Further it is a natural product existing in blackberries and raspberries29.
Its germicide properties also make it promising in retaining the quality of the protein
throughout its service life30,31. This was however outside the scope of the study.

Wheat gluten with glycerol was mixed with small amounts of salicylic acid. The
mixtures were compression molded and flat-film extruded. The rheological properties of
the mixtures and the mechanical and the general quality of the films were determined.
Chemilumiscence was used to see whether salicylic acid had any impact on the
chemistry of gluten during heating. In addition, in order to study the effectiveness of
different types of scorch retarders in gluten, a sulfonamide based prevulcanisation
inhibitor was compared with salicylic acid during compression molding.
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2. EXPERIMENTAL

2.1. Materials
2.1.1 HSPM

Five different kinds of polyethylene film were used to make pouches. The high-density
polyethylene films (HDPE: FL1500) were generously provided by Borealis a.s.,
Norway. The density of the polymer was 950 kg/m3 and the melting point was 131 °C.
The thickness of the films were 25, 40 and 70 µm. The low-density polyethylene film
(LDPE: LE0600) with a thickness of 35 µm, was kindly provided by Borealis AB,
Sweden. The density of the polymer was 923 kg/m3 and the melting point was
approximately 113 °C. The very-low-density polyethylene film (VLDPE: AFFINITYTM

PL 1881, DOW Plastics, thickness 55 µm) was kindly produced by Frontline AB,
Sweden. VLDPE is a copolymer of ethylene and octene-1 with a density of 904 kg/m3

and a melting peak of 100°C.

2.1.2 Wheat Gluten

The wheat gluten (WG) powder was kindly supplied by Reppe AB, Lidköping, Sweden.
Glycerol with a purity of 99.5% was supplied by Karlshamns Tefac AB, Karlshamn,
Sweden. Salicylic acid (99%) was obtained from VWR international. Vulkalent E/C
was obtained from Bayer and it consisted of 1-2 % solvent dewaxed heavy paraffinic
distillate, 5 % Calcium carbonate and more than 90 % N-Phenyl-N-
(trichloromethylsulfenyl) benzene sulfonamide.
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2.2. Permeability measurement

2.2.1 Pouch production

Films were cut into two 70 x 130 mm rectangular sheets and these sheets were welded
together along all sides with a 5 mm wide seal. The approximate peak temperatures of
the sealer were 130°C for VLDPE, 140-160°C for HDPE and 130°C for LDPE. To
prevent leakage when piercing the bags with hypodermic needles, two rubber septum
were glued onto the pouch. Subsequently, the container was filled with carbon dioxide
through the needle. In the case of the olive oil, the VLDPE films were welded on only
three sides. The pouch was then filled with 1ml olive oil and the fourth side was sealed,
the pouch was rubbed to assure that the interior surface was completely covered with oil
and the pouch was then stored at  room temperature for seven days. After the HSP test,
the film from the pouch was wiped clean and tested in the Ox-tran apparatus.

2.2.2. The head space permeability method (HSP-method)

A head-space-gas analyzer, model CheckMate 9900 from PBI Dansensor, Ringsted,
Denmark, was used to determine the O2 and CO2 contents inside the pouches (Fig. 1).
The instrument has two sensors, one ceramic solid state sensor for the detecting of
oxygen and one IR Sensor for the detection of carbon dioxide. The oxygen sensor has a
measuring range from 1ppm to 100% and an error of max +/- 1% of reading and the
carbon dioxide sensor has a range from 0 to 100% and an accuracy of +/- 2% full scale
difference. The CheckMate measurement results are independent of humidity, ambient
air pressure and temperature. To minimize oxygen and carbon dioxide  leakage inside
the instrument, the original silicon rubber tubes were replaced with PTFE tubes, which
are less permeable to gases. The instrument  was modified with a supplementary tube
and needle to recycle the gas back to the pouch. The needles were stuck through the
septums and a first test was performed to prevent any misreading due to air in the tubes
and inside the instrument. Subsequently the start button was pressed every 15th minute
until the oxygen concentration had reached 21 %. Since the time to steady state varies
between different packaging materials32,33, the data used for the calculations were taken
from the "steady-state" linear region. The volumes O2 and CO2 were obtained as ideal
gases according to the following treatment34.
  According to Dalton’s law of partial pressures35, the pressure (p) of a mixture of ideal
gases is equal to the sum of the partial pressures:

Consider a fixed volume V’, at temperature T, which contains nA moles of an ideal gas
A. According to the ideal gas law the pressure exerted on this volume is low and can be
calculated as :

(2)    
'V

RTn
p A

A =
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If, to this constant volume containing nA moles of gas A, nB moles of an ideal gas B are
added, the total pressure is:

Dividing Eq. (2) by Eq. (3) gives:

For gas A in the mixture, this can be written:

Where fA
m is the mole fraction of component A in the mixture. Consequently, in a

mixture of ideal gases, the partial pressure of a gas component is the product of its mole
fraction, fm, and the total pressure of the gas mixture.
According to Avogadro’s principle, the numbers of molecules present in equal volumes
of gases at the same temperature and pressure are the same. This, combined with Eq (4),
yields:
where fVo2 is the volume fraction and fmo2 is the mole fraction of oxygen.

For an ideal gas:

where Po2 = 1atm, since the pouch here is flexible.
The amount of permeant that has left the pouch during time t is defined as: Q=∆n(t).
From the amount of gas permeating through the pouch film of thickness l under a partial
pressure difference ∆p through area A during time t at steady state, the permeability is
calculated2 as:

where P is the permeability constant.
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To determine the volume of the pouch, a glass syringe equipped with a tube and an
attached was used. To prevent any undesired leakage, a pinchcock was placed on the
tube. The volume was measured on a reference pouch identical to those used for the
permeability measurements. Every time the O2 and CO2 concentration was measured,
the air was sucked out from the reference pouch, measured in the syringe and then
recycled back  into the pouch.

Fig.1. The CheckMate instrument and a VLDPE pouch

2.2.3. Welding

The apparatus used was a laboratory heat-sealer, Fermant 400, manufactured by Joisten
& Kettenbaum Elektro-Maschinenfabrik, Germany.

2.2.4. Ox-tran method

The oxygen transmission rate was measured using a Mocon Ox-tran Twin at 25°C and
at 50-75% relative humidity (RH), according to ASTM D 3985-9536. Specimens were
mounted in an isolated diffusion cell and subsequently purged with nitrogen (2%
hydrogen) to remove sorbed oxygen from the samples. The specimens had a circular
exposed area of 5 cm2, the rest being covered with tight aluminum foil. One side of the
sample was initially exposed to flowing oxygen (99.95%) at atmospheric pressure,
while the oxygen concentration was zero on the other side of the specimen. The flow
rate through the specimen at steady state (QO2,∞) was measured. The oxygen
permeability was calculated by normalizing the flow rate at steady state with respect to
the oxygen pressure gradient over the film and the film thickness (l).
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2.3 Processing of Wheat gluten
2.3.2 Preparation of compression molded films

A dough of 30% glycerol and 70% WG was mixed by using an electric beater (AFK
HMS-1.1) at low speed for 2 minutes. 20 grams of the dough was thereafter
compression molded between two MylarTM foils and two steel plates on top. A steel
frame was used to obtain films with a thickness of 0.5 mm and a cross-section of
150x150 mm2. The compression-molder was a Schwabenthan Polystat 400S
(Schwabenthan-Maschinen GmbH & Co. KG, Germany). The mould temperature was
130°C, the mold time 3 min, and the applied effective pressure was 900 bar.

2.3.1 Granulate preparation

The WG powder was first conditioned for 3 days in a blue gel environment in an oven
at 50°C and 5% RH. To obtain a homogeneous distribution of the retarder  in the
material the salicylic acid was first mortared with a small amount of gluten powder
before it was blended with the remaining powder. The mortared powder, WG and
glycerol were subsequently blended by using a food processor (WATT; DUKA) at the
lowest speed (speed 1) for one minute and thereafter at speed 2 for two minutes. The
dough was thereafter stored at room temperature at 20-40% relative humidity for three
hours, in order to make it pelletizeable. It was pelletized in a Moretto ML18/10C
(Padova, Italy) granulator.

2.2.3 Extrusion

The extruder, a single screw extruder BX12 (from Axon, Sweden), equipped with a flat
sheet die (45x0.7 mm) and a gateway screw with 12.5 mm screw diameter, 6 mm root
diameter, 11 mm flight and an L/D ratio of 26:1. The screw speed was 265 rpm and the
temperature profiles are given in Table 1. The actual temperatures were measured with
an IR–thermometer MT4 (Raytek).

Fig. 2. The Extruder

Die Head Zone 3

Zone 2

Zone 1

Hopper
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2.2.4 Tensile testing

The extruded WG films were measured at 50% RH and 25°C. The specimens were
conditioned in this environment for 1h, 2 days and 5 days. The tensile test apparatus
was an Instron 5566 with a 10kN load cell (Instron Corp. Ltd., MN, USA), controlled
by a Merlin Software (Merlin Software Service GmbH, Germany). The measurements
were performed as described in ISO 527-37/E/120 with a crosshead speed of 100
mm/min37.

The tensile specimens from the compression molded films were obtained by using a
specially designed punch (Figure 3). This punch was used to focus the area of break to
the middle section. Using the standard tensile punches and shapes yielded too early
break at the clamps. Seven specimens from five different films of each mixture were
tensile tested in an Alwetron TCT5 tensile tester  (Lorenzen & Wettre AB, Sweden),
respectively, 1, 5, 10, 15, 20, 25 and 30 min after compression molding. These were
stored at 35% RH and room temperature.

Figure 3.  A schematic drawing of the punch used for the compression molded wheat gluten films. All
sizes are given in millimeters.

2.2.5 Rheological Measurements

The rheological measurements were performed in order to assess the temperature
dependence, of the WG dough, on the complex shear modulus (G*) and damping (δ).
The rheological measurements were conducted using a dynamic shear rheometer
(Rheometrics RDAII), with 8 mm circular parallel plates with the temperature ranging
from 50 to 200°C, at a rate of 3°/min. The  frequency was 0.286 rad/s and the peripheric
shear strain was 0.2 % and the gap between the plates 2 mm.

2.2.6 Chemiluminescence Measurements

The chemiluminescence data was recorded on Tohoku chemiluminescence equipment
with a CLD-100 CL-detector and a CLC-10 CL-counter. A circular sample with a
diameter of 12mm and a thickness of 2mm was put on an aluminum plate and placed in
the oven. The samples was heated in a temperature sweep from 40 to 200°C at a rate of
approx. 24°C/min, with a gas flow of 60 ml/min of either air or nitrogen. In the case of
nitrogen, the samples were conditioned for one hour before the measurement.
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3. RESULTS AND DISCUSSION

3.1 HSPM
Figures 4 and 5 show the increase in the oxygen and the loss of carbon dioxide as a
function of time normalized with respect to pouch thickness. The gas permeability was
calculated from the slopes of the linear parts of these curves. The pouch gas volume
always decreased initially, but leveled out at longer times (Figure 6). This was because
the permeability was higher for carbon dioxide than for oxygen, so that carbon dioxide
left the pouch faster than oxygen entered it.

Fig. 4. The oxygen concentration as a  function of time (t) divided by the square of the film thickness (l)
for pouches made of VLDPE ()), LDPE (l) and HDPE (" )

Fig. 5. The carbon dioxide concentration as a function of time (t) divided by the square of the thickness (l)
for pouches made of VLDPE ()), LDPE (l) and HDPE (" ).
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Fig.6. The change in gas volume (l), the oxygen concentration ()) and carbon dioxide concentration
(") with time for a VLDPE pouch.

The oxygen and carbon dioxide pouch permeability measured by the Ox-tran method
and by the HSP method is given in Table 1. Overall, the agreement between the data
from the two methods is excellent. The reasons for the small deviations observed
between the values obtained by the two methods are unclear. Untight welds and
wrinkles on the films are two possible explanations. The HSP-method standard
deviation was based on different series of measurements on pouches of the same
material and was of the same order of magnitude as that associated with the Ox-Tran
method.

Table 1. Oxygen and carbon dioxide permeability (mol*µm /cm2*s*atm) obtained by the HSP method
compared with values obtained by other methods.

Material a) Po2(HSP) Po2 Ox-Tran Pco2(HSP) Pco2

HDPE 3.1±0.2·10-9 2.2±0.2·10-9 3.4±0.7·10-8 3.6·10-8  b

LDPE 7.2±1.1·10-9 8.5±0.7·10-9 3.0±0.5·10-8 2.7·10-8  c

VLDPE 1.6±0.1·10-8 1.2±0.1·10-8 7.1±0.6·10-8

a) ± values are the standard deviation
b) Data obtained from Nestlé
c) Lit. Data for LDPE9 density = 0.920 g/cm3
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The Ox-tran and the HSP methods both revealed an increase in oxygen permeability
upon exposure to olive oil (Table 2). The fact that the increase was less for the pouch
than for the films may be because the oil actually tightened the welds. As is showed in
table 3, the deterioration in pouch barrier properties due to bad welds was easily
observed by the HSP-method. A reduction in weld peak temperature from 130°C to
90°C led to an increase of approximately 25 % in the permeability.

Table 2. The oxygen permeability (mol*µm/cm2*s*atm) of VLDPE unexposed and exposed to olive oil
measured with both the HSP- and the Ox-tran method.

Ox-Tran HSP

VLDPE (Clean) 1.2·10-8 1.5·10-8

VLDPE (Exposed for Olive Oil) 1.6·10-8 1.7·10-8

Table 3. The permeability constants (mol*µm/cm2*s*atm) for VLDPE with normal and weak seals
measured by the HSP-method.

PO2 PCO2

Normal Weld 1.5·10-8 7.1·10-8

Weak Weld 2.2·10-8 9.4·10-8
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3.2 Processing of Wheat gluten
3.2.1 Tensile properties of the compression molded films

The effects of salicylic acid (SA), and the sulfonamide (SAM), on the mechanical
properties, are shown in Figures 7 and 8. The complete set of data is, for simplicity of
reading, found in tables A1 and A2 in the appendix. SA, SAM and glycerol all
contribute to an increase in fracture strain. The fracture strain decreased monotonically
for all but SAM over the entire time period. The decrease was most likely due to time
dependent aggregation/crosslinking processes. Interestingly, glycerol and SA yielded
nearly the same effects. The fracture stress, however, was significantly lower when SA
was added (Figure 8). Whereas the fracture strain data suggest that SA acted like
glycerol, i.e. as a plasticizer, the fracture stress showed a distinct difference between SA
and glycerol. The latter indicated that SA did not behave simply as a plasticizer. SAM
yielded the largest increase in fracture strain and the second largest decrease in fracture
stress (Figures 7 and 8).
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Figure 7. Fracture strain as a function of time for compression molded specimens containing 30%
glycerol (l) and an additional 2.5% glycerol (¡), 2.5% salicylic acid (n) and 2.5% sulfonamide (o ).
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Figure 8. Fracture strain as a function of time for compression molded specimens containing 30%
glycerol (l) and an additional 2.5% glycerol (¡), 2.5% salicylic acid (n) and 2.5% sulfonamide (o).

3.2.2 Extrusion

With only glycerol present the extruded films were far from flat and contained
discontinuities like holes and cracks(Figure 9). Nevertheless the extrudability, i.e. the
smoothness and film continuity, increased with increasing glycerol content up to level
of 32 wt.%, where the granulates became too sticky to pass the hopper.

Figure 9. Film extrudate, consisting of 70 wt.% wheat gluten powder and 30 wt.% glycerol.



14

As observed in Table 4, the actual temperatures were significantly higher than the set
values. Consequently the shear induced heating lead to a temperature increase of 20-30
°C. In fact Morel et al38. have shown that the shear effects make it possible to extrude
gluten with only a small heat input

Table 4 The actual extruder temperature profile.

Die Head (°C) Zone 3 (°C) Zone 2 (°C) Zone 1 (°C)

Extrusion of films with 0 wt.% SA a 95 (90) 90 (70) 75 (70) 60 (30)

Extrusion of films with 1 wt.% SA b 135 (130) 70 (60) 60 (60) 30 (30)
Values within parenthesis are set temperatures.
a70 wt.% wheat gluten powder and 30 wt.% glycerol .
b69.3 wt.% wheat gluten powder, 29.7 wt.% glycerol and 1wt% salicylic acid (SA).

The films became softer, more flat and more continuous when salicylic acid (SA) was
used (Figure 10). The frictional heat inside the barrel was decreased and thereby also
the actual temperatures (Table 4). For the materials with 2wt% or higher SA content the
actual temperatures was approximately the same as for the set temperatures. The die-
head temperature was set to 130°C to increase the viscosity of the extrudate. If this was
omitted the extrudate became a soft dough.

Figure 10. Film extrudate consisting of 69.3 wt.% wheat gluten powder, 29.8 wt.% glycerol and 1 wt.%

salicylic acid.

3.2.3 Tensile properties of WG film extrudates

The tensile properties of the extruded  samples are given in Table 5. The aging in 50%
RH leads to a substantial loss in stiffness, strength and increase in ductility over the 5
day period. Any eventual increase in aggregation or crosslinking during the 5-day
period was hidden behind the large effect of water uptake. The extruded samples, as in
the case of the compression-molded samples, had been dried before processing and
therefore absorbed water when stored at 50%. An increase in SA lowered the stiffness
and the fracture stress. However, it did not increase the fracture strain, probably the
most sensitive indicator of the degree of crosslinking. Thus the SA-samples were the
most crosslinked/aggregated. This was probably a consequence of the high temperatures
associated with extrusion of the SA-samples.
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 Table 5.Tensile properties of wheat gluten film extrudates, stored at 25°C and 50% RH in 1 h, 2 days

and 5 days.

Young’s modulus (MPa) Fracture stress (MPa) Fracture strain (%)

0 wt.% SA 1 wt.% SA 2 wt.% SA 0 wt.% SA 1 wt.% SA 2 wt.% SA 0 wt.% SA 1 wt.% SA 2 wt.% SA

1 hour
36.7±9.3 30.5±6.2 27.0±9.6 3.0±0.3 1.8±0.3 2.0±0.3 50.8±4.2 53.9±5.0 47.3±4.7

2 days 8.7±4.0 2.5±0.6 5.6±1.1 1.5±0.1 0.9±0.1 1.2±0.9 194.5±26 141.7±27 98.3±11.4

5 days 5.5±0.7 2.4±0.7 3.2±0.8 1.3±0.1 0.9±0.1 1.0±0.9 159.0±29 147.0±21 104.1±16.1

3.2.4 Rheological Measurements

The DSR plot of pure and SA containing gluten is shown in figure11. The complex
shear modulus (G*) decreased monotonically with increasing temperature between 50
and approximately 100°C. A maximum in damping, in the same interval, was observed
at 70°C, corresponding to the denaturation temperature24. The complex shear modulus
was slightly higher for the SA-free sample, simply because it contained less additives.
The increase in G* and decrease in damping, starting at 110-120°C, was associated with
the onset of protein aggregation and crosslinking. The peak in G* and the upturn and
peak in damping were associated with the onset of bad contact between the oscillating
plates due to a too high sample viscosity. Interestingly, the slope in G* after 120°C was
decreasing and the peak position was shifted to higher temperature, with increasing SA
content. Both effects are attributed to a reduced rate of aggregation/crosslinking induced
by SA.

Figure 7. The complex shear modulus (G*) as a function of temperature for wheat gluten films with 0%
salicylic acid (SA) ((), with 1 wt.% SA (!) and with 2 wt.% SA (s ). Also given are the tan(δ) for
wheat gluten films with 0% ()), with 1 wt.% SA (") and with 2 wt.% SA(h).
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3.2.5 Chemiluminescence Measurements

The chemilumiscence intensity for the wheat gluten films during heating is given in
Figures 8 and 9. For samples without SA there is a peak in CL- intensity in the vicinity
of 150°C. This low-temperature peak is observed both in air and nitrogen (Figures 8 and
9). However, the increase in CL-intensity above 170°C was suppressed in nitrogen. This
indicated that the observed increase above 170°C, which seems to be the upper part of a
continuous exponential-type of CL signal-temperature curve, overlapping the low-
temperature peak, was due to a thermooxidative process in the wheat gluten film. The
origin of the low temperature peak is more difficult to explain. Even though the peak
was lower in nitrogen, it was still observed, and the reduction might have been be due to
the absence of the overlapping thermooxidative process. The effect of adding the
salicylic acid was to suppress the thermooxidative process, but also to reduce the low
temperature peak (compare Figures 8 and 9). Isothermal CL-experiments in air,
performed on wheat gluten films inserted at 135°C in the CL-chamber, supported the
idea of SA as reducing the thermooxidative process. Here, a narrow peak at small times
(within 2 min), similar to the low temperature peak in Figure 8, and an overlapping
broad peak/shoulder with a maximum/plateau at longer times, associated with the
thermooxidative peak in Figure 8, were observed. When SA was added, both the short-
term and long term peaks were reduced. The observed reduction of the short-term peak
could, at least to some extent, be a consequence of the reduced overlapping
thermooxidative peak. However the reduction of the thermooxidative peak could not be
explained by the reduction of the short-term peak. Thus it was clear that SA did reduce
the thermooxidative process in the wheat gluten films. In addition, it seemed to limit the
processes associated with the low-temperature/short-term peak.

Figure 8. Chemiluminescence signal as a function of temperature for wheat gluten films in air with 0%
salicylic acid (SA) ((), with 1 wt.% SA ()) and with 2 wt.% SA (!).
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Figure 9. Chemiluminescence signal as a function of temperature for wheat gluten films in hydrogen
atmosphere with 0% salicylic acid (SA) ((), with 1 wt.% SA ()) and with 2 wt.% SA (!).

4. CONCLUSIONS
The less drastic increase in complex shear modulus with increasing temperature above
110-120°C as well as the increase in upper process temperature indicated that salicylic
acid had a scorch retarding effect on gluten. The mechanical data also indicated that the
final degree of aggregation/crosslinking was lowered with salicylic acid. Salicylic acid
seemed to lubricate the protein during extrusion, as indicated by only a small shear
induced heating in the extruder. Chemilumiscence, however, showed that, besides
acting as a lubricator, it had an impact on the chemical changes associated with heating
the wheat gluten. The sulfonamide showed similar effects as salicylic acid. However
salicylic acid has the great advantage of being accepted as an additive in materials in
contact with food.
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5. APPENDIX
Table A1. Fracture stress (MPa) as a function of time after molding, at a temperature of
130°C, for compression molded wheat gluten films (with 30% glycerol), with 1.5 wt.%
salicylic acid (SA), 2.5 wt.% SA, 5 wt.% SA, 1.5wt% sulfonamide (SAM) and 2.5wt%
SAM. Compared with increased amount of glycerol at the same conditions.

Time after molding 1 min 5 min 10 min 15 min 20 min 25 min 30 min

30 wt.% Glycerol 3.56±0.6 5.46±0.3 5.76±0.6 5.81±0.5 5.73±0.7 5.79±0.7 5.76±0.7

31.5 wt.% Glycerol 4.08±0.3 5.17±0.2 5.47±0.3 5.64±0.4 5.48±0.3 5.31±0.3 5.54±0.7

32.5 wt.% Glycerol 3.76±0.3 4.43±0.4 4.85±0.3 4.84±0.2 4.67±0.3 4.68±0.4 4.82±0.4

35 wt.% Glycerol 3.76±0.2 4.43±0.2 4.50±0.3 4.84±0.3 4.67±0.2 4.68±0.3 4.82±0.5

1.5 wt.% SA 2.94±0.8 3.67±0.7 3.75±0.8 3.59±0.7 3.74±1.3 3.75±1.1 3.61±0.8

2.5 wt.% SA 2.39±0.4 2.77±0.6 3.03±0.7 3.04±0.6 3.24±0.9 3.11±0.9 3.40±0.8

5 wt.% SA 1.96±0.2 2.57±0.4 2.63±0.4 2.82±0.5 2.60±0.4 2.71±0.6 2.77±0.5

1.5 wt.% SAM 2.97±0.3 4.00±0.8 4.13±0.8 4.41±0.6 4.49±0.8 4.48±0.8 4.46±0.8

2.5 wt.% SAM 3.23±0.2 3.73±0.4 4.00±0.5 3.86±0.8 3.77±0.8 4.01±0.7 4.07±0.3

Table 4A. Fracture strain (%) as a function of time after molding, at a temperature of
130°C, for compression molded wheat gluten films (with 30% glycerol), with 1.5 wt.%
salicylic acid (SA), 2.5 wt.% SA, 5 wt.% SA, 1.5wt% sulfonamide (SAM) and 2.5wt%
SAM. Compared with increased amount of glycerol at the same conditions.

Time after molding 1 min 5 min 10 min 15 min 20 min 25 min 30 min

30 wt.% Glycerol 72.1±10 50.4±11 50.0±12 44.8±14 34.1±13 34.3±10 36.3±17

31.5 wt.% Glycerol 92.1±18 63.6±8 61.4±7 62.5±9 61.2±12 50.2±13 52.7±17

32.5 wt.% Glycerol 103.6±10 79.7±11 81.4±11 81.2±15 74.8±13 79.8±9 67.9±19

35 wt.% Glycerol 108.8±13 78.0±16 77.6±17 77.9±7 71.7±5 66.9±12 76.3±14

1.5 wt.% SA 88.2±19 66.5±19 68.7±32 65.8±25 63.0±24 59.9±24 61.0±24

2.5 wt.% SA 101.5±13 80.8±20 77.8±21 78.6±26 65.2±17 67.5±25 69.8±21

5 wt.% SA 101.8±23 83.4±31 67.0±20 67.8±5 70.6±21 73.8±18 72.5±26

31.5 wt.% SAM 98.2±17 69.0±22 68.2±24 76.0±22 70.5±32 63.6±27 70.3±23

32.5 wt.% SAM 121.4±18 95.2±28 92.0±31 86.6±38 89.3±22 90.8±29 90.9±25



19

6. ACKNOWLEDGEMENTS
First, I would like to direct a very special thanks to my head supervisor, Associate
Professor Mikael S.Hedenqvist, for his excellent guidance, support and his continuous
encouragement. I also wish to express my sincere gratitude to Professor Ulf Gedde for
accepting me as his student and for his feedback and input during the “UWG-group
meetings”.

I would like to thank Prof. Ann-Christine Albertsson, head of the Dep. of Fibre and
Polymer Technology, KTH, for making the department a stimulating place for research.
All the personal at the department are thanked, especially Maggan for her valuable
assistance through the “jungle” of bureaucracy.

The management of Packforsk is acknowledged for giving me the opportunity to
accomplish this thesis. I am grateful to all people at Packforsk for contributing to the
pleasant atmosphere. A special thanks to Bo Lindskog are thanked for all his support
and encouragement and to Mikael Gällstedt who has helped me endless number of
times. Andreas Jansson is thanked for his help and introduction to the world of
packaging.
Kay-Yee Poon, Christina Olmers, Kristina Salmen, Mikael Krook and Göran Flodberg
are thanked for all their help and support.

Lars Petersson are thanked for all his time spend with me in front of the extruder. Mats
Johansson is acknowledged for his guidens in rheologi. Jonas Ekblad, Mattias Lokander
and Johan Samuelsson are thanked for help with the analysis.

Bo Johansson, Reppe AB, is thanked for supplying the gluten powder and Alf
Svensson, Karlshamns Tefac AB, is thanked for supplying glycerol.



20

6. REFERENCES
1. Flodin, C.; Bower, J.H.; Patterson, B.D., Packag. Technol. Sic. 1999,12,185-191.

2. Gällstedt, M; Törnqvist, J; Hedenqvist, M.S.; J Polym Sci Part B Polym Phys. 2001        

39:985.

3. Rindlav-Westling Å, Thesis, Chalmers University of Technology, Sweden 2002

4. Ziang, J.;  Mungara, P.; Jane, J., Polymer. 2001, 42:2569,

5. Roy, S.; Gennadios. A.; Weller, C.L., Testin RF. 2000, Ind Crop Prod 11:43

6. Gennadios, A.; Weller, C.L., 1990 Food Tech. 10:63

7. Curic, D.; Karlovic, D.; Tusak. D.; Petrovic, B.; Dugum, J., Food Technol Biotech,

2001, 39, 353-361.

8. Bushuk, W., PBI Bulletin, 1997.

9. Redl, A.; Morel, M.H.; Bonicel, J.; Guilbert, S.; Vergnes, B., Rheol Acta, 1999,

38:311

10. Redl, A.; Morel, M.H.; Bonicel, J.; Vergnes, B.; Guilbert, S., Ceral Chem, 1999,

76(3):361

11. Coles, R.E., Flexible Retail Packs: A Literature Review; PIRA International:

London, 1996

12. Gennadios, A.; Brandenburg, A.H.; Park, J.W.; Curtis, L.W.; Testin, R.F., Ind Crop,

1994, Prod 2:189

13. Gontard, N.; Duchez, C.; Cuq, J.L.; Guilbert, S., Int J Food Sci Tech, 1994, 29:39

14. Gennadios, A.; Weller, C.L.; Testin, R.F.; ASAE, 1993, 36(2):465

15. Gennadios, A. Brandenburg, A.H.; Park, J.W.; Curtis, L.W.; Testin, R.F.; J Agric

Food Chem, 1993, 41:1835

16. Roy, S.; Weller, C. L.; Gennadios, A.; Zeece, M. G.; Testin, R. F., J. Food Sci.

1999, 64(1), 57-60.

17. Herald, T. J.; Gnanasambandam, R.; McGuire, B. H.; Hachmeister, K. A. J Food

Sci, 1995, 60(5), 1147-1150.

18. Gennadios, A.; Brandenburg, A. H.; Weller, C. L.;  Testin, R. F. J. Agric. Food

Chem. 1993, 41, 1835-1839.

19. Lens, J. -P.; de Graaf, L. A.; Stevels, W. M.; Dietz, C. H. J. T.; Verhelst, K. C. S.;

Vereijken, J. M.; Kolster, P., Ind. Corps Products 2003, 17, 119-130.

20. Gontard, N; Guilbert, S; Cuq, J. L., J. Food Sci. 1992, 57, 190-199.



21

21. Kokini, J. L.; Cocero, A. M,; Madeka, H., Food Technol-Chicago, 1995, Oct, 75-

81.

22. Li, M.; Lee, T. –C. J. Agric. Food Chem. 1996, 44, 763-768.

23. Apichartsrangkoon, A.; Ledward, D. A.; Bell, A. E.; Brennan, J. G. Food Chem.

1998, 63(2), 215-220.

24. Weegels, P. L.; Hamer, R. J. Temperature-induced changes of wheat products. In

Interaction: the keys to cereal quality; Hamer R. J., Hoseney R. C., Eds.: American

Association of Cereal Chemists: St. Paul MN, 1998, 95-123.

25.  Lindsay, M. P.; Skerritt, J. H., Trends Food Sci. Tech. 1999, 10, 247-253.

26.  Z. Sroka, W. Cisowski, Food and Chemical Toxicology, 2003, 41, 753-758.

27. Z.Cheng, J. Ren, Y. Li, W. Chang and Z. Chen, Bioorganic and Medical Chemistry,

2002, 10, 4067-4073.

28. EU directive 2002172EEC, LIVSFS 2003:2

29. micro.magnet.fsu.edu/optics/olympusmicd/galleries/reflected/blackberry1.html

30. www.ibiblio.org/herbmed/eclectic/kings/acidum-sali.html.

31. Grabias, B.; Swiatek, L. Pharmaceutical and Pharmacological Letters, 1998, 8(2),

81-83

32. Brody, A.L.; Marsh, K.S.; The Wiley Encyclopedia of Packaging Technology. 2nd

ed. John Wiley & Sons. 1997.

33. Larsen, H. Kohler, A.; Magnus, E.M., Pack. Technol. Sic. 2000, 13, 233-241

34. Atkins, P.W.; Beran, J.A., General Chemistry 2nd ed. Freeman and Company. 1990.

35. Gaskell DR. Introduction to the Thermodynamics of Materials. Taylor & Francis

Ltd. 1995.

36. 6. ASTM. Standard test method for oxygen transmission rate through plastic film

and sheeting    using a coulometric sensor, designation D 3985-95. Annual Book of

ASTM Standards. American Society for Testing and Materials. 1995.

37. ISO. Plastics-Determination of tensile properties. part 3: Test conditions for films

and sheets. Designation: 527. Technical Committee ISO/TC 61, Plastics,

Subcommittee SC 11, Pruducts. International Organization for Standardization,

Switzerland. 1995.

38. Morel, M. H.; Redl, A.; Guilbert, S., Biomacromol, 2002, 3, 488-497


	Abstract
	List of papers
	Table of contents
	Summary
	1. INTRODUCTION
	2. EXPERIMENTAL
	3. RESULTS AND DISCUSSION
	4. CONCLUSIONS
	5. APPENDIX
	6. ACKNOWLEDGEMENTS
	7. REFERENCES


