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ABSTRACT

Polymers are used as food packaging material to preserve the food and to increase the shelf life. Oxygen
accelerates the growth of bacteria and other microorganisms and can reduce the durability of the food.
By using polymers as a food packaging material, the decomposition and the amount of food waste can
be reduced. It is therefore important to predict the diffusion rate of oxygen through the polymers when
a certain type of polymer is used. The main goal of this article is to study the influence of temperature
variations on the oxygen diffusion through a polymer material. Laboratory experiments are performed
by measuring the concentration of oxygen in nitrogen filled polypropylene boxes under constant
temperatures and with temperature variations over time. The experiments show that the oxygen
diffusion increases with increasing temperature. An effect of changing the temperature is that the
permeation rate in the polymer becomes higher when the polymer has first been exposed to a higher
temperature. This is an important observation and has to be taken into account when food is exposed to
different temperatures during transport and storage. A mathematical model is formulated to estimate
the oxygen concentration in the boxes. The comparison between literature data, the model and the
experimental results indicates that, although there is deviation between the data, the tendency of
increase in oxygen concentration with time is the same.
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1 INTRODUCTION
Polymers are widely used for food packaging, medicine or cosmetics, and the different
applications require different polymer qualities. Food packaging is used to protect the food
products from damage and influence from the surrounding atmosphere, and thereby extend
the shelflife of foods and reduce the amount of food waste. The advantages of using polymers
as packaging materials are that polymers have longer durability, lower weight and lower costs
compared to alternative materials as glass and metal. The disadvantage of using polymers is
that they have high permeability. Permeability is the transfer rate of molecules through a
barrier. This means that low molecular weight compounds like gases, water vapour, flavour,
aromas etc. can diffuse through the walls of the packaging material. A high transfer of oxygen
through the polymer can result in bacterial growth and food degradation and thereby
reduction of the shelf life of food. Shelf life can be defined as the time food products can be
stored, and still maintaining an acceptable quality or specific functionality [1]. Evaluation of
the barrier properties of polymers is crucial for selecting the appropriate polymer material for
food or beverage packaging. Diffusion of gases through the polymeric material should be
prevented or minimized to maintain product quality and freshness during distribution and
storage. The amount of packaging material used is also important in the evaluation of shelf
life versus material consumption. Production and handling of the packaging material are
other factors that can influence the choice of polymer as packing material [2]-[4].
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Understanding the effect of the barrier properties of food packaging can contribute to
reducing food waste. Oxygen diffusion through a polymer material depends on the
temperature. Food is exposed to different temperatures during packaging, transport and
storage. Food is often packed at a temperature of 60—100°C and then cooled down to 0—4°C
or even to —18°C for freezing. If the food has to be stored at these low temperatures, the
transportation should also take place in the same temperature range. During loading from the
transport vehicle to the store, the product may be exposed to temperature variations for a
shorter period. The temperature variations are dependent on the surrounding temperature.
During the transportation from the store to the customer’s residence, the food will again be
exposed to temperature variations. Based on these observations, the oxygen diffusion rate
through the packing material has to be tested at the different temperatures to evaluate the
effect of temperature variations.

2 MATERIALS AND METHODS

A membrane is a selective barrier, which is able to separate components based on the
differences in size, shape or chemical structure. Membranes have the ability to transport a
certain component more readily than other components because of differences in physical
and/or chemical properties between the membrane and the permeating components [5]. The
mass diffusion through a membrane is due to the driving forces acting on the components in
the feed. The driving forces can be differences in pressure, concentration or temperature
across the membrane. The efficiency of the diffusion is dependent on the permeability. The
permeability is a function of the diffusion constant and the concentration gradient over the
membrane. This is expressed by Fick’s law:

ac;
J= D%, M)

where J is the molar flux, D is the diffusion coefficient and dC; is the driving force expressed
as the concentration gradient over the membrane thickness dx for component i.

A schematic model for gas transport through a polymer membrane under steady state
conditions can be described by the solution diffusion mechanism as shown in Fig. 1. The gas
diffuses from the bulk phase with high concentration of component i to the polymer
membrane surface (1-2). The gas is then absorbed at the surface of the membrane and
diffuses through the membrane material (2—4). Next, the gas desorbs from the membrane and
diffuses away from the membrane surface and into the bulk phase with low concentration of
component i (4-5).

In the solution-diffusion model, assuming an ideal system, the solubility and the
diffusivity are constant. The membrane have a uniform thickness, and the pressure through
the membrane thickness is uniform. The solubility coefficient is a thermodynamic parameter,
and is a measure of a gas absorbed by the membrane under equilibrium conditions.

Integrating Fick’s law will give eqn (2), expressing the partial pressure for a component
i, pi2. at the low concentration side after a given time t,

_PRTAt

Piz = Pir — (Pir —Pizo) "€ # , @)

where p;, o is the partial pressure of component i at the low concentration side at t = 0. P is
the permeability coefficient, V is the volume, R is the gas constant, T is the temperature, A is
the surface area, t is time, and z is the thickness of the membrane.
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Figure 1:  Schematic model of a steady state solution-diffusion mechanism of gas transport
through a polymer [5].

The temperature influences the permeation rate through the membrane. In general, an
increase in temperature gives an increase in the flux through the membrane. The relationship
between the temperature and the permeability can be expressed by the Arrhenius equation

(5]

P=P,- e (&), 3)

where P, is a proportionality constant and E,, is the activation energy.

Brandrup et al. [6] presented the proportionality constant and the activation energy for a
polymer for a given temperature interval. Eqn (4) can be used to estimate permeability
coefficients at a certain temperature based on the permeability coefficient, the proportionality
constant and the activation energy given at other temperatures

) @

However, eqn (4) is only valid for small variations in temperature and when there are no
strong interactions between the gas and the polymer. In addition, the equation is not valid
below the glass transition temperature. The permeability will be lower at temperatures below
the glass transition temperature and the relation based on the Arrhenius equation is not
applicable [5].

The permeability coefficient of a component is determined based on structure,
morphology, crystallinity and density of the polymeric materials. In general, the permeability
of polymers decreases with increasing density and crystallinity [5], [6].

Plastic boxes were produced from a random copolymer of polypropylene pellets with a
density of 0.905 g/cm?. The wall thickness of the boxes was 0.32 mm and the total volume
was 850 ml. The boxes were sealed by welding a film of polypropylene, aluminum and
polyethylene on the top of the boxes at 175°C. After welding, the transition zone between the
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box and the film was glued to avoid leakage in the transition zone. The curing time was
24 hours. The boxes were stored upside-down between measurements to avoid oxygen
transport through the film area. The contact area of the polypropylene is 0.04 m?, welding
film excluded. Two septa are placed on the film for flushing with nitrogen before the tests,
and for oxygen measurements during the tests. Fig. 2 shows an illustration of a plastic box.

Figure 2:  Illustration of the box. R1 = 4.7 cm, R2 = 5.65 cm, H = 10.1 cm. Area (top
excluded) = 0.040 m?, wall thickness = 0.32 mm.

The oxygen analysis was performed using a DBI Dansensor PerMate to measure the
oxygen percentage within the boxes. The oxygen sensor measures the oxygen concentration
in the range from 0 to 100% with an accuracy of 0.005% to 0.2% depending on the oxygen
level. The boxes were filled with nitrogen and the initial oxygen concentration in the boxes
was approximately 1.3 vol%. It was assumed that the pressure inside the box was constant (1
atm) independent of the oxygen diffusion into the box. The concentration of oxygen in the
surrounding atmosphere was 20.9 vol%. The oxygen concentration inside the boxes was
measured regularly to determine the oxygen transport rate through the polypropylene boxes.

The temperatures used in the experiments are related to typical temperatures used in food
industry. The polymer boxes were tested at the freezing temperature of —18°C, at the
refrigerator temperature of 4°C, at the room temperature of 23°C and at a medium high
temperature of 40°C. All the boxes were tested at these temperatures for a period of 4 weeks.
For each series, five boxes were tested in parallel. The boxes were also tested at one
temperature for 2 weeks, and then the temperature was changed for the next two weeks.

The permeability coefficients for polypropylene are presented in [6]. The coefficients are
given for polypropylene with 50% crystallinity and a density of 0.907 g/cm? at temperatures
in the range of 20-70°C. For this temperature range, the proportionality constant Py is:

) 6))

5K;1.013-10°Pa)-cm
cm?2-s-Pa

P, = 278 - 1077 {731
and the activation energy is:
E, = 47.7 k] /mol. (6)

Based on the literature information, the permeability coefficients are calculated using eqn (3)
and presented in Table 1. Note that the glass transition temperature of polypropylene is in the
area —10°C to —20°C [7].
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Table 1: Permeability coefficients of polypropylene from Polymer Handbook [6].

Temperature Permeability coefficient Permeability coefficient
C) (Cm3(273.151(;1.013-105Pa)-mm) (mol(273.15K;1.013~105Pa)-m)
m2-day-atm m2-day-Pa
-18°C 4.17 (estimated value) 1.838:107"12
4°C 24.88 (estimated value) 1.095-10°"
23°C 93.88 4.134-10°1
40°C 268.74 1.183-10°1°

3 RESULTS AND DISCUSSION
When starting the experiments, the oxygen concentration in the boxes was adjusted to
approximately 1.3 vol%. The concentration of oxygen increases with time, as the oxygen
diffuses through the wall due to the concentration gradient. The results presented in Fig. 3,
show that the oxygen concentration within the boxes increases with time. The gradient of the
graphs is increasing with increasing temperatures, indicating that the oxygen permeability
coefficient increases with temperature.
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Figure 3:  Oxygen concentration in polypropylene boxes as versus time and temperature;
the experimental data are average values of 3 to 5 parallels.

The permeability coefficients based on the experimental data are calculated and presented
in Table 2. The standard deviation is based on the experimental results. The results presented
in Table 2 are of the same order of magnitude as the data given in Table 1, when the standard
deviation is taken into account.

In general, as the oxygen concentration in the boxes increases, the concentration gradient
decreases and the permeation rate decreases. However, within the time studied, the increase
in oxygen concentration is linear for all cases, even though the inclination at 40°C seems to
decrease at day 28. At this time, the driving forces due to reduced concentration difference
of oxygen across the polymer reduce the permeation rate. An estimation of the oxygen
concentration over a longer period using eqn (2) and literature data shows that the permeation
rate decreases with time for the samples exposed to 40°C, as shown in Fig. 4. A similar
decrease in permeation rate is expected to occur for the other temperatures when the
concentration inside the boxes increases toward 20.9 vol% of oxygen.
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Table 2: Permeability coefficients of polypropylene, measured.

Permeability coefficient Permeability coefficient ~ Standard deviation
cm3(STP)-mm mol(STP)'m cm3(STP)-mm

T (°C)

( m2-day-atm ) (mz-day-Pa) ( m2-day-atm )
-18°C 9.15 4.03%10712 3.78
4°C 29.19 1.29*10°!! 10.35
23°C 64.13 2,61*107!! 16.60
40°C 229.32 1.01*1071° 32.53
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Figure 4: Oxygen concentration in polypropylene as a function of days and temperatures.

In the next experiments, the temperatures were changed after 14 days. The temperature
variations together with the results are shown in Fig. 5. The permeability rate of the oxygen
through the polymer changes when the temperature is changed. The results in Fig. 5 show
that an increase in temperature gives a higher permeation rate, while a decrease in
temperature reduces the permeation rate. One effect of changing the temperature may be that
the permeation rate increases at the lowest temperature when the polymer is first exposed to
a higher temperature. This effect is observed in the case where the temperature is decreased
from 23°C to —18°C, and the permeation rate is higher at —18°C when the material first has
been exposed to 23°C. However, the opposite effect is observed when changing the
temperature from 23°C to 4°C and from 40°C to 4°C. In these cases, the permeation rate is
lower at 4°C when the material first had been exposed to 23°C or 40°C. For the change in
temperatures from —18°C to 23°C, and from 4°C to 40°C, the permeation rates are reduced
for the highest temperatures. However, this effect is not observed when the temperature is
changed from 4°C to 23°C, where a minimal increase in the permeation rate is observed when
the polymer is first exposed to a low temperature.

Fig. 6 shows a comparison between predictions of the mathematical model presented in
eqn (2) based on literature data from Table 1, predictions of the mathematical model based
on experimental values from Table 2 and the experimental results. The figure presents the
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Figure 5:  Oxygen concentration in polypropylene. Comparison of mathematical model
and experimental results at different temperature variations.

oxygen concentration as a function of time. There is a good correlation between the model
and the experimental results within the range of the standard deviations. Using literature
values in the calculation gives higher deviation from the experimental data. However, the
structure of the polymer materials used in the experimental work may deviate from the
materials referred to in Polymer Handbook [6] due to crystallinity and density.
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Figure 6:  Comparison of mathematical model and experimental results, regarding oxygen
concentration at different temperatures.
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Fig. 7 shows a comparison between the permeability coefficients in [6] and the
experimental results. The permeability coefficients found in this work is lower than the
literature data. This can be due to differences in density and crystallinity of the polymers.
The polypropylene used in this study is a random copolymer with some percentage of
ethylene. The crystallinity and the glass transition temperature are not given for the material.
The glass transition temperature for random polypropylene copolymer is stated to be —20°C,
while a homopolymer has a glass transition temperature of —10°C [7]. However, a higher
degree of crystallinity in the polymer will reduce the permeability coefficient. Eqn (2) is used
to calculate the permeability coefficient from the experimental results. The date from the
literature is valuable for the temperature range 20-70°C. The values for the lower
temperatures are estimated from eqn (3).
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Figure 7. Comparison of permeability coefficients from Polymer Handbook [6] and
permeability coefficients obtained from experimental data.

4 CONCLUSION

In this article the influence of temperature variations on the oxygen diffusion through a
polymer material, e.g. polypropylene, is studied. The experiments are performed by
measuring the concentration of oxygen in polypropylene boxes under constant temperatures
and with temperature variations over time. The laboratory experiments show that the oxygen
diffusion increases with increasing temperature. Changing the temperature will change the
permeability rate of oxygen through the polymer. An effect of changing the temperature is
that the permeation rate in the polymer becomes higher when the polymer has first been
exposed to a higher temperature. This is observed when the temperature is decreased from
23°C to —18°C. A mathematical model is used to estimate the oxygen concentration in the
boxes. The comparison between the mathematical model and the experimental results states
that although there is a deviation between the two, the tendency of increase in oxygen
concentration with time is the same. The experimental permeation rate is lower than the
literature values. This may be due to differences in density and crystallinity of the polymer.
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