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Abstract In this research, linear low-density polyethylene (PE-LLD), cast poly-

propylene (PPcast), and bioriented coextruded polypropylene (BOPP) were used as

polymeric materials. Permeability, diffusivity, and solubility of N2, O2, and CO2

through above polymers were obtained at different temperatures. The structure and

thermal–mechanical features of the films were characterized by scanning electron

microscopy (SEM) and differential scanning calorimetry (DSC). The permeability,

diffusivity, solubility, and their temperature dependency were studied by correlations
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with gas molecule properties. The highest permeation coefficients

([3.8 9 10-8 cm3 cm-1 s-1 bar-1) are obtained for PPcast at 60 �C. Activation

energy for permeation follows the sequence: N2 [ O2 [ CO2 for PE-LLD and PPcast.

On the other hand, the diffusion activation energy follows the order: O2 [ CO2 [ N2

and N2 [ CO2 [ O2 for PE-LLD and PPcast, respectively. In the case of BOPP,

activation energy follows the sequence: O2 [ CO2 [ N2; CO2 [ N2 [ O2; and

O2 [ CO2 [ N2 for permeation, diffusion, and heat of sorption, respectively.

Keywords Activation energy � Polyolefins � Differential scanning calorimetry

(DSC) � Gas permeation

Introduction

With the increase of application and demand of polymer materials in packaging

market and with the fast development of new functional materials, the development

and testing of barrier films is not only limited to parameters such as permeability

coefficient and transmission rate, it is more frequently to test the diffusion and

solution coefficient that affect permeation parameters directly. Polyethylene (PE)

and polypropylene (PP) are two of the most widely used polymers in the food and

beverage packaging industry. PP offers high resistance to water vapor permeation

and is widely used in rigid as well as flexible food packaging applications. PP films

can be oriented, which improves their barrier properties, mechanical strength, and

optical properties. These properties can be varied over a wide range by the choice of

the manufacturing process. Linear low-density polyethylene films (PE-LLD) show

great commercial potential in the packaging industry due to their well-known good

mechanical properties, specifically good processibility, increased stiffness in

molded parts, and high resistance to tearing and toughness [1].

The study of polymer crystallization kinetics is important from theoretical and

practical points of view, and many researchers have studied the crystallization

behavior of different polyethylenes [2–6].

The selection of a barrier polymer for a particular packaging application depends

not only on its barrier properties but also on other physical properties and a

comparison of physical, mechanical, and optical properties as well.

Oxygen is a critical mass transfer component in a number of deteriorative

reactions that can have an effect on the shelf-life of many packaged foods. The

permeability of gases such as oxygen, nitrogen, and carbon dioxide through

polymeric materials increases as temperature increases but the extent of these

changes varies for different polymers [7]. Knowledge of the quality kinetics

associated with specific food products has permitted development of mathematical

models to predict shelf-life from data collected at elevated storage temperatures [8].

Villaluenga et al. [9] showed that the permeability and its temperature

dependence do not show a noticeable influence on the processing conditions. The

effect of processing conditions on the diffusivity seems to be more complex.

Differences were observed for different PE-LLD films in the diffusion coefficients,
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in the case of oxygen, and in their change with the temperature, which was

particularly marked in the case of carbon dioxide [9].

Holden et al. [10] thorough study on the effect of orientation on the gas

permeability of PE-LLD showed a large reduction of diffusion coefficient with

increasing draw ratio. Campaň et al. [11] observed that diffusion measurements

provide a sensitive method of detecting structural changes, particularly in the non-

crystalline region. Studies on the temperature dependence of both the permeability

and mechanical properties of coextruded PE-LLD films suggest that melting and

crystallization processes occurring above room temperature presumably affect the

permeability and diffusion coefficients of gases through them [11].

Barrier properties are usually highly temperature dependent which can greatly

influence the shelf-life of packaged food. Thus, the purpose of this article is to

describe the change with the temperature of the apparent coefficients of

permeability, diffusion, and solubility of oxygen, nitrogen, and carbon dioxide in

PE-LLD and two different PP films.

Materials and methods

Investigated test films are listed and specified in Table 1. Films are obtained,

without graphics, directly from producer, Aluflexpack d.o.o., Umag, Croatia.

Permeability measurement

Gas permeance (q/cm3 m-2 day-1 bar-1) determination is performed using man-

ometric method, on permeability testing appliance, Type GDP-C [12]. The increase

in pressure during the test period is evaluated and displayed by an external

computer. Using the Method A, suitable for monofilms, it is possible to obtain

permeability (P/cm3 cm-1 s-1 bar-1), solubility (S/cm3 cm-3 bar-1), and diffusion

(D/cm2 s-1) coefficients. The coefficient values as well as the time lag (sL) value

are calculated from known sample thickness. Data are recorded and evaluated by a

PC. The PC is connected to the GDP-C with a serial interface.

The sample temperature, within the range of 4 and 60 �C, is adjusted using an

external Thermostat (HAAKE F3 with Waterbath K).

The temperature dependence of permeability and diffusivity are modeled using

Arrhenius equations of the following forms:

Table 1 Polymers used in the experiments

Polymer Abbreviation Thickness/lm

Linear low-density polyethylene PE-LLD 50

Cast polypropylene PPcast 30

Biaxially oriented coextruded polypropylene BOPP 20
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Activation Energy for Permeation:

P ¼ Po expð�Ep=RTÞ ð1Þ

Activation Energy for Diffusion:

D ¼ Do expð�Ed=RTÞ ð2Þ

Heat of Sorption:

S ¼ So expð�Hs=RTÞ ð3Þ

where Po, Do, and So are pre-exponential factors, Ep and Ed are activation energies

for permeation and diffusion, respectively, in J mol-1, Hs is heat of sorption in

J mol-1, R is gas constant in J mol-1 K-1, and T is temperature in K

A permselectivity, PA/PB, separated to diffusivity selectivity, DA/DB, and

solubility selectivity, SA/SB, for gas A to gas B, is described as follows:

PA

PB

¼ DA

DB

� �
� SA

SB

� �
ð4Þ

DSC

The degrees of crystallinity (vc) of samples were determined by measuring the heat

of fusion of the samples by differential scanning calorimetry (DSC) analysis and

dividing these values by the heats of fusion for 100% crystalline polymers, taken

from the literature [13]. DSC measurements were performed at a heating rate of

10 �C/min in a nitrogen atmosphere on a Mettler-Toledo DSC822e differential

scanning calorimeter calibrated by indium. Thermograms were recorded using

10 mg of samples in the temperature range from 25 to 150 �C for PE and from 25 to

200 �C for cast polypropylene (PPcast) and bioriented coextruded polypropylene

(BOPP). The heats of fusion for the 100% crystalline PE and PPs were taken to be

293 and 190 J/g, respectively, according to Brandrup [13].

SEM and EDS measurements

The microstructure of polymeric samples was observed using Hitachi S-4700

scanning electron microscopy (SEM, Hitachi S4700, 20 kV accelerating voltage,

Japan). Element constitutes of a small area were analyzed using an INCA Energy

Dispersive X-ray Spectrometer (EDS) (Netherlands) joined to S-4700 SEM. The

samples were sprayed with platinum for 5 min before being observed.

Statistical analyses

Analysis of variance (ANOVA), at a significance level of a = 0.05, was applied to

analyzed parameters. All statistical procedures were performed using STATISTI-

CA, version 7 (StatSoft, Inc., USA).

For each of the above parameters (q, P, D, S), three complete series of experiments

were conducted (in triplicate). The averages of the observed values for the three

experiments, at a given conditions, were obtained and used in the subsequent analyses.
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Results and discussion

DSC thermograms of PE-LLD and PPs samples are presented in Fig. 1. All

investigated samples show first-order endothermic peak which corresponds to the

melting of crystalline phase. Contrary to PPcast and BOPP, the first-order peak of

PE-LLD shows two types of endothermic contributions: the main peak at 109 �C

and ‘‘shoulder’’ peak at 122 �C. This seems to be an intrinsic property of the

crystalline structure of used PE-LLD sample, since this picture remains unchanged

after multiple runs. Such an effect might be a consequence of crystal reorganization

caused by the temperature increase. More precisely, the multiplicity of an

endothermic peak in polymers is usually explained as a solid phase transition from

one crystallographic modification to another occurring when T \ Tm [14]. The

results obtained by DSC analysis, summarized in Table 2, are in good agreement

with previous measurements [7]. An increase in the degree of crystallinity and

melting temperature has been observed in BOPP film compared to PPcast film. The

increase in the degree of crystallinity can be related to the effect of strain-induced

crystallization, while the shift of melting temperature to higher value could be the

result of a decrease in the amorphous phase entropy [15].

The impact of temperature, polymer, and gas on barrier characteristics is

presented in Table 3. Unlike gas type (p [ 0.05), temperature and polymer type

significantly impacted permeance, permeability (P), diffusivity (D), and solubility

(S) coefficients (p \ 0.05).

The crystallinity (Fig. 2) was determined on the samples that were previously

subject to temperature-dependent permeability measurements.

Analyzed polymers differ in the amount of crystallinity as indicated in Table 2

and Fig. 2. PE-LLD shows higher crystallinity changes with temperature increase.

Fig. 1 DSC thermograms of polymeric films
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The lowest crystallinity (26%) is recorded for PE-LLD film exposed to permeability

measurement at 60 �C. Identical behavior of PE (75 lm) film after tempering at

60 �C was found by Mrkić et al. [7].

Table 2 Melting point (Tm), heat of fusion (DHf), and degree of crystallinity (vc) for as received

polymeric films, measured by DSC

Sample Tm/�C DHf/J g-1 vc/%

PE-LLD 109 90 31

PPcast 158 82 43

BOPP 168 89 47

Table 3 ANOVA univariate tests of significance for analyzed polymers

p (a = 0.05)

Effects q, cm3 m-2 day-1 bar-1 P, cm3 cm-1 s-1 bar-1 D, cm2 s-1 S, cm3 cm-3 bar-1

Intercept 0.000000 0.000000 0.000000 0.000000

Temperature 0.000000 0.000000 0.000173 0.000001

Polymers 0.000270 0.000011 0.000000 0.000000

Gas 0.940467 0.922187 0.276646 0.523514

Fig. 2 Permeability (P) and crystallinity values (vc) for PE-LLD and PPcast samples at different
temperatures
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Permeation through polymer films occurs almost exclusively in the noncrystal-

line region. This accounts for the relationship between permeation rates and

crystalline content—the higher the crystalline content, the lower the permeability.

This works better in the case of PE-LLD than PPcast. A film’s crystalline alignment/

orientation can alter its permeability by affecting the pathways available for

diffusion. Various papers have considered this principle, often referring to it as a

tortuosity factor [15, 16]. Permeability would be lower in films having a crystalline

orientation that creates a more tortuous pathway. Sophisticated analytical methods,

such as small angle or wide angle X-ray scattering (SAXS or WAXS),

birefringence, Raman spectroscopy, and various high-resolution microscopic

techniques have been used to characterize the crystalline structure of polymers.

Numerous studies have utilized these analytical methods to define the crystalline

structure of PE [17–19] and some have attempted to correlate crystalline structure

and permeation properties [17, 18]. However, these test methods are not commonly

available and most studies have yet to successfully correlate permeability and

crystalline structure properties using these methods.

Breaks in the Arrhenius plots (Figs. 3, 4) in all samples can be observed. The

break temperature is found at 20 and 40 �C. This effect is less evident in the

diffusion (Fig. 3) than in the solubility (Fig. 4) curves and less significant in CO2

and N2 than in O2 (especially in the case of PE-LLD). According to literature data

[11, 20, 21], the breaks observed in PE films may be caused by a relaxation process,

produced by motions of the chain folds at the crystal surface.

Among the analyzed polymers, PE-LLD shows the highest diffusion (Fig. 3) and

the lowest solubility (Fig. 4) coefficients for all gases. Contrary to literature data

[21, 22], P and D values of CO2 are lower than that of oxygen, due to higher

solubility (Fig. 4).

Generally, lower permeability (data not presented) properties of BOPP film,

among the investigated samples, is mainly due to kinetic effects, i.e., very low

Fig. 3 Arrhenius plots for the diffusion coefficient of gases for PE-LLD and PPs films
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diffusion coefficients (Fig. 3). It was previously found that the decrease in oxygen

permeability of biaxially drawn PP films was due primarily to a decrease in the

diffusivity [23–25]. According to the free volume concepts of gas transport,

diffusivity derives from the dynamic-free volume. These concepts readily account

for the general observations that gas permeability is reduced by increasing the

crystallinity and by increasing the amorphous phase density [26, 27]. However, for

the stretched films, the decrease in permeability was accompanied by decreasing

density, which combined lower crystallinity (more amorphous phase) and lower

amorphous phase density (higher free volume) [28]. Positron annihilation lifetime

spectroscopy (PALS) measurements on similar films showed that the stretching

conditions did not affect the free volume hole size [29]. The result appeared to be

inconsistent with conventional free volume concepts of gas permeability. Biaxial

orientation reduced the oxygen permeability of the oriented films, however, the

reduction did not correlate with the amount of orientation (measured by

birefringence), with the fraction of amorphous phase (determined by density) or

with the free volume hole size (determined by PALS). Rather, the decrease in

permeability was attributed to reduced mobility of amorphous tie molecules [29].

Gas solubility (Fig. 4) in polymers, similar to permeability (Fig. 2), increases

with temperature increase. These changes, also observed by Villaluenga et al. [9] for

PE-LLD films, might be due to the melting of small and less perfect crystalline

entities. This melting process might increase the solubility of the gases in the films

and favor the ease of the gas diffusion due to the decrease of the obstruction of the

diffusion paths. Slight decrease in CO2 and N2 solubility (Fig. 4) coefficient in PE-

LLD occurred at 40 and 60 �C. This was also observed by Laguna et al. [30]. At the

higher temperature range (40–60 �C), crystallinity decreased from 6 to 13% for the

PE-LLD samples (Fig. 2). In the case of PPcast, crystallinity decrease was only

1.2% after O2 permeability. After N2 and CO2 permeability measurements,

crystallinity increased in the range of 1.6 and 1.7%, respectively.

Fig. 4 Arrhenius plots for the solubility coefficient of gases for PE-LLD and PPs films
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Excellent correlation between polymer crystallinity and permeability coefficients

(P, D, and S) is obtained (from -0.52 to -0.998). Positive correlation was observed

for PPcast samples for N2 (0.516–0.554) and CO2 (0.871–0.929) only.

According to the literature [31], the time lag (sL), which is a measure of the time

delay between the start and the point at which the diffusion process reaches a steady

state, there are some models in which the smaller gas particles permeate faster. In

fact, the size, shape, and concentration of free volume holes available in a polymer

control the rate of gas diffusion and its permeation [32]. Higher D values mean that

the sL (Fig. 5) for the gas flowing through the films decreases. This effect was

especially evident for oxygen diffusion (Fig. 3) in the temperature range from 4 to

20 �C. A high correlation values are obtained between sL and gas diffusivity, from

-0.91 to -0.99, from -0.84 to -0.88, and from -0.85 to -0.93 for PE-LLD,

PPcast, and BOPP, respectively.

The presence of crystalline regions complicates the process, and the most

pronounced effect is a reduction in diffusivity. In fact, crystals make a type of

mechanical barrier, and therefore, regardless the lower density of amorphous phase,

the diffusion is slower in the presence of crystalline phase.

SEM analyses (Fig. 6a, b) showed some defects on the surface of the treated

samples. Relative distribution of the defects in the matrix of olefins can have a

significant impact on both the diffusivity and solubility coefficient of the penetrant.

Presence of the fillers has been also detected. From the element content (EDS data),

the filler is identified as SiO2 (Fig. 6c). According to manufacture, a small quantity

of antiblocking silica is incorporated into a film formulation in order to avoid

handling problems. Osman et al. [33] reported that the incorporation of fillers in

PE-LLD increases the elastic modulus of the material and can increase its tensile

strength also, but it almost invariably decreases the elongation at break.

Filler particles can influence the molecular absorption behavior in two principal

ways. Where the solubility of the filler differs from the polymer matrix then the

absorption can be either increased or decreased depending on the relative solubility

of the molecule in the matrix and filler. Most common inorganic filler particles (e.g.,

glass or carbon fibers, talc, clays, silica) can usually be considered as impermeable

in comparison to polymer matrix. The presence of filler particles can also affect the

Fig. 5 Changes of the time lag
values with the temperature
increase for PE-LLD and PPs
samples
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Fig. 6 SEM analyses of the a PE-LLD and b PPcast samples after nitrogen permeability measurement at
60 �C, c EDS data for PPcast sample
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diffusion behavior. Diffusing molecules would need to work their way around

impermeable particles, increasing path lengths and reducing mass transport rates.

Improved barrier properties from nano-sized fillers would be expected from the

increased lengths of diffusion paths [34].

It seems that this was not the case of the investigated samples as diffusivity

(Fig. 3) increases (with an exception of oxygen in PE-LLD above 40 �C). This is

probably due to not well-dispersed filler in the polymer matrix as well as minor

microvoids presence. Furthermore, crystallinity (Fig. 2) of PE-LLD continuously

decreases (15% average).

The activation energy (Table 4) for gas permeation is significantly higher than

the activation energy for the gas diffusion for analyzed polymers. This suggests that

gas diffusion through film may not be a single-activated process as a consequence of

the morphological changes caused by recrystallization process. These results imply

on the differences both in the structure of polymer matrix and the impact of the

temperature and the properties of the penetrant, respectively.

Similar values in activation energies of permeation, in undrawn and both

longitudinal and transverse drawing of PE-LLD films in the low-temperature

interval (25–55 �C) was found by Villaluenga and Seoane [35].

Virtually nothing is known today regarding a possibility to correlate activation

energies of diffusion and gas permeation in polymers. These properties can be of

interest per se as physicochemical characteristics of energy barriers in mass transfer

of small molecules through a polymeric matrix. Practical importance of these

parameters stems from the fact that they are needed for calculations of gas diffusion

and permeation rates at elevated and low temperatures. It is always much easier to

relate the transport parameters, and activation energies in particular, with the

properties of gases (Table 5) than those of polymers. For a given polymer,

activation energies of permeation and diffusion increase proportionally with the

second power of collision diameter of gas molecules [36, 37].

Since polymer films possess both solid and liquid properties, an effective

molecule diameter for gases (the square root of the product of gas collision diameter

and kinetic diameter), which describes the relationship between diffusivity and gas

molecule diameter, is correlated with activation energy for gas permeability and

diffusivity. PPcast and BOPP show an excellent correlation between effective

molecule diameter (Table 4) and the activation energy for gas diffusion (positive

correlation), as well as heat of sorption (negative correlation). Opposite correlation

is observed for PE-LLD.

Collision diameter is a widely accepted correlating parameter for diffusivities in

relatively high mobility rubber or liquid media [40]. Positive correlation between

collision diameter and Ea(D) was found for PPcast and BOPP (Table 4).

It was reported that the solubility increases as Lennard-Jones force constant

(indication of molecular interaction) or critical temperature (measure of the ease

of condensation for gaseous molecules) increases [39, 41]. In fact, excellent

correlation between Lenard-Jones constants with heat of sorption was obtained

for PPcast film (Table 4). Correlation between Van der Waals constant a, which

is a measure of the attraction force between the molecules, while the term b is

due to the finite volume of the molecules and to their general incompressibility
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[42], and heat of sorption, as well as Ea(D), is obtained for PPcast and BOPP,

respectively. PE-LLD shows excellent correlation between the kinetic diameter,

which is close to the molecular sieving dimension of a gas and is a sensitive

Table 4 Correlation (r C 0.5) between the activation energy (kJ mol-1) for gas permeation, Ea(P),

diffusion, Ea(D), and heat of sorption (Hs) for analyzed polymers and gas properties

Ea(P) Ea(D) Hs

PE-

LLD

PPcast BOPP PE-

LLD

PPcast BOPP PE-

LLD

PPcast BOPP

O2 31 49.9 43.3 23.7 25.5 17.2 7.5 24.4 26.2

N2 34 51.2 36.1 13.4 28.8 21 21.1 22.4 15.2

CO2 27.8 49.4 39.5 20.5 28.2 22.7 7.3 21.1 16.8

Critical values

V/cm3 mol-1 -0.25 0.02 -0.75 -0.56 0.92 1 0.27 -0.99 -0.93

T/K -0.94 -0.81 0.12 0.36 0.2 0.63 -0.63 -0.7 -0.24

p/atm -1 -0.94 0.39 0.61 -0.08 0.39 -0.83 -0.47 0.05

Van der Waals

a/L2 bar mol-2 0.87 0.71 0.04 -0.21 -0.35 -0.74 0.5 0.8 0.39

b/L mol-1 -0.39 -0.14 -0.64 -0.43 0.85 1 0.13 -1 -0.87

Cp,m/J K-1 mol-1 = a ? bT ? c/T2

a -0.91 -0.77 0.04 0.29 0.27 0.68 -0.58 -0.75 -0.3

b/10-3 K-1 -0.91 -0.76 0.04 0.28 0.27 0.69 -0.57 -0.75 -0.31

c/105 K2 0.93 0.8 -0.1 -0.34 -0.22 -0.64 0.62 0.71 0.25

DtrsH
h/kJ mol-1

Tf/K -0.85 -0.68 -0.08 0.17 0.39 0.77 -0.47 -0.83 -0.42

Fusion -0.86 -0.69 -0.06 0.18 0.37 0.76 -0.48 -0.82 -0.41

Tb/K -0.92 -0.78 0.068 0.31 0.25 0.67 -0.59 -0.73 -0.28

Vaporization -0.9 -0.75 0.02 0.27 0.29 0.71 -0.56 -0.76 -0.33

298 K

M/g mol-1 -0.96 -0.86 0.21 0.44 0.11 0.56 -0.7 -0.63 -0.15

Sm
h /J K-1 mol-1 0.79 0.61 0.18 -0.07 -0.48 -0.83 0.38 0.88 0.51

Lennard-Jones

(e/k)/K -0.95 -0.83 0.15 0.39 0.17 0.6 -0.66 -0.67 -0.2

ro/pm 0.66 -0.44 -0.36 -0.12 0.63 0.92 -0.2 -0.95 -0.66

At 1 bar

j/J K-1 m-1 s-1 (273 K) 0.85 0.68 0.07 -0.17 -0.38 -0.77 0.47 0.82 0.42

g/mP (273 K) 0.52 0.28 0.52 0.29 -0.76 -0.94 0.02 0.99 0.78

Collision cross-section,

r/nm2
-0.73 -0.53 -0.27 -0.03 0.56 0.88 -0.29 -0.92 -0.59

Kinetic diameter rk/cm

10-8
1 0.98 -0.5 -0.7 0.2 -0.27 0.89 0.36 -0.17

Collision diameter rc/cm

10-8
-0.57 -0.34 -0.47 -0.23 0.72 0.96 -0.08 -0.98 -0.75

Effective diameter reff/cm

10-8
0.11 0.37 -0.93 -0.82 1 0.91 0.59 -0.86 -1

1304 Polym. Bull. (2011) 67:1293–1309

123



measure of ability to move in highly restrictive environments [39], and Ea(P),

Ea(D), and Hs values.

Unlike PE-LLD and PPcast films, BOPP generally shows good correlation

between gas properties (Table 5) and Ea(D) value (with exception of critical

pressure and kinetic diameter) but not with Ea(P) and Hs values (Table 4).

According to Dias et al. [29], no correlation was found between O2 permeability

and nz, which is a measure of the orientation in the thickness direction, i.e., the

direction of gas transport. It has been suggested that this unprecedented control of

the molecular structure can lead to a set of differentiated properties of oriented film.

The controlling factor was thought to be the reduced mobility of stretched tie chains

that control the frequency with which connecting channels form between free

volume holes [28]. The extent to which the tie chains were stretched and tightened

Table 5 The most important properties of gases used in the experiments [38, 39]

Properties Nitrogen Carbon dioxide Oxygen

Critical volume (cm3 mol-1) 90.10 94 78

Critical temperature (K) 126.3 304.2 154.8

Critical pressure (atm) 33.54 72.85 50.14

Van der Waals constant, a/L2 bar mol-2 1.352 3.610 1.364

Van der Waals constant, b/L mol-1 0.0387 0.0429 0.0319

Temperature variation of molar heat capacities Cp,m/J K-1 mol-1 = a ? bT ? c/T2

a 28.58 44.22 29.96

b/10-3 K-1 3.77 8.79 4.18

c/105 K2 -0.50 -8.62 -1.67

Standard enthalpies of fusion and vaporization at the transition temperature, DtrsH
h/kJ mol-1

Tf/K 63.15 217 54.36

Fusion 0.719 8.33 0.444

Tb/K 77.35 194.6 90.18

Vaporization 5.586 25.23 s 6.820

Thermodynamic data at 298 K

M/g mol-1 28.013 44.010 31.999

Sm
h /J K-1 mol-1 191.61 117.6 205.138

Lennard-Jones potential parameters

(e/k)/K 91.85 201.71 113.27

ro/pm 391.9 444.4 365.4

Collision cross-section, r/nm2 0.43 0.52 0.40

Transport properties of gases at 1 bar

j/J K-1 m-1 s-1 (273 K) 0.0240 0.0145 0.0245

g/lP (273 K) 166 136 195

Kinetic diameter, rk/cm 10-8 3.64 3.3 3.46

Collision diameter, rc/cm 10-8 3.68 4.0 3.43

Effective diameter, reff/cm 10-8 3.66 3.63 3.44

s sublimation
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depended on the stress applied to the film. This resulted in a systematic decrease in

permeability as the film experienced increasingly higher stresses during stretching.

The interactions between the gas molecules and the pore wall at the pore opening

have been considered and integrated to determine a suction energy from which

certain information about the gas kinetics can be obtained [43]. This novel approach

provides a theoretical determination of the size of pores in which different modes of

diffusion occur for each gas. Using a minimum pore size for Kundsen transport

obtained with proposed model (O2 = 13.36; N2 = 14.08 and CO2 = 13.04 Å),

positive correlation with Ea(P) is obtained for PE-LLD (0.97) and PPcast (1.00) and

negative for BOPP (-0.65). The minimum pore sizes for barrier-free transport of

each gas are in the same order as the kinetic diameter, with slightly different values

because the model takes into account the interaction with the pore wall and not

kinetic size only.

Because the food respiration process and film permeability are both temperature

dependent, changes in respiration rate due to temperature changes should be

balanced by changes in film permeability to maintain the desired steady-state gas

composition. The results of Al-Ati and Hotchkiss [44] suggest that packaging films

with CO2/O2 permselectivities lower than those commercially available (\3) would

further optimize O2 and CO2 concentrations in MAP of respiring produce,

particularly highly respiring and minimally processed produce.

Generally, the highest CO2/O2 permselectivity difference between the polymers

analyzed is obtained at 20 �C (Fig. 7). Comparing gas permeability coefficients

(P, D, and S) with CO2/O2 selectivity, only PPcast shows good correlation with

diffusion (0.74) and solubility selectivity (-0.55). In the case of PE-LLD and

BOPP, good correlation is obtained for permselectivity (-0.69) and diffusion

selectivity (0.94), respectively.

Among the investigated monofilms, the highest O2/CO2 permselectivity (data not

presented) is obtained for BOPP (1.61), which agrees well with data obtained by

Mrkić et al. [45]. It was also reported that permselectivity of polyolefins is strongly

influenced by flavor absorption [46] and stress applied [45].

In food packaging, barrier characteristics have become an important safety tool,

thus further research on this issue is of great importance. Free volume has been

Fig. 7 CO2/O2 permselectivitiy
changes with temperature
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shown to have strong influence on gas diffusivity in polymers [16, 47]. There exist

different formulations of free volume theory, but neither involves a concept of

activation energy, although all of them attempt to relate free volume or a part of it

with diffusion rate of a gas in the medium. This and similar observations will be

further investigate and correlate with the Ea(P), Ea(D), and Hs values with free

volume analysis of food packaging polymers.

Conclusions

Similar gas (N2, CO2, and O2) permeance values for the PE-LLD (4.2 9 102 to

3.4 9 103 cm3 m-2 day-1 bar-1) and PPcast (2.9 9 102 to 3.5 9 103 cm3 m-2

day-1 bar-1) are obtained in the temperature range from 4 to 40 �C. The lowest

permeance values are obtained for BOPP (2.3 9 102 to 1.9 9 103 cm3 m-2 day-1

bar-1) in the same temperature range. The lowest solubility of gases is obtained for

PE-LLD. For example, the O2 solubility in PE-LLD varies from 2.41 9 10-2 cm3

cm-3 bar-1 for 31.4% crystallinity to 3.28 9 10-2 cm3 cm-3 bar-1 for 26%

crystallinity, at 4 and 60 �C, respectively.

The activation energy for gas permeation, ranged from 27.8 to 34.0 and from

49.4 to 51.2 kJ mol-1 for PE-LLD and PPcast, respectively, correlates well with the

properties of the penetrants.

The activation energy for gas permeation is significantly higher than the

activation energy for the gas diffusion. This suggests that gas diffusion through film

may not be a single-activated process as a consequence of the morphological

changes caused by recrystallization process.
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