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ABSTRACT 

TRANSPORT AND MECHANICAL PROPERTY STUDIES OF BARRIER 
PLASTIC FOOD PACKAGING MATERIALS 

Zhongbin Zhang 
University of Guelph, 1998 

Advisor: 
Professor Marvin. A. Tung 

The influence of thermal processing and storage conditions on oxygen 

ingress in multilayer retortable trays containing ethylene vinyl alcohol copolymers 

(EVOH) and polypropylene (PP) was investigated. Oxygen ingress in 

PPEVOHIPP trays during thermal processing was found to depend on 

processing conditions, such as retort ternperatures, process times and oxygen 

partial pressures. Temperature and relative humidity (RH) conditions during 

storage strongly affected the oxygen penneability of the NOH-containing trays. 

Oxygen ingress in PPIEVOHIPP trays was minimal during one year of storage at 

21 .lOc, 60% RH, but increased substantially after 100 d storage at 32.~~C, 75% 

RH. A correlation was also found between oxygen pemeation during storage 

and the hydration of EVOH-containing trays during thermal processing. 

The moisture sorption isotherms of three N O H  films (EF-EI5, EF-F15 

and EF-XL15) were determined at three temperatures (25. 35 and 45OC) and 

over a range of RH from 23 to 100%. As the EVOH films sorbed moisture, their 

thermal and mechanical properties were affected substantially. Glass transition 

ternperatures of the EVOH films decreased with increasing RH. Mechanical 

property rneasurements indicated that both the tensile modulus and yield 



strength of the EVOH films decreased with the increase in RH. In contrasi, 

elongation at failure increased as RH increased, indicating that the polymer 

became more ductile at high RH. 

The oxygen and limonene barrïer properties of EVOH and nylon 6,6 films 

were detemined at various temperatures and RH. The transmission rates of 

oxygen and Iimonene through EVOH films were rnarkedly affected by 

temperature and RH. In general, the EVOH films had better limonene barrîer 

properties than the nylon 6,6 film. 

Finally, a mathematical model and cornputer program were developed to 

predict oxygen permeation into multilayer plastic packages exposed to known 

processing and storage conditions. Model and program developrnent were 

based on the GAB equation describing rnoisture sorption of the EVOH films, and 

on semi-ernpirical equations developed to describe the oxygen transmission 

rates of the EVOH films, and water transport through mukilayer plastic packages. 
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1 INTRODUCTION 

There have been many advances in food packaging technologies over the 

past few decades. These changes have involved the use of new packaging 

materials and innovative methods for manufacturing containers (Tung and Smith, 

1980; Sacharow, 1985; Hata and Shimo. 1996). During the 1970's. packaging 

choices for processed foods were relatively Iirnited. Retorted and hot filled 

products were packaged mainly in rnetal containers and glass jars. These 

packages have played an important role in developing and maintaining 

consumer confidence in the safety and quality of processed products. However, 

an array of new packaging choices has become available in food packaging 

applications (Smith et a!., 1990a. b; Brown, 1992). One of the most rapid 

changes in the food packaging industry is a large increase in the use of plastic 

packaging materials due to their lighter weight and resistance to breakage. 

Successful stories in this regard are the replacement of carbonated beverage 

glass bottles with polyethylene terephthalate (Pm, the developrnent of 

squeezable plastic barrier bottles for jelly, mayonnaise. toppings and sauces. 

and the application of semi-rigid thin profile bamer retortable trays for themally 

processed foods (Schaper, 1989a, b; Tung and Britt, 1995). 

Successful applications of barrier plastic containers and bottles in food 

packaging have been atiributed to the availability of microwaveable barrier 

plastic rnatenals such as polyethylene vinyl alcohol copolymers (EVOH), 



polyvinylidene chloride (PVDC) and polyacrylonitrile (PAN). EVOH is the most 

common barrier material used for food packaging worldwide due to its superÏor 

gas, Ravor and aroma barrier properîies under dry conditions, moderate cost and 

easy processability (Hata and Shimo, 1996). However, the bamer properties of 

EVOH decrease substantially when exposed to a high moisture environment 

(Iwanami and Hirai, 1983; Sacharow, 1986). To some extent, EVOH is protected 

from water vapor when coextruded as an intemal layer in structures consisting 

mainly of high temperature and moisture resistant polymers such as 

polypropylene (PP) and polycarbonate (PC). Nevertheless, water vapor 

pemeation through PP and PC surface layers takes place when exposed to high 

temperature and moisture conditions, and this is exacerbated during thermal 

processing due to high temperature and simultaneous exposure to water and 

steam (Wachtel et al., 1985; Alger et al., 1990). As a result, oxygen ingress 

occurs during thermal processing and continues through subsequent storage of 

containers, thereby red ucing the shelf life of oxygen-sensitive products. 

The increase in oxygen permeability of retorted containers is attributed to 

the increase of free volume in EVOH during thermal processing. EVOH is a 

hydrophiiic polymer with polar hydroxyl groups which favors absorption of water 

under wet conditions. Water rnolecules absorbed by WOH at high RH combine 

with hydroxyl groups along the polymer and weaken polymer-polymer hydrogen 

bonds. As a result, polymer chain segmenta1 movement becomes easier and 

facilitates diffusion of oxygen and other gases. The barrier properties of EVOH 



may only partiy recover by dehydration of EVOH during subsequent storage of 

the processed product (Tsai and Jenkins, 1988; Tsai and Wachtel, 1990). 

In general, EVOH resins can provide sufficient barriers to oxygen, flavors 

and aromas needed for an adequate sheIf Ife of packageci food products when 

the resins are coextruded with high processing temperature resistant resins such 

as PP and PC. The major weakness of EVOH is its moisture sensitivity. When 

EVOH incorporated in food packages absorbs water and its Tg is depressed 

below room temperature, the quality of oxygen-sensitive foods can be 

compromised due to the increased oxygen pemeation into these packages. 

The influence of moisture on the oxygen barrier properties of EVOH resins, 

flexible and serni-rigid EVOH-containing rnultilayer packages has been studied 

since EVOH was developed and commercialized. However. there is a shortage 

of research that addresses the basic transport mechanisms of oxygen, aromas 

and water through EVOH and rnultilayer EVOH-containing packages. Moreover, 

there is a need to understand how thermal and mechanical properties of EVOH 

are affected by rnoisture and to correlate these effects with changes in oxygen, 

aroma and water penneabilities of EVOH. 



2.1 Shelf Life of Processed Foods 

Shelf IÏfe of processed foods can be defined as the time during which food 

products satisfy consumer expectations for stability against rnicrobiological 

proliferation, especially with regard to safety. and preservation of desirable 

attributes such as aroma, flavor, color, texture and nutrient quality. Shelf Iife is 

controlled by three factors: first, product characteristics; second, the environment 

to which the product is exposed during distribution and storage; and third, the 

properties of the package. The shelf life of a product can be altered by changing 

its composition and fom, the environment to which it is exposed, or the 

packaging systern (Robertson, 1993). Since an investigation of effects of the 

first two factors on the shelf iife of food products is beyond the scope of Our 

study, our focus is concentrated mainly on the influence of the packaging system 

on product quality. Packaging related factors include productlpackage 

interactions, rnoisture sorption, light-induced deterioration and gas permeation. 

Productlpackage interactions involve migration or transfer of components 

of the packaging material into the product, as well as absorption or adsorption of 

flavor compounds inherent to the product by the packaging material (commonly 

referred to as scalping). Migration involves the mass transfer of low molecular 

weight moieties from plastics to food products. Typical migrants from polymeric 

materials include residual monomers. oligomers, solvents and additives. 



Migration of these compounds into foods may impact consumer safety and 

acceptability; therefore, this subject has drawn growing attention and concem in 

the packaging wmrnunity (Heckman, 1990; Kay, 1990; Woods, IWO). 

Scalping of flavor compounds is a main concem for many aseptically 

packaged products currently being manufactured. For example, citnis products 

contain volatile, highly aromatic compounds. When these compounds are 

selectively removed by polymeric packaging materials, they no longer function as 

flavor components and thus the perceived quality of the product is diminished. 

Several researchers (Mohney et al., 1988; Baner et al., 1991 ; Letinski and-Halek, 

1992; Paik, 1992) have demonstrated that packaging materials absorb flavor 

cornponents. Mannheim et a/. (1987) reported that the concentration of d- 

lirnonene, which is one of the major flavor components in aseptically packaged 

citrus juices, was substantially reduced in only a few days at 25OC storage in 

LDPE/foiWpaper/PE larninate cartons. 

The moisture content of a food has a very important influence on its 

stability because it controls the rate and type of deteriorative reactions. In fact, 

for dehydrated foods. many of the deteriorative changes in nutrient stability can 

be prevented by eliminating moisture perrneation into the package. Typical food 

deteriorative reactions influenced by water activity are lipid oxidation, non- 

enzymatic browning and microbial spoilage (Labuza et al., 1970; Labuza, 1977; 

Troller, 1989). 

Water activity (aw), defined as the ratio of the partial pressure of water 



above the food to the vapor pressure of pure water at the same temperature, can 

be related to the moisture content of the food through the moisture sorption 

isotherm (Van den Berg, 1986). It is clearly established that fat oxidation in 

foods is rapid at very low a,,,, values and decreases as a, increases from 0.0 to 

0.5. One explanation for the retarding effect of water on Iipid oxidation is that 

water bonds with amphipolar hydroperoxides, thereby slowing down the 

hydroperoxide decornposition process. The presence of water rnay also retard 

oxidation by hydrating or diluting heavy metal catalysts. At higher water activities 

(0.5-0.6), water can accelerate lipid oxidation by increasing the mobility of the 

reactants and by solubilizing the catalysts. In addition. water swells the solid 

food matrix exposing new catalytic sites so that the rate of oxidation increases 

compared to food at lower a, (Labuza et al.. 1970; Labuza, 1977; Holland, 

7 986). 

Nonenzymatic browning is one of the major chemicai reactions occurring 

in foods. In general, there are three principal pathways for this reaction (Danehy, 

1986): high temperature caramelization, ascorbic acid oxidation. and the Maillard 

reaction. Both temperature and product a, affect the rate of non-enzyrnatic 

browning reactions in foods. Non-enzymatic browning shows a maximum at 

water contents in the intermediate moisture range. At low a, (<0.4), the rate of 

browning is low due to lack of adequate solvent water. As a, increases above 

0.4, the relatively quicker diffusion of reactants enables more rapid browning to 

take place up to approximately 0.65 a,,,,. At higher a,, the dilution of reactants 



slows down the browning proœss (Holland. 1986; Gray and Harte, 1987). 

Microbial degradation is another main culprÏt in food spoilage. In general, 

bacteria, yeasts and molds tend not to grow in a, below 0.90, 0.88 and 0.80, 

respectiveiy (Holland, 1986). The water vapor perrneability of packages is a 

decisive factor in controlling changes in moisture content and thus a, of 

packaged foods. In order to prevent the microbial spoilage of semipenshable 

and perishable foods, suitable protective packaging systems must be used. 

Many of the deteriorative changes in the nutritional quality of foods are 

initiated, or accelerated by light. Such changes may include the catalytic effect 

of light on the free radical reactions involved in fat oxidation, destruction of fat- 

soluble vitamins A and E, loss of riboflavin and other water soluble vitamins, and 

changes in food pigments (Gray and Harte, 1987; Robertson, 1993). 

Gas permeation of packaging materials is another factor affecting product 

quality during shelf life. Unlike metal containers and glass jars, polymeric 

materials are usually more permeable to gases. Gas molecules can dissolve 

and diffuse in a polymer material. These processes become important when the 

polymer material is used to package food. Molecules can enter or leave the 

enclosed package, which can lead to either beneficial or detrimental 

consequences. It is beneficial for carbon dioxide to leave a package designed 

for fresh fruits and vegetables; however, it is often detrimental for oxygen to 

enter most foods because the resulting oxidized substances are generally 

objectionable. 



Oxygen plays a crucial role in many reactions which affect the shelf Iife of 

foods. Such reactions include microbial growth, color changes in fresh and 

cuted meats, oxidation of Iipid and consequent rancidity. Lipids. especially those 

containing unsaturated fatty acids, are susceptible to oxidation. and the 

subsequent development of rancid fiavors is a major cause of food deterioration. 

The oxidation of unsaturated fatty acids is through a ffee-radical chain 

mechanisrn involving initiation, propagation and termination steps (Nawar, 1985). 

For oxygen sensitive food products, shelf life is deterrnined by the amount of 

oxygen incorporated inside the container when it is sealed, and the amount of 

oxygen ingress into the container durhg i t s  intended shelf life. For instance, if 

the amount of air initially in the headspace is minimized and oxygen pemeation 

is limited to less than 1.3 mL for a 228 g (8 oz) capacity container over 18 

months, adequate shelf life for alrnost al1 oxygen-sensitive foods can be 

achieved (McHenry, 1 986). 

2.2 Penneation Theory 

2.2.1 Steady State Penneation 

In general, there are two rnechanisms by which gases and vapors 

penneate through polyrneric rnaterials: capillary fiow and activated diffusion 

(Chao and Rimi, 1988). Capillary flow involves pemeation of srnall molecular 

gases and vapors through microscopic pores, pinholes and cracks in polyrneric 



rnaterials. Activated diffusion consists of a solubilitydiffusion effect in which 

gases and vapors dissolve in the non-porous polymer at one surface, diRuse 

through the polymer under the influence of a concentration gradient and then 

evaporate at the other surface of the polyrner. 

For flexible thin packaging rnaterials of eiiher highly porous media or with 

gross defects such as pinholes and cracks, the dominant penneation mechanisrn 

is capillary flow. For multilayered packages or high bamer rnaterials, activated 

d f i s i o n  is more dominant, Mass transfer during activated diffusion involves five 

steps: adsorption of a penetrant on the high potential surface of the barrier, 

solution of the penetrant into the barrier, diffusion of the penetrant through the 

barrier, dissolution of the penetrant to and evaporation frorn the low potential 

side of the barrier (Marsh. 1976). Solution, adsorption, dissolution and 

evaporation are determined by the soiubility of the penetrant in the polymer 

which depends on the thennodynamic compatibility between the polymer and the 

penetrant. Diffusion is the process by which mass is transported from one part 

of a system to another as a result of random molecular motions in the presence 

of concentration or partial pressure differences. 

Fick's first and second laws are generally used to describe activated 

diffusion in polymeric materiais. Under steady state conditions, a gas will 

permeate through a film at a constant rate if the partial pressure difference 

between the two surfaces of the film remains constant. The gas fiux, Fs, is 

defined as the amount of the gas passing through a film of unit area normal to 



the direction of flow dutkg unit time. This process can be described 

mathematically as follows: 

where Q is the total amount of a penetrant crossing through area A during time t- 

The relationship between the flux, Fs, and the driving force gradient can be 

expressed by FicKs first law: 

ac 
F, = D -  ax (2-2) 

where D denotes the difision coefficient; c is the concentration of the penetrant 

and x is distance in the direction of penetrant flux. When the steady state of 

diffusion is reached, Fs is constant. Equation (2.2) cm be integrated across the 

total thickness of the film assuming D is not concentration dependent and remains 

constant: 

where X is the total thickness of the film; c, and c, are concentrations of the 

penetrant for two surfaces of the film, respectively. The equilibrium concentration, 

c, can be related to the pressure of penetrant, p, by the following equation (Stem 

and Trohalaki, 1990): 

c = S(c) - p (2-4) 

where S(c) is the solubility coefficient of penetrant. Under very low concentration, 

the solubility coefficient is independent of c. Henry's law can be used to describe 

the linear relationship between concentration and the vapor pressure p of a gas: 



c=S-p  (2-5) 

where S is the solubility coefficient of the penetrant. By combining equations (2.3) 

and (2.5): 

The product of D and S is defined as the pemeability coefficient (P): 

P = D - S  

Therefore, equation (2.6) can be expressed as: 

where the quotient of P K  is usually called the permeance of the penetrant In 

mast food packaging applications, the P value of plastics to gases such as 0, and 

CO, and to vapors such as water and alcohol are rnost important, while the 

individual D and S values are important in the area of Ravor scalping. 

2.2.2 Unsteady State Pemeation 

Unsteady state pemeation can be described by Fick's second law of 

dfision: 

When one surface of polymenc film is exposed to a gas at pressure p,, and the 

initial concentration of the penetrating gas is assurned to be zero, the solution for 

equation (2.9) becomes (Vieth. 1991): 



When t becomes infinite, the third terni in equation (2.10) is approximately equal to 

zero (Vieth, 1991) and equation (2.1 0) can be simplified as: 

The amount of penetrant permeating through the polymenc film increases linearly 

with tirne affer steady state has been reached. This phenornenon is illustrated in 

Figure 2.1. 

Figure 2.1. Typical permeation curve showing an initial nonlinear lag period, 
where Q is the amount of penetrant which has permeated as a 
function of time, and L is the lag time. 

The lag time (L) is estimated by extrapolating the steady state line to zero 

flux. By using the lag time, the diffusion coefficient can be calculated according to 



the following equation: 

X2 D=- 
6L 

(2- 1 2) 

By combining equations (2.7) and (2.12), the permeability, difhsion and solubility 

coefficients c m  be calculateci from one permeation experiment. 

The k g  üme method is convenient and relatively simple for calculating the 

transport parameters of gases through polymenc films. The major drawback of 

this rnethod is that the concentration of penetrant on the downstream side of films 

is assumed to be zero. This may not be the case for polymers which are poor gas 

barriers. For good gas bamer matenals, such as EVOH and PVDC, this 

assumption is thought to be accurate, especially when the dynamic method is 

used to rneasure the gas transmission rate. 

In cases where the assurnptions of the lag time method do not apply, the 

differential pemeation method has been used to calculate the diffusion coefficient 

(Hertlein et al., 1995). For differential permeation, the change of gas flux through 

polymeric films dunng a certain tirne interval is expressed as: 

The most popular rnethod for differential permeation measurement is the half-tirne 

technique applied to permeation data as shown in Figure 2.2. 

The half-tirne t,, is the tirne when the gas transmission rate has reached 

50% of the steady state flux. By incorporating equation (2.8) into equation (2.13). 

the ratio of F to Fs can be written as: 



When F = 0.5Fs, the diftision coefficient can be derived from the above equation 

(Hertlein et al., 1 995): 

The major advantage of using this method as compared to the lag time method is 

that the diffusion coefficient can be caiculated immediately when the steady state 

Rux is established, thereby decreasing the testing time by up to one third for a 

good gas barrier material. 

Figure 2.2. Use of the half-tirne technique for calculating diffusivity as in 
equations (2.14) and (2.1 5), where tlR is the elapsed time to one 
half the steady state ratio, and t, is the elapsed time to steady 
state. 



2.2.3 Sorptîon 

In general, the sorption of penetrants in glassy polyrners could proceed by 

three modes; namely, Henry's law, the Langmuir isotherm or dual-mode sorption 

behavior (Robertson, 1993). When the interactions of polymer/penetrant and 

penetranvpenetrant are negligible as cornpared to polymer/polyrner interactions, 

the solubility coefficient is independent of penetrant concentration. Under these 

conditions, the equation for Henry's law (2.5) is commonly used to describe the 

linear relationship between concentration and vapor pressure. 

In Langmuir sorption, molecules are sorbed in a limited number of fixed 

rnicrocavities or bound to fixed sites in the polymer rnatrix. The concentration of 

molecules dissolved in the polyrner rnatrix, q+, is expressed by the Langmuir 

eq uation: 

c', bp 
CH =- 

1+ bp 
(2.1 6) 

where cl, is a hole or site saturation constant. and b is a hole or site "affinity" 

constant which is equal to the ratio of adsorption and desorption rate constants. 

This type of sorption behavior can be used to describe the sorption of certain 

organic gases and vapors by polyrners (Koros and Paul. 1978; Koros and 

Sanders, 1985; Robertson, 1993). 

Dual-mode sorption is thought to combine both Henry's law and Langmuir 

sorption (VÏeth et al., 1976; Vieth, 1991 ; Hemandez et al., 1992). Local equilibrium 

is assumed to include a mobile population dissolved in the polyrner by an ordinary 

dissolution, and a fked population bound to pre-existing rnicrocavities wiaiin the 



polyrner. The total concentration of sorbeci penetrant. c, at a given pressure and 

temperature is obtained by combining equations (2.5) and (2.16): 

Figure 2.3 shows a typical dual-mode sorption isothem. When bp is much 

Penetrant Pressure 

Figure 2.3. Typical dual-mode sorption isothem and its components. 

less than 1, the sorption equation (2.17) reduces to a linear fom: 

c = (S+ct, b)p (2.1 8) 

When pressure increases, the microcavities becorne saturated with penetrant as 

the saturation limit in the microcavities, clH1 is reached. Equation (2.17) thus 

reduces to a linear fom: 



c=  sp+c1, (2.1 9) 

The dual-mode sorption mode1 is suitable for describing the pemeation behavior 

of gases and hydrocarbon vapors through glassy poiymers (Veith, 1991). 

2.3 Bamer Properües of PolymerÏc Materials 

The petmeability performance of a particular polymeric material is affected 

by extnnsic and intrinsic factors. Extnnsic factors include temperature and 

moiskire conditions to which the polymer is exposed, while intrinsic factors are 

related to the crystallinity, orientation, chah stiffness. free volume and cohesive 

energy densÏty of the polyrner (Koros, 7 990; Weinkauf and Paul, 1990). 

2.3.1 Extrinsic Factors 

The temperature at which peneation takes place is very important since 

the variation of diffusion with temperature is an activated proœss. Temperature 

dependence of the diffusion coefficient can be described by the Arrhenius equation 

over a certain range of temperature (Robertson, 1993): 

D=D, exp - (2) 
where Do is the preexponentiai factor; Ed is the activation energy of difision 

required to generate large enough gaps between polymer chains to allow the 

penetration of diffusive molecules; R is the gas constant and T is Kelvin 

temperature. The activation energy is related to intra- and inter-molecular 



cohesive forces within the polymer. These forces rnust be overcome to produce 

large enough voids for a jump of the penetrant to occur between successive voids. 

The activation energy required for effective diffusion is greater for larger molecules 

of penetrant and for larger cohesive forces among polymer molecules. In general, 

the diffusion coefficient increases with temperature. 

The apparent solubility coefficient S, changes with temperature according 

the van? Hoff relation (Veith, 1991): 

where S, is the pre-exponential factor; and AHs equals the heat of solution of the 

permeating gas in the polymer matrix. For noncondensable gases, AH, is positive, 

and thus S increases with increasing temperature. For condensable water and 

organic vapors, AHs is negative due to the contribution of the heat of condensation; 

in such cases, S decreases with temperature. 

From equation (2.7), it follows that over a narrow range of temperature: 

where Ep, the activation energy of the permeating gas, is equal to the summation 

of E, and AH,. The peneability of gases such as oxygen, nitrogen and carbon 

dioxide through polymeric materials increases as the temperature increases, but 

the level of increase varies for different polymers (Robertson, 1993). The degree 

of change is the highest in the best gas bamer materials such as EVOH, PVDC 



and PAN. and the lowest in the worst gas bamer materials such as PP and PE. 

For vapors. the perrneability may increase or decrease with temperature 

depending on the relative effects of temperature on diffusion and solubility 

coefficients of the penetrant. 

In addition to temperature, rnoisture is an important extrinsic factor 

affecting barrier properties. Polyrners such as PE and PET do not change their 

gas barrier when allowed to corne into contact with moisture due to the 

hydrophobic characteristics of these polymers. Even at high relative humidity 

levels, hydrophobic polymen do not absorb enough water to disrupt the polymer 

chains to cause an increase in gas permeability. However. the bamer properties 

of hydrophilic polymers can be serïously irnpaired by the presence of organic 

vapors and iiquids which penetrate and plasticize the polymer (Sarnus and 

Rossi, 1995). Those polyrners that contain hydroxyl groups (EVOH, cellophane) 

and amide groups (nylon 6 and nylon 6.6) exhibit large permeability increases as 

the polymer absorbs water. The sorption of rnoisture by hydrophilic polymers 

lowers their glass transition temperature (Tg) values, and correspondingly causes 

them to soften at lower ternperatures. To lower Tg values, water is believed to act 

as an intemal lubricant which decreases the energy barrier for chah segment 

movements and destroys the cohesiveness through the interaction of water 

molecules with the hydrogen bonds of the polyrner (Marom, 1985). Figure 2.4 

illustrates how the oxygen permeability of EVOH increases rapidly beyond 70% 

RH (Demorest, 1991). 



Relative Humidity, % 

Figure 2.4. Plot of the oxygen transmission rate (0,TR) of EVOH as a 
function of relative hurnidity (Demorest, 1991). 

2.3.2 Intrinsic Factors 

The bamer properties of polymeric materials are detemiined by the 

chemical structure of the chains and the system morphology (Brown, 1992). The 

intrinsic parameten derived from chemical structure such as degree of polarrty, 

cohesive energy density, crystallinity, free volume. glass transition temperature 

and orientation, are essentially detennined upon the selection of the particular 

polymer. The following section is a review of how molecular order influences the 

barrÎer properties of polymers. 



The resistance of a plastic matenal to gas and vapor permeation can be 

determined by the polarity of the polymer (Ashley, 1985). A polymeric structure 

that has good gas bamer properties, often has poor water vapor barrier 

properties. Highly polar polymers such as those containing hydroxyl groups 

(polyvinyl alcohol, cellulose) are excellent gas barriers but the poorest water 

bamers. In addition, their effectiveness as a gas barrier becomes reduced 

substantially when the polymer is plasticized by water. On the other hand, non- 

polar hydrocarbon polymers such as PE and PP have excellent water barrier but 

poor gas barrier properties. Therefore, a good all-round barrier material should 

possess some degree of polarity such as found in EVOH, PVDC, PAN and 

nylon. 

Cohesive energy density is a terni used to describe how strongly the 

chains of a polymer interact. The high polarity of a polymer usually gives it a 

high cohesiveness (Miller and Krochta, 1997). The higher the cohesiveness, the 

greater the gas barrier. 

The presence of crystallites, which are ordered and closely packed polymer 

chah areas in semicrystalline polyrners, also influences the gas pemeability of 

the polymer rnatrix. Generally speaking, good barriers to peneants are usually 

highly crystalline, and the greater the ctystallinity the better the barrier. The 

transport of penetrant in serni-crystalline polyrners can be treated on the basis of a 

-hase model of impenetrable domains of crystalline phase dispersed in an 

amorphous matrix (Stem and Trohalaki, 1990; Vieth, 1991). The solubility 

coefficient of penetrant can be expressed as: 

21 



S = asp . (2.23) 

where a is the amorphous volume fracMn of the polyrner, and Sa is the solubility 

coefficient for the cornpletely amorphous phase. 

The presence of crystallites not only decreases the solubility coefficient but 

also reduces the diffusion coefficient The effective diffusivity was found to obey 

the following relationship (Weinkauf and Paul, 1989; Vieai, 1991): 

where D is the di&sivity of the penetrant in the partially crystalline polymer, Da is . 
the diffusivity in the completely amorphous polymer, r is the 'Yortuosity factor" 

accounting for the impedance of flow due to the increased effective path length in 

the cross sectional area, and B is the "chain irnmobilization factor" accounting for 

the crosslinking effect of the crystallites on segmental mobility. The parameters r 

and p are diff~cult to determine. Tortuosity is dependent upon the size, shape and 

anisotropic nature of the crystalline phase. as well as the themal history of the 

polymer. The chain immobilization factor is related to the molecular diarneter of 

the penetrant. 

In the lamellar crystals of semi-crystalline materials and the extended 

chain structure of oriented polymers, chain packing is usually much more 

efficient than in the arnorphous, isotropic state. Unoccupied space in a poiymer 

matrix is referred to as the free volume of a polyrner. The higher the free 

volume, the easier it is for molecules to diHuse through the matrix of the polymer, 



resulting in a decrease in its gas barrier properties. The efficiency of chain 

packing in the crystalline phase of a polymer can reduce the free volume 

available for gas transport to an extent that the crystalline phase may be 

regarded as impermeable relative to the arnorphous phase (Weinkauf and Paul, 

1 990). 

The glass transition temperature, Tg, has a powerful inff uence on polymer 

pemeability (Wachtel et al., 1985; Hemandez, 1994). The glass transition of a 

polymer is known as the change between its glassy state and its rubbery state 

(Rudin, 1982). The glass transition is a second order phase transition that 

occurs over a Tg range concomitant with a drarnatic increase in molecular 

mobility. The Tg is usually given as the onset or midpoint temperature of that 

temperature range. In general. a polymer with a high Tg is usually stiff and is an 

excellent barrier to gases, flavors and aromas at temperatures below the Tg. 

Stretching or drawing of polymer films usually improves their mechanical 

and barrier properties. The degree of stretching or orientation depends upon the 

draw ratio, polymer structure and other process conditions. Anisotropic 

arrangement of impeneable polyrner crystallites caused by deformation 

generally results in a decrease of the effective diffusivity by increasing tortuosity 

in the polyrner. In addition, stretching of semicrystalline polymers irnproves the 

gas bamer properties due to stress-induced crystallization and reanangement of 

the remaining amorphous phase (Weinkauf and Paul, 1990). Schroeder (1 984) 

reported that orientation of EVOH polymer improved oxygen barrier properties 



and the moisture sensitivity of EVOH. An improvernent of mechanical properties 

such as hot water resistance, high tensile strength and good processability was 

also obtained. 

2.4 EVOH in Food Packaging Systems 

EVOH resins are hydrolyzed copolyrners of vinyl acetate and ethylene. 

The base polymer, polyvinyl alcohol, has exceptionaliy high gas barrier 

properties, but is water soluble and difficult to process. By copolymerizing 

polyvinyl alcohol with ethylene, the high gas banier properties are sustained and 

substantial improvements in moisture resistance and processability are achieved 

(Iwanami and Hirai, 1983). EVOH barrier resins were first commercialized by 

Kuraray Co., Ltd. in the 1970's in Japan and EVOH multilayer bottles were first 

introduced by American National Can Co. in the 1980's in the US. Since that 

tirne EV0f-i resins have been used worldwide, especially in Japan, North 

American and Europe, as a high barrier material for various food packaging 

applications (Sacharow, 1986; Hata and Shimo, 1996). 

2.4.1 EVOH Applications 

Flexible film applications are the fastest growing and largest market for 

EVOH resins because they provide outstanding gas bamer properties, and 

excellent resistance to solvent and flavor penneation. ln addition, developments 

of sophisticated converting machines and technologies allow the production of 



thinner structures to rneet the demands of source reduction in the plastic 

packaging industry. Table 2.1 lists some typical applications of EVOH-containing 

flexible films in food product packaging . 

Table 2.1. Typiwl applications and film structures for EVOH-containing fiexible 
packages 

Fabrication Process Application Structure 

Blown and Proceçsed Meats NylonlEVOHMy IonISu rlyn 
Cast Coextrusion Red Meats EVA/EVOHlEVA 

Cereal s HDPEEVOHIEVA 
Bag in Box LLDPUEVOHfLLDPE 

Snacks OPPIEVOHEVA 
Pouches BONyionfEVOHlLLDPE 

Coextrusion Juices PEPaperIPEEVOH 
Coating Snacks OPPEVOHIPE 

Aseptic Packag ing PUPaper/EVOH/PPlSurIyn 

Above infornation was provided by EVAL Company of Arnerica (Lisle. IL). 

EVOH is not only used as a bamer component for flexible film packaging, 

but also for semi-rigid packaging such as EVOH rnultilayer structure bottles for 

ketchup. salad dressing, fruit jelly and sauce packaging. Rigid retortable trays 

made of PP/EVOWPP, PSIWOHHDPE or PCIEVOHIPP are also used widely for 

themally processed products (Sacharow, 1986). Most recently, Amencan 

National Can Co. has developed a PETINOHPET multilayer structure for beer 

packaging (Anonyrnous, 1998). Table 2.2 shows some semi-rÏgid package 

applications for EVOH-containhg structures. 



Table 2.2. Typical applications and multilayer structures for RIOH-containing 
semi-rigid packages 
- 

Fabrication Process Application Structure 

Thermoforming Entrees P P/EVOH/P P 
Applesauce 
Puddings HIPS/R/OH/LDPE 
Vegetables PP/EVOH/PP 

Coextnrsion 
Blow Molding 

Ketchup,Sauces PP/EVOH/PP 
Sa lad Dressing 
Mayonnaise LDPE/EVOH/LDPE 
Edible Oils 
Juices PP/R/OH/PP 

HDPEEVOH 

Coextruded Condiments LDPE/EVOH/LDPE 
Profile (tubes) Cosmetics 

Pharmaceuticals HDPE/EVOH/HDPE 
Toothpaste PoIybutylene/EVOH 

- - - - -- 

Above information was provided by EVAL Company of America (Lisle. IL). 

2.4.2 Effects of Thermal Processing 

Retortable, semi-rig id plastic containers have become increasing ly 

popular for heat processed foods due to their potential advantages over metal 

cans and glass jars in ternis of reduced thenal process time, improved product 

quality and convenience (Tung and Smith, 1980; Tung and Britt, 1995). The 

market potential for high quality microwaveable dinners, entrees and pasta 

dishes has provided an opportunity for bamer plastics to replace rnetal cans and 

glass containers to sorne extent, and to establish new categories of packaging 

for shelf stable rnoist foods. In tum, these market-led driving forces have 



stimulated the plastics hdustry to produce advanced bamer plastic materials to 

meet the requirements of food processing companies (Samuels, 1984; Cabes, 

1985; Hata and Shimo, 1996; Lee and Chou, 1996). Two resins which are 

commonly used to provide good barrier properties are PVDC and EVOH 

copolyme*rs. PVDC provides an excellent bamer to oxygen permeation under 

both dry and wet conditions. Retortab!e containers made of PP/PVDC/PP can 

withstand thermal processing conditions without changing oxygen permeability 

(Malin, 1984; Kling et aL, 1986). However, PVDC is difficult to include in a 

coextruded structure. EVOH has superior oxygen bamer properties under dry 

conditions, but at high humidity, oxygen permeation of EVOH increases 

substantially. Therefore. neither PVDC nor EVOH is ideal in ternis of 

processability and humidity tolerance. Much research activity has concentrated 

on addressing and solving these limitations (Bresnahan, 1984; Tanaka, 1984; 

Gerlowski, 1 990; Tsai, 1 996; Cemak and Chiang , 1 997). 

As EVOH is very moisture sensitive and would be affected by the stearn 

or water used in thermal processing. it is commonly protected as an intemal 

component of multilayer constructions. Wachtel et al. (1984) reported that 

multilayered plastic food containers made of EVOH had excellent oxygen barrier 

properties under dry conditions, but oxygen permeability increased considerably 

when these packages were subjected to stearn or steamfair mixtures at 96.1 to 

135.0°C, due to moisture uptake of the EVOH dun'ng retorting. Tsai and Wachtel 

(1990) showed that the oxygen permeability of EVOH aller retorting was altered 



and did not recover to the low pemeability values of unretorted EVOH. The 

equilibrium oxygen pemeability of retorted EVOH during storage was 

determined by its moisture uptake during retorting and the equilibriurn moisture 

content of the EVOH layer. The oxygen transmission rate immediately after 

retorting was about ten times higher than that of the equilibrium state. Recovery 

of low oxygen pemeability to an equilibriurn state required more than six 

rnonths. The oxygen bamer properties at an equilibrium state and recovery time 

for the bamer to retum depended on the severity of heat treatment. 

In order to reduce hydration of the EVOH layer during retorting, drying 

agents can be incorporated into the adhesive layers of the multilayer structure 

(Farrell et al., 1983; Fehn, 1987). The requirements for a suitable drying agent 

include protection of the NOH layer, thermal processability and high water 

holding capacity. Drying agents act to absorb water permeating through the 

surface polyolefins during thermal processing and to trap any water migrating 

toward the EVOH bamer from the food or outside during subsequent storage. 

When subjected to thermal processing for 2 hours at 121.1°~, containers 

incorporating a drying agent retained oxygen-barrier properties and 

dernonstrated a shelf life of two years (McHenry, 1986; Tsai and Wachtel, 1990). 

Efficacy of the drying agent to protect the oxygen bamer properties of the EVOH 

layer depended on the water partition between the EVOH and the drying agent; 

a hundred-fold reduction in oxygen permeabil*@ of EVOH is possible with correct 

incorporation of a drying agent. Wachtel et ai. (1984) reported that the 



incorporation of a drying agent in the muftilayer structure prevented the formation 

of free volume in EVOH due to water uptake, and thereby significantly reduced 

oxygen pemeability during retorting. and also decreased oxygen permeability 

during storage. 

Another approach to maintain oxygen bamer performance of multilayer 

packages has been to incorporate an oxygen scavenger into the adhesive layers 

of the structures (Yoshikawa et al.. 1978, 1980; Farrell and Tsai, 1981 ; Klein and 

Knorr, 1990; Rooney. 1995; Tsai. 1996; Brody and Strupinsky, 1997). These 

oxygen absorption systems are triggered dunng thermal processing due to 

activation by water which pemeated through the walls of the multilayered 

polymeric container during retorting. 

Positioning the EVOH layer toward the outside of container walls will 

result in rapid dehydration of retorted containers during storage provided that the 

ambient relative humidity is lower than the water activrty of food contents. 

However, an EVOH layer near the outside of the container walls leads to more 

moisture absorption during thermal processing and results in a higher oxygen 

transmission rate dunng and immediately after retorting. Nevertheless, the rapid 

recovery of barrier properties in the EVOH is believed to compensate for this 

latter effect. The average oxygen permeation rate during one year of storage for 

containers having an EVOH layer towards the outside walls was found to be 

approximately 40% lower than for containers having the EVOH layer on the 

centeriine in the structure (Wachtel et al., 1985). However, these researchers 



reported that positioning the EVOH layer near the outside of a multilayer 

structure was not as effective in reducing oxygen permeation rate as 

incorporating a drying agent to prevent hydration of the EVOH. 

Mathematical models were developed by Alger ef al. (1990) to predict 

water sorption and oxygen ingress of two types of multilayered packages 

(PPIEVOHIPP and PCINOHPP) during retorting and storage. From their 

mathematical models, the researcherç found that using PC as the outside layer 

resulted in a lower oxygen transmission rate than using PP as the outside layer. 

AIhough the water penneabilities of PP and PC were comparable during 

retorting, the water permeability of PC was approxirnately 10 tirnes higher than 

that of PP under normal storage conditions. Therefore, water entrapped in the 

EVOH layer during retorting could escape more easily from the PCfEVOHfPP 

structure, resulting in a faster recovery of oxygen barrier properties. The benefds 

of using PC resin as a structural iayer in EVOH-containing multilayer packages 

were also demonstrated by Rohn (1984). A 60 pm PPf20 pm EVOH1140 pm PP 

(2.4 mil PP10.8 mil EVOH15.6 mil PP) structure retorted at 1 2 1 ' ~  for 30 min 

required more than ten days at 20'~ and 65% RH to recover maximal bamer 

properties. The same structure ratio with PC as the outside layer required only 

three days to reach equilibrium and restore the oxygen barrier property of EVOH. 



3 RESEARCH OBJECTIVES 

The overall objective of this thesis is to gain a greater fundamental 

underçtanding of the transport and mechanical properties of EVOH packaging 

rnaterials. Packaging materials to be investigated will inciude EVOHcontaining 

retortable trays and selected EVOH films. 

Previous research haç demonstrated that thermal processing and storage 

conditions affect oxygen ingress into EVOH-containing retortable trays, which 

results in the oxidation of oxygen-sensitive foods. This study will develop methods 

to quantify oxygen ingress through these retortable packages both durhg themal 

processing and subsequent storage of the retorted packages. 

The hig her oxygen permeabilïty of retorted EVOH-containing trays 

compared to that of non-retorted trays is attributed mainly to water absorption by 

the EVOH layer sandwiched between PP layers, which takes place during thermal 

processing. To provide an underçtanding of how water interacts wlh the EVOH 

polymer, the kinetics and equilibn'a of water absorption for EVOH films will be 

stud ied . 

The presence of water molecules in the EVOH polyrnen'c matrix affects the 

way in which gases and aromas are transported. Although it is well known that the 

oxygen permeabilities of EVOH films increase considerably at high RH, their 

oxygen permeabilities have not been related mathematicaliy to RH and 

temperature. Moreover, as compared to gas transport, flavor and aroma transport 



through EVOH films has not been studied extensively. Therefore, this study is also 

aimed at investigating the effects of RH and temperature on oxygen and aroma 

transport properties of EVûH films. 

Water absorption in the EVOH does not only influence the transport 

properties of the polymer, 1 also results in the depression of its glass transition 

temperature, which in tum changes the mechanical properties of the polyrner. 

Since the eflects of RH on thermal and mechanical properties have not been 

investigated in much detail, an objective of this study is to elucidate the effects of 

water sorption in EVOH films on their thermal and mechanical properties. 

The shelf life of oxygen-sensitive foods can be estimated by quantifying 

oxygen penneation into food packages experimentally. However, package testing 

is time consurning and costly. Therefore, a final objective is to develop a 

mathematical model to predict oxygen ingress into EVOH-containing barrier plastic 

packages as influenced by water sensiüvity of EVOH. This model may be used to 

help predict the bamer performance of different EVOH-containing package 

structures. 

Results from the above studies will provide vaiuable information for both 

polymer engineering and food packaging industries. 



4 OXYGEN INGRESS IN PLASTIC RETORTABLE PACKAGES 

4.1 Introduction 

The effectç of thermal processing on the oxygen bamer properties of 

multilayer EVOH-containing rnicrowaveable packages have drawn attention 

since the early 1980's. However, most studies have focused on package 

performance dufing storage (Wachtel et al., 1984, 1985; McHenry, 1986). 

Oxygen ingress during heat treatment was assumed to be negligible, because of 

its relatïvely short du ration. However, during retorting of serni-rig id plastic 

packages, overpressure processes using steamlair mixtures are comrnonly used 

to maintain package geometry and closure integrity (Cabes, 1985; Tung et al., 

1990). The oxygen bamer properties of EVOHcontaining packages would thus 

be challenged during retorting by high temperature, as well as increased relative 

humidity and partial pressure of oxygen. Direct contact with oxygen during 

retorting may cause substantial oxygen ingress into these packages and thereby 

compromise food product shelf life even before the container leaves the retort 

environment. 

CPET serni-rigid trays also have application in packaging shelf stable food 

productç (Schoenwald, 1986; Niernan and Ostade, 1991); the trays may be 

reheated in either conventional or microwave ovens. CPET trays have rnoderate 

oxygen barrier properties at room temperature, but their oxygen permeability is 

expected to be much higher under high temperature retorting conditions. 



Therefore, if oxygen is present in the heating medium, oxygen ingress in CPET 

trays may be substantial during a retorting process. 

In this study, the main objective was to investigate how thermal 

processing and storage conditions affect oxygen ingress into RIOH-containing 

and CPET semi-rigid retortable trays. The results obtained may be useful in 

detemining suitable applications for these retortable trays based on the oxygen 

sensitivity of particular food products. 

4.2 Materials and Methods 

4.2.1 Plastic Retortable Trays 

CPET retortable trays and two sizes of seven-layer thermofomed trays 

consisting of PPfscrap layerltie I a y e r M H - F  grade (32 mol% ethylene)/tie 

layerkcrap IayerIPP were used for this study (Amencan National Can Co., 

Neenah, WI). The CPET trays and the 200 and 256 g capacity EVOH-containing 

trays had net volumes of 300, 250 and 330 cm3, respectively, and had 

permeable surface areas of 230, 210 and 240 cm2, respectively. The total 

thickness of each retortable tray was measured using a micrometer (Mitutoyo 

Mfg. Co. Ltd., Tokyo, JPN), while the individual thicknesses of the polyolefin and 

EVOH layers were measured from scanning electron micrograp hs obtained 

using a S-570 SEM (Hitachi Ltd., Tokyo, JPN). The average thickness of CPET 

trays was 754 Pm. The average layer thicknesses of the EVOH-containing retort 



trays from the outer to inner layer were as follows: 200 g capaciiy trays - 367 pm 

(PP + scrap layer)/25 pm EVOHf390 pm (PP + scrap layer); 256 g capacity tray - 

387 pm (PP + scrap layer)/36 pm EVOH/359 Pm (PP + scrap layer). Tie layer 

thickness was added to the thickness of the adjacent innerhuter layers. 

Water (3 m l )  was added to each tray to simulate vapor pressure of food 

materiai with a water activity approaching 1.0. The dissolved 4 in water (3 m l )  

was calculated to be negligible. The trays were flushed with 100% nitrogen 

before sealing. NOH-containing trays were sealed with an impermeable high- 

barrier aluminum foil-containing plastic laminate lidstock, while CPET trays were 

sealed using a multilayer retort pouch material (PETfAI foiVPP) as lidstock due to 

its excellent sealing property at high ternperatures. The sealing temperatures for 

EVOH-containing and CPET trays were 185 and 250'~. respectively, using a 5 s 

dwell time and a 4 atm sealing pressure. After sealing, a large drop of silicone 

rubber sealant was applied to each lid surface to serve as a septum for future 

headspace gas sampling. The silicone rubber septum was allowed to cure for 

two days in a temperature-controlled oven (60°C) before trays were themally 

p rocessed . 

4.2.2 Thermal Processing Conditions 

Processing was carried out in a pilot scale single car Lagarde retort (J. 

Lagarde Autoclaves, Montélimar, FR). A 5.6 kW turbo fan located in the door of 

the retort was used to keep the heating medium in circulation, and to provide 

uniform distribution of the stearnfair mixtures during corne-up and cook cycles. 
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The required temperature and total pressure conditions were established in the 

retort by controlling the steam and air compositions of the heating media. 

Total ovemding pressures necessary to l iml the expansion of nitrogen 

under different retort conditions was detemined using the following relationship 

to describe the expansion ratio according to the ideal gas laws (Whitaker, 1971; 

Weintraub et al., 1989): 

where Er is the expansion ratio; V, is the volume of nitrogen in the sealed tray at 

retort temperature; Vo is the volume of nitrogen at standard temperature (25'~); 

Po is standard pressure (1 01.3 kPa); T, is standard temperature in Kevin; T, is 

retort temperature in Kevin; and P, is nitrogen pressure within a plastic tray 

calculated as retort pressure minus saturation vapor pressure at retort 

temperature. Pressure within the tray was assumed to be equal to retort 

pressure due to the flexible nature of the plastic tray and lidstock. A suitable 

overriding air pressure was detemined based on an approximate 60% stearn 

concentration and an expansion ratio of 1.0 to 1.2, which was assumed to 

preclude tray bursting . Retort pressures (Pr), overriding air pressures (Pa) and 

expansion ratios (EJ were deterrnined frorn the above relationship for the test 

retort conditions (Table 4.1). 

4-2.2.7 Steamhitmgen overpressure 

A steamfnitrogen stefflizing medium was employed as an alternative to 
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Table 4.1. Retort pressures (Pd, overriding air pressures (P,), stearn 
contents, and expansion ratios (EJ used for va rious processing 
conditions 

steamlair to determine its potential effect on reducing oxygen ingress during 

retorting. A seven-minute venting process dunng corne-up tirne was used to 

draw oxygen out of the retort, resuiting in low oxygen partial pressure in the 

retort initially. The ovemding pressures were provided by nitrogen to create a 

reduced oxygen retorting environment during thermal processing. Four process 

tirnes (30, 60 90 and 120 min) were used to process 200 g capacity WOH- 

containing trays at 121 .lOc, and ten plastic trays were prepared for each tirne 

treatment. Oxygen ingress was rneasured within one hour affer thermal 

processing . 

4.2.3 Oxygen 1 ngress and Hyd ration 

Effeds of retorting conditions and effects of storage conditions on oxygen 

ingress and hydration of plastic retortable trays were determined in separate 

studies. Oxygen concentration in both CPET and EVOH-containing trays was 

measured by sampling 5 ml of headspace with an airtight syrhge and analyzing 

with a MOCONfroray LF-700D Oxygen Analyzer (Modem Controls, Inc., 
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Minneapolis, MN). Hydration or water absorption of the EVOH trays was 

detemined gravimetricaily. Hydration was not evaluated for the CPET trays 

since the oxygen penneability of CPET is not affected by moisture. 

4- 2.3, 1 Effects of retorting conditions 

A factorial expenmental design was employed to quant@ oxygen ingress 

and hydration of EVOKcontaining trays dunng retorting. The effects at four 

retort temperatures (1 10.0. 1 15.6, 121.1 and 126 .7~~)  and process times (30, 

60, 90 and 120 min) were studied. Ten sealed and ten empty trays were used 

for each treatment to quantify oxygen ingress and hydration, respectively. The 

initial mean value of oxygen concentration in sealed plastic trays before retorting 

was obtained from sampling 10 non-retorted trays. All other trays were thern~ally 

processed under pre-determined conditions, and oxygen concentration was 

measured immediately after thermal processing . Oxyg en ingress was 

detemined by multiplying the difference of the mean values of oxygen 

concentration in retorted and non-retorted trays by the average tray volume. 

Weight measurements to assess hydration of EVOH trays were also made 

immediately after processing- 

Retort conditions used to study oxygen ingress in CPET trays during 
t 

retorting consisted of processing at 121 .l°C for 30, 60, 90 and 120 min. Ten 

CPET trays were used for each time treatment. Oxygen ingress was detennined 

as above. 



4.2.3.2 E M S  of storage conditions 

Retort treatrnents for the study to quant@ oxygen ingress and hydration 

during storage consisted of three temperatures (1 15.6, 121.1 and 126.7OC) and 

four process times (30. 60, 90 and 120 min) for the EWH-containing trays. 

Oxygen concentration was measured (as indiwted in 4.2.3) within one hour after 

retorting to detemine a baseline value for cornparison of oxygen ingress during 

storage. Retorted trays were stored for more than one year in two environmental 

chambers set at 21.1°C1 60% RH and 32.2'C. 75% RH. Non-retorted trays 

stored under the same conditions were used as control groups. A total of 13 

treatments (including two control groups) were used for each of 200 and 256 g 

capacity EVOH-containing trays. At least ffieen replicate trays were prepared 

for each treatment to provide a sufficient number of trays for headspace gas 

sampling over the intended storage period. Oxygen ingress was measured at 

specific time intervals (10-40 days). Weight gain or loss, representing tray 

hydration or dehydration was monitored at the same tirne intervals to help 

explain the potential effects of moisture relationships during retorting and storage 

on the oxygen barrier property of N O H .  

To quantify oxygen ingress into CPET trays during storage, fïfty trays 

were processed at 121.1 O C  for 120 min and then stored at the two environmental 

conditions mentioned above. Oxygen ingress was measured at approximately 

30 day intervals after determining a baseline value at one hour post-retom'ng. 



4.3 Results and Discussion 

4.3.1 Oxygen lngress during Retorting 

Oxygen ingress into WOH-containing trays during retorting was a 

function of process time and temperature at a given oxygen partial pressure 

(Figure 4.1). The units of mupackage were used Vepresent oxygen ingress 

(Appendix A). The lines represent Ieast squares linear fes to the data. Longer 

process times and, more important, higher retort ternperatures resulted in 

increased oxygen levels in the trays. However, the rate of oxygen ingress 

1 200 g capacity trays: 

256 g capacity trays: 
- O Tr= 126.7% 

O Tr= 121.1°C 
A Tr = 115.6°C 
v Tr=llO.OOC - 

CPET trays: 

--.a ----.--.-.-- --.---------- a 

Process Tirne, min 
Figure 4.1. Oxygen ingress during steam/air retorting of CPET and 200 and 

256 g capacity NOH-containing retortable trays at various 
processing ternperatures and times. 
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indicated that the oxygen bamer properties of EVOH diminished substantially 

during thermal processing, especially at higher retort temperatures. Compared 

to the 200 g capacity trays, the larger surface area of the 256 g capacity trays 

did not result in greater oxygen ingress, possibly due to the thicker WOH layer 

incorporated in the 256 g capacity trays. In contrast, oxygen ingress into CPET 

trays during retorting at 121.1°C was negligible (Figure 4.1). 

After 2 h of retorting at 121 -1 OC and 63% steam content. oxygen ingress 

for the 200 and 256 g capacity EVOH-containing trays was measured to be 

approximately 1.2 mL, which corresponds to 8.6 and 6.7 pprn oxygen (based on 

a weight ratio) for product-filled trays, respectively. Koros (1990) reported that 

as little as 5 pprn oxygen ingress in one year of storage at 25OC could limit the 

shelf Iife of some vegetable, soup and rneat products. Marcus and Delassus 

(1 984) reported an increase in the oxidation rate of some foods afier a threshold 

content of oxygen was reached; the sooner this threshold is reached, the faster 

the quality deterioration. Therefore, oxygen ingress during retorting is more 

likely to initiate and accelerate food deterioration than oxygen ingress during 

storage. 

The permeabilities of gases and vapors through a rnultilayer container can 

be calculated from (Robertson, 1993): 

where P is the apparent pemeability of the container; x is the total thickness of 

the container; Pl, P2,---Pn are permeabilities of the individual layers 1, 2, ..A; and 



x,, x,, ... x, are thicknesses of layers 1, 2, ... n. 

Permeability values of oxygen in PP and scrap materials are at least 3 

orders of magnitude higher than in EVOH at room ternperature. Therefore, 

oxygen bamer contributions from the structural layers of EVOH-containing trays 

can be negligible. However, the oxygen perrneabiliw of EVOH increases much 

faster with increasing temperatures due to the high activation energy for 

permeation. At retort ternperatures, the barrier contributions from PP and scrap 

[ayers may be significant, and should be taken into account for calculating the 

apparent oxygen pemeability coefficient of NOH-containing trays. 

Based on equations (2.1) and (2.8), apparent oxygen permeability 

coefficients of EVOH-containing trays can be determined using the following 

equation: 

where Q is the total amount of oxygen ingress into a retortable tray with area A 

dunng time t; and (pl - p,) is the oxygen partial pressure difference between the 

outside and inside of the package. 

Apparent oxygen permeability coefficients were calculated using the 

slopes of the regression equations faed to experimental data (Figure 4.1) and 

equation (4.3). To show the relationship between retort temperature and oxygen 

permeability coefficients, the natural logarithrn of the apparent oxygen 

pemeability coefficient was plotted against the reciprocal of absolute retort 

ternperature (Figure 4.2). A linear relationship was observed for both 200 and 
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200 g capacity trays 
r 256 g capacity trays - Regression lines 

Figure 4.2. Plot of the natural log of the apparent oxygen permeability 
coefficient of EVOH-containing trays as a function of the 
reciprocal of temperature (K ") during steam/air retort 
processes. 

256 g capacity trays; therefore, the relationships can be described using the 

Arrhenius equation. The permeability coefficients of 256 g capacity trays were 

somewhat lower than those of 200 g capacity trays at a given temperature. The 

thicker EVOH layer of the 256 g capacity trays likely provided a better barrier to 

oxygen. 

An attempt was made to develop semi-empirical models to relate 

apparent oxygen permeability coefficients of 200 and 256 g capacity trays, 

oxygen partial pressure, process time and retort temperature based on the data 

obtained. The In Po and Ep values for 200 and 256 g capacity trays calculated 



using equation (2.22) and regression curves are shown in Table 4.2. 

Table 4.2. Parameters of the Arrhenius equation (2.22) for apparent 
permeability coefficients (mL cm cm -'s " c r n ~ ~  -') and 
calculated ED values of EVOH-containing trays 

Package In Po Ep (kJ mol ") ? (%) 

200 g capacity tray 4.478 78.72 99.7 

256 g capacÏty tray 8.414 92.06 99.7 

By combining equations (2.22) and (4.3) and the parameters of the 

Arrhenius equation (Table 4.2). oxygen ingress can be predicted under given 

thermal processing conditions by the following semi-empirical equation: 

This equation was verified under different thermal conditions, and the theoretical 

curves obtained are shown in Figure 4.3. The figure soggests that, in addition to 

retort temperature and process tirne, oxygen ingress depends strongly on 

oxygen partial pressure. To prevent large amounts of oxygen ingress during 

thermal processing, a higher steam content in the steam/air mixture would 

appear to be favorable. However, higher stearn compositions also lead to less 

overpressure, and may result in container deformation or closure damage during 

thermal processing. 
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Retort conditions: 
a rn i f 25,0°C, 65% steam 
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Figure 4.3. Oxygen ingress during steamlair retorting of 200 g capacity 
EVOH-containing trays. Experirnental data and predicted 
values obtained by semi-empirical equation 4.4. 

When a steamlnitrogen mixture was used for overpressure in processing 

EVOH-containing trays, oxygen ingress was substantially.reduced in comparison 

to using a steam/air mixture (Figure 4.4). Therefore, for oxygen-sensitive foods, 

nitrogen gas would be a potential substitute for air as an overpressure source 

during retorting to prevent oxygen ingress from the retort environment, and still 

maintain the integrity of retortable plastic packages. 

4.3.2 Hydration during Retortïng 

Water absorption by EVOH-containing trays during retorting was rapid 

initially, especially at higher retort ternperatures, and then became linear with 



- Retort conditions: t 
ia x C 122.1°C, 63% steam 
O 
[tl 
O - + 0.9 Air 

Process lime, min 

Figure 4.4. Cornparison of oxygen ingress during retorting of 200 g 
capacity NOH-containing trays when using a steamlair 
mÏxture and a stearnhitrogen mixture at 121 .I0C, 63% steam. 

time (Figure 4.5). Higher retort temperatures resuited in greater hydration rates 

for both sizes of trays. Hydration of 256 g capacity trays was greater than that of 

200 g capacity trays at given retort conditions, presumably due to the greater 

surface area and higher average weight of 256 g capacity trays. At a given retort 

temperature, water absorption of the packages increased as process time 

increased. However, Figure 4.1 showed that the rate of oxygen ingress of the 

retorted plastic trays remained constant. Therefore, additional amounts of 

absorbed water did not appear to affect the rate of apparent oxygen pemeability 

of EVOH-containing trays during retorting. 

Water permeation through polymers is often expressed as the water vapor 

transmission rate W R )  of the material, which is defined as: 



20û g capacity trays: 
a T, = 126.7% 
r T,=121.1°C A P 
A T, = 1 15.ô°C / / 
r T, = 1 10.O°C / 

256 g capacity trays: 

O T, = 126.7% 

O 30 60 90 120 150 

Process Tirne, min 

Figure 4.5. Hydration of 200 and 256 g capacity EVOH-containing trays 
during retorting. 

where Q is the arnount of water vapor transmission through area A during 

process üme t. The Arrhenius equation was used to correlate temperature with 

the WVTR of retorted plastic trays dunng thermal processing (Figure 4.6). 

WVTR values were essentially the same for the two sizes of plastic trays at the 

same thermal processing conditions. This was quite reasonable, because the 

thicknesses of the structural layers in 200 and 256 g capacity trays were 

approximately the sarne, and thus their water resistance should not differ. 



200 g capacity tray 
i 256 g capacity tray 

Regresion line 

Figure 4.6. Plot of logarithrn of water transmission rate of EVOH- 
containing trays against the reciprocal of absolute 
temperature (K -'). 

4.3.3 Oxygen Ingress and Hydration during Storage 

During the initial storage perïod at 32.2OC and 75% RH, oxygen ingress 

into retorted 200 and 256 g capacity WOH-containing trays was not much 

different from non-retorted trays (Figure 4.7). lnterestingly, the low oxygen 

ingress rates observed during the first 50 d of storage indicated that the oxygen 

barrier properties of the trays appeared to recover rapidly after retorting. 

Possibly the EVOH layer was still relatively protected from moisture by the other 

structural layers during retorting . Figure 4.7 also indicated that oxygen ingress 
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Figure 4.7. Oxygen ingress during storage of non-retorted and retorted 
(120 min) 200 and 256 g capacity EVOH-containing trays. 



was more rapid during storage at the higher temperature and RH conditions of 

32.2'C and 75% RH as compared to 21.1°C and 60% RH, especially after the 

initial 50 d period. 

Trays which had been processed at the higher retort temperature (for 120 

min) had greater oxygen ingress af€er 3 months of storage at 32.2'~ and 75% 

RH. A similar trend was demonstrated in plastic trays retorted for 30, 60 and 90 

min at the three temperature levels (data not shown). The increased hydration of 

the trays exposed to higher retort temperatures as demonstrated in Figure 4.5 

appeared Io affect the oxygen permeability of the packages dun'ng subsequent 

storage. Water sorbed by the tray during retorting and in storage may have 

penneated the inner and outer structural layers and then plasticized the EVOH 

barrier layer of the tray. As a result, the oxygen permeability of the trays 

increased during storage until the EVOH layer reached an equilibriurn condition 

with respect to moisture in its surroundings. The similar slopes of the oxygen 

ingress curves for retorted trays after 250 d storage (Figure 4.7) indicated that 

oxygen pemeabilities may have reached a maximal constant level. 

The larger surface area of the 256 g capacity tray did not result in greater 

oxygen ingress at given retort and storage conditions compared to the 200 g 

capacity tray. Plastic sheets used for themoforming 256 g capacity trays 

contained a thicker EVOH layer, thereby providing a better oxygen bamer 

property to the thermoformed trays. Therefore, these particular 256 g capacity 

trays may provide better performance in extending the shelf life of oxygen- 



sensitive foods compared to the 200 g capacity trays tested. 

Our observations were very different from other literature reports. Tsai 

and Jenkins (1988) reported that. immediately following 2 h of retorting at 

121 .I0C, the oxygen permeability of N O H  containers (of thickness comparable 

with trays in this study) was 100 times greater than the permeability of the non- 

retorted containers. Therefore, the short term effect of retorting on the FJOH 

bamer layer in their experirnents was profound. During subsequent storage at 

21.1 '~ and 75% RH, the researchers obsewed the dehydration of retorted 

packages and recovery of the oxygen banier property of EVOH. Other 

researchers have reported similar findings (Bresnahan, 1984; Schaper, 1989a; 

Alger et al.. 1990). 

li is possible that different multilayer structures for plastic trays have 

unique characteristics which provide very difFerent mechanisms for protecting 

EVOH against moisture absorption. Our data suggest that the retorted EVOH- 

containing trays can provide reasonable protection against oxygen ingress under 

adverse storage conditions (32.2'CI 75% RH), especially during the initial 3 to 4 

months of storage. At the moderate storage conditions of 2 1 . 1 ~ ~  and 60% RH. 

oxygen ingress into retorted NOH-containing trays was considerably lower 

(Figure 4.7). indicating that the effect of retorting on oxygen ingress can be 

minimized by controlling storage conditions. Schaper (1 989a) reported that 

average environmental conditions in the US range from 20 to 25OC and 65 to 

70% RH, which are very similar to the moderate set of conditions (21.1°C, 60% 



RH) discussed above. Under these storage conditions, the thermal processing 

effect on oxygen permeability of EVOH would be expected to be minimal. 

Therefore. a shelf life of one year or even longer for oxygen-sensitive food 

products may be feasible provided that oxygen ingress during retorh'ng is limited 

using optimized thermal processing conditions. 

Oxygen ingress during storage of CPET trays was higher throughout one 

. year of storage under both sets of storage conditions (Figure 4.8) compared to 

oxygen ingress in EVOH-containing trays, indicating that EVOH-containing trays 

had better bamer performance than CPET trays. 

t Storage conditions: 

0 32.2OC, 75% RH 

O 50 100 150 200 250 300 350 400 

Tirne, days 

Figure 4.8. Oxygen ingress dunng storage of retorted (120 min, 121.1 OC) 
CPET trays. 



Weight changes representing hydration or dehydration of the EVOH- 

containing trays during storage at 32.2OC and 75% RH (Figure 4.9) indicated that 

retorted trays initially dehydrated slightly, possibly due to arnount of adsorbed 

water in PP. Non-retorted trays were initially relatively dry and, therefore, 

dernonstrated no initial dehydration. Hydration of al1 trays continued during 

storage at 32.z°C and 75% RH for approximately 5-6 months. Although higher 

retort temperatures resulted in greater hydration of trays during retorting (Figure 

4.5): Figure 4.9 shows that these trays underwent less hydration during storage 

than trays retorted at lower temperatures. During storage at high RH, the a, in 

EVOH may have reached 0.75 as represented by the maximal water gain for 

each curve (Figure 4.9). As would be expected, the drier non-retorted trays 

required the longest time to reach this a, level. The observed weight loss of the 

trays after this period was due to rnoisture transfer frorn inside the trays with a, = 

1 .O to the environment with a, = 0.75. 

From a theoretical standpoint, water activity in the EVOH layer was 

probably lower than 0.75 irnrnediately after retorting. At such low water activity, 

EVOH had good oxygen barrier properties which allowed only lirnited oxygen 

permeation to occur during the initial storage period (Figure 4.7). As EVOH 

reached an equilibrium condition with respect to water sorption during storage, 

the a, would be expected to approach 0.875 (87.5% RH) since the EVOH layer 

was sandwiched approximately in the middle of the coextruded structure with the 

a, = 0.75 outside and a, = 1 .O inside this package. This higher a,,, in the EVOH 

layer dunng storage would lead to a high oxygen perrneability resulting in greater 
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Figure 4.9. Hydration and dehydration during storage of non-retorted and 
retorted (120 min) 200 and 256 g capacity EVOH-containing 
trays. Each point represents the mean of two rneasurements. 



oxygen ingress values as observed in Figure 4.7. 

During storage at 21 .f°C and 60% RH, initial dehydration of the retorted 

trays was rapid (Figure 4.9) because of the lower RH of the storage environment. 

The slight dehydration observed over time was likely due to low water vapor 

transmission rates of the structural layes under these conditions. The lack of 

hydration and the minimal moisture changes obsenred during storage at the 

lower temperature and RH were reflected in the low oxygen ingress previously 

demonstrated in Figure 4.7. 

Figure 4.10 demonstrates the good linear correlation between oxygen 

ingress after one year of storage at 32.2OC, 75% RH and hydration of the trays 

as a result of retorting at various conditions (? > 0.90). Oxygen ingress into non- 

retorted and retorted NOH-conbining trays was calculated using the regression 

equations fitted to experimental data. Plastic trays retorted at higher 

temperatures for longer tirnes had 2 to 3 tirnes higher oxygen ingress than non- 

retorted trays after one year of storage at 32.2OC and 75% RH. The correlation 

was also observed for trays stored at 21 .l°C and 60% RH (6 > 0.80). where 

oxygen ingress into non-retorted and retorted trays stored under these 

conditions was less than 0.6 rnL. 

4.4 Conclusions 

Oxygen ingress into CPET trays was found to be negligible during 

retorting, but greater during storage than in EVOH-containing PP trays. CPET 

trays may not be suitable for packaging oxygen-sensitive foods under the 
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Storage conditions (200 g capacity trays): 

322OC. 75% RH 
21.Y°C, 60% RH 

Storage conditions (256 g capacity trays): 

0 32.2'C. 75% RH 
a 21.I0C, 60% RH 

Water Absorption, gfpackage 

Figure 4.10. Correlation between oxygen ingress into 200 and 256 g 
capacity EVOH-containing trays afîer one year storage and 
hydration of the trays during retorting. 

storage conditions studied. Hig her retort temperatures, longer process times 

and higher oxygen partial pressures were al1 dernonstrated to increase oxygen 

ingress into EVOH-containing trays during retorting. The rate of oxygen ingress 

was shown to remain constant at a given retort temperature. Higher retort 

temperatures also resulted in increased hydration of the EVOH-containing trays, 

but hydration did not appear to affect oxygen pemeability during thermal 

processing. The oxygen barrier properties of the WOH layer in the retortable 

trays appeared to recover rapidly after processing. Oxygen ingress during the 



first 50 d of storage was negligible, but then increased substantially under high 

temperature and RH storage conditions. lncreased hydration of the trays during 

retorting appeared to affect oxygen permeability of the EVOH during subsequent 

storage, but oxygen ingress could be minirnized by controlling those storage 

conditions. After one year of storage at 21.I0C and 60% RH. oxygen ingress in 

retorted EVOH-containing trays was less than 0.6 mupackage. Therefore, it 

suggests that if retortable trays studied are themally processed for less than 60 

min at 121 . l°C using a steamlair sterilizing medium with a relativeiy low air 

concentration (c 25%) and then stored under moderate storage conditions, the 

trays may still provide adequate protection against oxygen ingress, resulting in 

extended shelf life for oxygen-sensitive foods. 



5 KINETICS AND EQUILIBRlA OF WATER SORPTION IN EVOH FILMS 

5.1 Introduction 

The pemeability of polymeric packaging materials is quantified by the 

amount of the mass exchange between the packaged product and the external 

environment. The transport of penetrant molecules through polyrneric materials 

is determined by the potential capacity of a polymer rnatrix to sorb the pemeant 

molecules and by the abifity of those molecules to ditfuse through the polymeric 

material. However, the presence of other small molecules in the polymer rnatrix 

rnay alter the way in which the pemeant is sorbed and diffused. For instance, 

the interaction of water with hydrophilic films is believed to have marked 

influences on the thermal, mechanical and transport properties of materiais. 

When water is sorbed and distributed within the polymeric matrix, it may 

associate with the polymer 'chains or a d  as a moiecular lubricant affecting the 

chains' segmental motion, and thereby changing their transport and mechanical 

properties (Orofino et al., 1969; Barrie and Sagoo, 1985). It was discovered that 

hydrophilic polyrners such as nylon, cellophane and EVOH exhibited changes in 

oxygen permeability depending on the quantity of water present within the 

polymer matrix (Iwanami and Hirai, 1983; Hemandez, 1994). 

In this chapter, the kinetics and equilibria of water sorption for EVOH films 

were determined to provide a basic understanding of the interaction between 

water and EVOH films. In addition, the experïmental results may be used to 



interpret the influence of water sorption on the transport and mechanical 

properties of EVOH films. 

5.2 Materials and Methods 

Non-oriented and biaxially oriented EVOH films with 32 mol% ethylene 

(EF-FI5 and EF-XL15. respectively). and non-oriented EVOH film with 44 mol% 

ethylene (EF-EI5), each 15 pm thick, were provided by EVAL Co. (Lisle, IL). 

Film samples were dried at 85OC for at least 24 h in a vacuum oven (20 Pa) to 

remove rnoisture that was present initially in the polymer matrix. 

5.2.1 Water Sorption 

Water sorption expen'ments were carried out at 25, 35 and 4S0C in a 

temperature-controlled oven. Saturated sait slushes were used to provide 

constant a, values ranging from O -23 to 0.94 (Table 5.1) (Labuza, 1984; Labuza 

et al., 1985; Lim et al., 1995). 

Table 5.1. Saturated salt solutions for water sorption measurements 

Salt solution 25OC 35Oc 45OC 

CH,COOK 0.23 

K2c03 0 -43 
KN02 0.65 

NaCl 0.75 

KCI 0-85 

KN03 0-94 



Triplicate sarnples of the three EVOH films were prepared (40 to 45 mg 

for a, > 0.60; 70 to 75 mg for a, c 0.50) in aluminurn weighing dishes and placed 

in 1 L airtight glass jars containing different salt slushes. Samples were allowed 

to equilibrate for more than six hours in the incubator set at the selected 

temperatures, until equilibrium moisture conditions were attained. Weight gain of 

each film sample was measured in cornparison with the initial dry weight. 

The kinetics of water sorption was studied for the EF-El5 film at 25, 35 

and 45% using a Cahn Electrobalance Model 2000 (Cahn Instruments Inc.. 

Cemtos, CA) with a sensitivity of 5 pg. Saturated salt slushes were also used to 

provide constant a,,,, in the electrobalance chamber. The weight gain of each film 

sample was measured at 30 or 60 second intervals until mass equilibrium was 

reached, using a Digitrend 235 datalogger (Doric Scientific, San Diego, CA). 

Duplicate samples were used to measure water sorption at each level of a,. 

5.2.2 Water Vapor Transmission Rate 

The water vapor transmission rates (WVTR) of the three EVOH films were 

rneasured at 15, 25 and 35OC and five leveis of RH ranging from 30 to 90%: 

following ASTM method F-1249 (ASTM, 1995): and using a MOCON 

PERMATRAN-W 3/31 instrument (Modem Controls, Inc., Minneapolis, MN). The 

calibration of the instrument for WVTR measurements was performed using 

polyester standard fi lrns provided by MOCON. During testing, water vapor which 

pemeated through the film sample was camed by dry nitrogen gas to an infrared 



detector. Duplicate samples were used for each treatment. 

5.3 Results and Discussion 

5.3.1 Anomalous Diffusion 

In sorption measurements, if Mt denotes the cumulative mass sorbed in a 

sorption run and M, is equilibrium sorption, then in al1 cases at small times t 

(Crank, 1975; Frisch, 1980): 

In case I or Fickian transport, where the rate of diffusion is much less than the 

rate of relaxation, n = 0.5; in case II transport, where diffusion is very rapid 

compared to the rate of relaxation, n = 1. Non-Fickian systems lie between case 

1 and case II, and n takes an intermediate value between 0.5 and 1. When n is 

between 0.5 and 1, the sorption curves are sigrnoidai in shape with a single 

inflection point offen at around 50 percent equilibrium sorption (Marom, 1985; 

Aihal et a/., 1990). 

Sorption curves, with each curve representing measurements for one film 

sample, were plotted as percent penetrant (water) weight gain versus square 

root of time for EF-El5 films (Figures 5.1, 5.2 and 5.3). L is the film thickness. 

The curves show that sorption rates increased as temperature and water activity 

increased. In general. for Fickian sorption, a plot of weight gain versus tqR 

should increase linearly up to about 50% sorption (Frisch, 1980; lllinger and 
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Figure 5.1. Watersorption curvesfornon-oriented EVOH film 
(EF-E15) at 25'~. The solid Iines represent the 
fitted curves using equation (5.1)- 

(tRZ)lR x 1 O),  SIC^^)'^ 
Figure 5.2. Water sorption cunres for non-oriented EVOH film 

(EF-E15) at 35OC. The solid lines represent the 
fitted curves using equation (5.1). 
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Figure 5.3. Water sorption curves for non-onented EVOH film 

(EF-E15) at 45OC. The solid Iines represent the 
fitted curves using equation (5.1). 

Schneider, 1980). The linear shape of water sorption curves up to about 80% of 

maximal sorption levels for WOH film at 25'~ (Figure 5.1) indicated that the 

sorption proœsses could be described as Fickian. However, deviations from 

Fickian sorption were observed at higher temperatures and high water activities, 

as evidenced by slightly sigmoidal sorption curves in Figures 5.2 and 5.3. These 

sigrnoidal curves demonstrate that, as temperature and a, increased, the rate of 

diffusion increased more rapidly than the rate of relaxation until the diffusion and 

relaxation reached comparable levels, commonly descnbed as anomalous 

d-ffusion (Crank, 1975). From least-squares analyses of the sorption data 

obtained, the values of n were estimated (Table 5.2). The calculated n values 

appear to indicate some systematic variations with temperature and water 



activity. At 2S°C, n values were approximately 0.50, indicating that water vapor 

transport was controlled by Fickian diffusion. At 35 and 4 5 ' ~ ~  the higher n 

values at high a, were indicative of non-fickian or anornalous diffusion. 

Table 5.2. Exponent n values for moisture sorption of non-oriented 
EVOH film (EF-E15) as infiuenced by temperature and 
water activitv 

0.94 0.55 0.91 0.68 0.87 0.87 

Each n value represents the mean of two calculations based on 
duplicate measurements. 

5.3.2 Diffusion and Solubility Coefficients 

The diffusion of water in thin layer films suspended in an atrnosphere of 

vapor rnaintained at constant temperature and pressure is assumed to follow 

Fick's second law (Crank, 1975): 

where x is the position, t is the tirne, c is the concentration, and D is the diffusion 

coefficient which is independent of concentration. Under the experimental initial 

and boundary conditions, the solution of equation (5.2) is given as (Crank, 1975): 



The value of t/L2, for which Mt I M, = 0.5, can be conveniently written as (t/~*),, 

and inserted in the following equation to calculate the diffusion coefficient (D): 

The diffusion coefficient was assumed to be independent of the 

concentration of the penetrant and then equation (5.4) was used to calculate the 

mean coefficient O, representing the average value of the variable diffusion 

coefficient over the range of concentration for each sorption curve. For 

concentration-dependent diffusion processes, the mean diffusion coefficient can 

be related to the variable diffusion coefficient by the approximation (Crank, 

? 975) : 

- C 

D = ~ D Ç I C  
O 

(5.5) 

where O to Co is the concentration (g water/100 g EVOH) range existing in each 

film sample during its water sorption rneasurements. 

A numerical differentiation of D Co versus Co gave a first approximation to 

the relationship between D and C. The estirnatecf diffusion coefficients obtained 

from the first approximation are presented in the semi-log plot (Figure 5.4). 

Diffusion coefficients increased exponentially with an increase in a, at a given 

temperature. The higher the temperature, the 

This observation suggests that sorbed water 
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greater the diffusion coefficient. 

plasticized the EVOH polymer, 



resulting in the increased diffusion coefficients. 

400 

a, 
Figure 5.4. DiHusion coefficients for water in non-oriented EVOH film 

(EF-E15) as functions of a, and temperature. 

The solubility coefficients (S) of water in EVOH films shown in Figure 5.5 

were calculated from the M, values at each temperature using the following 

equation: 

where me is the dry weight of the sample film, and p, is the saturation vapor 

pressure at that temperature. As expected, the solubility of water in EVOH 

decreased with increasing temperatures due to the negative value of AH, (the 



Figure 5.5. Sol ubility coefficients for water in non-oriented EVOH film 
(EF-E15) as functions of a, and temperature. 

heat of solution) resulting from the heat of condensation of water, but increased 

ai higher a, as a result of the plasticization effect of sorbed water on the 

polymer. 

5.3.3 Moisture Sorption Isotherms 

Experimental moisture sorption isothems for the EVOH films at 25, 35 

and 45OC (Figure 5.6) indicated that equilibriurn sorption for each film increased 

as a,,,, increased, but decreased as temperature increased. At 25'~ and a, = 1.0, 

equilibrium water sorption values for the EF-E15. EF-FI5 and EF-XL15 films 



Figure 5.6. Moisture sorption isothems of three EVOH films. 



were approxirnately 6.8, 8.4 and 6.8%, respectively. The higher ethylene 

content (44% mol) of the EF-El5 film was thought to be responsible for its 

greater water resistance compared to the EF-FI 5 film. Biaxially oriented EF- 

XL15 EVOH film showed approximately 20% less water sorption at 25'~ and a, 

= 1.0 than the non-oriented EF-FI5 film, akhough both films contained 32 mol% 

ethylene. For semi-crystalline polymers such as EVOH and nylon, orientation is 

a common stretching process which improves gas and vapor bamer properties 

due to increased tortuosity and stress-induced crystallization (Schroeder, 1984). 

Lower water sorption by the oriented EVOH film may have resulted in a reduced 

plasticization effect of water. 

The experimental data of water sorption were frtted by the Guggenheim- 

Anderson-de Boer (GAB) equation, which has been used comrnonly to describe 

rnoisture sorption isothems of many food products (Weisser, 1985; Taoukis et 

al., 1988): 

where the parameters C and K are temperature dependent, and can be 

described using equations (5.8) and (5.9): 



In the above equations, rn, is the monolayer water content on a dry weight basis 

(g H20/100 g); AHc represents the difference in heat of sorption between the 

monolayer and rnultilayer water and AHK represents the ciifference in heat of 

sorption between the free and multilayer water. 

The derivation of this three-parameter equation was based on the BET 

sorption theory but developed independently on the principles of statistical 

mechanics and kinetics (Van den Berg, 1985). These three parameten depend 

on the film characteristics and temperature. Equations (5.8) and (5.9) were 

substituted into equation (5.7) and the resulting fve parameter isothems were 

fitted to the experimental data using the Marquardt-Levenberg algorithm. The 

parameters estirnated were included in Appendix C (p. 169). The GAB equation 

predicted the isotherms very well (Figure 5.6). 

5.3.4 Water Clustering 

A positive deviation of equilibrium sorption from Henry's law is indicative 

of the clustering tendency of a penetrant in a polymeric material (Williams et ai., 

1968; Starkweather, 1980). AIl isothems (Figure 5.6) had an upward curvature 

which became more pronounced at high a,, indicating the clustering of water 

molecules in the EVOH polymer. Zimm and Lundberg (1956) developed an 

equation to caiculate a cluster integral from the isothem. For component 1 

(water) in a binary mixture, a cluster integral, G,,, may be calculated from: 



where v, is the molecular volume, <pl is the volume fraction and al is the water 

activity. For an ideal solution, the water activity coefficient (yl=all<pl) does not 

Vary with concentration, Le., the water actÎvity is proportionai to the volume 

fraction, and equation (5.10) becomes: 

For non-randorn rnixing solutions, however, the water activity coefficient 

decreases with increasing 9, so that Gll/v, is greater than -1. The extent of 

clustering in the solution is indicated by the extent to which Gl,/vl exceeds -1. 

The value of <plGl1/v1 is the mean number of excess water molecules in the 

neighborhood of a given water rnolecule. The average number of water 

molecules in a cluster can be descnbed by the following equation (Brown, 1980): 

where N, is the cluster number. For an ideal solution, the activity coefficient is 

constant, and N, is equal to one, which rneans there is no clustering of water. 

By combining equations (5.7), (5.1 0) and (5.1 2), N, can be expressed as: 

To deduce this equation, the variable m in equation (5.7) was transforrned frorn 



gravimetric to volumetric fraction <pl using densties of 1.14, 1.1 9 and 1.1 9 g/cm3 

at a dry state for EF-El 5, EF-FI 5 and EF-XL1 5 films, respectively. 

Cluster numberç for water in RIOH, mlculated from equation (5.1 3), are 

shown in Figure 5.7 as a function of aw. At low a,,,, water was distributed mainly 

through the polymer matrix, probably sorbed on the active sites in the polymer. 

As a, hcreased, water molecules predominantly clustered on these hydrogen 

bonding sites, likely resulting in plasticization of the polymer. Water molecules 

which entered the polymer structure first, may have opened the structure 

enabling subsequent water molecules to sorb in the neighborhood of the initially 

sorbed molecules. A similar observation was reported by Starkweather (1 980) in 

a study on water sorption in nylon. 

Temperature did not have a substantial influence on clustering of water in 

EVOH as compared to a,. However, a combination of high temperature and 

high a, may enhance segment motion and the plasticization of EVOH, causing 

changes in barrier, thermal and mechanical properties, such as permeabilities, 

glass transition temperature and tensile strength. 

5.3.5 Water Vapor Transmission 

The change in W R  of the EVOH films as a function of upstream RH 

was slow at a low RH range (30 to 60% RH) (Figure 5.8). indicating that N O H  

had good water vapor barrier properties at low RH. Beyond 70% RH, an 

increase in WVTR with increasing RH was observed for the EVOH films. 
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Figure 5.7. Clustering of water molecules in three EVOH films as 
functions of aw. 
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Figure 5.8. Water vapor transmission rates of three EVOH films as 
functions of relative humidity- 



The non-oriented EVOH film with 44 mol% ethylene (EF-E15) had a 

greater MF3 at low RH than the non-oriented EVOH film with 32 mol% 

ethylene (EF-FIS), due to the greater polymer chain motion of the higher 

ethylene EF-El5 film. However, as RH increased beyond 70%, the EF-FI5 film 

had greater WVTR values cornpared to the EF-E15 film, indicating that the 

plasticization effect of water was more pronounced on the lower ethylene EF-FI 5 

film. The biaxially oriented EVOH film (EF-XL15) did not dernonstrate better 

water vapor barrÏer properties than the non-oriented EF-FIS film at low RH. 

However, at high RH levels, the water vapor transmission rates of the EF-XL1 5 

film were found to be lower, most notably at 35OC. Therefore, the influence of 

orientation, resulting in better water barrier properties of the EF-XL15 film, 

occurred only at high RH due to the decreased water sorption by the oriented 

EVOH film, and thus less plasticization effect by water at high RH. 

The permeability coefficients of the EVOH films to water at 15, 25 and 

35OC as a function of upstream RH are presented in Figure 5.9. At low RH, 

permeability coefficients decreased slightly wlh increasing RH for al1 EVOH 

films. However, after permeability coefficient values reached minimal levels, they 

increased with increasing RH; the degree of increase was the greatest for the 

EF-F1 5 film. 

The influence of RH on changes in gas and vapor permeabilities through 

glassy polyrners infiuenced by RH has been commonly observed (Stannett et al., 

1980, 1982; Chern et al., 1983; Kollen and Gray, 1991; Hemandez, 1994; 

Kumazawa and Bae, 1996). The reduced permeabilities to water at low RH may 
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Figure 5.9. Water vapor permeabiiity coefficients of three EVOH films 
as functions of relative humidity. 
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be due to the strong interaction of sorbed water molecules with the polymenc 

matrix. which is in a glassy state at low RH. Less mobility of sorbed water 

molecules at active sites, resulting from the strong interaction between the 

sorbed penetrant and the polymer, may have caused the decreased diffusion 

coefficient of water through the polymer and reduced water pemeability. As 

active sites were occupied and saturated by water molecules at increasing RH 

up to an intermediate level. the ditfusion coefficient was less affected by the 

presence of the sites and reached an asymptotic low limit. As RH increased 

further, more water was absorbed in the poiyrner and weakened the strength of 

intemolecular bonds. Above approximately 70% RH, the polymer was 

increasingly plasticized by the sorbed water, resulting in the increased water 

permeability. 

5.4 Conclusions 

Fickian diffusion in the non-oriented EVOH film was observed from Iinear 

sorption curves up to about 80% of the eventual maximal value at 25OC. 

Deviations from Fickian diffusion at higher temperatures and high water activities 

were indicative of anomalous diffusion. Diffusion and solubility coefficients were 

concentration-dependent. Cluster numbers calculated from the clustering theory 

indicated that non-randorn rnixing between water and polar groups in the 

polymer occurred during the sorption process. The total water sorbed by the 

polymer wuid be viewed as a sum of the amount contributed by normal randorn 



mixing (which was detennined by sorption according to Henry's Iaw) and the 

amount due to clustering of water. 

The investigation of the WVTR of the three EWH films indicated mat 

WVTR values were strongly influenced by the atmospheric humidity and 

temperature. At intermediate RH, minimal water vapor perrneability coefficients 

for the EVOH films were found, possibly due to the strong interaction of sorbed 

water with the active sites of the polymer. 



6 INFLUENCE OF RH ON THERMAL AND MECHANICAL PROPERTIES 

OF EVOH FILMS 

6.1 Introduction 

Plastic materials are cornmonly used for packaging because they can 

supply desirable thermal and mechanical properties at an economical cost. The 

thermal and mechanical properties are often considered the most important of al1 

the physical and chemical properties of polyrners for rnost packaging 

applications. These properties are detemined mainiy by the chemical 

composition of the polymers, as well as their structural factors and potenüal 

influences by environmental variables. Structural factors include rnolecular 

weight, crosslinking and branching, crystallinity, plasticization and molecular 

orientation of the polymer. Environmental or external variables are temperature, 

time, applied stresses and strains, heat treatments and the nature of the 

surrounding atrnosphere (Bikales, 1971 ; Nielsen, 1974; McKague et a/., 1978; 

Cowie, 1 991). 

ln the case of EVOH, the presence of water molecules in the hydrophilic 

polymer matrix not only influences the way in which the pemeant is sorbed and 

diffused, water also leads to the depression of the glass transition temperature 

(Tg) and to changes in mechanical properties of the polymer due to the 

plasticization effect of water (Fuzek, 1980; Moy and Karasz, 1980; Hernandez, 

1994; Khanna et al., 1996). For instance, when the Tg of the poiymer drops 

below the storage temperature of the package. a substantial increase in oxygen 
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permeability is expected, resulting in a shorter shelf life for oxygen-sensitive 

foods contained by the plastic material. Wachtel et al. (1985) reported that the 

Tg of dry EVOH was approximately 70°C. However, the Tg of EVOH in the 

presence of 8% water was below room temperature. 

Tu date, changes in Tg and mechanical properties of EVOH due to water 

absorption have not been fully studied and correlated to transport characteristics 

of the polymer. In addition, although the most notable property of EVOH is its 

bamer to gases, solvents, flavors and aromas, its mechanical properties may 

also be an important consideration in flexible packaging applications. Therefore, 

this study was undertaken to evaluate the effects of RH on the thermal and 

mechanical properties of EVOH. 

6.2 Materials and Methods 

6.2.1 Differential Scanning Calorimetry 

The three types of EVOH film described previously (section 5) were 

studied. EVOH film samples (5 mg) were placed into alurninum differential 

scanning calonmeter (DSC) pans; pans and lids were dried in a vacuum oven 

(20 Pa) for ai least 24 h a i  85OC. After drying, samples for anhydrous analysis 

(0% RH) were sealed hermetically and stored in desiccators. The remaining 

samples (unclosed pans and Iids) were transferred immediately to alurninurn 

weighing dishes, placed in 100 mL beakers above saturated salt slushes with 



seven leveis of a, ranging from 0.23 to 0.94, and placed in 1 L glass jars that 

were sealed. The jars were set into an incubator controlled at 2 5 ' ~  for 24 h to 

allow the samples to approach an equilibn'um with the surrounding atmosphere 

of controlled relative humidity. Lids were then placed on the DSC pans, and the 

samples were equilibrated for at least a further six hours before the pans were 

sealed herrnetically for DSC analysis. 

The Tg values for the three EVOH films were detemined using a DuPont 

Thermal Analyst 2000 system (Model TA2910 DSC, TA Instruments, New 

Castle, DE). Temperature and ceIl constant calibration were camed out using 

gallium as a standard. The dry and rehumidified samples were scanned at 15.0 

Co/min, and the Tg was determined as the onset temperature of the glass 

transition. Four replicate sarnples were prepared for each level of rnoisture 

content; samples were analyzed over a temperature range of Tg * 30C0. 

Processing of semicrystalline or amorphous plastics can result in intemal 

molecular stresses which would be relieved on reheating. The release of these 

stresses sornetirnes appears as a small endothermic relaxation event 

immediately after glass transition. To separate the reversible glass transition 

from the non-reversible endothermic relaxation, the Modulated Temperature 

DSC (MTDSC) technique was used to confimi the Tg identified using DSC. The 

modulation amplitude and period were 0.800C0 and 60 s, respectively and the 

heating rate was 2 Co/min. In an MTDSC rneasurement, the sample was 

exposed to a linear heating rarnp which had a superirnposed sinusoidal 



temperature osciIlation resulting in a cyclic heating profile. 

The melting temperature CT,) and the heat of fusion (AHm) of al1 EVOH 

films were also measured using DSC, to correlate these results with the Tg 

values and mechanical properties of EVOH. The samples were exposed to room 

temperature and RH before measurements were taken. A heating rate of 

10Co/min was used from 90 to 220°C. The temperature and the enthalpy were 

calibrated using indium as a standard. Again, four replicates were used to obtain 

average values for the EVOH films. 

6.2.2 Mechanical Testing 

Mechanical testing was perfomed at room temperature using an lnstron 

Universal Testing Machine (Instron Co., Canton, MA) in accordance with test 

procedure ASTM D 882-95a (1996) to measure the tensile properties of EVOH 

films. Tests were carried out on the transverse direction (Tû) and the machine 

direction (MD) of the samples to study the effect of film forming processes on the 

structural hornogeneity of the polymer. From the stress-strain curves, the 

following properties were determined: tensile modulus, yield strength, elongation 

at failure and tensile strength. Gauge length was initially at 50 mm, and 

crosshead speeds of 50 and 500 mrn/min were used for tensile modulus and 

tensile strength rneasurements, respectively. 

Razor blades were used to cut WOH films into rectangular stnps having 

width of 15 mm and length of 150 mm. The samples were then dried in a 



vacuum oven ovemight at 85OC to remove the moisture that was present initially 

in the polymer matrix. Sorption experiments were carried out at room 

temperature (22 *l°C). Desiccant (CaSO,) and saturated salt slurries were used 

to provide eight levels of RH ranging from 0% to 94%. Beakers (100 m l )  

containing salt slushes were placed into 1 1 air-tight glass jars. The samples 

were humidified in the jars for 24 h at ambient temperature. At each RH level, 

five and eight sarnples of each WOH film were used for tensile modulus and 

tensile strength measurements, respectively. 

6.3 Results and Discussion 

6.3.1 Glass Transition Temperature 

Glass transition temperature measurements were based on detection of a 

heat capacity change occuning during the transition from a glassy to a rubbery 

state. The increase of heat capacity dunng glass transition resulted in a baseline 

shift of themograms. Figures 6.1, 6.2 and 6.3 show the influence of RH on the 

glass transition temperatures of EVOH films. At dry conditions (0% RH), the Tg 

of EF-EIS, EF-FIS and EF-XL15 films was approximately 55, 60 and 63OC, 

respectively, which corresponded ta literature values (Wachtel et al., 1985; 

lkegami et al., 1991). As RH increased, Tg decreased and the temperature 

range crossing the 7, transition also became wider for al1 EVOH films examined. 

At intermediate humidities ranging from 23 to 75% RH, a small endothermic 



Temperature, OC 

Figure 6.1. DSC curves for non-oriented EVOH film (EF-E15) 
at various relative humidities. 

Temperature, OC 

Figure 6.2. DSC curves for non-oriented EVOH film (EF-FI 5) 
at various relative hurnid ities. 
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Figure 6.3. DSC curves for biaxially oriented EVOH film (EF- 
XL? 5) at various relative hurnidities. 

relaxation event occurred after the glass transition. 

MTDSC was used to confirm the Tg values by separating the glass 

transition from the endothemic relaxation (Figure 6.4). One of the principal 

advantages of MTDSC is that the value of the heat capacity at the glass 

transition can be determined independently of any enthalpic effects due to 

relaxation events. thus making the interpretation of the results rnuch less 

equivocai (Song ef al., 1995). Separation of the total heat flow from the solid line 

(Figure 6.4) into its reversing and nonreversing components allowed for 

distinguishing between overlapping thermal events with different behavior. The 

reversing curve showed a glass transition at approximately 38OC, which matched 

the values measured by conventional DSC for EF-XL15 film samples at 43% RH. 
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Figure 6.4. MTDSC curves for biaxially oriented EVOH film (EF- 
XL15) at 43% RH. 

The nonreversing curve in this case had an endothermic relaxation at around 

40°C. 

A marked drop in Tg (20 Co) was observed with an increase in relative 

humidity from O to 23% RH in al1 N O H  films (Figure 6.5). A similar observation 

was reported by Marom (1985) in a study on changes in Tg values of nylons and 

polyvinyl alcohol due to water absorption. One accepted explanation is that the 

presence of small amounts of water in these polymers breaks hydrogen bonds in 

the polymeric structures, thereby causing extremely large decreases in Tg 

(Marom, 1985). From 23 to 43% RH, Tg decreased very slowly for al1 EVOH 



Figure 6.5. Onset glass transition temperatures for various EVOH films 
as a function of aw. Each data point represents the mean 
of 4 replicate deteminations. 

films (less than 4 Co). As RH increased beyond 75% RH, Tg values decreased 

rapidly below room temperature since the polymer was much more severely 

plasticized. At low RH, the lower ethylene content EF-FIS film had higher Tg 

values than the EF-El5 film. However, the Tg values for EF-FI5 film decreased 

much more so with increasing RH due to the higher moisture sorption of the film. 

Biaxially oriented EF-XLl5 film absorbed less water, resulting in a better 

resistance to Tg depression than non-onented EF-FI 5 films, especially at low 

RH. 

Schaper (1 989) and Demorest (1991) reported that oxygen permeabilfty of 
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EVOH did not change substantially below 75% RH. However, at high RH, a 

rapid increase in oxygen pemeability was observed. A possible explanation 

based on these Tg results is that the onset of Tg for EVOH is high at low RH (25 

to 37OC at 65% RH), indicating that the polymer is still in a glassy state at room 

temperature; therefore, no large increase in pemeability due to plasticization 

should be expected. When Tg is below room temperature at higher RH, the 

oxygen diffusion rate will increase and result in higher oxygen pemeability. 

The Tm and AH, values of N O H  are shown in Table 6.1. The EF-FI5 

film with lower ethylene content had a higher Tm due to less chain flexibiiity and 

stronger interchain forces. Orientation was found to result in increased Tm and 

AH, values. The higher Tm and AH, values demonstrated that the biaxially 

oriented polyrner was more ordered and had a greater degree of crystallinity, 

indicating that the regularity, tightness and crystallization rate of the polymer 

were influenced by fabrication conditions (Cowie, 1 991). 

Table 6.1. Melting temperature (Tm) and enthalpy (AHm) of N O H  
films as influenced by ethylene content (mol%) and biaxial 
orientation (BO) 

-- 

EVOH 

-- . 

EF-El5 (44 mol%) 157.8 a + 3.2 57.!ja k 0.7 

EF-FI 5 (32 mol%) 173.gb & 2.7 55-ga k 3.4 

EF-XL15 (32 mol%, BO) 179.7' k 1.2 65.2b f 3.2 

Means in columns with the same letter are not significantly different (p>0.05) 
and k vaIues represent standard deviation. 



6.3.2 Mechanical Properties 

6.3.2.1 Tensile modulus and yield streng 

Tensile modulus is defined as the ratio of tensile stress to strain over the 

range for which this ratio is constant (Robertson, 1993). The results obtained for 

the tensile rnoduli of WOH films as functions of RH are presented in Figure 6.6. 

In general, the modulus of EVOH decreased as RH increased, and the effect of 

RH on the modulus was less pronounced at low RH. Sorbed water molecules in 

the polymer matrix likely lowered the Tg, thereby resulting in a decrease in the 

modulus. When RH was beyond 75%, Tg values of EVOH films were depressed 

EF-El5 
i EF-FI5 
A EF-XL15 (TD) 
r EF-XL15 (MD) 

O 20 40 60 80 100 

RH, % 

Figure 6.6. Tensile modulus for three N O H  films as functions of 
relative humidity. Error bars represent std. deviation. 



to below roorn temperature as discussed earlier, and this was Iinked to larger 

decreases in tensile moduli- 

For the non-oriented EVOH films (EF-El5 and EF-FIS), there were no 

significant differences in the moduli in the two directions of the polymer at each 

level of RH ( ~ ~ 0 . 0 5 ) .  In contrast, for the biaxially orïented EVOH film (EF-XLIS), 

the modulus in the machine direction (MD) was significantly higher than that in 

the transverse direction (TD) at a given RH (pc0.05). The higher modulus in the 

machine direction may be attributed to the relatively higher stretching ratio of the 

film as compared to that in the transverse direction. Therefore, the biaxially 

oriented EVOH film had measurable anisotropic properties in the tensile moduli 

measurements. 

The ethylene content of EVOH films was found to affect the modulus. The 

higher the ethylene content, the lower the modulus over the RH range of O to 

75%. Wfih differences in ethylene content, the cohesion by intemolecular 

hydrogen bonds is believed to change, which consequently influences the 

flexibility of the polymer chains. The EF-FI5 film, with a lower ethylene content 

than the EF-El5 film. has a greater cohesive energy, resulting in less flexibility of 

its polyrner chains as reflected by the higher tensile modulus below 75% RH. 

However, as RH increased beyond 75% RH, the modulus of the EF-FI5 film 

decreased to a greater extent and was lower than that of the EF-El5 film. The 

EF-FM film is likely more sensitive to moisture and possibly, was more severely 

plasticized at high RH. 



The modulus of glassy polymers can be greatly enhanced by molecular 

orientation of the polymer chains due to stress-induced crystallizaiion during film 

stretching (Comyn, 1985)- Figure 6.6 indicates that the biaxially oriented EVOH 

film (EF-XL15) had a higher rnodulus in both transverse and machine directions 

than the non-oriented EVOH films. 

Yield strength of the three W H  films, which is described as the tensile 

stress at which the first sign of a non-elastic deformation occurs divided by the 

original cross-section of the film sarnple, shows a similar trend influenced by RH, 

ethylene content and orientation (Figure 6.7). 

O 20 40 60 80 1 O0 

RH, % 

Figure 6.7. Yield strength for three EVOH films as functions of relative 
humidity. Error bars represent std. deviation. 



6.3.2.2 Elonga tion a t failure 

Elongation at failure was measured at the failure point of the film sample 

during film stretching and was expressed as the percentage of change of the 

original length of the material. The changes of the elongation of three EVOH 

films on the two directions are presented in Figure 6.8. For non-oriented EVOH 

films. dwerent profiles of the elongation in the two directions were observed. In 

the transverse direction. the polymer was very brittle at dry conditions and the 

samples broke immediately during film stretching. As RH increased. elongation 

increased rapidlv and the films became more ductile. In the machine direction, 

although elongation increased as RH increased, the RH influence was much less 

pronounced than in the transverse direction. Moreover, at low RH, the 

elongation in the machine direction was higher than that in the transverse 

direction. However, when RH was beyond 70%, a reverse situation was 

obsewed. For the biaxially oriented EVOH film, elongation in both directions 

increased linearly as RH increased. Through the entire range of RH from O to 

100%. the elongation in the machine direction was always lower than that in the 

transverse direction at a given RH, most likely due to a higher stretching ratio of 

the film in the machine direction during the orientation processes. As compared 

to the non-oriented EVOH films, the biaxially oriented EVOH film had lower 

elongation. 

An explanation for lower elongation of the polymer at low RH is that 

rotation of single bonds in the polymer backbone was not possible when the 
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Figure 6.8. Elongation at failure of three EVOH films as functions of 
relative humidity. Error bars represent std . deviation. 



polymer was in the glassy state at low RH so that rnovements of large scale 

segments of macromolecules were prevented. Therefore, when the polymer was 

stressed during stretching, there was Mile dissipation of the applied work 

resulting from the reorientation of macromolecular sections in the film sarnple, 

and the polymer was fractured in a brittle manner. In contrast. at high RH the 

polymer was plasticized by water and became so soft that the polymer molecules 

became oriented in the direction of the applied force during stretching, resulting 

in greater elongation of the polyrner. 

In measuring the elongation of the EVOH films, anisotropy of the polymer 

was observed. This may be attributed to procedures involved in film processing, 

such as extrusion, orientation and the speed of processing. These steps are 

considered to be important variables, resulting in more stretching in the machine 

direction. In general, crystalline lamellae are the basic units in the 

microstructures of solid semicrystalline polymers. These larnellae f o m  

aggregates called spherulites during static crystallization (Rudin, 1982). During 

high speed extrusion processes used for film manufactoring, the polymer 

molecules crystallize and f o m  elongated crystals aligned in the fiow direction. In 

addition, dunng film orientation at the temperature between Tg and Tm, a fibrillar 

morphology is formed with a crystallizable polymer. Lamellae are broken up into 

folded-chain blocks connected together in rnicrofibrils, leading to the anisotropic 

structure of the polymeric material. 



6.3.2.3 Ulu'mafe tensiie strength 

Ultirnate tensile strength is the maximum load sustained by the film 

sample during the test. divided by the original cross-sectional area of the sample. 

Different patterns of ultimate tensile strength infi uenced by RH were obtained for 

the non-oriented EVOH films (EF-E15 and EF-FIS) in the two directions (Figure 

6.9). In the transverse direction, ultimate tensile strength decreased as RH 

increased from O to 50%. However, at high levels of RH, from 50 to 100%. 

ultimate tensife strength increased with increasing RH and the curves had a 

shape convex to the RH axis. In contrast, curves for the machine direction were 

observed to be concave to the RH axis. Different ultimate tensile strength 

profiles in the machine direction and in the transverse direction also indicated 

that the non-oriented EVOH films had an anisotropic structure. 

The ultirnate tensile strength of the biaxially oriented EVOH film increased 

with the increase in RH from O to 40% and then decreased with increasing RH 

up to 100%. The curves in the transverse and machine directions had a similar 

shape which was concave to the RH axis. Moreover. although the elongation at 

failure in the machine direction was less than in the transverse direction at a 

given RH (Figure 6.8), ultimate tensile strength was higher than in the transverse 

direction. A high stretching ratio in the machine direction of the biaxially oriented 

film may have resulted in the enhanced tensile strength. Compared to the non- 

oriented EVOH films, the biaxially oriented EF-XL15 film had much higher 

ultirnate tensile strength than the non-oriented EVOH films, which is likely due to 

the greater rnolecular orientation of the oriented EVOH film. 
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Figure 6.9. Ultimate tensile strength of three EVOH films as functions 
of relative humidity. Error bars represent std. deviation. 



6.4 Conclusions 

EVOH films with higher ethylene content and biaxial orientation were 

found to have a greater water and Tg depression resistance. At low RH, Tg 

values for al1 EVOH films studied were above room temperature; however, 

beyond 75% RH the Tg values were depressed below room temperature. Low Tg 

values are indicative of plasticization in the EVOH polymers and rapid increases 

in oxygen penneability would be expected. These results may be useful to 

provide a better understanding of the influence of storage conditions, such as 

RH and temperature, on the barrier properties of EVOH packaging rnaterials. 

The presence of water vapor in EVOH films affected mechanical 

properties of the polyrner substantially. The tensile rnodulus and yield strength 

decreased with increasing RH. This was attributed to the plasticization effect of 

water on the polymer. As RH increased, the Tg values of the EVOH films were 

depressed to lower temperatures and consequently the tensile modulus and 

yield strength at normal ambient temperatures were profoundly decreased. 

Water absorption in the EVOH films also resulted in changes in elongation and 

tensile strength. In general, the polyrner was relatively stiff and brittle at low RH 

conditions. However, when RH increased, the polymer became soft and ductile 

resulting in high elongation. In addition, mechanical property rneasurements 

indicated that EVOH films had an anisotropic structure. 



7 OXYGEN AND AROMA BARRIER PROPERTIES OF EVOH FILMS 

7.1 introduction 

ln cornparison to glass and metal containers, plastic packages are 

permeable to gases, water vapor and aroma compounds. The permeation of 

these components may compromise the quality of sorne packaged foods (Chao 

and Rizvi, 1988; Robertson, 1993). To overcome this probiern, high barrier . 

polymers such as EVOH, PVDC, PAN, polyethylene naphthalate (PEN) and 

liquid crystal polymers (LCPs) have been developed in the last three decades 

(Sacharow. 1986; Stewart et al.. 1993; Lusignea, 1996). Among these polymers, 

EVOH resins have the fastest growing and largest market for the food packaging 

industry due to their outstanding gas barrier properties, excellent resistance to 

solvent, flavor and aroma pemeation, moderate cost and easy processability 

(Hata and Shimo, 1996). For example, the oxygen permeabilities of EVOH-29 

(29 mol% ethylene) and EVOH-38 in the dry state are 100 times less than those 

of polyamide, and approximately 1,000 to 10,000 times less than those of 

polyethylene and polypropylene (Brown, 1992). lwanami and Hirai (1 983) found 

that the diffusion of oxygen and arorna molecules through EVOH is Iimited by 

high intermolecular and intrarnolecular cohesive energy. However, it is widely 

recognized that transport properties of small gas molecules (O2 and CO,) 

through EVOH, nylons and other hydrophilic polymers are affected by the 

presence of water within the polyrner rnatrix (Demorest, 1992; Hemandez and 



Ohashi, 1992). Tsai and Jenkins (1988) reported that the oxygen bamer 

property of EVOH was reduced substantially when it was subjected to high RH 

conditions. However, the oxygen penneability of EVOH has not previously been 

correlated mathematically to RH and temperature. Moreover, the influences of 

orientation and ethylene content in EVOH films on oxygen pemeability have not 

been descnbed in much detail. 

The transport of fiavor and aroma penetrants through polymeric 

packaging materials has not been investigated as extensively as gas transport. 

due to the complexity of flavors and aromas in natural foods. Some relatively 

recent research articles have addressed the interaction between ffavorlarcma 

and plastic packaging materials (Baner et al., 1984; Hemandez et al., 1986; Liu 

ef al., 1988; 1991 ; Sajiki and Giacin, 1993; Salame. 1996; Demorest and Mayer, 

1998). However, one research area that has been emphasized is the loss of d- 

limonene in citrus products due to the scalping effect of the PE liner of barrier 

packages for aseptically processed juices (Mannheim et al., 1987; Mohney et al., 

1988; Letinski and Halek, 1992; Pieper et al., A992; Kobayashi et al., 1995). A 

barrier carton laminate material usually contains PUtie IayerlAl foil/tie 

layer/paperboardlPE. EVOH has been used to replace aluminum foi1 as the 

aroma barrier layer (Baner et al., 1991). However, using EVOH as an aroma 

barrier layer in these packages would not prevent the Ravor absorption by inner 

sealable layen. Further, d-limonene may permeate the EVOH layer at high RH 

which could magnify the scalping effect for citrus juices. Altematively, EVOH 



could be used as a coating material on the inner layer of bamer packages to 

decrease the scalping effect of PE. However, itç effectiveness may be 

compromised at high RH. 

The first objective of this study was to investigate the effects of RH and 

temperature on the oxygen barrier properties of EVOH fiims, and then to develop 

semiernpin'cal equations for the calculation of 02TR in the EVOH films based on 

the observed relationships. The second objective was to investigate and 

compare the effects of RH and temperature on the pemieation of an aroma 

(limonene) through EVOH and nylon 6,6 films. 

7.2 Materials and Methods 

7.2.1 Determination of Oxygen Transmission Rate 

Oxygen transmission rates (02TR) of the three EVOH films described 

previously (EF-E15, EF-F7 5 and EF-XL15) were measured using a continuous 

fiow technique with an OX-~ran@ 2/20 (Modem Controls, Inc., Minneapolis, MN), 

following the ASTM Standard Method D 3985-81 (ASTM, 1995). Three 

temperatures (15, 25 and 35OC) and eight levels of RH ranging from O to 94% 

were used for 02TR rneasurernents. Salt slushes were used to calibrate the RH 

sensors. Duplicate sarnples of each EVOH film were conditioned at each 

experimental treatment for 2 h. During conditioning, a film sample was placed 

between the two halves of the pemeability cell and flushed with nitrogen carrier 



gas to completely remove traces of oxygen. Oxygen was then introduced to one 

surface of the sample at atmosphenc pressure. Permeated oxygen was camed 

by the carrier gas to a couiometric sensor. 

7.2.2 Aroma Pemeation 

The aromatic compound limonene (297% pure d-limonene) obtained from 

Sigma Chernical Co. (St. Louis, MO) was used to evaluate the aroma barrier 

properties of selected films. The pemeation of lirnonene was measured using a 

pemeability testing cell as described by Lim and Tung (1997). Figure 7.1 shows 

the test apparatus which allows continuous gathering of pemeation data from 

the initial time zero to steady state conditions, following a quasi-isostatic 

procedure. The cell was comprised of upper and lower (high and low penneant 

- 

1. Metenng vaives S. Vian O-ring 9. Injection port 
2. Rotameters 6. Test film I O .  Gas chromatograph 
3. Saturateci salt solution 7. d-limonene 
4. Permeabiiity cell 8. Circulation bath 

Figure 7.1. Test apparatus for measufing limonene pemeability 
throug h plastic films using a quasi-isostatic rnethod. 



concentration) chambers separated by the film sarnple. Hermetic separation of 

the two chambers was achieved by cornpressing two Viton O-rings on the film 

sample at the periphery of the chamber. Cell temperatures were rnaintained by 

circulating a temperature-controlled fluid through a water jacket in the test 

apparatus. Stainless steel tubing was wound with heating tape to avoid 

condensation of Iimonene and/or water vapor in the camer gas. Saturated sait 

slushes or distilled water were used to provide a constant RH condition in the 

bottorn chamber. The RH in the top charnber was adjusted by passing Na carrier 

gas through a temperature-controlled glass jar containing sait slushes or distilled 

water. 

During perrneability testing, the lower cell chamber was purged constantly 

with a stream of N, as a carrier gas. The increase in limonene concentration in 

the camer gas was determined continuously by a Hewlett Packard Mode! 6890 

gas chromatograph (GC) (Hewlett Packard Co., Wilmington, DE) until steady 

state conditions were attained. The GC was equipped with a Rame ionization 

detector and fitted with an empty stainless steel column, 3-18 mm O.D. The GC 

operating conditions were as follows: oven temperature, 1 80°C; detector 

temperature, 260°C; N2 ROW rate, 30 mumin; and air fiow rate, 240 mumin. GC 

calibration was camed out by obtaining a standard curve of response vs 

penetrant concentration. 

Limonene permeation was measured through the three EVOH films, as 

well as through nylon 6,6 film for cornparison. Nylon 6,6 film (25.4 prn thickness) 



was provided by DuPont Canada Inc. (VVhitby, ON). Before permeability 

measurernents were carried out, the film samples were hurnidified in RH- 

controlled glass jars for more than 12 h, and then secured on the surface of the 

top chamber with masking tape. Limonene permeation was measured at 25, 35 

and 45OC under 75, 83.91 and 100% RH conditions. Films were conditioned for 

2 h at the respective testing conditions; aluminurn foi1 was used to separate the 

film sample from the bottom chamber to prevent exposure to Iirnonene dunng 

this conditioning period. After removal of the alurninurn foil, the two chambers of 

the cell were fastened immediately and permeability testing was initiated. 

Duplicate samples of each film were evaluated for aroma permeation. 

7.3 Results and Discussion 

7.3.1 Oxygen Transmission Rate of EVOH Films 

OzTR of the EVOH films decreased over the range of O to 35% RH at al1 

three te~perature levels. but were higher at higher temperatures (Figures 7.2, 

7.3 and 7.4). Above 35% RH, the 02TR tended to increase as RH increased. 

The RH at which 0,TR regained dry condition levels varied over a range frorn 

approximately 50 to 80% RH depending on the temperature and the type of the 

sample films. Moreover, after reaching dry condition levels, 0,TR increased 

rapidly with an increase in RH, most notably at 35OC. A similar behavior was 
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Figure 7.2. Experimental and predicted values for 02TR of non-oriented 
N O H  film with 44 mol% ethylene content (EF-E15) at 1 atm 
oxygen. Predicted values based on equations from Table 7.1. 
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Figure 7.3. Experimental and predicted values for 0,TR of non-oriented 
N O H  film with 32 mol% ethylene content (EF-FI 5) at 1 atm 
oxygen. Predicted values based on equations from Table 7.1. 
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Figure 7.4. Experïmental and predicted values for 02TR of biaxially oriented 
EVOH film with 32 mol% ethylene content (EF-XL15) at 1 atm 
oxygen. Predicted values based on equations from Table 7.1 . 



reported by Hernandez (1994) for nylon 6, and by Kollen and Gray (1991) for 

multilayer films containing EVOH as well as nylon 6.6. 

The decrease in 0,TR with low RH and the increase at high RH may be 

explained by mixed perrneant analyses (Chem et al., 1983; Vieth, 1991). Water 

molecules are more strongly sorbed than oxygen molecules by the polymer, and 

occupy free volume that would otherwise be available for oxygen permeation. 

Exclusion of oxygen by water from the rnicrovoids of a polyrner matrix reduces 

the available diffusive pathways for the oxygen. As a result, oxygen permeation 

decreases as the RH increases up to an intermediate RH. Concurrently, 

however, sorbed water molecules interact with the polar group of the polymer 

and weaken interrnolecular and intramolecular hydrogen bonding, thereby 

facilitating segmenta! motion and oxygen diffusion. At high RH, this bonding 

effect is more pronounced than the reduction of sorption sites as the polymer is 

increasingly plasticized by the sorbed water, resulting in the large increase in 

02TR observed. 

Compared to the EF-FI5 film, the EF-El5 film had a higher 02TR at a 

given temperature and relatively low RH due to its higher ethylene content. At 

dry conditions, the 0,TR values of the EF-El5 film were 4 to 6 times higher than 

those of the EF-FIS film. However, these differences were reduced with an 

increase in RH, and finally a reverse situation was observed beyond 90% RH. 

The lower water resistance of the EF-FIS film would have likely resulted in more 

severe plasticization by the sorbed moisture at a higher RH. The biaxially 



oriented EF-XL15 film had a similar oxygen barrïer property to the EF-FI 5 film at 

low RH, but had double the bamer property at 90% RH, which may be attributed 

to increased tortuosity and stress-ind uced crystallization resulting from polymer 

stretching during biaxial orientation. 

The 02TR of a polyrneric material is commonly defined as (Robertson, 

1993): 

where Q is oxygen permeation through the polymer, t is time, and A is the area 

of the film. When measuring 02TR, the oxygen pressure on both sides of the 

film, the temperature, and the material thickness and type must be clearly 

specified. Temperature O dependence of OzTR can be described by the 

Arrhenius equation over a certain range of temperature (Robertson, 1993): 

02TR=(02TR), exp - (2) 
where (O,TR), is the pre-exponential factor, and E, is the activation energy of 

the penetrant. 

To develop semi-empirical equations describing the influence of 

ternperature and RH on the 02TR values of the three EVOH films, the Arrhenius 

equation was used to correlate the 0,TR of the EF-El5 film to the reciprocal of 

absolute temperature at 0% and 91% RH (Figure 7.5). A good linear 

relationship was obsewed at both RH levels. RH was found to affect the pre- 



Figure 7.5. Relationship between the 0,TR of non-oriented N O H  film 
(EF-EI5) and the reciprocal of absolute temperature (K -') at 
1 atm oxygen. 

exponential factor and the activation energy. A similar observation was made for 

the other two EVOH films (data not shown). The pre-exponential factor and the 

activation energy of oxygen diffusion through the EF-El5 film were calculated 

and plotted versus RH (Figure 7.6). Activation energy values increased from 48 

kJImol at 0% RH up to approxirnately 89 kJ/mol at 75% RH, and then decreased. 

The initial increase in the activation energy may indicate that the tortuosity of the 

diffusion pathways for the oxygen molecules increased as RH increased. Most 

likely water sorption at the active sites of the polymer and water clusters are 
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Figure 7.6. Activation energy and pre-exponential factor in the Arrhenius 
equation describing 0,TR of non-oriented EVOH film (EF- 
El  5) as a function of RH. 



responsible for this trend. The decrease in activation energy beyond 75% RH 

may have resulted from the dominating plastickation effect of water molecules 

sorbed by the polymer. The plot of the pre-exponential factor refiected a similar 

influence by RH (Figure 7.6). 

Based on the above observations, it is reasonable to divide RH into two 

ranges, from O to 75% and from 75 to 94%, to better fit the Arrhenius equation to 

the experirnental data. Assuming that the preexponential and activation energy 

terms can be expressed as quadratic functions of RH in each of these ranges. 

equation (7.2) can be written as: 

The coefficient of each parameter in equation (7.3) was detemined for the three 

EVOH films using proc glm of the Statistical Analysis System (SAS Institute, Inc., 

1990) and only significant ternis (pc0.01) were used to ffi the rnodel to the 

experimental data (Appendix B). The fitted equations for the three EVOH films 

are presented in Table 7.1. Good agreement was found between values 

obtained using these equations and the experirnental 0,TR values shown in 

Figures 7.2, 7.3 and 7.4. These fMed equations, therefore, make it possible to 

calculate an estimate of the 0,TR of the EVOH films or resins at any given 

temperature and RH. 



Table 7.1. Fiied semi-ernpirical equations for 0,TR (mL rn" day-') of three 
EVOH films over two RH ranges using SAS analysis (Y = OJR) 

7.3.2 Lirnonene Permeability of EVOH and Nylon 6,6 Films 

Peneation curves of limonene through the EVOH and nylon 6.6 films at 

35'~ exhibited a typical initial induction period, followed by a non-steady state 

and a steady state of permeation (Figures 7.7 and 7.8). The induction period 

tended to decrease with RH, while steady state transmission rates of lirnonene 

increased as RH increased. The increased pemeation of limonene through 

these films at high RH was attributed to rnoisture sorptïon in the polymer matrix. 

The penneability coefficients of limonene through the EVOH and nylon 6,6 

films were calculated as follows: 

where Q is the total amount of limonene peneated through area A during time t 

at steady state permeation; x is the thickness of the film; and Ap is the vapor 
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Figure 7.7. Permeation curves for limonene perrneation through EVOH 
films at 35OC. 



Figure 7.8. Pemeation curves for limonene permeation through nylon 6,6 
film at 35OC. 



pressure difference crossing the film sample. The limonene vapor pressures 

reported by Boublik et al. (1 973) were used to calculate permeability coefficients. 

Linear relationships between limonene permeability and the reciprocal of 

absolute temperature were observed (Figures 7.9 and 7.1 0). In addition, RH had 

a substantial effect on the limonene permeabilities of the films. As illustrated 

previously, the EF-FI 5 film was a better barrier to oxygen at low RH compared to 

the EF-El5 film, and then due to the lower water resistance of the EF-FIS film, 

the reverse situation was observed beyond 90% RH. As expected, the influence 

of RH on the limonene banier properties of the two films followed a similar trend. 

Figure 7.9 dernonstrated the higher limonene pemeability of the EF-FI5 film in 

cornparison with the EF-El5 film beyond 90% RH, indicating that the EF-FI 5 film 

was more sensitive to variations in RH. The biaxially oriented EF-XL15 film 

appeared to provide the best Iimonene barrier performance of the three EVOH 

films. Limonene permeation through the EVOH films was not detected after 10 

days of continuous testing at 35'~ under 75 and 83% RH conditions (data not 

shown). The excellent barrier to limonene of the EVOH films at this RH range 

rnay be due to reduced diftisivity below 80-85% RH. 

Figure 7.10 indicated that the nylon 6,6 film was much more permeable to 

limonene than the EVOH films at the sarne RH. In addition, the permeation of 

limonene through the nylon 6.6 film was measurable at 75% RH. 

In general, the permeation of organic vapon through hydrophilic films is 

concentration-dependent, Le., the permeability increases as the vapor pressure 

increases, due to the strong interaction between penetrant moIecules and the 
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100% RH: 91% RH: 

EF-El5 O EF-Ei5 

Figure 7.9. Permeability coefficient of lirnonene for EVOH films as a function 
of the reciprocal of absolute temperature (K "). 



Figure 7.10. Penneability coefficient of limonene for nylon 6.6 film as a function 
of the reciprocal of absolute temperature (K-'). 



polymer. When the WOH and nylon 6,6 films are exposed to food products 

containing a low lirnonene concentration (ppm level), the arorna permeability 

would be much lower cornpared to the permeabilities obtained using the 

saturation vapor pressure of liquid lirnonene. Therefore, the lirnonene vapor 

transmission rates extrapolated to low concentrations using the permeability 

results obtained from this study will likely overestimate the limonene pemeation 

through these films. Nevertheless, knowledge of the lirnonene banier properties 

of these polymeric packaging rnaterials, as influenced by RH and temperature, 

can aid in designing and/or selecting a barrier structure for packaging a specific 

food product where the scalping of limonene is a concern. 

It may be reasonable to conclude that the use of EVOH-containing 

multilayer flexible films to package liquid foods containing low concentrations of 

limonene, rnay provide excellent limonene barrier properties at normal storage 

conditions. This conclusion is based on an EVOH layer coextruded in the middle 

of the package, resulting in a low equilibriurn RH (485%) in the EVOH layer 

during storage. In considering banier containers for aseptically packaged juices, 

EVOH rnay be used to replace aluminum foi1 as an aroma ban-ier without 

compromising the quality of the product which is caused by aroma perrneation 

through the N O H .  Further, EVOH could be used as a coating material on the 

surface of the inner polyolefin layer, thereby avoiding the effect of flavor scalping 

by these polyolefin rnaterials. Since the EVOH would be in direct contact with 

liquid foods with approximately 100% RH, use of the high ethylene content 

EVOH as the coating material may provide better protection of the packaged 
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foods. The lower moisture sensitiviRy of this polymer would be expected to result 

in low aroma solubility and dfisivity. 

Values for the diffusion coefficient (D) of limonene in the N O H  and nylon 

6.6 films were calculated according to equation (2.12). Straight Iine extrapolation 

of the steady state portion of the limonene permeation curves (Figures 7.7 and 

7.8) was used to obtain values oflag tirne, derived as the intercept on the tirne- 

axis. Values for D were not cafculated for EVOH films below 90% RH because 

limonene permeation was not detectable at the lower RH leveis studied. Figure 

7.11 dernonstrated that the diffusion coefficients for the nylon 6,6 film were 

approximately 5 to 10 tirnes higher than those calculated for the EVOH films over 

Relative Humidity, % 

Figure 7.11. Diffusion coefficient of lirnonene for EVOH and nylon 6.6 
films as a function of relative humidity at 35OC. 



the 91 to 100% RH range. The diffusion coefficient of limonene increased 

exponentially with RH for the nylon 6.6 film. Increases in D for the EF-E15, EF- 

FI5 and EF-XLl5 films were 3.6, 5.2 and 3.0 tirnes, respectively, as RH 

increased frorn 91 to 100%. 

Among the EVOH films, the diffusion coefficient of limonene was the 

greatest at a given RH for EF-FI5 film, and this film also exhibited the strongest 

RH influence in terms of Iimonene diffusion. The on'ented EF-XLIS film was 

found to have substantially lower diffusion coefficients than the comparable non- 

oriented EF-FI5 film, which could be attributed to the increased tortuosity, 

stress-induced crystallization and rearranged amorphous phase in the polymer 

resulting from stretching or drawing of the polymer during orientation. These 

observations, in combination with the aforernentioned permeability results, 

suggested that the presence of moisture in the EVOH and nylon 6,6 hydrophilic 

polymers decreased cohesive forces among poiymer chains, and resulted in an 

increase in polyrner chah segmental mobiiity, which perrnitted increased 

limonene diffusion. Moreover, the limonene permeability of the tested films as 

influenced by RH was detemined mainly by the difision coefficient (D) rather 

than by the solubility coefficient (S) in the polymers. This was further 

substantiated by plotting the solubility and permeability coefficients of limonene 

in the nylon film against RH (Figure 7.12). 

The solubility coefficient of limonene in the nylon 6,6 film (S) calculated 

from equation (2.7) increased slowly with the increase in RH from 75 to 91%. 

and then decreased with increasing RH, while the permeability coefficient 
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Relative Humidity, % 

Figure 7.12. Solubility and pemeability coefficients of limonene for 
nylon 6.6 film as a function of relative hurnidity at 35OC. 

increased exponentially as RH increased. The decreased solubility of lirnonene 

demonstrated at 100% RH may be due tu the displacernent of iimonene from the 

severely plasticized polymenc matrix by water. In a study of allyl isothiocyanate 

(AIT) sorption in nylon 6.6 film, Lim et al. (1998) reported that the sorption of AIT 

in the nylon 6.6 film also decreased at high RH, and this decrease was attributed 

to displacernent of the aromatic cornpound by water. 



7.4 Conclusions 

The OJR of three EVOH films (EF-Ela, EF-F15 and EF-XL15) were 

determined using pemeability testing equiprnent at 15, 25 and 35OC and eight 

levels of RH ranging from O to 94%. From O to 75% RH, the OJR of N O H  was 

dependent mainly on the ethylene content of the polymer; the higher the 

ethylene concentration, the greater the OJR. However, above 75% RH, 

differences in OJR among the films became much srnaller. The biaxially 

oriented film (EF-XL15) had improved bamer properties through the entire range 

of RH, indicating that oriented EVOH films may have more potential applications 

in food packaging to protect food products exposed to a fairly high temperature 

and RH environment, which can othewise compromise the bamer properties of 

non-oriented materials. 

The permeaiion of limonene vapor through EVOH and nylon 6.6 films was 

measured as a function of temperature (25,35 and 45OC) and RH (91 and 100% 

RH for RrOH; 75, 83, 91 and 100% RH for nylon 6,6). The results showed that 

temperature and RH markedly affected limonene vapor transmission rates of the 

EVOH and nylon 6,6 films. Also, the higher the ethylene content in the EVOH 

film, the lower the lirnonene pemeability ai high RH. Orientation of EVOH 

resulted in an improved barrier to Iimonene pemeability. As cornpared to the 

EVOH films, the nylon 6.6 film had much greater pemeability coefficients for 

Iimonene. Increasing RH resulted in substantial increases in the diffusion 

coefficients of limonene in N O H  and nylon 6,6 films, as determined at 35'~. 



The results of the lirnonene permeability study rnay be used to help 

design EVOH-containing packag ing systems by appropriately positioning the 

EVOH in the packaging structure and selecting its ethylene content as well as 

orientation to provide an excellent aromalfiavor bamer. In addition, EVOH resins 

may be used as coating materials on the surface of the inner PE layer of barrier 

packages for aseptic packaging to prevent Iimonene from being absorbed by PE. 



8 - PREDICTION OF OXYGEN PERMEATION INTO RETORTABLE 

BARRIER PLASTIC PACKAGES 

8.1 Introduction 

Multilayer retortable packages often contain N O H  as an oxygen bamer 

between heat-resistant structural polyrners such as PP. The number of different 

layers in a structure can Vary from a representative five layer structure (Figure 

8.1) to a more layered structure including scrap/regrind layers sandwiched 

between tie layers and PP layers in the package. 

Food material (100% RH) 

EVOH 

Environment (65-75% RH) 

Figure 8.1. A typical five layer structure with PPltielEVOHltielPP. 



A common way to detenine the shelf life of oxygen-sensitive products is 

to quantify oxygen pemeation into food packages experimentally, but package 

testing is time consuming and costiy; thus, prediction of oxygen pemeation 

would be a more desirable method. Predicüng pemeation through EVOH- 

containing multilayer plastic packages is challenging, however, bemuse of the 

complexity of the structures and the Jack of a detaifed understanding of the basic 

transport mechanisms of water and oxygen through multilayer packaging 

materials. 

The objective of this study was to develop a mathematical mode1 to 

predict oxygen pemeation into EVOHtontaining packages as it correlates to 

water transport through multilayer packages. 

8.2 Materials and Methods 

8.2.1 Water Vapor Transmission Rates of Retortable Trays 

To test the validity of the oxygen pemeation model. WVTR values of 

WOH-containing retortable trays during specific storage conditions were 

detennined. Both 200 g and 256 g capacity non-retorted trays were filled with 25 

to 30 g of desiccant (CaSO,) and sealed with an impermeable aluminum foil- 

containing plastic laminate Iidstock. The sealed trays were stored at constant 

environrnental conditions of either 23OC and 75% RH, or 32OC and 75% RH until 

an equilibrium WVTR was reached; the weight gain of the trays was recorded at 



30 to 40 day intervals during storage. Five replicate trays were prepared for 

each size and storage treatment. WVTR for the trays at 100% RH were 

calculated fiom the dope of the plot of moisture gain versus time using the 

following equation: 

VVVTR = 
1 00 slope 
75 - A  

where A is the average area of the trays and 75 

measurements. 

(8.1) 

is the %RH used for VVVTR 

8.2.2 Microstructure of Retortable Trays 

The microstructure of retortable trays was investigated using a scanning 

electron microscope (Model S-570 SEM, Hitachi Ltd., Tokyo, JPN). Sarnples cut 

from the multilayer RIOH-containing trays were cryogenically fractured and 

sputter coated with gold (Hummer VI1 sputter coater, Anatech Ltd., Alexandria, 

VA) before scanning. The samples were scanned using 15 kV beam voltage at 

2,000 times magnification. 

8.3 Results and Discussion 

8.3.1 Development of Oxygen Penneation Prediction Model 

In multilayer EVOH-containing retortable packages (Figure 8.1), the major 

rnoisture transport mechanism is diffusion through inner and outer barrier layers 

(Alger et al., 1990; Gerlowski, 1990). If the tie layers are assumed to have 



similar water vapor bamer performance to the inner and outer layers in a 

multilayer structure, the moisture transport through a five layer package can ' be 

derived from Fick's law in combination with Henry's law (Taoukis et al., 1988; 

Alger et al., 1 990; Gerlowski, 1 990): 

where w is the rnass of water transported; A is the surface area of the package; 

p, is the vapor pressure of pure water at a given temperature; k, and k, are the 

WVTR of inner and outer layes; af, a, and a are water activities inside the 

package, in the environment (outside the package), and in the EVOH layer, 

respectively; x, and x, are the thicknesses of inner and outer layers including tie 

layers. This equation is valid for non-porous hydrophobic materials with low 

water solubility, and which are non-swelling and have a constant WVTR over 

time. 

In developing the model to predict oxygen penneation, it is assumed that 

water transported into the EVOH-containing package is instantaneously 

absorbed by the EVOH layer so that: 

1 oow m = -  
Wd 

where m is the moisture content, and w, is the dry weight of the EVOH 

sandwiched between inner and outer layers. Therefore: 



lntegrating from t = O to t = t and from mi to rn (initial and final moisture in the 

=OH) results in the following: 

Substituthg m in equation (8.5) using equation (5.7) gives: 

where ai and a are initial and final a, at t = O and t = t. Equation (8.6) can be 

solved numerically, and can therefore be used to predict rnoisture and a, 

changes in the EVOH layer of a rnultilayer package with time. 

With the a, of the EVOH available from the numerical solution of equation 

(8.6) and the relationship of %ERH = IOOa,, the oxygen transmission rate 

(0,TR) of the EVOH at a given a, can be predicted using the follow 

ing equation accord ing to equation (7.3): 

15 1 
0,TR = 0.21- exp [(a, + a,RH + a f i H 2 )  - (Po + p,RH + &RH2) 

X 

where the factor of 0.21 was used to calculate 02TR at an arnbient oxygen 

pressure and the value of 15 was the thickness (pm) of EVOH films used for 

0,TR measurements; x is the thickness of the EVOH layer incorporated in the 

package. For the present study, it was assumed that al1 of the oxygen barrier is 

supplied by the EVOH layer. Knowing the tirnes available at different a, values 



of the EVOH layer- based on the numerical solution of equaüon (8.6), a 

quantitative relationship between the 0,TR values of the EVOH-containing 

package and times can be established using equation (8.7). The 0,TR values 

can then be integrated with time to calculate the amount of oxygen which would 

perrneate into the package: 

where O2 represents the volume of oxygen perrneation into the package. At high 

oxygen pemeation rates, the oxygen concentration gradient across the package 

wall would decrease over long time. Therefore, the declining oxygen partial 

pressure difference between the outside and inside of the package due to build- 

up of oxygen in the headspace of the package must be used to calculate oxygen 

permeation. Once a set of packaging parameters, heat treatments and storage 

conditions have been determined, oxygen permeation can be calculated and the 

shelf life of the oxygen-sensitive food can then be predicted, provided that the 

maximum allowable permeation of oxygen in the package is known. 

Based on the above mathematical equations, a simulation program was 

developed using FORTRAN 77 to predict the oxygen permeation of N O H -  

containing multilayer packages during storage (Appendix C). Storage conditions 

used for simulation were 23OC and 67% RH, which represent average storage 

conditions in North America for thermally processed foods (Schaper, 1989). The 

packages used for simulation were 200 g (7 oz) capacity retortable plastic trays 



witb a permeable surface area of 210 cm2 and a net volume of 250 cm3. The 

WVTR of the trays was 0.050 g m " day -' at 100% RH. It was also assumed 

that moist foods packaged in these trays would have a water activity 

approaching 1 .O (1 00% RH). The fiow diagram shown in Figure 8.2 outlines the 

major steps involved in execution of the cornputer program using equations (8.3) 

through (8.8). as well as the packaging-related parameters and storage 

conditions. The program was executed for small a, increments or decrements in 

the EVOH layer, in order to approxirnate the non-steady-state process of 

moisture transport through plastic packages. and the resulting oxygen 

pemeation. During thermal processing of retortable packages, water transport 

into the plastic packages is assumed to be sorbed by the EVOH, resulting in an 

increased a, in the WOH layer. Therefore, the effect of thermal processing on 

oxygen pemeation was taken into account using a suitable initial a, in the 

EVOH for retorted packages. 

The development of the rnodel was based on a five layer structure 

(including tie layers). However, the model can be modifïed for more layered 

structures using the principle of resistances in series (Brown, 1992). 

8.3.2 Prediction of Oxygen Pemeation 

Figure 8.3 illustrates the applicability of equation (8.7) to the prediction 

model by showing typical predicted a, changes in the EVOH layer of retortable 

trays with five initial a,,, values. EVOH in retortable trays can lose or gain 



Read the necessary 

Initial RH - Equilibriurn RH < O 

Calculate the parameten for the GAB equation. the VWTR 
of the multilayer package and the equilibrium RH in EVOH 

j. 
Calculate tirne i m m n t  for a 
given water activity increase 

' 

oxygen pem~eation in the package 

l 
Write water aciivity , t, 

0 2 T R  and 
Write water activrty , t, 

02TR and 
oxygen perrneation 

Yes No No Yes 

Figure 8.2. Flow diagram of cornputer program used for calculating oxygen 
permeation into EVOH-containing plastic packages. 



moisture doring storage, depending on its initial a,, the RH of the food material 

packaged and the RH of the environment In general, the initial a,, or moisture 

content, in the EVOH layer was earlier demonstrated to be affected by the 

severity of thermal processing, and increased with longer process times and 

higher retort temperatures (section 4). 

Storage conditions: 
23OC. 67% RH outside and 100% RH inside package 

Time, days 

Figure 8.3. Predicted water activity in the EVOH layer during storage of  
200 g capacity retortable trays. The multilayer structure 
consists of 380 pm (15 mil) PP/38 pm (1 -5 mil) EVOH-F type 
(32 moi% ethylene content)/380 pm (1 5 mil) PP. 

The numerical solution of the mathematical rnodei demonstrated that the 

initial a, in the EVOH layer substantially affects oxygen pemeation into 200 g 

capacity retortable trays at given storage conditions (Figure 8.4). Oxygen 



Storage conditions: ai = 1 .O0 

23OC. 67% RH outside and 

Time, days 

Figure 8.4. Predicted oxygen permeation into 200 g capacity retortable 
trays during storage as a function of initial a, in the EWH 
and storage tirne. The mulülayer structure consists of 380 
pm (1 5 mil) PPl38 pn (1 -5 mil) NOH-F type (32 mol% 
ethylene content)l380 pm (1 5 mil) PP. 

permeation was predicted to be rapid initially when the a, in the EVOH layer was 

above 0.90. As EVOH dried out dun'ng storage. driven by a lower RH in the 

extemal environment. the recovery of the oxygen barrier properties of EVOH was 

predicted as represented by a constant dope for the permeation curves. 

Conversely, retorted trays with a lower a, in the EVOH were predicted to have a 

relatively good initial oxygen barrier, resulting in much less oxygen permeation 

during storage. The sirnulated results illustrated that controlling the initiai a, in 



the EVOH following heat treatrnent is critical for retortable packages to provide 

an adequate oxygen barrier at known storage conditions. 

8.3.3 Verification of the Prediction Model 

The W R  data obtained frorn the 256 g capacity trays stored at 3Z°C 

and 75% RH were used to test the validity of the oxygen pemeation prediction 

model, The PP and scrap materials were assumed to have the same barrier to 

moisture. Figure 8.5 illustrated the linear increase in the weight gain of the 

Time, days 

Figure 8.5. Weight gain (+ std. deviation) of 256 g capacity trays (0% 
RH inside) stored at 32OC and 75% RH conditions. 



retortable trays (0% RH inside) as storage time increased. Using this dope and 

equation (8.1). the W R  of these trays at 100% RH was calculated to be 

approximately 0.093 g m -2 day -'. 
To use an appropnate initial a, in the EVOH layer as an input parameter 

for the model, water absorption by the trays durhg thermal processing and 
. 

storage was reexarnined. Earlier results (Figure 4.5) ind icated that water 

absorption by the 256 g capacity retorted trays during thermal processing 

increased as process time increased. If it is assumed that al1 water that 

penetrated the inner and outer laye= of the trays was instantaneously sorbed by 

the EVOH layer. water absorption would be 15.4, 25.8. 36.3 and 46.1 g l l  O0 g 

N O H  for 30. 60. 90 and 120 min retorting at 121.1 OC, respectively (given that 

the density of the N O H  is 1.19 g/cm3), based on Figure 4.5. Therefore, the 

WOH layer in the retorted trays could be oversaturated by water at an ambient 

temperature according to the GAB isotherm (Figure 5.6), and dehydration of the 

retorted trays du ring storage would subsequently occur. Moreover, one would 

expect that the oxygen bamer of the EVOH would weaken at such a high a, 

(1 -0). resulting in rapid oxygen pemeation into retorted trays during the initial 

period of storage. These observations have been reported by many researchen 

(Schaper, 1989; Alger et al., 1990; Gerlowski, 1990; Tsai and Wachtel. 1990). 

However, a very different situation was found in our study of weight 

changes and oxygen pemeation of the retorted trays during storage. Figure 8.6 

represents data obtained from experirnents carried out in section 4. These 
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results showed that retorted trays gained weight only slightly after thermal 

processing, indicating that a, in the EVOH was less than 0.75 after retorb'ng. 

Moreover, during the first 150 d of storage, oxygen pemeation into the retorted 

trays was low, indicating that the oxygen bamer of the EVOH layer appeared to 

be well protected against hydration by the structural layen during thermal 

processing. These observations would support the conclusion that the EVOH 

was not saturated by water after thermal processing. 

One explanation for the major differences of weight changes and oxygen 

barrier performance of EVOH-containing trays reported in the literature as 

compared with our experiments is that the water that penetrated the structural 

layers of the tray during thermal processing was not totally sorbed by the EVOH 

layer. SEM studies of the retortable trays indicated that the structure of the inner 

and outer PP layers was homogenous; however, many void spaces were 

observed in the matrix of the scrap layers (Figure 8.7). These void spaces had 

an elongated shape, possibly resulting from coextrusion of the sheet material, or 

the thermofoming operation to shape the retortable trays. Therefore, it is most 

likely that the scrap layers can serve as capillary reservoirs to trap a large 

amount of sorbed water, thereby protecting the EVOH from absorbing water 

during both thermal processing and storage. 

A water partition factor, defined as the ratio between the water absorption 

by the EVOH to the total water absorption by the tray, was used to approximate 

the initial a, in the EVOH layer following thermal processing at dÏfTerent process 



Figure 8.7. Microstructure of the cross section of a retortable tray observed by 
SEM. A: PP layer; 6: scrap layer in coextrusion or machine 
direction; and C: scrap layer in transverse direction. 



times. It was assumed that a, in the EVOH layer was approximately 0.75 (the 

highest value) after 120 min retorting at 121 .l°C. Water absorption by the EVOH 

at 0.75 a, was 0.045 g, calculated using the GAB equation at 23OC. The total 

water absorption per tray was approximately 0.47 g; therefore, the water partition 

factor was approximately equal to 0.1 (0-04510.47). Using this factor, the initial 

a, in the EVOH for trays retorted at 121.I0C for 30, 60 and 90 min was 

calculated to be 0.35, 0.55 and 0.65, respectively. 

The developed mathematical model was based on the assumption that 

the controlling moisture transport rnechanism is water vapor diffusion through 

non-porous hydrophobic rnaterials. The effect of the presence of void spaces in 

scrap materials was assurned to be negligible. Therefore, using the developed 

rnodel, a deviation between actual and predicted a, in the EVOH may be 

expected. A simplifÏed solution for taking into account the effect of these void 

spaces on moisture absorption by the EVOH, is to introduce a water partition 

factor into the model. Therefore, equation (8.3) becomes: 

where 9 is the water partition factor defined earlier. In an ideal situation where 

ail moisture that permeated frorn inner and outer layers into retortable trays 

during storage was absorbed by the RIOH, 4 is equal to 1 .O. Based on 

equations (5.7) and (8.5), equation (8.9) becomes: 



The calculated a, in t h e  EVOH based on equation (8.10) was plotted in 

Figure 8.8 as a function of storage tirne for four different 4 values (0.1. 0.2, 0.5 

and 1.0). The calculated results show that the a, increases strongly as time 

- $ = 0.1 
Retorting conditions: 
T,= 121.1°C, t = 90 min 

Tirne, days 

Figure 8.8. Calculated water activity in the EVOH vs tirne for retorted 256 g 
capacity trays stored at 32.2'~ and 75% RH conditions. 

increases. The lower t h e  4 values, the less rapidly the a, increases in the  

EVOH. Figure 8.9 illustrates that oxygen permeaiion into t h e  retorted trays 

calculated frorn the mathematical mode1 is greatly affected by 4 values. When 4 



Retorting conditions: 

- 

O 50 fOO 150 200 250 300 350 400 

Time, days 

Figure 8.9. Experimental and predicted oxygen permeation into 256 g 
capacity retortable trays stored at 32.2'C and 75% RH 
conditions. 

is equal to 0.1, oxygen pemeation in the retorted trays stored at 32.2'C and 

75% RH conditions was very closely predicted by the model. Estimated oxygen 

pemeation into the trays retorted at 121.I0C for 30, 60 and 120 min also showed 

a good agreement between the expenrnental and predicted data when the same 

4 was used (data not shown). On the other hand, the rnodel performed poorly 

and overestirnated oxygen pemeation when a larger 4 value was used. 

As demonstrated above, prediction of the oxygen permeation into EVOH- 

containing rnultilayer structural packages is cornplex. The package structure and 



the thermal processing conditions must be understood in detail in order to apply 

the developed model. Difficulties in applying the model to EVOH-containing 

retortable trays c m  result from the use of scrap materials in the package 

structure. Although the presence of void spaces in the scrap layers could be 

taken into account by introducing a water partition factor (@) to the model, an 

accurate estimation of water partition between the EVOH and structural layers is 

difficult and, perhaps in some situations it is impossible. 

The present model may be used to predict oxygen perrneation into EVOH- 

containing semi-rigid packages which are used for hot-filled foods such as 

ketchup, salad dressing, sauces and beer, and thereby provide a reasonable 

estirnate of shelf life for these foods. Hot-fiIl conditions have a much less 

detrimental effect on the oxygen barrier properties of WOH resins than thermal 

processing conditions. As a result, the influence of hot-fiIl conditions on oxygen 

permeation in EVOH-containing packages during hot-filling and subsequent 

storage is expected to be negligible. Oxygen ingress is, therefore, affected 

rnainly by storage conditions and may be predicted using the model. Moreover, 

EVOH-containing packages for hot-filling are commonly made from a typical five 

layer structure (Figure 8.1) without scrap materials, thereby making prediction 

more accurate and realistic. 

Finally, the rnodel may also be useful for prediction of oxygen permeation 

into flexible EVOH-containing packages. These flexible packages have less 

structural complexity and there is less need to consider the effects of food 



processing conditions on the oxygen barrier properties as wrnpared with 

rnultilayer retortable containers. For these reasons, it rnay be easier and most 

appropriate to use the developed model to predict the oxygen permeation in 

flexible EVOH-containing packages in order to provide estimates of shelf life of 

oxygen-sensitive foods. 

8.4 Conclusions 

Based on the GAB equaüon describing water absorption in EVOH films 

and semi-empirical equations describing OJR of EVOH films as functions of 

temperature and RH, a mathematical model and computer program were 

developed and proved useful in the prediction of oxygen pemeation into EVOH- 

containing retortable packages exposed to known thermal processing and 

storage conditions. The retortable trays were found to have good oxygen 

barrier properties, possibiy due to the presence of void spaces in the scrap 

structure. In considering the effect of pre-existing microcavities in the scrap 

material, a water partition factor (4) was used to rnodi@ the rnodel. The modified 

model may be used to predict oxygen permeation into the EVOH-containing 

retortable trays as influenced by rnoisture and temperature, and to obtain 

estimates of s helf life for oxygen-sensitive foods provided that the maximum 

allowable permeation of oxygen in the tray is known. Additional applications of 

the rnodel may be to help evaluate the bamer performance of di8ferent package 

structures and identify bamer insufficiency or eliminate unnecessary over- 



packaging. Also, the modei may be used to rapidly design new cost and 

material-optimized packages for oxygen-sensitive foods and shorten the time 

period required for sheB life testing of packages. 



9 CONCLUSIONS 

Oxygen ingress and extent of hydration of EVOH-containing retoFtable 

trays were measured under various temperature and process time conditions 

using a steamlair retort Retort temperature, process tirne and oxygen partial 

pressure during thermal processing were found to affect oxygen ingress into 200 

and 256 g capacity retortable trays- Hydration of retorted trays dun'ng thermal 

processing was dependent on the process time and temperature employed for 

the thermal treatrnent. However. a correlation between the oxygen permeabiliity 

and hydration of retorted trays during thermal processing was not found, 

indicating that oxygen perrneabiiity of the trays was solely dependent on retort 

temperature. Moreover, oxygen ingress into retorted trays during thermal 

processing was reduced to a negligible levei when steamhitrogen mixtures were 

used. Therefore, an alternative to prevent oxygen ingress in the trays is to use 

steamhitrogen mixtures as heating media. 

Oxygen ingress was high for retorted and non-retorted EVOH-containing 

trays during one year of storage at 32.2OC and 75% RH conditions. However, 

oxygen ingress was greatly reduced at 21.1°C and 60% RH storage conditions. 

A correlation was found between oxygen ingress during storage and hydration of 

the plastic trays during retorting. Oxygen ingress rates were low for retorted 

trays during the first 100 d of storage at 32.2'~ and 75% RH conditions, 

indicating that oxygen barrier praperh'es of retorted trays recovered immediately 



after retorting. This observation may be attributed to the presence of void 

spaces in the scrap layers, thereby protecting the EVOH from absorbing 

moisture during thermal processing and storage. 

In order to better understand the effects of water sorption on the thermal, 

mechanical and transport properties of EVOH, the kinetics and equilibria of water 

sorption in three EVOH films with different ethyfene contents and stretching 

processes (EF-E15, EF-FI5 and EF-XLI5) were investigated. The kinetics of 

water sorption in the EF-El5 film indicated that anomalous diffusion occurred at 

high temperature and aw Df is ion and solubility coefficients were found to be 

concentration dependent. Equilibriurn water sorption in the EVOH films 

detennined at three temperatures (25, 35 and 45OC) and seven levels of a,, 

ranging from 0.23 to 1.00, demonstrated that the equilibrium sorption of the three 

EVOH films increased as a, increased, but decreased as temperature increased. 

The upward curvature of al1 isotherms indicated the clustering of water molecules 

at high a,. The EF-El5 film with 44 mol% ethylene content had greater water 

resistance compared to the EF-FI5 film with 32 mol% ethylene content. The 

biaxially oriented EF-XL film with the same ethylene content as the EF-FIS film 

absorbed less water at equilibriurn under a constant temperature and a,. The 

GAB equation was used to fit the water sorption data for use in the model. 

The influence of RH on the thermal and mechanical properties of the three 

EVOH films was studied and showed that absorbed water in the polyrneric matrix 

plasticized the polyrner and depressed the Tg, and this in tum changed the 



mechanical properties of the EVOH films. Through the entire range of RH from O 

to 94%, the Tg values dropped from approximately 60 to below O°C. At low RH, 

the EF-FI 5 film with low ethylene content had higher Tg values than the EF-€15 

film. However, Tg for the EF-FI5 film decreased more strongly with RH due to its 

higher moisture sensitivity. The biaxially oriented EF-XL15 film was more 

resistant to Tg depression than the non-oriented EF-FI5 film. As the Tg 

decreased with increasing RH, the tensile and yield strength of the polymer 

decreased. The polymer changed from being stiff and bnttle at low RH to being 

soft and ductile at high RH. 

The oxygen and limonene permeability results of the EVOH and nylon 6,6 

films demonstrated that water absorption in hydrophilic polymers resulted in 

reduced oxygen and aroma barrier properties of these films. At RH below 75%, 

the three EVOH films had excellent oxygen barrier properties. However, the 

oxygen pemeabiliües of the EVOH films increased rapidly above 75% RH, 

especialiy for the EF-F15 film. The biaxially oriented EF-XL15 film had better 

oxygen barrier properties, which indicated a greater potential application in food 

packaging to protect food products exposed to high temperature and RH 

environmental conditions. Serni-empirical equations were developed and fitted 

to the experirnental data, making it possible to calculate the OJR values of the 

EVOH films at given temperature and RH conditions. Temperature and RH 

markedly affected the limonene transmission rates of the EVOH and nylon 6,6 

films. At RH below 80%, limonene permeation through the EVOH films was not 



detectable at 35OC, indicating the excellent limonene bamer properties of the 

EVOH films at low RH. However, the permeability coefficients of limonene 

increased strongly over the 91 to 100% RH range. Both lower ethylene content 

and film orientation resulted in an improved lirnonene bamer at high RH. 

Compared to the EVOH films, the nylon 6.6 film had much greater lirnonene 

permeation at given RH and temperature conditions. The limonene permeability 

results may be used to help design andfor select EVOH-containing package 

structures when the scalping of limonene and barrier performance are a concem. 

A mathematical model and cornputer program were developed and 

verified to predict oxygen permeation into multilayer plastic packages during 

storage. The model and program could be used to estirnate shelf life of oxygen- 

sensitive foods based on the maximum allowable permeation of oxygen in the 

package during storage. AIso, the model rnay be used to provide estimates of 

the banier performance of specific package structures. 
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APPENDICES 

APPENDIX A 

UNlTS USED THROUGHOUT THE THESIS 

-2 -1 1. Gas permeability coefficient units are mL cm cm s cmHg -', the standard 

units of permeability adopted by the ASTM Standard D 3985-81 (ASTM. 

1995). 

2. Vapor pemeability coefficient units are g cm cm s " cmHg ", adopted by 

the ASTM Standard F-1249 (ASTM. 1995). 
2 -1 3. Diffusion units are cm s 

4. Solubility coefficient units are g cm cmHg ". 
5. Oxygen transmission rate units are mL m '2 day -'. adopted by the ASTM 

Standard D 3985-81 (ASTM. 1995). 

6. Water vapor transmission rate units are g m " day -', adopted by the ASTM 

Standard F-1249 (ASTM, 1995). 

7. The units of oxygen ingress into CPET and EVOH-containing retortable trays 

are rnllpackage. The use of these units was based on the uneven thickness 

distribution of retortable packages resulting from themofoming. In addition, 

the use of mupackage units to express oxygen ingress into these plastic 

trays makes it easier to convert oxygen ingress of mupackage into oxygen 

ingress of ppm levels, used in estimating shelf life of oxygen sensitive foods. 

8. EVOH-containing retortable trays have a rnultilayer structure. Therefore, 

instead of using g/g units for plastic films, the units of glpackage were used 

to express water absorption by EVOH-containing retortable trays. In addition, 

the use of glpackage units for water absorption is consistent with the 

mupackage units for oxygen ingress. 



Statistical analysis of the oxygen transmission rate of EVOH film (FE-E15) using 
analysis of variance (O to 75% RH). 

General Linear Models Procedure 

Dependent Variable: In Y 

Sum of Mean 
Source DF Squares Square F Value Pr> F 

- - - -- - 

Model 4 16.364 4.0909 877.22 0.0001 
Error 19 0.087608 0.00461 1 
Corrected Total 23 16.451 

Source DF TypeIIISS Mean F Value Pr> F 
Square 

T for HO: Pr > [TI Std Error of 
Parameter Estimate Parameter=O Estimate 

INTERCEPT 19.876 21 -8 0.0001 0.91249 
X I  0.1 9027 10.6 0.0001 0.017931 
X2 -5552.9 -20.5 0.0001 271 -58 
X I  *X2 -65.191 -1 2.3 0.0001 5,3135 
X I  *XI 0.0 00422 18.3 0.0001 0-0000231 

X1: RH, X2: ln, Y: 02TR 



Statistical analysis of the oxygen transmission rate of EVOH film (EF-E15) using 
analysis of vafiance (75 to 94% RH). 

General Linear Models Procedure 

Dependent Variable: In Y 

Surn of Mean 
Source DF Squares Square F Value Pr> F 

Model 4 32,594 8,1485 2531.5 0-0001 
Error 25 0,080470 0.00321 9 
Corrected Total 29 32.675 

Source DF Type III SS Mean F Value Pr>  F 
Square 

- 

T for HO: Pr > [TI Std Error of 
Parameter Estimate Parameter=O Estimate 

INTERCEPT 64.789 
X I  -0.49637 
X2 -1 6390 
X I  * X 2  72.293 
X l  *Xi 0.007 91 



Statistical analysis of the oxygen transmission rate of N O H  film (EF-FI 5) using 
analysis of variance (O to 75% RH). 

General Linear Models Procedure 

Dependent Vanable: In Y 

Sum of Mean 
Source DF Squares Square F Value Pr> F 

Mode1 5 15.757 3.1514 424.48 0.0001 
Error 18 0.13363 0 -007424 
Corrected Total 23 15.890 

Source DF Type III SS Mean F Value Pr>  F 
Square 

T for HO: Pr > ]TI Std Error of 
Parameter Estimate Parameter-O Estimate 

-- - -- 

INTERCEPT 15.028 1.75 0.0001 1.2785 
X I  -0-2923 1 3 -57 0.0022 0.081 875 
X2 461 9.3 2.14 0.0001 380.56 
X i  * X 2  77.343 3.17 0.0053 24.371 
X i  *Xl 0.007804 7.28 0.0001 0.001 0723 
XI  *X1 *X2 -2.1 533 -6.75 0.0001 0.31 91 9 

XI: RH, X2: lm, Y: 02TR 



Statistical analysis of the oxygen transmission rate of EVOH film (EF-F15) using 
analysis of variance (75 to 94% RH). 

General Linear Models Procedure 

Dependent Variable: In Y 
--- - 

Surn of Mean 
Source DF Squares Square F Value P r > F  

Model 5 53.879 10.776 214.83 0-0001 
Error 24 0.21289 -008870 
Corrected Total 29 54.092 

Source DF Type III SS Mean F Value Pr>  F 
Square 

T for HO: Pr > IT1 Std Error of 
Parameter Estirnate Pararneter=O Estirnate 

- -  

l NTERCEPT -369.15 -3-09 0.0050 1 19.43 
X I  9.9697 3.50 0.0018 2.8478 
X2 1 19690 3.37 0.0025 35550 
X I  *X2 -3232.1 -3.82 0.0008 847.66 
X I  *XI -0.06062 -3.59 0.0015 0.01688 
X I  *XI *X2 19.845 3.96 0.0006 5.0249 

Xl:  RH, X2: ln, Y: 02TR 



Statistical analysis of the oxygen transmission rate of EVOH film (EF-XL15) 
using analysis of variance (O to 75% RH). 

General Linear Models Procedure 

Dependent Variable: In Y 

Source 
Sum of Mean 

DF Squares Square F Value Pr> F 

Mode1 4 17.802 4,4504 599.84 0-0001 
Error 19 0.14097 0.007419 
Corrected Total 23 17.943 

- -  -- 

Source DF Type III SS Mean F Value Pr> F 
Square 

-- - - 

T for HO: Pr > ITI Std Error of 
Parameter Estimate Parameter=O Estirnate 

INTERCEPT 17.41 1 15.0 0.0001 1.1 575 
X I  0.20181 8.87 0.0001 0.022746 
X2 -5348.0 -1 5.5 0.0001 344.50 
X I  *X2 -70.832 -1 0.5 0.0001 6.7400 
X I  "XI 0.000543 18.5 0.0001 0.0000293 

XI: RH, X2: In, Y: 02TR 



Statistical analysis of the oxygen transmission rate of EVOH film (EF-XL15) 
using analysis of variance (75 to 94% RH). 

General Linear Models Procedure 

Dependent Variable: In Y 

Sum of Mean 
Source DF Squares Square F Value Pr> F 

Mode1 5 46,732 9.3464 2855.9 0.0001 
Error 24 0.078543 0.003273 
Corrected Total 29 46.81 0 

-- 

Source DF Type III SS Mean F Value Pr> F 
Square 

T for HO: Pr > /TI Std Error of 
Parameter Estimate Parameter-O Estirnate 

INTERCEPT -297.67 -4.1 0 0.0004 72.545 
XI 8.2307 4.76 0.0001 1.7298 
X2 97650 4.52 0.0001 21 593 
X I  "XI -0.05009 -4.88 0.0001 0.01 025 
X I  *X2 -2694.0 -5.23 0.0001 514.88 
X I  "XI"X2 16.546 5-42 0.0001 3.0522 

X1: RH, X2: IK, Y: 02TR 



TJTLE: CALCULATION OF OXYGEN PERMEATION INTO MULTllAYER 
PLASTIC PACKAGES CONTAlNlNG EVOH AS AN OXYGEN 
BARRIER 

PURPOSE: THIS PROGRAM COMPUTES OXYGEN PERMEATION 
THROUGH MULTILAYER EVOH-CONTAINING RETORTABLE 
PACKAGES DURING STORAGE OF OXYGEN-SENSITIVE FOOD 
PRODUCTS 

VARIABLE NAME: 
TEMP = ENVIRONMENTAL TEMPERATURE 
A = EFFECTIVE AREA OF PACKAGE 
V = NET VOLUME OF PACKAGE 
TS = SHELF LIFE OF FOOD 
X = THICKNESS OF EVOH IAYER 
X I  = THICKNESS OF INNER HYDROPHOBIC LAYER 
X2 = THICKNESS OF OUTER HYDROPHOBIC LAYER 
PO = VAPOR PRESSURE OF PURE WATER 
PF = WATER VAPOR PRESSURE OF THE FOOD 
PE = WATER VAPOR PRESSURE OF ENVIRONMENT 
RH l = INITIAL RELATIVE HUMIDITY OF EVOH 
RHF = RELATIVE HUMIDIN OF FOOD 
RHE = RELATIVE HUMlDlTY OF ENVIRONMENT 
Al = INITIAL WATER ACTIVITY OF FvOH 
AF = WATER ACTIVITY OF THE FOOD 
AE = WATER ACTIVI1Y OF ENVIRONMENT 
P = WATER VAPOR TRANSMISSION RATE OF INNER AND 

OUTER LAYER 
K I  = WATER PERMEABlLlTY OF INNER LAYER 
K2 = WATER PERMEABlLlTY OF OUTER LAYER 
EA = ACTIVATION ENERGY OF WATER PERMEATION THROUGH 

POLYMER 
NUM = THE TYPE OF EVOH 
D = DENSITY OF EVOH POLYMERS 
Wd = W I G H T  OF WOH LAYER 
MO = PARAMETER OF WATER ABSORPTION DESCRIBED 

BY THE GAB EQUATION FOR EVOH MATERIAL 
C = PARAMETER OF THE GAB EQUATION 
K = PARAMETER OF THE GAB EQUATiON 
02TR = OXYGEN TRANSMISSION RATE OF EVOH 



integer n,num 
real temp,a,v,x,xl ,x2,p0.rhf,rhe,rhi,d,wd,t,ai,c1 k, 

1 k l  . k2,mO1p,Ea,b,two,fourhval,yl .z,z1 ,A? 
common/paralc, k, k l  , kZ,xl ,x2,ae,af 
open(1 O,file='inpl) 
open (ZO,file='outp') 
open (30,file='oZtr') 

write(*,*) 'input the environmental temperature ( OC):' 
read (1 0, *) temp 
write(*,*) 'input the effective area of the package (cm '):' 
read(lO,*) a 
write(*,y 'input the net volume of the package (cm 3):' 

read (1 O,*)  v 
write(*,*) 'input the shelf life of the food (day):' 
read(1 O,*) ts 
wrïte(*,*) 'input the thickness of EVOH layer (pm):' 
read(1 O,*) x 
write(',*) 'input the thickness of inner layer (pm):' 
read(1 O,') x i  
write(*,') 'input the thickness of outer layer (pm):' 
read (1 O,*) x2 
write(*,*) 'input the vapor pressure of pure water (Pa):' 
read (7 O,*) pO 
write(*,*) 'input the environmental relative humidity (%):' 
read(1 O,*) rhe 
write(*,*) 'input the relative humidity of the food(%):' 
read(lO,*) rhf 
write(*,*) 'input initial humidity of EVOH layer (%):' 
read(1 O,*)  rhi 
wite(*,*) 'input the density of EVOH material (g/crn3):' 
read(1 O,") d 
Write(*,*) 'input the type of EVOH films:' 
read(1 O,") nurn 
write(1 O,*) 'input the activity energy of WVTR (Jlmol K):' 
read (1 O,*) Ea 
write(lO,* ) 'input the dope of the Arrhenius plot of WVTR:' 
read(l0,') b 

MAIN PROGRAM 



af = rhfj100. 
ai = rhVi 00. 
temp = temp+273. 

GAB EQUATION FOR EF-E 15 FlLM 

GA8 EQUATION FOR EF-FI5 FILM 

GAB EQUATION FOR EF-XLi5 FlLM 

if(num.eq.3) then 
mO = 10.68 
c = 0.021 20*exp(8079/8.314/temp) 
k = 0.4232*exp(294.7/8.314/temp) 

endif 

WATER VAPOR PERMEABILITY OF THE PACKAGE 
(g pm day -' m -2 mm tfg -') 

ONE-THIRD SIMPSON METHOD: 
oxygen=O.O 
t2=0 
j=rhi 
rm=(kl *x2*rhf+k2*xl *rhe)l(kl *xZ+kZ*xI) 
if (j.1e.m) then 

m=20*(rm-j) 



do 10 ii=1 ,m-1 
do 20 iii=ii,ii+l 

y=((iii-I)*O.O5+j)/lOO. 
i r o  
n=l 
tWo=o. 
val=l .O 
h=abs(ai-y)/2.0 
R=fun(ai)+fun(y) 
foui-tun(ai+h) 
y1 =(ft+4.O*four)*h/3.0 

30 if(val.gt.1 .O e-5.and.ir.lt. 1000) then 
yO=y? 
two=two+four 
four=O.O 
h=h/2.0 
n=2*n+l 
do 40 i=l ,n,2 
four=four+fun(ai+i*h) 

40 continue 
y1 =(ft+4.0*fou r+2.0*two)*h/3.0 
val=abs(yl-y0) 
ir=ir+l 

goto 30 
endif 

t=100.*yl *rnO*k*c*xl *xZ*we/(pO*a) 
if (iii-eq.ii) then 

z1 =y 
t l  =t 

else 
z2=y 
t2=t 

endif 
20 continue 

cal1 oxy(z1 ,iQ,tl ,t2,temp,oxygen,num,a,v,x) 
write (20,100) t2,z2,oxygen 
if(t2.ge.t~) goto 200 

10 continue 
else 

rn=2O*(j-rm) 
do 50 ii=i,m-1 
do 60 iii=ii,ii+l 

y=(j-(iii-1)*0.05)/100. 
ir=O 



n=l 
two=o. 
val=l .O 
h=abs(ai-y)/2.0 
ft=fu n(ai) +fu n (-y) 
fou r=fu n (ai- h) 
y1 =-(ft+4*four)*h/3.0 

70 if(val.gt.1 .O e-5.and.ir.lt.1000) then 
yO=yl 
two=two+four 
four=O.O 
h=h/2.0 
n=2*~+1 
do 80 i=1 ,n,2 
four=four+fun(ai-i'h) 

80 continue 
y1 =-(ft+4.0*four+2.0*two)*h/3.0 
val=abs(yl-y0) 
ii-ir+1 

goto 70 
endif 
t=? 00.*yl *mO*k*c*xl *x2*we/(pO*a) 
if (iii.eq .ii)  then 

21 =y 
tl =t 

else 
&=y 
t2=t 

endif 
60 continue 

cal1 oxy(z1 ,z î . t l  ,t2,ternp,oxygen,num,a,v,x) 
write (20,100) t î .d,oxygen 
if(t2.ge.t~) goto 200 

50 continue 
endif 

rh=(kl *x2*rhf+k2*xl 'rhe)/(kl *x2+k2*x1) 
cal1 oxyl (rh.ts,t2.temp,oxygen~num,a1v1x) 

100 format @(el 0.4.3~)) 
200 stop 

end 



function fun(y) 
real k,kl , k2 

common/para/c,k, k l  , k2,xI ,x2,aeVaf 

c NUMERICAL SOLUTION OF WAER ACTIVITY IN EVOH UNDER 
c STORAGE PERIOD USING "SIMPSON'S ONE-THIRD RULE 
c fun(y) = H13*(f(a)+4*f(a+H)+2*f(a+Z*H)+4*f(a+3'b)) 

fu n=(l .O+ ke2*(c- 1. 0)*yn2)/((k 1 *xZ'(af-y) +k2*x1 '(ae-y)) 
1 *(1 .O-k*y)**2*(1 .O-k*y+c*k*y)*Z) 

return 
end 

subrautine oxy(z1 ,d,tl ,t2,ternp,oxygenlnum,a,v,x) 
real z l  ,z2,tI ,t2,rhl ,rh2,otrl .otR.oxygen,y 
rhl=1 OO.*z? 
rh2=100.*z2 

c 02TR FOR EF-El5 FILM 
if (num.eq. 1 .and.rh2.le.75.0) then 

otrl =exp(l9.876+0.19027*rh 1 +O .OOO4ZZ*rh 1 **2-(5552.9 
1 +65.1 9Ierhl)/temp) 

otR=exp(l9.876+0.19027*rh2+0.000422*rh2**2-(5552.9 
1 +65.191 *rhZ)/temp) 

endif 
if (num.eq.1 .and.rh2.gt.75.0) then 

otrl =exp(64.789-0.49637'rh 1 +0.00 1 9 1 *rh i "2-(16390 
1 -72.293'rh 1 )/temp) 

otr2=exp(64.789-0.49637*rh2+0.00 1 91 *rh2**2-(16390 
1 -72.293*rh2)/temp) 

endif 

c 02TRFOREF-FISFILM 
if (nurn-eq .2.and.rhZ.le.75.0) then 

otrl =exp(l5.208-0.292311rh 1 +O.O07804*rh 1 **2-(4619.3 
1 -77.343'rh 1 +2.1533*rh 1 "2)Aemp) 

otr2=exp(l5.208-0.29231 *rh2+0.007804*rh2"2-(4619.3 
1 -77.343*rh2+2.1533*rh2**2)/temp) 

endif 

if (nurn.eq.2.and.rh2.gt.75.0) then 
otrl =exp(-369.15+9.9697*rhI -0.06061 8*rh1**2-(-119690 

I +3232.1 *hl-19.845*rhl"2)/temp) 
otr2=exp(-369.15+9.9697*rh2-0.060618*rh2**2-(-119690 

1 +3232.1 *rh2-1 9*845*rh2"2)/temp) 



endif 

c 02TRFOREF-XL15FlLM 
if (num.eq.3.and.rh2.le.75.0) then 

otrl =exp(l7.411+0.20181 *rh 1 +O.OOO543*rhI**Z-(5348.0 
1 +70,832*rh 1 )/temp) 

otr2=exp(17.411+0.20181 *rh2+0.000543*rh2Y-(5348.0 
1 +70.832*rh2)/temp) 

end if 
if (num.eq.3.and.rhZ.gt.75.0) then 

otrl =exp(-297.67+8.2307*rh1-0.05009*rh 1-2-(-97650 
1 +2694.0*rh 1-1 6.546*rh 1 -2)/ternp) 

otr2=exp(-297.67+8.2307*rh2-0.05009*rh2~2-(-97650 
1 +2694.0*r h2-16.546*rh2"2)/temp) 

endif 
write (30,400) otR 
y=(l5.0/x)*(0.21-oxygen/v)*all0000.*(otr~ +otR)*(t2-t1)/2.0 

if (y.gt.O.0) then 
oxygen=oxygen+y 

else 
oxygen=oxygen 

endif 
400 format(e10.4,3~) 

end 

subroutine oxyl (rhlts,t2,ternp,oxygen,numav,x) 
real rh,ts,tZ,otr,oxygen,y 

c 02TR FOR EF-El5 FlLM 
if (num-eq. 1 .and.rh.le.75.0) then 

otr=exp(l9.876+0.19027*rh+0.000422*rh"2-(5552.9 
1 +65.19 1 *rh)/temp) 

endîf 
if (num.eq .l .and.rh.gt.75.0) then 

ot~exp(64.789-0.49637*rh+0.00 1 9 1 *rh**2-(16390 
1 -72.293'rh)Aemp) 

end if 

c 02TR FOR EF-FI5 FlLM 
if (num.eq.2.and.rh.ie.75.0) then 

otr=exp(lS. 1283-0.3554*rh+O.O094*rh"2-(4649.6560 
1 -96. 0858*rh+2.6238*rh*f2)/ternp) 

endif 



if (nurn.eq.2.and.rh.gt.75.0) then 
ot~exp(-369.15+9.9697*h-0.06061 8*rhn2-(-1 19690 

1 +3232.1 *fi-1 9.84SrY2)ftemp) 
endif 

c 02TR FOR EF-XLI 5 FILM 
if (num.eq.3.and.rh.ie.75.0) then 

otr=exp(l7.411 +O201 81 *rh+O.O00543*rh**2-(5348.0 
1 +70. 832'rh)ltemp) 

endif 
if (nurn.eq.3.and.rh.gt.75.0) then 
otr=exp(-297.67+8.2307*rh-0.05009'rh~2-(-976!50 

1 +2694.0erh-1 6. 546*rhW2)/temp) 
endif 
n=(ts-t2) 
do 10 i=l ,n+l 

y=(l5.O/x)*(O.îI -oxygen/v)*af'all0000.*~t~l .O 
oxygen=oxygen+y 
wa=rh/l00. 
t2=t2+1 
write(20,l OO)M,wa,oxygen 

I O  continue 
100 format (3(el0.4,3~)) 

end 




