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ABSTRACT 

A dynamic model of fresh beef packaged under modified atmospheres has been 

developed. This model links the change in meat color with the permeation of gases (Q>, C02, 

Nj) through the packaging film. Its viability is demonstrated with experimental data using muscle 

semimembranosus with which it was shown that color change of the meat surface and the change 

of headspace gas concentration were well described by the model. Moreover, the model 

parameters were obtained independently of the model itself through the literature. A major 

resu l t  o f  the  model  showed tha t  su r face  co lor  i s  independent  o f  oxygen  concen t ra t ion  above  5%. 

Moreover, under aseptic conditions and ambient atmosphere concentrations, shelf-life of muscle 

semimembranosus was shown to be 11 days with this value possibly being a minimum. 
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CHAPTER 1 

INTRODUCTION 

Food color is a major concern in the food industry. It affects the appearance of fruits 

and vegetables, imparts distinctive characteristics for beverages (wine, beer) and means good 

quality for fish and meats. 

Consumers associate the color with the quality of the food product. Although color in 

food is subjective, it is nevertheless the first judgment to the consumer, of course after the price, 

when a consumer decides to purchase a product. 

Fresh meat color is defined by the relative amount of three derivatives of myoglobin. 

Reduced myoglobin (MB) is the purple pigment of deep muscle. On exposure to air myoglobin 

combines with oxygen to form bright red oxymyoglobin (MBOj) which is considered attractive 

by the consumer. However, myoglobin eventually oxidizes to brown metmyoglobin (METMB) 

which is unacceptable to the consumer. It is known that at a level of 20% metmyoglobin the 

ratio of sale of red meat to discolored meat is 2:1 (Hood and Riordan, 1973) and at 50% the meat 

is totally unacceptable (Van Den Oord and Wesdorp, 1971a). 

Improved meat distribution methods may eventually lead to consumer sized portions 

shipped prepackaged to the retail outlet, eliminating the need for butchering and packaging at the 

retail outlet itself. Color must therefore be maintained for longer periods of time to allow for 

shipment. The current popular method for color maintenance is modified atmosphere packaging 

(MAP). To maximize color duration using MAP, the proper modified atmosphere composition 

and packaging film for a given muscle type in a given condition (contamination level) must be 
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chosen. At present these choices are made through long trial and error experimentation. The 

choice of a proper packaging system can be significantly aided through an understanding of the 

interaction between various dynamic aspects of the package/meat system. Deterministic 

mathematical modeling allows the development of such an understanding. The most important 

aspect of such a model is the reduction in experimental time. 

The overall objective of this study is to develop a mathematical model to be used to 

predict the surface color of meat packaged under modified atmosphere at any time during storage, 

thus allowing the specification of headspace composition and packaging material which will 

maximize shelf-life with respect to color. 
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CHAPTER 2 

LITERATURE SURVEY 

The shelf life of many perishable foods, such as meat, eggs, fish, poultry, fruits, 

vegetables and baked products, is limited in the presence of atmospheric oxygen pressure due to 

three important factors: the chemical effect of atmospheric oxygen, the growth of aerobic 

spoilage microorganisms and attack by insect pests. Each of these factors, alone or in 

conjunction with one another, results in changes in color, flavor and odor, and leads to an overall 

deterioration in food quality. 

Many methods can be used by the food processor to preserve food, including chilled 

storage, freezing, heat processing, drying and the use of chemicals. However, increasing energy 

costs associated with freezing and drying and growing consumer concern about preservatives have 

forced the food industry to seek alternative methods of food preservation. One such method is 

modified atmosphere packaging (MAP). 

2.1. MODIFIED ATMOSPHERE PACKAGING 

MAP is defined as "the enclosure of food products in gas barrier materials, in which the 

gaseous environment has been changed to slow respiration rates, reduce microbial growth and 

retard enzymatic spoilage" (James et al. 1990). In the 19th century, scientists discovered that 

increasing carbon dioxide levels and reducing oxygen levels retarded catabolic reactions in 

respiring foods and slowed the growth of aerobic spoilage micro-organisms. 

Fresh fruit and vegetables continue to respire after harvest. The rate of respiration is 

influenced by many factors, including the 02 and C02 content in the storage atmosphere and the 
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temperature. In general, the shelf life of a fresh product increases with decrease in respiration 

rate. Whereas fresh fruit and vegetables are preserved under high C02 and low 02 pressure, 

meat is preserved under high 02 and low C02 pressure. Unlike fresh fruit and vegetables, meat 

respiration is not significant. 

In the late 1960's, Kalle, a West German flexible packaging converter, developed a 

method in which meat could be packed under high oxygen conditions and retain its desirable 

cherry red color for 9 days (Brody, 1970). Also if carbon dioxide is used in association with 

oxygen, microbial growth was retarded. 

In commercial practice, steaks individually packaged in gas permeable film frequently 

have a shelf life of only 2 to 4 days owing to undesirable changes in color (darkening) and odor 

(putrid) (Jaye et al. 1962; Rikert et al. 1957). Modified atmosphere packaging can be used in 

two ways to extend meat shelf-life. In the first, the system is designed to exclude oxygen and 

keep the meat in the purple myoglobin state until display at which point it is allowed to oxygenate 

and bloom in air. In the second method, the gas mixture includes oxygen so that maximum 

oxygenation at the time of packing produces a bright red color and retains it during storage and 

display. The simplest MAP is vacuum packaging, and for a long time this has been suggested 

as the best extensive way of extending the shelf life of meat (Dean and Ball, 1958). The only 

difference with regard to retail vacuum packaging is that the residual air can be higher (1%) and 

consequent metmyoglobin formation will discolor the surface of meat. Even though vacuum 

packaging offers a good technique to extend the meat shelf-life, it is not widely used for retail 

packaging because the consumer prefers to buy fresh red rather than frozen meat (Brody, 1970). 

The use of gas atmospheres packaging of fresh meat to extend the shelf life has been 

investigated for several years. The gases most commonly used are oxygen, carbon dioxide, 

nitrogen or mixtures of theses gases. 
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2.1.1. Oxygen 

The primary function of oxygen, when used in a modified atmosphere, is to maintain the 

bright red color of fresh meat by keeping myoglobin oxygenated (Holland, 1980). According 

to Fellers et ah (1963) and Baush (1966), the color of fresh beef is significantly improved by 

using high concentrations of oxygen. Clark and Lentz (1973) reported that 70-85% oxygen 

increases the shelf life of prepackaged beef up to 9 days. Seidman et al. (1979a) found the 

percentage of surface discoloration to be higher on beef roasts stored in oxygen than those 

vacuum packaged in 100% carbon dioxide or nitrogen. Haufftnann et al. (1975) stored beef 

longissimus at 1°C under high 02 pressure and reported the formation of a brighter color for up 

to 20 days than that found in samples stored in air. Macdougall and Taylor (1975) found 

increasing oxygen concentration in a controlled atmosphere package to result in a thicker surface 

layer of oxymyoglobin which masks the brown METMB up to the limiting depth of oxygen 

penetration. 

Daun et al. (1971) compared the effects of high oxygen (90%) and normal atmospheric 

oxygen on the shelf life of fresh meat color. Packaged samples were kept at 4°C and 

chromatographic analyses for 02, C02 and N2 were done. They suggested that metmyoglobin 

reached a concentration of 70 to 80% in about 6 days in an ambient 02 atmosphere, while at 

high 02 concentration metmyoglobin reached the unacceptable level in about 10 days. According 

to Taylor and MacDougall (1973), the bright red color of fresh meat stored under 60% oxygen 

lasted for at least 8 days while the air packaged samples deteriorated after 5 days. 

Bartkowski et al. (1982) found that 10% oxygen could not maintain the color of fresh 

beef but 40 to 75% could maintain acceptable color for 9 days. Newton et al. (1977) reported 

that high concentration of oxygen could initially produce a brighter meat color than that of meat 

stored in air and carbon dioxide. Also Marchello et al. (1974) found that an increase in the shelf 
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life of meat color can be achieved by storage in an atmosphere which contains a high level of 

oxygen. Atmospheres containing 1% to 2% oxygen could decrease shelf-life compared to 

atmospheres of carbon dioxide or nitrogen (Spahl gt al. 1981). 

According to the literature cited above, an oxygen level above atmospheric has to be used 

to extend the shelf-life of meat. However, there is no consensus on how much oxygen is 

required to maximally extend the color of meat. 

2.1.2. Carbon Dioxide 

The primary function of carbon dioxide, when used in a modified gas atmosphere, is to 

inhibit microbial growth. The effect of carbon dioxide on microbial growth was observed as 

early as 1889 by Frankel (as reported by Ogilvy and Ayres, 1951a). The inhibition effect of 

carbon dioxide is temperature dependent. Clark and Lentz (1973) stated that the maximum 

effectiveness of carbon dioxide in increasing the shelf-life of meat was at 0°C and decreased 

gradually to a negligible level at 20°C. The inhibition caused by carbon dioxide at lower 

temperatures is related to the absorption of carbon dioxide on the meat surface, leading to the 

ionization of carbonic acid causing a change of pH. The mechanism for the inhibition or delay 

of microbial growth in a carbon dioxide enriched atmosphere has been postulated as interference 

by carbonic acid and pH with the cell's enzyme system. However, the major chemical problem 

when holding meats in high concentration of carbon dioxide has been reported to be surface 

discoloration. To overcome this problem, high oxygen concentration with carbon dioxide has 

been suggested as a potential atmosphere (Renerre, 1990). 

A carbon dioxide concentration above 5% inhibits the growth of Gram negative micro

organisms (Ogilvy and Ayres, 1951a); however, it has been claimed that facultative anaerobic 

and anaerobic micro-organisms, such as Lactobacillus, can replace the Gram negative aerobes 
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when high carbon dioxide (about 20%) is used (Seidman et al- 1976; Newton et al- 1977). 

The effect of carbon dioxide on the color of fresh meat is uncertain. Ledward (1970) and 

Finne (1982) found that high carbon discolored meat surfaces, an affect related to the conversion 

of oxymyoglobin to metmyoglobin, while Taylor (1972) and Seidman et al. (1979b) reported no 

discoloration from high carbon dioxide. Also, Ordonez and Ledward (1977) found metmyoglobin 

formation at the muscle surface to be independent of C02 level when comparing 10 and 20% 

levels of C02. Clark and Lentz (1969) suggested 20% carbon dioxide as the most practical 

concentration. According to Killerfer (1930), the shelf-life of meat (with respect to microbial 

growth) could be extended up to 2-3 times as long in pure carbon dioxide as in pure air at the 

same temperature. 

According to literature cited above the effect of high level C02 on color is still uncertain. 

There appears to be agreement that color is independent of C02 concentrations of less than 20%. 

2.1.3. Nitrogen 

Even though nitrogen is generally used as a filler gas to displace oxygen some researchers 

have indicated that it may have an effect on physical properties of meat. Belousov et al. (1973) 

and Seidman et al- (1979a, b) found that nitrogen decreased weight loss of the meat cuts by 

increasing protein water holding capacity. Weidman (1965) reported that beef samples stored 

under nitrogen did not develop slime at 0°C for 3 weeks. It was also claimed that 100% nitrogen 

atmospheres increased the shelf life of lamb loins significantly (Newton et al- 1977). Huffmann 

et al. (1975) found that the color of meat samples stored in air was more desirable than the color 

of those stored in 100% nitrogen and 100% carbon dioxide. Seidman et al. (1979a) reported that 

steaks held in 100% nitrogen developed a brown color during storage and took longer to bloom 

after exposure to oxygen. Partmann et al- (1970a, b) stored meat 7 days in metal boxes with a 
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slow continuous flow of 100% N2 and found good surface color appearance. Setser et al. (1973) 

noted a rapid discoloration for beef semitendinosus samples kept in 100% N2 than samples kept 

in 100% 02 or air at 4.5 °C. 

Nitrogen also may increase off-odor, which is also caused by microbial growth, and 

decrease attractiveness of subcutaneous fat (Kropf, 1980). 

Even though there is no agreement in the literature on the effect of high nitrogen pressure 

on meat color, nitrogen has been used to displace 02 and C02 inside the package and to avoid 

the collapse of the package. More work needs to be done in order to determine the effect of N2 

on meat color. 

2.1.4. Carbon monoxide 

Carbon monoxide reacts with myoglobin to form the bright red pigment, 

carboxymyoglobin (William, 1960). Pearson (1960) found that carbon monoxide increase meat 

color stability. 

According to El-Badawi (1964) a mixture of 2% CO and 98% air is very effective for 

preserving and stabilizing the color of fresh beef for 15 days. Wolfe (1980) suggested that low 

concentration of carbon monoxide should be added with high level of carbon dioxide to increase 

the overall shelf-life. Although CO retarded the formation of metmyoglobin and avoided fat 

oxidation its use with meat was not approved by regulatory authorities (Wolfe, 1980). 

According to Clark et al- (1976), more work must be done to prove the safety of meat 

stored in an atmosphere containing carbon monoxide before its use on a commercial scale. 

Knowing the deadly effect of CO, more studies should be conducted with inert gases, not 

only being safer for the meat but also for the safety and health of the workers involved in the 

meat packaging process. 



2.1.5. Gas mixtures 

In recent years, the use of carbon dioxide, oxygen, and nitrogen in various mixtures has 

been thoroughly investigated in order to combine the benefits of each gas. 

Christopher et al. (1979) claimed that in gas mixtures for meat packaging, the carbon 

dioxide will inhibit aerobic spoilage bacteria while the oxygen will keep the meat surface pigment 

oxygenated. Nitrogen is used primarily to dilute the concentration of carbon dioxide and oxygen. 

According to Brody (1970), the use of carbon dioxide enriched with oxygen increased 

the shelf life of fresh meat color, but he believed that oxygen enriched atmospheres increased the 

incident of fat oxidation. 

There has been much work done to determine the required concentrations of 02, C02 and 

N2 to maximize beef shelf-life. This is summarized in Table 1. It can be seen that there is no 

general agreement in the literature on what is the best combination of 02, C02 and N2 to be used 

to extend meat color for extended period. 

In summary, one of the major questions surrounding modified atmosphere packaging of 

meat is what gas or gas combination and what relative concentrations should be used. 
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Table 1. Optimum gas mixtures used to preserve meat color. 

REFERENCE 

Gas Mixture 

%o2, %C02, %N2 

Maximum Storage 

Time 

Mariott gt al. 1977 25%, 60%, 15% — 

Partmann, 1975 80%, 20% 6 Weeks 

Silliker, 1977 25-65%, 5-30% — 

Hauffman, 1974 5%, 25%, 70% 13 Days 

Clark and Lentz, 1973 50-80%, 15% — 

Bartkowski, 1982 40%, 15% — 

Taylor et al- 1990 75%, 25% 12 Days 

Seidman et al. 1979a 80%, 20% — 

Lawrie, 1985 60-80%, 40-20% 7 Days 

Seidman et al. 1980 0%, 20%, 80% — 
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2.2. CHEMISTRY OF MYOGLOBIN 

Myoglobin is a monomeric, globular haem protein with a molecular weight of 

approximately 18000. It is localized in the red muscles. Meat color depends primarily on 

myoglobin. It accounts for 10% of iron in the live animal; in a carcass most of the iron has been 

lost by bleeding. Most (95%) of the remaining (carcass) iron is associated with myoglobin in 

well-bled meat, and myoglobin is the only pigment in such meat capable of coloring the meat 

(Price and Schweigert, 1971). 

The most important functional property of myoglobin in the muscle is its ability to 

reversibly bind molecular oxygen to create an intracellular reservoir of oxygen and to facilitate 

the diffusion of oxygen from the plasma membrane to the mitochondria, where oxygen is 

consumed. 

Myoglobin forms a complex with iron which consists of one polypeptide combined with 

one heme group. The heme consists of an iron atom with a large planar porphyrin ring. The 

iron is held by 4 bonds to N atoms of individual pyrrole rings which constitute the heme. The 

iron is also associated with the protein (globin) through a histidine residue by its fifth position. 

The remaining sixth position is then available to bind a limited number of high field ligands 

including oxygen (Antonini and Brunori, 1971; Hood, 1984). 

In general the iron has a low electronegativity, it may lose two valence electrons to form 

ferrous (Fe
++) or three electrons to form ferric (Fe

+ ++) iron cations. 

The oxidation state and type of ligand bound to the sixth position of the iron center 

determine the color and reactivity of myoglobin under most reaction conditions (Figure 1). 

Myoglobin, which lacks a ligand in the 6 position, is the ferrous myoglobin derivative 

found under ultra low oxygen tension condition. These condition are found in deep muscle and 

meat where the partial oxygen pressure may go below 0.1 mm Hg. 



Globin 

N N 

Fe2 + - Fe2 + Fe3' 

N o2 N N 

MBO2 

(BRIGHT-RED) 

N N H20 N 

MB METMB 

(PURPLE) (BROWN) 

Fig. 1. Oxidation states of myoglobin and its associated color. 

N> 
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Oxymyoglobin is also a ferrous myoglobin derivative where the sixth position is occupied 

by oxygen. MB02 is a stable derivative under high oxygen pressure (60 mmHg). 

Metmyoglobin is the ferric form of which the sixth position is occupied by water. Once 

formed it cannot bind oxygen because its iron doesn't have sufficient electron density for donation 

to its ligand. METMB can be formed at a relatively low oxygen partial pressure (1-2 mmHg). 

Also the binding of water to the sixth position in the METMB can act as a catalyst in a free 

radical reaction such as lipid oxidation by inducing breakdown of hydroperoxides (Hirano and 

Olcott, 1971; Brown et al. 1963). 

2.3. FACTORS AFFECTING MEAT COLOR 

Because color is very important in fresh meat, it is important to know which factors affect 

color stability. The color of meat is related to many intrinsic factors (pH, muscle type, animal 

and age) and to many extrinsic factors (temperature, oxygen availability, type of lighting, surface 

microbial growth, electrical stimulation and storage mode). 

2.3.1. Intrinsic Factors 

2.3.1.1. Muscle Type 

Among intrinsic factors, inter muscular variability is the most important. According to 

Hood (1984), muscle longissimus dorsi is the most stable, followed by muscle semitendinosus 

and muscle semimembranosus. Muscle psoas, occurring in the most expensive cuts of meat, is 

the least stable. The degree of discoloration of muscle psoas is eight times greater than that of 

muscle longissimus after 96 h storage at 0°C. This difference in stability between muscles is due, 

according to Hood (1984), to stability of the muscle oxymyoglobin, and the relative 

reduction/oxidation potential of tissue from different muscles. Ledward et al. (1977) suggested 
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that this difference in muscle stability is due to differences in the aerobic reducing ability of the 

muscle. These differences can also be attributed to the decay of mitochondria post mortem, 

which leads to a fall in oxygen consumption rate (Atkinson §t al- 1969; Bendall and Taylor, 

1972). 

2.3.1.2. pH 

In general, muscles of low pH discolor more rapidly than those of high pH (Ledward, 

1983). According to Renerra (1990), when the rate of pH fall is very fast (due to microbial 

growth or the use of high concentration of COj), the rate of MB oxidation is increased and the 

formation of METMB leads to low color intensity. Lower pH will cause denaturation of the 

globin moiety and dissociation of oxygen. At pH < 5, MB is completely denaturated (Appel and 

Brown, 1971). Also low pH has been shown to reduce the equilibrium constant for the heme 

globin linkage (Fronticelli and Bucci, 1963). Chang and Taylor (1975), reported that increasing 

the proton concentration will influence globin conformation in such a way as to render it less 

effective in stabilizing the heme oxygen complex. According to Antonini and Brunori (1971), 

the heme-globin system may be considered to be in a state of equilibrium. 

Globin + heme MB 

By lowering the pH, the rate of dissociation of heme from globin is increased; this results 

in an increase of the myoglobin oxidation. 
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2.3.1.3. Age and Species 

Meat color varies with species, beef being the darkest (0.5%MB), lamb intermediate 

(0.25%MB) and pork the lightest (0.06% MB) (Lawrie et al. 1963). 

Meat color intensity also increases with advances in the chronological age of the animal, 

the difference being easily detectable between veal, marked beef and meat from old cows. The 

difference is due mainly to the diet since the diet of young animals has a deficiency of iron 

(Lawrie, 1974), thus giving meat from these animals a paler color. 

2.3.2. Extrinsic Factors 

2.3.2.1. Temperature 

Among extrinsic factors, temperature is the most significant factor. High temperature 

promotes bacterial growth and causes color instability. Also there is an increase of 02 

consumption by fat oxidation leading to low oxygen tensions, which causes MB oxidation. 

According to Lawrie (1985), high temperature is responsible for the dissociation of the 

heme from globin which promotes the oxidation of the heme. The degree of discoloration after 

96h storage at 10°C ranges from two to five times that at 0°C, depending on the muscle (Hood, 

1984). According to Brown and Mebine (1969), the rate of discoloration of meat is temperature 

dependent and Qi0=5 (i.e., the rate of oxidation rate doubles with each 5°C temperature increase) 

for temperatures between 0 and 22°C. 

Lower temperature increases the penetration of 02 into the meat, so MB is maintained 

oxygenated. For all these reasons prepackaged meat should be stored at 0-5°C (Lawrie, 1974). 

2.3.2.2. Oxygen Availability 

The condition required to prevent MB oxidation is to maintain 02 tension at either high 
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02 levels (>5% in the headspace) or ultra low 02 levels (<0.5% in the headspace). The latter 

can be accomplished by vacuum packaging in an 02 impermeable film (Landrock and Wallace, 

1955). 

2.3.2.3. Type of Lighting 

According to Hood (1979), fluorescent light produces only a minor acceleration effect 

on myoglobin oxidation but ultraviolet light produces serious discoloration with any type of 

muscle even at a low temperature during a short time. Renerre (1990) reported that white 

fluorescent lights do not generally cause discoloration of meat. 

2.3.2.4. Electrical Stimulation 

According to Renerre (1990) electrical stimulation (ES) of beef carcasses increases the 

rate of pH drop and causes toughening of meat. However, Orcutt et al. (1981) reported that ES 

improved longissimus muscle color in beef carcasses and they found that the longissimus muscle 

from the ES carcasses was lighter and redder than the control muscle. Overall, however, the 

action of ES on meat color stability during shelf life is still uncertain. 

2.3.2.5. Bacterial Contamination 

Bacterial contamination in meat packaging is often a major cause of fresh meat 

discoloration. Micro-organisms are able to form pigments by themselves (Lawrie, 1985). In the 

presence of oxygen, between 0 and 5°C, Pseudomonas rapidly become the dominant bacteria, 

causing slime formation and off odors, but with the reduction of 02 content and with high 

concentrations of C02, Pseudomonas are replaced by lactic acid bacteria which do not produce 

putrid odors. 
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Meat can be decontaminated before packaging by fast pasteurization (consisting of dipping 

the meat in boiling water for 5 sec). The time of pasteurization is very important; if it is too 

long the globin is denaturated and detached from the heme (Lawrie, 1985) with a change of red 

to brown color in the meat. 

2.3.2.6. Packaging 

The darkening of the surface of meat has been attributed to the low oxygen partial 

pressure and to the concentration of pigments as a result of the loss of water (Urbain, 1952). 

This type of discoloration (due to loss of water) can be controlled by the selection of packaging 

films with low permeability to water vapor (Kraft and Ayres, 1954). The choice of packaging 

is very important because it must reduce meat contamination and be a moisture barrier. 

2.4. MEAT COLOR MEASUREMENT 

Meat color degradation is considered a surface phenomenon which is similar to rusting 

of iron. Much in the same way that iron oxidizes to less desirable rust, the iron in myoglobin 

oxidizes to form less desirable metmyoglobin. Light striking meat surfaces is either absorbed or 

reflected, and the character of the reflected light forms the basis of meat color measurement. 

Two basic methods, human visual appraisal and instrumental analysis, are used. 

2.4.1. Instrumental Analysis 

The measurement of meat color is determined by the relative proportions of MB, MB02 

and METMB (Francis and Clydesdale, 1975). In fact, there are two possible methods available 

for measuring the amount of various forms of myoglobin present in the meat surface: the 

absorption ratio method of Broumand et al. (1958), applied to extracts of meat taken from the 
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surface of beef cuts, and the reflectance ratio method of Dean and Ball (1960). 

Absorption spectrophotometry requires the extraction of meat pigments before 

measurement. This presents a problem since during extraction the oxidation of MB to METMB 

occurs rapidly (Snyder, 1965). 

Reflectance is the method of choice to quantify the amount of MB derivatives on the meat 

surface since this method excludes error due to extraction because the analysis is done directly 

on an intact sample of meat. According to Naughton et al- (1957), reflectance 

spectrophotometry is a powerful tool for measuring MB derivatives. They showed that reflected 

light measured on an absorbance scale is directly proportional to copper concentration, and they 

claimed that reflected light is directly proportional to the amount of MB derivatives on the meat 

surface. 

Among the methods used to study the changes of meat pigments the most common are 

those based on the calculation of the K/S ratio (where K is the ratio of absorption coefficient and 

S is scattering coefficient) (Stewart et al. 1965). There are many methods based on the K/S ratio 

of calculating the relative content of MB, MB02 and METMB. Dean and Ball (1960) calculated 

%MB, %MB02 and %METMB by using ratios of K/S given by Judd (1952) at 507, 573, 473 

and 597 nm. Broumand et al- (1958) prepared graphs relating ratios of absorption coefficients 

to percent of MB derivatives at the same wavelengths used by Dean and Ball (1960). 

Each method is based on measurement of reflectance attenuance of incident light at 

different wavelengths. Krzywicki (1979) measured the reflectivity at 572, 525, 473 and 730 nm. 

Snyder (1965) used 474, 525, 571 nm. He measured one fraction at a time, each time 

converting his samples to one fraction of myoglobin. Stewart et al. (1965) used reflectance 

spectrophotometry to determine the total pigment and the % METMB. Van den Oord and 

Werdorp (1971a, b) used 580 and 630 nm to determine Mb02 and METMB content in meat 
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samples. Bevilacqua and Zaritzky (198S) applied an equation derived from the theory of Kubelka 

and Munk to determine relative concentration of muscle pigment. 

Colorimetric methods form another branch of instrumental analysis Such as Hunter, CIE 

tristimulus, Munsell (Deman, 1980). These methods have not been widely used to follow subtle 

color changes in meat research because they provide no information about specific causes of color 

determination (myoglobin forms on the meat surface). However, these systems provide important 

information concerning the way that color is perceived (Munsell) or the stimulus equivalent (CIE, 

Hunter) needed to match meat color (Little and Angela, 1976). 

Color measurement is affected by the fat content on the meat surface. According to Van 

den Oord (1971), a higher fat content results in higher reflectance. It is recommended that the 

fat be trimmed from the samples before the color is measured. 

2.4.2. Visual Color Evaluation 

It consists of giving scores (high and low) based on the terms of acceptability, preference 

or desirability. Thus they are appropriate only for consumer panels of many evaluators. 

2.5. MATHEMATICAL MODELING AND MAP 

From the previous literature review, the success of MAP appears to depend on many 

factors including good initial product quality, good hygiene during slaughtering, appropriate 

packaging film, the appropriate gas mixture inside the package and maintenance of controlled 

temperature. It is important to realize that storage under controlled or modified atmosphere will 

not improve the quality of the product, it will only delay the rate of spoilage. 

Matching the proper packaging scheme is a difficult task from a purely experimental point 

of view due to the large number of variables. A mathematical model is a good way to overcome 
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this difficulty. The most important aspect of the model is the reduction in experimental time. 

There has been an increasing interest in developing mathematical models to predict the 

shelf-life of fruits and vegetables. Jurin and Karel (1963) developed a model for MAP of 

Mackintosh apples, taking into account respiration rates and permeability of packaging film. The 

same study was done for green bananas by Karel and Go (1964). 

Yang and Chianan (1988) developed a mathematical modeling to determine the effect of 

02 and C02 on respiration and quality of stored tomatoes. 

Mannapperuma and Singh (1990) developed a model of gas exchange in polymeric 

packages of fresh fruits and vegetables. A mathematical model was developed for dehydrated 

food by Simon et al. (1971) that predicted the headspace dynamics over a dehydrated food 

product and the loss of caretenoids pigment. 

Labuza et al. (1972), Peppas and Khanna (1980) and Khanna and Peppas (1982) 

developed models similar to that of Simon et al- (1971), where water activity was used to give 

an indication of the onset of degradation. 

The prediction of shelf-life due to microorganism growth has become of great interest 

(Baid ej al- 1987; McMeekin and Dolley, 1986). With microbial growth, mathematical models 

are used to generate regression equations, which may enable the investigator to predict the 

probability of microbial growth and/or toxin production in a certain food product. 

Labuza and Taoukis (1991) developed a model to predict the microbial growth of 

pathogenic (Salmonella) and competitive spoilage (Pseudomonas) in meat packaged under 

modified atmosphere. McMeekin et al. (1987) developed a model in which they combined the 

effect of temperature and salt concentration/water activity to predict the growth of staphylococcus 

Xylosus. Buchanan (1990) developed a growth modeling program which is applicable to 

pathogenic micro-organisms. 
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No models exists however for the prediction of meat color. It is important to develop 

a model related to meat color, since the shelf life of meat depends primarily on the color. Also 

modeling will help determine the optimal gas mixture to extend the shelf life and to understand 

the effect of gases on meat color. 
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CHAPTER 3 

MODEL DEVELOPMENT AND EXPERIMENTAL VALIDATION 

It is the purpose of this work to predict meat color as a function of time, taking into 

account the effect of headspace gases. As previously shown, there is little agreement in the 

literature on the best gas mixtures and packaging to use. Moreover, there are many other factors 

which can affect meat color. Because the question of which gas mixture keeps color the longest, 

it is the purpose of this work to develop and validate a model for the prediction of color 

exclusively as a function of headspace gas composition. Thus the model and its subsequent 

experimental validation, will be developed such that extraneous factors are eliminated. 

3.1. ASSUMPTIONS 

The shelf life of meat packed under modified atmosphere is determined by the 

discoloration of the meat. Based on the prevalent literature, this is affected by the composition 

of the atmosphere above the meat, the permeability of the film, the type of meat, the temperature, 

pH, lighting, and microbial growth. 

Two major dynamic phenomena take place with respect to MAP of meat and are of direct 

interest in this study. The concentration of the headspace gas changes due to the permeability 

of the packaging film which allows an exchange of gases between the ambient atmosphere and 

the headspace inside the package. Similar to this is the dissolution of gases in the meat and 

diffusion through it. The flux of oxygen at the meat surface, however, is assumed small 
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compared to the flux of gases into our out of the headspace as a result of a permeable packaging 

film. 

The second phenomenon is the change of meat color; dissolved oxygen within the meat 

will produce oxygenated myoglobin, and the oxygenated form will be continuously oxidized to 

metmyoglobin, giving the brown color. Figure (2) shows the dynamics of modified atmosphere 

packaging of meat in an idealized container. 

The headspace above the meat is considered well mixed. This is because the resulting 

mass transport across the headspace, known as free diffusion, occurs very quickly compared to 

the permeation through the packaging film and dissolution in the meat. 

There is the possibility of interaction between the components such that a concentration 

gradient in one will affect the diffusion of another. This occurs with high density gases and may 

occur in packaging film if the solubility between the film and the permeants is high. In this case, 

the fixed gases of interest (02, C02, N2) do not have large solubilities within the film, and 

packaging occurs at atmospheric pressures. 

In this study, the respiration of the meat is negligible because the meat used in this study 

is aged 6 days and the use of refrigeration greatly reduces respiration. 

The effect of microbial growth is eliminated through the use of aseptic techniques in meat 

handling. Temperature is kept constant throughout storage at 2°C. Also pH is assumed constant, 

this being checked at the begining and at the end of storage. Also the effect of light is eliminated 

by storing meat in the darkness. Fat is trimmed at the begining of the experiment, thus the effect 

of lipid oxidation is eliminated. 
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Fig. 2. Modified atmosphere packaging dynamics. 



3.2. MODEL EQUATIONS 

3.2.1. Composition of the Headspace 

The change in the headspace as a result of package permeability and oxygen uptake by 

the meat is described by the following mathematical equations: 

V dp> (1) 
v '=  -NJ-J tS  

RT dt 

Nr  -P i  APi 

Where: V is the head space volume (cm3). 

R is the universal gas constant (cm3-cm H20/mol-K). 

T is the temperature (K). 

S is the surface area of meat exposed to the headspace (cm2). 

Pi is the partial pressure of component i (cm H20). 

t is the time (sec). 

J; is the flux of component i at the meat surface directed into the meat 

(mole/cm2-sec). 

Nj is the flux of components i through the film: 

Ps is the permeability of component i (moles/cm2-sec-cm H20). 

Api is the partial pressure gradient across the packaging film of 

component i (cm H20). 

(2) 
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Equation (1) is the result of an unsteady state mass balance around the headspace relating 

the ambient conditions outside the package, the permeability characteristics of the packaging 

membrane and the absorption of the headspace gases into the meat. Equation (2) is the 

mathematical description of the flux of the ith headspace component through the packaging film. 

With the assumption of small mass transfer into the meat itself, Eq. (1) can be rewritten as: 

—— = -Nfi (3) 
RT dt 

3.2.2. Meat color 

In fresh meat and in the presence of oxygen there is a dynamic system of three pigments: 

myoglobin, oxymyoglobin and metmyoglobin. 

red - purplish - brownish 
(MB02) (MB) (METMB) 

At high oxygen pressure the reaction is shifted toward MB02. 

Fresh meat open to air displays the bright red color of MBOj on the surface. In the 

interior, MB is in the reduced state, and the meat has a dark purple color. According to Solberg 

(1970), there is a thin layer below the oxymyoglobin layer and just before the Mb region where 

a definite brown color is visible; in this area the oxygen partial pressure is about 1.4 mm Hg. 

Figure (3) helps explain the relationship of partial pressure to the three chemical states of 

myoglobin, it also explains the brown metmyoglobin layer of fresh bright red steaks below the 

surface. 
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Fig. 3. Initial effect of 02 on myoglobin derivatives 
from Kropf (1980). 
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Upon exposure of cut surfaces of fresh red muscle to the atmosphere, Mb in the vicinity 

of the surface rapidly becomes oxygenated to a depth of a fraction of a centimeter below the cut 

surface (Giddings, 1977). According to Bevilaqua and Zaritzky (1985), once formed the red 

complex is stabilized by the formation of a highly resonant structure. The oxygen is continuously 

associating and dissociating from the heme complex. 

Krzywicki (1982) reported that the rate of formation of MB02 from MB in solution was 

found to be 4*10"V, and at oxygen partial pressure higher than 60 mmHg only MB02 is present 

(George and Stratman, 1952b). Oxygenation of MB was interpreted as a first order reversible 

reaction. When a meat sample is exposed to air, an equilibrium constant for the following 

oxygenation process can be established: 

MB02 MB + 02 

In the presence of oxygen the ferrous ions tend to oxidize slowly to the ferric state, 

producing the undesirable brown metmyoglobin (Bevilaqua and Zaritzky, 1985). Reducing 

substances in the living tissue reduce the metmyoglobin to the ferrous form (Deman, 1980). 

According to Giddings (1974), METMB is constantly generated in muscle and is reduced to the 

ferrous derivative form by the enzymatic system, which works only in anaerobic conditions 

(Stewart et al. 1965b). After slaughtering these reducing substances are no longer functional. 

Deoxygenation of MB was proposed to be an intermediate step in the oxidation. 

According to Bevilacqua and Zaritzky (1986), however, the oxidation of MB and MB02 proceed 

at the same rate. 

The accumulation of metmyoglobin on the surface of fresh beef depends on several 
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mechanisms: the rate of oxygen diffusion (Brooks, 1929), oxygen consumption (Bendall and 

Taylor, 1972), the autoxidation of pigment in the presence of oxygen (George and Stratman, 

1952a). The oxidation of the pigment in the presence of oxygen is oxygen pressure dependent 

(George and Stratman, 1952b). Conont and Fieser (1924) and Neil and Hasting (1925) showed 

that oxidation of MB02 to METMB was encouraged by low oxygen pressure. Oxidation was 

most complete at a partial pressure where exactly half of the total ferrous Mb was in the deoxy-

form. Brooks (1929) reported maximum conversion to METMB at a partial pressure of 4 

mmHg. George and Stratman (1952b) found that the maximum rate of oxidation of myoglobin 

occurred at partial pressure between 1 and 1.4 mm Hg and, at oxygen pressure above 20 mmHg, 

the oxidation rate leveled off to a constant value. 

According to Snyder (1963) the oxidation of MB02 may occur as follows: 

MB —• heme + protein 

high Q-, low Q. 

MB02 MB + 02 heme + 02 hematin 

hematin + protein —• METMB 

Such a scheme would be compatible with the finding that rates of myoglobin oxidation increase 

with decreasing partial pressure of oxygen. 
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The type of muscle (related to oxygen consumption of the muscle) affects the oxidation 

of myoglobin. The kinetic constant of METMB formation in muscle gluteus is K3= 0.00104 h"1, 

K3= 0.00325 h"1 for muscle semitendinosus. 

From the foregoing discussion the kinetics of myoglobin can be described as follows: 

K, 

MB02 ^ MB 

k2 

K, \ l/ K3 

METMB 

The kinetics equations based on the above kinetics representation are as follows: 

dWB] = -Ki[MB][02]+K2[MB02]-K3[MB] (4) 

d[MBOA 
— = K1 [MB][02\ -[MB02\ -Kj[MB02] (5) 

dt 

d[METME\ = ^ ([MB] + [MBQj ) (6) 

Here, MB, MB02, and METMB denote reduced, oxygenated and oxidized forms of 

myoglobin, respectively. By dividing by the constant total concentration, these equations describe 

the mole percent of the various myoglobin fractions. K is the reaction rate constant with 
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subscripts denoting the reaction to which K belongs. The term [OJ indicates 02 concentration. 

The effect of the change of composition of the head space on meat color is thus given by 

Eqs. 4, through 7. The effect of headspace oxygen concentration is indirectly taken into account 

through the substitution of a p02 for [OJ where a is the Henry's law constant. Thus, we can 

write the final form of the model for all gases and fractions of myoglobin considered as: 

(4) 

(4) 

(4) 

^ = -a Kx +£>[MB02] -K3 [MB] 
(5) 

d[MBOz| 

dt 
= a K t  [MB\p02 - K2 [MBOz] - K3 [MB02] 

(6) 

d[METMB] = ^ ([MB] + [MB02]) 
dt 

(7) 
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Although it was previously stated that [OJ indicated concentration, it is used here as a 

mole percent. The different units will be absorbed by the value of K,. 

These equations are solved by computer, using ACSL (Mitchell and Ganthier Associates, 

Concord, MA), a simulation language based on FORTRAN. The inputs to the model are the 

initial modified atmosphere composition, and the initial relative myoglobin fractions. Parameters 

used by the model are the film permeabilities, the Henry's law constant and the kinetic constants. 

The model will than output the dynamic headspace concentration and the concentration of MB, 

MB02 and METMB as a function of time. The model program is shown in Appendix I. 

3.3. EXPERIMENTAL METHODS 

The model was validated with four separate experiments. In each one the headspace 

composition (high 02 pressure and atmospheric 02 pressure) and the type of film (polyvinylidene 

chloride and ethylene vinyl chloride copolymer) was varied. The basic experimental protocol was 

to aseptically load meat into special vials. All vials were flushed simultaneously with a modified 

atmosphere in a gas chamber, then capped with the appropriate packaging film. Vials were 

transferred for storage to a refrigerator. A vial was removed at one or two days intervals, its 

headspace sampled and analysed and its surface myoglobin fractions measured. The vial content 

was then discarded. 

3.3.1. Packaging System 

The vials used for packaging are straightsided polymethylene jars (Nalge Company. 

Rochester, N.Y.) with a capacity of 125 ml. Each lid had a uniform hole with a diameter of 6 

cm to allow exposure of the membrane to the ambient atmosphere. The film membrane lay 

across the jar mouth and the screw down lid was used to hold the membrane in place. Also a 
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parafilm was used around the lid and the vial in order to avoid any permeation of gases between 

the lid and the vial. The vials were autoclaved before the experiment. The packaging film was 

precut to fit the vials and sterilized with 95% ethanol. Figure (4) shows the type of vials used 

in these experiments. 

3.3.2. Sample Preparation and Packaging 

Muscle semimenbranosus (top round) was purchased from Willcox Meat Packaging CO 

(Tucson, Arizona). Fat was trimmed from the meat and the meat was cut into disks with a 

custom fabricated stainless steel core (Figure 5). The meat disks have an area of 5 cm2 and 

approximately 5 cm thickness. 

Aseptic techniques were used throughout the packaging. Before the experiment the room 

in which vial loading took place was cleaned and sanitized by washing thoroughly with detergent. 

All the surfaces were sanitized with Rocall II, which contains alkyl (C14-50%, C12-40%, C16-10%) 

dimethyl benzyl ammonium chloride (approximately 800 ppm), and wiped with 95% ethanol. 

Then the room was kept under U.V. for about 24 hours before the experiment was started. Any 

knives in contact with the meat were cleaned and sanitized before each cutting by washing 

thoroughly with hot water and detergent, dipping in 95% ethanol, and flamed before and after 

each cutting. 

Meat disks were dipped in boiling water for 5 seconds, to eliminate microbial growth and 

any concominant microbial discoloration (metmyoglobin formation) during subsequent 

experimentation. Then, each meat disk was sliced into two disks, and put in a sterile vial. The 

newly exposed surface of each disk, which was not in contact with the boiling water (thus having 

no surface discoloration) was displayed. 

After loading the meat disks into the vials, the vials and lids were transferred to a glove 
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Fig. 4. Vials used in the experiment. 
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Core 

Fig. 5. Core used in the experiment made in stainless steel. 
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chamber (Vertex, Industries New Jersey). Connected to the chamber was a gas blender (Cole, 

Palmer, Chicago, IL.) which allowed mixing of as many as three gases. The ambient air was 

flushed out with the desired modified atmosphere. Air samples were taken and analysed to assure 

uniform modified atmosphere throughout the chamber. When this occured, the vials were capped 

with a packaging membrane and lid. Before starting the experiment the chamber was washed by 

detergent and wiped with 95% ethanol under a sterile hood. 

To maintain the sterility inside the chamber, during gas flushing and vial loading a sterile 

gas filter (Gelman, science) in the gas delivery system was used with pore size 0.2 micron. 

3.3.3. Sample Storage 

After capping, the vials were removed from the chamber, immediately placed in a 

refrigerator and stored there in the absence of light at 2°C. 

3.3.4. Gas Analysis 

The air space was sampled directly through the packaging film with a gas tight syringe 

(lcc). Two samples were taken simultaneously. 

A 3300 Gas chromatograph (Varian) was used with the following options: a thermal 

conductivity detector, a gas sampling valve (automatic injector), and a manual injector. The 

oven was fitted with a metal, 6 ft* 1/4 in. O.D. CTR-1 column (Alletch), a 1/16 in. O.d. column 

connecting the injector port and gas sampling loop of the valve (this connection allows the manual 

injection without changing the position of the column), and a l/16in. O.d. reference column was 

used to balance the flow to the reference side of the detector. The gas carrier was helium with 

a flow rate of 65 ml/min. Details of the CTR-1 column are given in Appendix II. 

The temperature of the column, injector and the detector used for the separation of 02, 
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C02 and N2 was ambient. Calibrations were made using pure 02, C02 and N2 and the response 

factor was used to determine the headspace composition of our sample. 

3.3.5. Surface Color Changes 

The percentages of reduced MB, MB02 and METMB were determined on three locations 

of the meat disk using a Beckman DU spectrophotometer. The relative concentrations of each 

myoglobin derivative were determined using the method developed by Dean and Ball (1960) 

utilizing reflectance measurement. Reflectance of light from the meat surface was measured at 

wavelength of 473, 507, 573 and 597nm. These values were converted to K/S ratios using tables 

given by Judd (1952). These ratios of K/S for different wavelength were converted to %MB, 

%MB02 and %METMB using the relationship given by Broumand et al. (1958). During 

reflectance measurement the meat surface was directly exposed, and no wrap was used. 

Calibrations were made using standards having a uniform reflectance spanning the range of 2 to 

80%. 

3.3.6. pH Measurement 

The pH was measured at the beginning and at the end of the storage time. 2g of meat 

were ground and diluted with 10 ml distilled water. The pH was then measured using a pH 

meter (Orion Model 720). 

3.3.7. Microbial Analysis 

Microbial evaluation on the meat disk surface was determined for the first sample vial 

and for the last sample vial of the experiment. Both psychrophilic and mesophilic microbes were 

evaluated. The swab technique was used in the sampling of the meat. A sterile cotton swab was 
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dipped in a sterile dilution bottle of peptone buffered water and thoroughly rolled over the 

surface. This surface was defined by a sterile aluminum template having an exposed surface area 

of 3.8 sq.cm. The cotton tip was then broken off into the buffer solution. This entire process 

was repeated with a fresh swab and aluminum template which was relocated on the meat disk 

surface yielding a total surface of 7.6 sq.cm. 

Serial dilutions were made of the sample using sterile dilutions bottle containing 99 ml 

of peptone buffer solution. Each dilution was transferred to petri dishes in duplicate and labeled. 

Plate count agar (Difco) was poured into each dish and incubated. Mesophilic counts were 

determined by incubating the plates for 48hr at 32 °C and psychrophilic counts were determined 

by incubating the plates for 10 days at 7 °C. The number of microbes were reported as the log10 

per cm2 as determined by the following equation: 

counts/cm2 = total counts * dilution factor 

7.6 cm2 
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CHAPTER 4 

RESULTS 

This study was conducted with four experiments. The type of meat used in all 

experiment was muscle semimembranosus (top round). The samples were stored at 2 °C and 

were analyzed for the relative pigment concentration using reflectance spectrophotometry 

measurements. The headspace of samples were analyzed with a gas chromatograph. The storage 

period was determined when the meat was unacceptable. 

4.1. EXPERIMENTS 

Experiment (1): Experiment one was conducted using a mixture of gas (20.72% 02, 

1.31 % C02 and 77.96% N2) and a packaging film: Polyvinylidine chloride (Saran), 0.0254 cm 

thick with an 02 transmission rate= 1.1*1010 and C02 transmission rate= 6.4*10'10 and N2 

transmission rate= 5.6*10"10 gmoles/cm2-cmH20-day at 21°C (Dow Brands Inc. Indianapolis). 

Experiment (2): Experiment two was conducted using a mixture of gas (21.11% Q,, 

1.34% CO, and 77.55% N2) and a packaging film: Ethylene vinyl chloride copolymer 

(E.V.C.C.), 0.0584 cm thick with an 02 transmission rate= 8.8*10'12 and C02 transmission 

rate= 7.1*10"10 gmoles/cm2-cmH20-day at 21°C (Dow Brands Inc. Indianapolis). 

Experiment (3): Experiment three was conducted using a mixture of gases (50% Q, 
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11.5% C02 and 38.05% N2) with a packaging film: P.V.D.C. 

Experiment (4): Experiment four was conducted using a mixture of gases (63% Oj, 16% 

C02 and 21% with packaging film: E.V.C.C. 

4.2. MODEL PARAMETERS 

The model parameters were obtained from the literature. The values of the kinetic 

constants were obtained from Bevilacqua and Zaritzky (1986). The rate of myoglobin 

oxygenation K, = 0.12 min"1 at 2°C, the rate of myoglobin deoxygenation K2= 0.018 min"1 at 2°C 

and K3 the rate of myoglobin oxidation equal to 0.0005 h"1 at 2°C. It is important to note that 

K,, as given by Bevilaqua and Zaritzky, was obtained under constant oxygen concentration. Thus 

it includes the oxygen concentration which wasn't given in the original study. Its use in this 

model is therefore not totally correct. However, K, only affects the initial hour of the 

experiment, and becomes unimportant at times longer than one hour under the experimental 

conditions in this study. 

Henry's law was obtained from Geankoplis (1983) S= 0.26 l/cmH20 at 2°C. 

The transmission rates given by the industry are measured at 21°C. However, our 

experiment was conducted at 2°C, and the permeability coefficients of the packaging film at this 

temperature were unavailable from established sources. The actual values were obtained by 

examining the data and choosing a value which allowed the model to closely follow the data 

trend. This was done by sight due to the fact that precise values of the permeabilities were not 

needed. The adjusted rates are as follow: For P.V.D.C. 02 transmission rate= 6.5*10'n, C02 

transmission rate= 1.6*10 " and N2 transmission rate= 4*10'10 gmoles/cm2-cmH20-day at 2°C. 

For E.V.C.C. 02 transmission rate= 1.61*10"12, C02 transmission rate= 3.6*10'10 and N2 
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transmision rate= 8.8*10'" gmoles/cm2-day-cmH20 at 2°C. 

The concentrations of myoglobin derivatives were measured initially, along with the 

headspace composition. The actual experimental data is shown in Appendix III. 

Model results and experimental results were plotted on the same graph and compared. 

Model data were presented as a smooth curve with experimental data shown as separate points. 

Figures 6, 7, 8 and 9 represent the changes of the relative concentration of myoglobin 

derivatives as a function of time. They show that myoglobin was rapidly converted into the 

oxygenated form oxymyoglobin, followed by a gradual oxidation of the pigment to metmyoglobin 

during the first 11 days, during this time the meat was acceptable. After day 9 the rate of 

pigment oxidation appeared to increase. 

Figures 10, 11, 12 and 13 represent the dynamics of the headspace in term of 02, C02 

and N2 pressure as a function of time. 

4.3. pH 

The pH of all samples was normal initially (pH=5.6). The pH was constant through the 

end of the storage period in all experiments. 

4.4. Microbial Growth 

The starting condition of all the samples was sterile, this sterility was maintained with 

the possible exception of one vial (see outlier on Fig. 7) until the end of storage time. 
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CHAPTER 5 

DISCUSSION 

5.1. HEADSPACE DYNAMICS 

The headspace concentration of experiment (1) and (2) was constant through the storage 

period because there was an equilibrium of 02, C02 and N2 concentrations between the outside 

and the inside of the package. The model data was included for completeness. 

In experiments (3) and (4), the permeability of the film was needed because of the 

different concentrations of gases inside and outside the package. Although the manufacturer gave 

film permeabilities, they were obtained at 21°C. Because permeability is dependent upon 

temperature, these values could not be used in the model. The film permeabilities were adjusted 

to give a visual match between the model and the experimental results. More sophisticated 

techniques are available (e.g., least squares) but were not used because precise values for the 

permeabilities were not needed. The values which allowed the model to match the data were 

uniformly lower, as they should be since permeability decreases with temperature. 

For experiment (3), C02 concentration was rapidly decreased to the atmospheric level 

(0.04%) after 7 days because the packaging film (Saran) is very permeable to C02. The oxygen 

level was gradually decreased and reached the atmospheric level at the end of the storage time. 

N2 gradually increased and reached the atmospheric level at the end of storage period. 

For experiment (4) CO; was rapidly decreased to the atmospheric level at day 6. The 

oxygen level reached 29% at the end of the experiment, however N2 was 71%. 
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The model shows its ability to follow the change of gas concentration inside the package. 

However, at the end of storage time (day 12) there is a deviation in oxygen pressure between the 

model and the experimental data. It was not possible to get a sufficient number of replicate 

points to perform a truly meaningful statistical analysis. The analysis would allow error bars to 

be placed on each data point and determine if indeed the deviation is significant. However, the 

model does follow the trend of the data, and the deviation does not appear significant. 

The results show that the model is viable in the prediction of the headspace dynamics. 

It appears that the changes of the headspace gas concentration is due only to the permeability of 

the packaging film. The uptake of oxygen by the meat is not significant because the model 

doesn't include respiration, and it is still able to follow the data. Then it appears that respiration 

is unimportant. If it were, a uniform deviation from the model predictions of 02 and C02 would 

be expected that a change in the value of permeability couldn't account for. 

5.2. MEAT COLOR 

The change in the relative concentration of myoglobin derivatives in all experiments was 

practically the same. The only significant difference was the data point representing 0 hour. 

Before packaging, all the samples have 100% myoglobin. After packaging, when the 0 hour data 

point is taken the difference in oxygen levels from one experiment to another causes various 

degrees of oxygenation of myoglobin and is not the same in all four experiments. At high 

oxygen levels (50%, 60%) the blooming occurs very rapidly —90 to 97% myoglobin was 

converted to oxymyoglobin during the packaging (Figures 8, 9). However, at atmospheric 

oxygen levels (20%) only 70 to 80% myoglobin was converted to oxymyoglobin during the 

packaging (Figures 6, 7). In all experiments, myoglobin was rapidly converted to oxymyoglobin 

followed by a gradual oxidation of the pigment to metmyoglobin. 
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In experiment (2), there is an interesting outlier at day 7. It is believed that the meat 

discoloration indicated by the relatively lower values of oxymyoglobin and higher values of 

metmyoglobin was caused by microbial growth. Contamination was suspected since the lid of 

this particular vial was askew. At the time this suspicion was not confirmed by microbial 

analysis. 

In all experiments the kinetic behavior of meat was the same. The metmyoglobin fraction 

stayed below 50%, the acceptable upper limit for this pigment before rejection of this meat by 

the consumers (Van Den Oord and Wesdorp, 1971a), for 11 days. At approximately 9 days there 

was a rapid change of the color from red to brown. We believe that this rapid discoloration came 

as a result of water condensation on the packaging film (inside the package). From the beginning 

of the experiment there was a condensation of water on the packaging film. After 9 days the 

accumulation was great enough that the water started falling on the meat surface. Normally 

oxymyoglobin is extracted from meat by water. The condensed water when it falls on the meat 

surface extracts oxymyoglobin thus reducing the concentration of this pigment. As a result meat 

redness diminishes. Another explanation can account for this rapid discoloration. The 

dissociation of myoglobin into globin and heme increases as storage time increases and 

consequently when the heme is free from globin its oxidation is very rapid. If this discoloration 

is indeed an artifact of the experiment, then the model predicts that meat shelf-life can be 

extended up to 58 days (Figure 14). However if it is the heme/globin dissociation which is 

important beyond 9 days, then it appears that if this can be prevented, then indeed a 58 days 

shelf-life is feasible. Another explanation is that the formation of METMB will catalyze 

myoglobin oxidation, according to Snyder and Skrdlant (1966) myoglobin oxidation is 

accelerated by F,.3+. Myoglobin proceeds as a first order reaction the first 9 days of storage and 

will proceed as a second order reaction at the end of storage due to METMB accumulation. 
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The model shows its ability to follow the change of relative concentration of myoglobin 

derivatives during initial 9 days. According to the kinetic equations the values of K,, K2 and K3 

should govern the change of meat color throughout the storage time. The magnitudes of K, and 

K2, however, are large compared with K3. Thus small changes in the values of K, and K2 will 

not affect long term meat color dynamics, because the rates they govern will die out quickly. 

However the relatively small magnitude of K3 causes the oxidation rate of myoglobin to dominate 

at longer periods of time. The oxygenation and the deoxygenation rate of myoglobin, 

respectively controlled by K, and K2 affect the meat color only during the first few hours after 

the packaging. During the storage time they are not important. If the change of myoglobin 

during the first few hours after packaging is to be followed, then K, and K2 would be very 

important. In this study however the concerned is shelf-life in terms of days, thus the actual 

values used for K, and K2 are unimportant. According to the experiments a headspace oxygen 

level of 20%, 50% or 60% equivalently extend meat shelf life for 11 days. Thus there is no 

difference between low and high levels of oxygen to extend meat shelf-life. When these results 

are combined with the work of George and Stratman (1952a), it appears that any oxygen 

concentration above 5% yields no differences in the behavior of meat color. Above 5% oxygen, 

the meat surface becomes saturated. The only effect of high oxygen pressure is that a deeper 

layer of oxymyoglobin is formed in the meat, and oxygenation occurs faster. However, at 

oxygen level below 5% the rate of oxidation increases. 

The present work appears to contradict most of the literature cited in Chapter 2. There 

appeared to be a definite optimal concentration of oxygen in each paper, but no agreement where 

the optimum lay. From the present work, it is shown that when extraneous factors such as light, 

pH, temperature, etc, are removed, shelf-life does not change with different concentrations of 

oxygen in the headspace. It is not known from the literature how well the extraneous factors 
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were eliminated. Moreover, such extraneous factors are suspected due to the lack of agreement 

on the optimal concentration. 

Although the possibility of microorganism growth was eliminated in this study, C02 was 

varied in each experiment (1.34%, 1.31%, 11.5%, 16%). From these results it appears that C02 

doesn't affect meat color since the model appears viable without the inclusion of C02 effects. 

This agrees with literature data in which levels of C02 below 20% can be used in meat packaging 

without affecting the meat color. It still remains uncertain whether or not high C02 would affect 

the meat color. However, the use of C02 at levels above 20% appears unnecessary according 

to the literature. 

If this study is to be reconciled with the literature, it appears that microbial growth, 

beside other factors such as light and temperature may play an indirect role in the change of meat 

color. The optimum gas mixture to enhance shelf-life with respect to color may need to include 

microorganism growth. The present model has the ability to link headspace dynamics to meat 

color dynamics, although from the above discussion this was determined to be unnecessary. 

However, for microorganism growth, for which the model may be extended, this appears to be 

a necessity. 

The model developed in this study took into account myoglobin fractions, not absolute 

concentrations. Thus it should be independent of meat type. Other muscle type were not 

examined however in order to determine if this true. Previous studies mention that the shelf-life 

of all muscles is not the same (Renerre, 1990). 

Finally when comparing results of the headspace and meat color dynamics, it is seen that 

two unexplained phenomena occurred after 9 days of storage time. The rapid increase of meat 

pigment oxidation and the rapid decrease of oxygen pressure seemed to occur simultaneously. 

Although the oxygen deviation was not considered significant, these two phenomena may be 
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linked. There may be a connection to the dripping condensate or perhaps to the possible increase 

dissociation of globin. 

The objective of this study was to develop a model which would determine the 

appropriate packaging film and appropriate gas mixture to extend the meat shelf-life. It has been 

shown that meat color is independent of headspace oxygen concentration and thus independent 

of the film permeability. The model has allowed the clear focus on the mechanism of color 

change in meat, and allowed the very specific inclusion of the effect of headspace gas 

concentration with the exclusion of other factors. It is believed that these results could not have 

been obtained other than through this modeling approach. 
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CHAPTER 6 

CONCLUSIONS 

1/ In darkness under ambient conditions and without any special treatment, the shelf-life of 

sterile meat with respect to color is 11 days. 

2/ A model has been developed for following the color determinants of meat packaged under 

modified atmospheres and its viability demonstrated with experimental data. 

3/ Myoglobin kinetics, incorporated in the model, appear adequate in defining the changes in 

the relative amounts of the three myoglobin fractions for 9 days. 

4/ The model appears to adequately describe headspace dynamics. 

51 The model indicates that temporal color change is independent of the headspace oxygen 

concentrations above 5% for sterile meat. 

61 Because of order of magnitude differences between the rates of oxygenation and oxidation, 

meat color deterioration is attributed exclusively to the oxidation of meat pigment, thus the 

shelf-life of meat is governed by this. 

7/ Other factors (e.g. light or microbial growth) may cause an apparent oxygen dependent meat 

color. 

8/ The model predicts a theoretical meat shelf-life of 58 days, based on the 50% metmyoglobin 

acceptability requirement if first order kinetics is operative for this entire length of time. 
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CHAPTER 7 

FUTURE WORK 

There have been a number of issues raised in the course of the present work which have 

important implications for meat packaging. The increased rate of discoloration after 9 days has 

a number of possible causes. In order to determine if one cause is condensed water related, the 

package design may be modified to avoid condensed water from falling on the meat surface. 

Also absorbent paper placed beneath the meat may help reduce free water, and prevent 

condensation to begin with. 

Another cause could be myoglobin dissociation. Here, the kinetics of myoglobin could 

be reformed to include heme/globin dissociation. And of course the most important piece of 

work being validation of the predicted 58 days shelf-life of meat under ambient conditions, if the 

increased rate of discoloration is an artifact of the experiment. Also other types of muscle should 

be examined, to assure that the model is meat type independent. 

An important, though unexpected, result of the present work is that sterile meat, by itself, 

has a shelf-life of at least 11 days. Thus sterilization offers the meat industry a good way to 

extend meat shelf-life. The question could then be asked: how can the industry sterilize and 

aseptically package meat?. Since sterilization by dipping in boiling water is not practical and 

presents many disadvantages such as myoglobin denaturation, other ways of sterilization need to 

be investigated. 

It was suspected that microorganisms may play an important though indirect role 

concerning color change. This must be investigated through, again, combining the various 



mechanisms in a model for the elucidation and prediction of the package system dynamics. 



APPENDIX I 

PROGRAM LISTING 

PROGRAM MEATPAK 
" This program calculates cc of 02,C02,N2" 
" This program calculates cc of MB.MB02 and Met" 

INITIAL 
CONSTANT R 84785.11 $"cm3-cm H20/gmol-k" 
CONSTANT TMP = = 276 $"K" 
CONSTANT A = 32.15 $"cm2" 
CONSTANT X = 0.006 $"cm" 
CONSTANT V 128.6 $"cm3" 
CONSTANT TSTOP = 16 $"days" 

" For 02" 
CONSTANT P020 = 215.75 $"cm H20" 
CONSTANT P0210 = = 619.96 $"cm H20" 
CONSTANT K02 = = 62.4E-12 $"gmoles/cm2-day-cmH20" 

» for C02" 
CONSTANT PC020 = 0.41 $"cm H20" 
CONSTANT PCO2I0 = 258.13 $"cm H20" 
CONSTANT KC02 = 36E-11 $"gmoles/cm2-day-cmH20" 

" For N2" 
CONSTANT PN20 = 817.11 $"cm H20" 
CONSTANT PN2I0 = = 154.99 $"cm H20" 
CONSTANT KN2 = = 27.6E-12 $"gmoles/cm2-day-cmH20" 

" Kinetics" 
CONSTANT S =0.26 $"l/cmH20" 
CONSTANT K1 = 187.2 $"l/day" 
CONSTANT K2 = 25.9 $"l/day" 
CONSTANT K3 = 0.048 $"l/day" 
CONSTANT CMBO =100 
CONSTANT CMB020= 0.0 

CONSTANT CMET0 = 0.0 



CINTERVAL CINT = 0.5 
MAXTERVAL MAXT = 0.05 
NSTEPS NSTP = 1 
ALGORITHM IALG = 9 

END $ "OF INITIAL" 

DYNAMIC 

DERIVATIVE 
" For oxygen" 
P02I = INTEG(R*TEMP*K02*A*(P020 - P02I)/X/V, P0210) 

" For carbon dioxide" 
PC02I = INTEG(R*TEMP*KC02*A*(PC020 - PC02I)/X/V, PCO2I0) 

" For Nitrogen" 
PN2I = INTEG(R*TEMP*KN2*A*(PN20 - PN2I)/X/V, PN2I0) 

•• For MB" 
CMB = INTEG(-S*K1 *CMB*P02I + K2*CMB02 - K3*CMB, CMBO) 

" For MB02" 
CMB02 = INTEG(S*K1 *CMB*P02I - K2*CMB02 -

k3*CMB02,CMB020) 

» For MET" 
CMET = INTEG(K3*(CMB + CMBO2),CMET0) 

PTOTAL = P02I + PC02I + PN2I 
END $ "OF DERIVATIVE" 

TERMT (T.GE.TSTOP) 

END $ "OF DYNAMICS" 

END $ "OF PROGRAM" 
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APPENDIX II 

DESCRIPTION OF CTR-1 COLUMN AND ITS CHROMATOGRAM 

The CTR-1 column consisted of 2 concentric columns. The outer column was packed 

with activated molecular sieve to accomplish separation of 02 and N2. The inner column was 

packed with porapack which separates C02. The column packings were specially formulated to 

optimize the separation of gases of interest. 

A typical chromatogram from such a column is shown in figure A. 1. The first two peaks 

are porapack column, the first one is N2 and 02 the second is C02. Oxygen and nitrogen from 

the molecular sieve column eluted in that order. However, C02 was retained by molecular sieve. 

For each peak, the absolute and the relative area were determined by the integrator. The 

percentage of each gas was calculated by dividing its relative area over the total relative area of 

the three gases. 

The column was periodically heated at 100°C in order to prevent water condensation and 

to get rid of the C02 retained by the outer column. 
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APPENDIX III 

EXPERIMENTAL DATA 

Table 2: Mean percentages of various forms of myoglobin on surfaces of steaks packaged with 
SARAN under 50% Oz. 

TIME (DAYS) % MB %MBO2 %METMB 

1 3.33 96.67 0.0 

2 1.66 98.34 0.0 

3 0.81 98.07 1.12 

4 0.45 95.89 2.45 

5 0.0 96.34 3.66 

6 0.0 95.47 4.53 

7 0.0 95.29 4.71 

8 0.0 93.48 6.52 

9 0.43 91.91 7.66 

10 0.2 89.63 10.17 

11 0.0 85.67 14.33 

12 0.0 79.33 20.67 

13 0.0 76.61 23.39 

14 0.0 72.56 27.44 

15 0.0 69.97 30.03 

16 0.0 52.84 41.16 

17 0.0 49.05 50.95 
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Table 3: Mean percentages of various forms of myoglobin on surfaces of steaks packaged with 
E.V.C.C. under 63% 02. 

Time (days) %MB %MBO2 %METMB 

1 2.74 97.26 0.0 

2 1.53 98.47 0.0 

3 0.73 97.74 1.53 

4 0.56 96.57 2.87 

5 0.0 96.97 3.03 

6 0.0 95.14 4.86 

7 0.0 93.51 6.49 

8 0.24 89.43 10.33 

9 0.0 90.17 9.83 

10 0.0 84.43 15.57 

11 0.34 81.66 18 

12 0.26 80.57 19.17 

13 0.0 75.68 24.32 

14 0.0 71.67 28.33 

15 0.0 64.47 35.53 

16 0.0 53.84 46.16 

17 0.0 45.17 54.83 
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Table 4: Mean percentages of various forms of myoglobin on surfaces of steaks packaged with 
SARAN under 20% 02. 

TIME (days) %MB %MBO2 %METMB 

0 20.33 79.66 0.0 

1 3.06 96.94 0.0 

2 2.65 96.3 1.05 

3 

4 1.5 95.4 3.1 

5 1.53 93.9 4.57 

6 

7 0.54 92.9 6.55 

8 

9 0.0 89.79 10.21 

10 0.0 84.17 15.82 

11 0.0 79.08 20.92 

12 

13 0.0 69.19 30.81 

14 0.0 60.12 39.88 

15 0.0 50.33 49.67 

16 0.0 48.77 51.23 
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Table 5: Mean percentages of various forms of myoglobin on surfaces of steaks packaged with 
E.V.C.C. under 20% 02. 

TIME (days) %MB %MBO2 %METMB | 

° 23.06 76.94 0.0 1 

1 4.33 95.67 0.0 I 

2 2.9 96 1.1 

3 

4 1.26 94.71 4.03 

5 0.66 93.38 5.96 

6 

7 0.0 63.5 36.53 

8 

9 0.0 85.1 14.9 

10 0.0 82 18 

11 0.0 77 23 

12 

13 0.0 70.34 29.66 

14 0.0 59.97 40.03 

15 0.0 49.67 50.33 

16 0.0 47.34 52.66 
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Table 6: Mean percentages of 02, C02 and N2 inside the meat package (Packaging film: 
SARAN). 

TIME (days) %o2 %C02 %N2 I 
0 50.055 11.51 38.435 

1 46.675 5.41 47.915 

2 44.85 3.635 51.515 

3 43.42 2.5 54.08 

4 41.3 1.125 57.575 

5 40.75 0.52 58.73 

6 38.605 0.345 61.05 

7 37.43 0.25 62.32 

8 36.58 0.088 63.33 

9 35.38 0.07 64.55 

10 30.31 0.0485 69.64 

11 29.72 0.047 70.23 

12 26.35 0.0465 73.6 

13 22.995 0.0445 76.955 

14 21 0.042 78.96 

15 20.89 0.041 79.069 

16 20.94 0.0405 79.019 
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Table 7: Mean percentages of 02, C02 and N2 inside the meat package (Packaging Film: 
E.V.C.C.). 

TIME (days) %o2 %C02 %N2 I 
0 63.11 16 20.89 I 

1 62.65 9.66 27.69 I 

2 62.58 7.81 29.61 

3 58.89 4.51 36.6 

4 59.54 2.53 37.93 

5 58.43 0.89 40.68 

6 S I M  0.81 41.55 

7 56.79 0.68 42.53 

8 53.67 0.85 45.48 

9 51.22 0.75 48.03 

10 49.55 0.46 49.99 

11 47.55 0.34 52.11 

12 43.42 0.15 56.42 

13 45.4 0.05 54.54 

14 39.81 0.049 60.15 

15 37.58 0.04 62.38 | 

16 36.44 0.04 63.53 I 
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Table 8: Percentages of 02, C02 and N2 inside the meat package (Packaging Film: SARAN). 

| TIME (days) *
 

P
 

%C02 %N2 1 

0 
20.72 1.31 77.97 | 

• 20.73 0.89 78.38 

2 20.74 0.51 78.75 

3 

4 20.77 0.29 78.94 

5 20.8 0.25 78.95 

6 

7 20.81 0.09 79.1 

8 

9 20.83 0.06 79.11 

10 20.84 0.049 79.11 

11 20.86 0.04 79.1 

12 

13 20.86 0.042 79.098 

14 20.87 0.042 79.088 

15 
20.88 0.041 79.079 

» 20.88 0.041 79.079 | 
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Table 9: Percentage of 02, C02 and N2 inside the meat package (Packaging Film: E.V.C.C.). 

TIME (days) %o2 %co2 %N2 

0 21.11 1.34 77.55 

1 21.1 0.59 78.31 

2 21.1 0.54 78.36 

3 

4 21.09 0.08 78.83 

5 21.01 0.06 78.93 

6 

7 20.99 0.049 78.96 

8 

9 20.96 0.043 78.99 

10 20.89 0.042 79.068 

11 20.88 0.041 79.079 

12 

13 20.89 0.04 79.07 

14 20.88 0.041 79.079 

15 20.88 0.04 79.08 

16 20.88 0.04 79.08 
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