ENGINEERING/PROCESSING

Modeling Respiration of Apple Slices in
Modified-Atmosphere Packages

R. Lakakul, R. M. Beaudry, and R. J. Hernandez

ABSTRACT ity properties of packaging film (Cameron et al., 1989; Kader, 1989;
Modified-atmosphere packaging was used to provide respi- Beaudry et al., 1992). Increases in temperature are related to decreases
ratory data for apple ( Malus xdomestica Borkh.) slices at 0, in O, partial pressure in modified-atmosphere packages (Beaudry et

5, 10 and 15°C. The maximum rate of O , uptake increased al., 1992; Cameron et al., 1994). This has been attributed to the higher
with increasing temperature. The lowest O, partial pressure temperature responsiveness of respiration relative, fge@®neation

to which fruit could be exposed without fermentation also (Beaudry et al., 1992; Cameron et al., 1994).
increased with increasing temperature. A mathematical MAP design can be improved by developing mathematical de-
model of film permeability data characterized the effect of scriptions of the effects of temperature ap@@respiration. A Michae-
fruit mass, film permeability to O, activation energy of O , lis-Menton type model has been used to describe the influence of
permeation, temperature, and the film type, area, and thick- temperature and {bn respiration of blueberrie¥gccinium corym-
ness on O , partial pressure for hermetically packaged apple bosurnlL.) (Cameron et al., 1992), strawberriesggaria x ananassa
slices. The model identified a minimum (fruit mass x film thick- Duch.) (Joles, 1993), raspberri€aipus idaeuk.) (Joles et al., 1994)
ness)/(film area) ratio for apple slices, which would simplify and broccoliBrassica oleraced. Botrytis Group) florets (Talasila et
package design calculations. al., 1994). Respiratory models incorporating Arrhenius equations de-
Key Words: fermentation, lightly processed, permeability, scribing the temperature sensitivity of film permeability to gases pre-
activation energy, apple dict package @partial pressure as a function of temperature, fruit

mass, surface area and film thickness (Cameron et al., 1994; Cameron
etal., 1995). This approach can be used to design an MA package that
can generate aerobic @artial pressures across a range of tempera-
INTRODUCTION tures. The respiration of apple slices, (@ptake) as a function of
FRESH APPLE SLICES HAVE THE POTENTIAL TO BE A HIGHLY  temperature and {partial pressure has not been reported.
popular lightly processed product (Hoag, 1995). Sliced apple prod- oy gbjective was to collect data needed to design MA packages of
ucts will likely be hermetically sealed in packages to maintain sterdced apple fruit that would generate an atmosphere minimizing fer-
conditions. Produce respiration inside a package with an air-tight s@ahtation. We collected data for development of a respiratory model
alters the atmosphere within the package. For apple, modifying bpjsjiced apple, then combined package permeability characteristics
O, and CQ may be useful to retard textural and flavor changes apgi, the respiratory model to develop a packaging model to predict
reduce browning (Jurin and Karel, 1963; Lee et al., 1991). Altern&fects of temperature, film thickness, and fruit mass on package O
tively, modlfled atmospheres can also induce fermen.tatltl)n and {fg also attempted to develop a simplified approach for designing
generation of off-flavors (Kader et al., 1989). Information is needgd ckages that would remain aerobic across a broad temperature range
on the effect of packaging on the atmosphere in the package andyffifvalidate the model by packaging sliced apple fruit, comparing

effect of the atmosphere on quality and physiology of the produgtsjtant Q levels with those predicted.
Ranges of nondamaging,@nd CQ levels have been published for

several commodities (Kader, 1993; Meheriuk, 1993; Saltveit, 1993); MATERIALS & METHODS
however, the levels of £and CQ required to avoid tissue damage or
quality loss are unknown for apple slices. Film permeability

_Modified-atmosphere packaging (MAP) can be designed to main- tpe permeability of 76.2m- and 101.6um-thick low density
tain nondamaging partial pressures gfadd CQ over a range of olyethylene (LDPE) film (LDF 550, The Dow Chemical Company,
temperatures (Beaudry et al., 1992; Cameron et al., 1994). Accorgjidiand, MI) and a polyolefin plastomer (POP) film made from a
to Fick’s Law, the respiration-driven reduction ip @rtial pressure proprietary resin (Affinity PF 1140, The Dow Chemical Company,
and increase in C{partial pressure creates gradients that cagse O \sigjand, MI) to O, and CQ were determined on three random film
enter and CoXto exit the package at rates proportional to the gradieghmples at 0, 10 and 20+0.05°C according to the method of Beaudry
Steady-state Olevels can be achieved in the package when the g 5|, (1992). Concentration data were converted to partial pressures
uptake by the product is equal to that permeating into the packgff, o, (v/v) = 1.013 kPa at atmospheric pressure) to determine the
(Jurin and Karel, 1963). Similarly, steady-state,0€vels in the permeapility coefficients. Values of permeability as a function of tem-

package are achieved when O@oduction by the product equalsperature were fitted by the Arrhenius equation:
CO, flux out of the package. The steady-state levels of both gases are

dependent on interactions of respiration of the product and permeabil- P=Pye exp(-EPIRT) (1)

where P is the permeability coefficient (mol m#Pal s1) of gasj,
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commercial maturity from plantings at the New York State Agricultuabilities (mol m 2 Pal s1), respectively, for the film.
al Experiment Station (Geneva, NY) and shipped overnight (no tem-The data describing the relationship betwqg:zmmd Ro, were
perature control) to Michigan State University in October, 1993 fﬁtted with the Michaelis-Menten type model:
collecting respiratory data to construct the packaging model.
674’ fruit for the model validation test were harvested at the Clarks- o, = (VmaPi0)/(Ky2 + R o) 4)
ville Horticulture Experiment Station (Clarksville, Ml) in October,
1994. In both years, harvested fruit were held under elevated humigityere \f,,.,(mol g1 s1) is the maximal rate of Quptake and K, (Pa)
(RH >85%) at 3+0.5°C for 7 days prior to use. Apples were cut inothe G partial pressure at one half of ). The respiratory quotient
wedges using a stainless steel knife and the core material wagR&)) was calculated agd, divided by b, Data were plotted as the
moved. The skin was not removed from the wedge. Each piece wapendence O%E and RQ on b, at four temperatures. The fermen-
1.5 cm wide measured at the skin side. tation threshold was determlned as thegpartial pressure below
which the RQ was estimated to increase above 1.3. The temperature
Package design dependence of \,,and K, was determined by fitting the respiratory
The initial step in the designing process involved determinimgta for all four temperatures to Eq (4) using SAS statistical analysis
rate of Quptake (g, ) for apple slices at ambient,@artial pres- software (SAS Institute Inc., Cary, NC) as described (Cameron et al.,
sure (20.7 kPa, 20° é) Apple slices (100g) were placed in a glasslj@®94). The fitted equation was employed to determine the effect of
ventilated with air at a flow rate of 30 mL mirand the rate of CO  temperature on Quptake at constan{ g,, calculating temperature
productlon (&o ) measured. We assumed thg} was similar to sensitivity of the respiratory process in a manner comparable with the
and was estlmated to be 278, 194, 139 and 83 pAwt gt 15, activation energy of the permeation process.
10 5 and 0°C, respectively, by assuming;g @ 2 (Hardenburg et
al., 1986). Using these estimates &/, the fruit mass and film area Package ethanol
for 76 pm-thick LDPE packages needed to generate 16 kPetlie The ethanol content of the package headspace was measured as
package headspace for each temperature was calculated using Eq€2kribed (Beaudry et al., 1993). Two 1-mL gas samples were with-
The G, partial pressure of 16 kPa was assumed to saturate the redgiwn after packages had reached steady-statg BorddCQ. Quan-
ratory demand for © To achieve a range of lowes, (@vels, packag- titation was by comparison to a gaseous standard. The standard gas
es for the study possessed combinations of greater fruit mass, gressterple was from a static headspace that was in equilibrium with a
film thickness and/or decreased area. Film thicknesses were 76 swidtion of water and ethanol of known concentration and temperature
102 pm, film areas were 800 and 125G amd fruit mass varied from (Pesis and Avissar, 1990). A gas chromatograph (Carle AGC series
19 to 587g. Four replications of each of 12 different combinations40, Carle Instruments Company, Fullerton, CA) fitted with a packed
film thickness, film area, and fruit mass were made for each temperalumn (Hayesep N, 3 mm i.d., 45.7 cm length, with gas flow rates of
ture. 40, 40 and 200 mL mihfor H,, He and air, respectively) and an FID
was used for analysis. The column was maintained at 120°C.
Respiration rate of apple slices
Apple wedges were placed on a plastic tray and inserted into paclRackage model
es subsequently hermetically sealed using a heat sealer. Asmall amouiithe mathematical model of Cameron et al. (1994) was used to
of silicone adhesive on a short strip of electrical tape was attached talégcribe the dependence of packagde®els on temperature and
surface of the package for gas sampling (Boylan-Pett, 1986). To acpakkage characteristics for apple slices. Initiallyflx through the
erate steady-state gas concentrations, a portion of the headspace apackage (Eq 2) was set equal to the respiratory rate determined from
removed by vacuum and replaced withgdxor to placing packages in the respiratory model (Eq 4) such that:
controlled temperature chambers. Initial atmospheres contained 5 kPa
0_2. Packages with hol_e_s or containing fruit with decay lesions were (POZA/mL)[po’OZ - Pi,oz] = [(Vma)pi‘OZ)/(Kl/2 + Q‘OZ)] (5)
discarded and no fungicide treatment was used.
Gas samples were drawn from each package through the selfWhich is valid only under steady-state conditions. This relation-
sealing silicone septum using a 0.5-mL syringe. Two 100-L gas saship was solved for,;g)2
ples were analyzed from each package at each evaluation using a
paramagnetic Panalyzer (Series 1110, Servomex Co., Sussex, En- P, = %2 HIK o, + (MI/Po,A)V max - Po, 02]2 + 4y, 0,Kist
gland) and CQanalyzer (225-MK3, Analytical Development Co., - [Ky, + (mI/Po AV nax - 002]}] (6)
Hoddesdon, England) connected in series, witlad\the carrier gas
(flow rate = 100 mL mir}). A third gas sample was taken if any Equation (6) was used to determine the effect of temperature on
difference was noted between the first two samples. The gas conmg, when the activation energy of film permeability to(,°%, Eq
sition of the headspace in individual packages was monitored ddijywas changed while the other package variables (m, |, p
until the partial pressures for,Qp; o ) and CQ (pl,co) no longer were constant. Equation (6) was also used to evaluate film types for
changed and they were assumed to have reached steady -state. Stisadyfilm thickness suitability for gas exchange design criteria of 100g
state gas levels were reached in 3, 4, 8 and 12 days at 15, 10, 5pfsliced fruit in a 120 chpackage. The package model was used to
0+0.5°C, respectively. predict the effects of varying the ml/A ratio for packages composed of
The respiration rate of the apple slices was determined using mMeaPE containing apple slices.

sured film permeabilities to £and CQ as follows:
RESULTS
o, = - Po A/ml 2
0z = (o, ~ o) (FoAM) @ Film permeability
feo, = (B, co, " Po,coz)(PcozA/mD 3) An Arrhenius plot of permeability data indicated that In(permeability)
for both gases depended linearly on the reciprocal of temperature (Fig.

where b, and g, are the respiration rate (moftgs?) for O, and 1, inset) with # = 0.99 (P<0.01) for both £and CQ. Regression
CO,, respectlvely, pand p are the partial pressure (Pa) inside andnalysis of the Arrhenius plotsofand Ro, of LDPE vyielded the
outside the package, respectively, gfadd CQ (p,, o, Was 21 kPa following equations:
andp co, Was 0.04 kPa), Ais the areadjrof the package exposed to
gas transfer m is the mass (g) of the apple slices and | is the thickness P02 = 2.49E - 9€37000/RT)  (mol m m2 s1 Pal) ©)
(m) of the packaging film. & and Ro, are the @and CQ perme-
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Pco,= 4.14E - Q€35000RT)  (mol m m2s1Pal) (8)
Eapoz for LDPE was 37 kJ mdl The activation energy of the where T is temperature in °G& 0.99). A ‘practical’ lower Qlimit

permeation of CgEaPCOZ) through LDPE was 35 kJ mél The three times higher than the fermentation threshold was established

permeability of the POP (Affinity PF 1140) film to,@nd CQwas, (Fig. 4).

respectively, 3.5 and 4-fold higher than for LDPE (data not shown).

The activation energy for £and CQ permeation through the POPPackage model

film was 37.4 and 33.1 kJ malrespectively. The respiratory data enabled calculation of an apparent activation

energy of respiration (apparent®), expressing the respiratory tem-

Pio, = 195 €0.047T) (Pa) (11

Respiratory model
Steady-state; g, was reached for all packages for each tempera-

ture. and ranged from approximately 0.1 to 15 kPa (Fig. 2). Jhe r

(Fig. 2) and ¢, (data not shown) calculated from film permeability t

~

0, and CQ, respectively, increased with increasing temperatureand 5001 1+ .« . 1 . ‘ , N
Pio2 Vmax increased exponentially with temperature, whilg iK-
creased linearly: —
% 4004 ° L
Vax = 1.67E - 10@069T- 1 06E - 10 (molgsh (9) é’ . o oot
Ky = 50T + 660 g 3004 i
12 = (Pa) (10) g_
where T is temperature in °C. The data fit the respiratory model with »q0 10°c|
a coefficient of determination @Rof 0.94. The V. for ‘NY-674’ S
apple slices was calculated to be 64, 139, 222 and 367 pnsdlfgr g 5°C
apple slices held at 0, 5, 10 and 15°C, respectively. This increase 8\' 100 -
respiration was equivalent to;©-=3. 0°C
At p; o2 < 1 kPa, RQ increased above its aerobic value (Fig. 3). 0
i i i T T T 1 " 1 * T ' T * T T T
e e e aponep. O & 4 6 8 0 2 d fo 1
. g fermentative metabolism.
The p o, at which the RQ increase occurred increased as temperature Headspace O, (kPa)

increased. Fermentation threshold estimates for 0, 5, 10, and 15‘;&_ 2—Effect of steady-state O_ partial pressure and
were 0.2, 0.25, 0.3 and 0.4 kPa(®ig. 3) and empirically fitted the storage temperature on the r?ate of O, uptake of

exponential equation: apple slices (numbered selection ‘NY674’) in sealed
LDPE packages. Curves depict the respiratory model
(Eq 4) for 0 (L)), 5 (»), 10 (¢), and 15 (@) °C .

8_ 1 1 1 T
4.0 T E N S E NS R - 1B°C
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Fig. 1—Effect of temperature on film permeability
to O, (open symbols) and CO, (solid symbols) for
76.2 um (O,®) and 1.016 ym ((],H) thick LDPE films
used in packaging. Inset: Arrhenius plot of O, and
CO, permeability for LDPE film used in packaging
experiments (r? = 0.99 for both O, and CO,).

Fig. 3—Effect of steady-state O, partial pressure on
the respiratory quotient of apple slices in sealed
LDPE packages held at different temperatures. Fer-
mentation thresholds are indicated by arrows and
are estimated to be 0.2, 0.25, 0.3, and 0.4 kPa at 0,
5, 10, and 15°C, respectively.
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perature sensitivity comparable to that for@rmeability (inset, Fig. DISCUSSION

4). The apparent 2z for fruit at 16 kPa @was 75 k motand at 0.5 THE RESPIRATORYRATE OF APPLESLICESWAS ABOUT 2TO 3TIMES

kPa G was 55 kJ mol. Thus, the Ij,—,POZ of LDPE (37 kJ mol) was that reported for whole fruit (Gran, 1993; Kader et al., 1989), due to
lower than the apparentP2 of apple slices for Qpartial pressures effects of wounding, not a reduction in diffusive resistance produced
from 0.5 to 16 kPa. by slicing. Since diffusive resistance of whole fruit resulted in an O

The package model developed from apple slice data was usepduial pressure gradient of only 2 to 5 kPa (Rajapakse et al., 1989),
determine how ﬁoz affects po, and temperature-induced anaerobithe interior Q level was sufficiently high to very nearly saturate the
osis by substituting differing values ofaPEZ for the permeability respiratory response (Tucker and Laties, 1985). Thus, the reduced
coefficient in Eq (6). When predictions forg) were constrained to diffusive resistance provided by slicing should not have resulted in an
yield 1.2 kPa at 15°C, as/t®2 decreased, the g, predicted at 0°C increase in Quptake relative to whole fruit. The shapes of the respi-
increased (Fig. 4). When the permeability coe icieﬁPEwas near ratory curves were similar to those reported for blueberry (Beaudry et
that of the respiratory response (60 kJ-#)ph low G partial pres- al., 1992) since both the fand V., increased with temperature in
sure was predicted across the temperature range. This was slightbar and exponential fashions, respectively.
higher than the practical lower,@mit established, and remained  The increase in RQ with decliningq), represents the lower,0O
above the fermentation threshold. limit in some studies and has been referred to as the RQ breakpoint,

Predictions of film thickness needs were made baseg.gndd extinction coefficient or as the fermentation threshold (Beaudry et al.,
E,PO2data from Pauly (1989) for Safa(poly[vinylidene chloride]), 1992; Gran and Beaudry, 1993; Yearsley et al., 1996). The fermenta-
PVC (poly[vinyl chloride]) and PP (poly[propylene]) and from labotion threshold of apple slices was about half that of whole fruit report-
ratory measurements on LDPE and POP (Affinity PF 1140) for thed by Gran and Beaudry (1993). The low fermentation threshold was
oretical packages (Fig. 5). Predicted film thickness ranges needelikigly not a function of the cultivar, but resulted from partial removal
maintain aerobic conditions across the temperature range of 0 to 16f€he skin gas exchange barrier, coupled with a reduced diffusion
were 0.0066 to 0.109 pum for Safar®.0775 to 0.96 um for PVC, path length. Hence, {partial pressure in the surrounding atmosphere
0.5331t0 5.51 um for PP, 0.858 to 14.1 um for LDPE and 3.15 to 26gbld be lower for a slice than for whole apple with interngd&dtial
pum for POP (Affinity PF 1140). pressure just above the fermentation threshold.

Like whole apple (Gran and Beaudry, 1993), blueberry (Beaudry
etal., 1992), raspberry and strawberry (Joles, 1993; Joles et al., 1994)
fruit, the fermentation threshold for apple slices increased with tem-

o perature. It was associated with the accumulation of ethanol in a man-
Ea’o. L , ner consistent with previous results (Beaudry et al., 1992; Gran, 1993).
1tk /moh 054  {gkpao, - The hypothesis that fermentation was linked to off-flavors and/or
5 (Earo== 75 kd/mol) | tissue damage in apple slices was supported indirectly by the correla-
tion between RQ and the development of off-flavors in highbush
blueberry fruit in a MAP system (Dostal et al., 1991). Fermentation
- should probably be avoided in packaged apple slices.

L The package model could be used to design a package to minimize
fermentation and predict the headspace atmosphere composition for
sliced apples in packages composed of any polymer film of known
permeability, thickness, area and fruit mass. The fruit must physically
fit within the container and with sufficiently small headspace to permit
rapid attainment of steady state. In addition to providing a suitable
headspace atmosphere during storage, package material should main-
tain non-injurious Ro, and Rco, OVer a range of temperatures and
limit CO, injury. Treatment of apple slices with g@sulted in the
development of brown lesions in the fruit cortex whgsppwas near

10 kPa (Lakakul, 1994). An optimal package design therefore, should
maintain Ro, in the aerobic range anpdgz below the range causing
injury.

The commercially acceptable lowes Bnit may be higher than the
fermentation threshold (Fig. 4). Cameron et al. (1993) measured vari-
ation in product respiration and package permeability and modeled the
= effects on po, . They determined there was an estimable risk of the
Praciical O, il e P,o, falling below the Glimit, resulting in fermentation. They showed
— that for broccoli, packages must be designed to generats avell
0 2 4 6 8 10 12 14 above the fermentation threshold to ensure aerobic conditions. We

0 used a practical lower Qimit 3 times higher than the fermentation
Temperature (C) threshold as a package design criterion (Fig. 4).

The apparent;ﬁ)z for blueberry fruit ranges from 40 to 60 kJ
mol-1 under aerobic conditions, similar to the range reported here
(55t0 75 kJ mot). The apparentfpz for strawberry fruitis 60 kJ

thetical films differing in E_"°2, The practical o, limit mol1, lettuce, ~53 kJ mdiand broccoli, ~90 k\_] mofe(Cameron et

is 3x the fermentation threshold and is represented 2al-- 1995). Itappears l'ghat thg ® for many horticultural crops tends
by the exponential equation: Practical O, limit (kPa) to be gregterthan th.edIQz for LDPE. Thus, thg flgx of ©gas into the

= 0.587e%%4"T, where T is temperature in °C. Inset: Ccommodity has a higher temperature sensitivity than the fluxof O
The relationship between the natural logarithm of through the polymer film. Therefore as temperature increases, the
O, uptake and the inverse of temperature (1/K) when respiration rate of the commodity would increase relatively more than
P, o, is 0.5 (®) and 16 (°) kPa. The apparent E _"°Z for POz' That is, packaging systems with highefCE would undergo
sliced apple fruit is 75 kJ mol' at of 16 kPa and 55 smaller declines in £as temperature increased. Generally, polymer
kJ mol* at 0.5 kPa O,.

0.0+

-0.54
12 0l
15
2154

In(O, uptake)

204 05kPaO,

(Ea'ce= 55 kJ/mol}
-2.54

-3.0

345 350 355 3.60 3.65 3.70
Temperature (1/K x 10°)

40

Headspace O, (kPa)

Fig. 4—Dependency of P, o, ON temperature for pack-
ages of sliced apple according to Eq (6). The con-
straint of p, ,, = 1.2 kPa at 15°C is imposed for hypo-
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films with lower temperature sensitivities are predicted to exert prglices) and would safely remain aerobic up to 15°C.

gressively less ‘control’ over, g, (Cameron et al., 1994; Cameronet A more generally applicable form of the model can be derived
., 1995). A package that relies solely upon perforations would haiging a ratio of the ml/A of each polymer film type (e.g., LDPE, PVC,

an Eapoz 5 kJ molt and, thus less ‘control’ than systems relying o&VA, etc.) to predict D, dependency on temperature. From our

O, permeation through polymers, with greater fluctuations g} p model, an apple slice package composed of LDPE would be predicted

with temperature changes. A polymeric package wnﬁ@zk‘af 60 kJ to maintain aerobic conditions within the range from 0 to 15°C when

mol-1 would be expected to maintain lov [@vels across the range Othe ml/A ratio is less than 5.65E-2glmFor example, for a 100-g

to 15°C. The need for a temperature-adaptive package is minimizeapiple slice fruit pack using LDPE film thickness of 12.7 um, the film

temperature can be controlled within a range of 1 to 2°C of the targeta would have to be >225 £to avoid risk of fermentation.

temperature (Cameron et al., 1994; Cameron et al., 1995). To validate the model, packages composed of LDPE with mI/A
The package model could be rearranged to predict a suitable thialtios of 2.0E-02 and 3.575E-02 g n? mere constructed and stored

ness range for packaging films for which design criteria have besrd, 3, 5, 10, and 12°C. Packagevias expressed as a function of

established (e.g., 100g of fruit, 120%rauch that the atmosphere intemperature (Fig. 6). The data were close to predicted values repre-

the package would remain aerobic from 0 to 15°C (Fig. 5). Whiéented by the solid lines?(r 0.76, P< 0.05), suggesting the model

many kinds of food-compatible polymer films are available, the preras functional and accurate.

dicted film thicknesses suggest not all would be suitable for appleDecay and browning remain as obstacles in the commercial pro-

slices. Among these polymers, a S&aopolymer has a desirably duction of apple slices (Lee and Smith, 1995). In our study or in

high Eapoz, however its B, is very low, so film thickness would parallel CA studies, neither decay nor browning were controlled by

necessarily be much thinner than most machining capabilities (S. Xbe-atmospheres generated in the packages. Decay was observed on

kins, The Dow Chemical Company, Midland, personal communicide apple slices in packages within 5 days at 15°C and 8 days at 10°C

tion) and use of Sar&mtopolymer would not be an option. Moreoverand browning was considered unacceptable within 24h of packaging

a thin monolayer film may not provide enough strength for the pacit-all temperatures.

age. The POP film had aog’about 3.5 times higher than that of

LDPE, but a similar ﬁoz The elevated £, enables the use of greater

film thickness than standard LDPE. For example, 25.4 pm-thick film

would yield F')’Oz of 6 kPa at 0°C (film area 120 ém=nd 100g of apple

1 ' 1 ' 1 ' 1 L 1 ' ! L 1 ' 1

7 mi/A =2.0E-02 gm™

20

16- -

12044— ! : ! : ! ‘ ' s .
° 12- i
g 100 i ;
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: 4. L
] ~ |
E l ON
E L0108 um Saran 0.0066 1:m Practical O, Ilmlt_ ____________________________________
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O PvC 00775 1m | g 207_ md/A = 358 E-02 gm” B |
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Fig. 5—Interrelationship between film E_"°2 and

thickness on the ability of a theoretical package to
maintain aerobic O, partial pressures between 0 and
15°C. Thickness data are expressed as a function of
P, ,, at 0°C. Curves were generated from Eq (6) with
substitution of different P,o, and E_F°2 obtained
experimentally or from Paufy (1989). The theoreti-
cal package film surface area was 120 cm? and fruit
mass was 100g.

Temperature (°C)

Figure 6—Package headspace O, achieved in pack-
ages designed to have a ml/A of either 3.58E-02 or
2.0E-02. The practical O, limit is 3x the fermenta-
tion threshold and is represented by the exponen-
tial equation: Practical O, limit (kPa) = 0.587e%°4"",
where T is temperature in °C.
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CONCLUSIONS Jenkins, S. 1994. Personal communication. The Dow Chemical Company, Midland, MI.
Joles, D.W. 1993. Modified-atmosphere Packaging of Raspberry and Strawberry Fruit:
MATHEMATICAL MODELS FOR RESPIRATORY RESPONSESTO O, Characterizing the Respiratory Response to Redugefl€ated CQand Changes
i m i i in Temperature. M.S. dissertation, Michigan State Univ., East Lansing.
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