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A mathematical model to predict oxygen, carbon dioxide, and water vapour exchanges
in non-perforated and micro-perforated modified atmosphere packaging films has success-
fully been proposed. The transmission rate of gases was measured for films with thickness
of 0.03 and 0.05 mm, perforation diameters of 0.5 and 2.0 mm, and temperatures of 0, 10
and 20 °C. Under most conditions, the increase in temperature and perforation diameter
increased the transmission rate of oxygen, carbon dioxide, and water vapour, whereas the
increase in film thickness decreased the transmission rate of the various gases. Validation
of the proposed modified atmosphere packaging model was found to yield good predic-
tion for gas concentrations and percentage losses in the mass of the produce after compari-
son with the experimental results of modified atmosphere packaging for tomato (Lycopersi-

con esculentum).
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Introduction

Modified atmosphere packaging (MAP) has the po-
tential to prolong the shelf-life of fruits or vegetables
stored at cool temperatures (1-4). Low-permeability films
limit fruit and vegetable dehydration and modify O,
and CO, concentration inside the package. Low O, and
increased CO, concentrations slow down respiration,
which causes ripening and senescence (4-6). At suffi-
cient concentrations, CO, may also have a fungistatic ef-
fect (6-8). In climacteric fruits, CO, inhibits ethylene
synthesis and decreases the sensitivity of fruit to this
gas (9). It can also maintain the firmness of strawberries
(8) and induce the deterioration of fruits and vegetables,
including off-flavours (4).

Several mathematical models describing O, and CO,
exchanges in MAP have been developed, with most re-

searchers utilizing perforations (10-16). However, only a
few studies have developed a model that includes atmo-
spheric gas and water vapour exchanges in MAP (17).
Water vapour exchange in the MAP system, which af-
fects relative humidity (RH), is considered vital because
RH plays an important role in percentage losses in mass
(PLM), which then influences produce quality. For in-
stance, a high RH helps reduce rind breakdown of many
varieties of citrus fruits (18). Meanwhile, maintaining a
very high RH can encourage moisture condensation on
the commodity, creating conditions favourable for mi-
crobial damage, leading to a high water loss and desic-
cation (3).

In addition, gas changes in MAP films (i.e. low O,
and increased CO, concentrations) can affect the proper-
ties and rates of biochemical reaction in vivo. Ethylene
synthesis indicates the ripening and deterioration of
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produce in MAP films, such as bananas, tomatoes, pears,
and apples (19,20). When O, and CO, concentrations
achieve certain value, ethylene synthesis is inhibited.
However, a mathematical model of ethylene concentra-
tion in MAP has rarely been estimated.

This research aims to develop a mathematical model
for O,, CO,, ethylene, and water vapour exchanges in
MAP films. To achieve this purpose, it is necessary to
determine the gas transmission rate (GTR) and water
vapour transmission rate (WVTR) of the MAP film, to
develop a mathematical model for predicting the GTR
and WVTR in the film, and to validate the proposed
model when the film thickness and temperature are
known.

Material and Methods

Mathematical model of the MAP system for
fruit produce

MAP is important for fruit and vegetable storage
and transportation. The permeability of gases and water
vapour is determined as an important guideline for MAP
package films. Gas molecules passing through a homo-
geneous membrane follow the solution-dissolution the-
ory, which is divided into four steps: 1) adsorption, 2)
solution, 3) transmission, and 4) desorption (Fig. 1).
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Fig. 1. Gas molecule penetrating course is divided into four steps:
(1) adsorption, (2) solution, (3) transmission, and (4) desorption

The following are the key assumptions made in de-
veloping the mathematical model for MAP films: (i) com-
positions are uniformly distributed, and gas exchanges
are at steady-state within the packaging; (ii) molecular
mass transfer through the film is due to diffusion only;
(iif) there is no adjusting component in the MAP system,
and changes in gas are spontaneously modified; (iv) the
total pressure inside the package is equal to that in the
atmosphere.

Gas and water vapour exchanges through MAP films
follow Fick’s law as follows:

Jiim= ([]/] []/] > /1/

where [ u, is diffusive flux of gas i per unit of time
through the film (m®/da 3y) P; is the gas i permeability
coefficient of the film (m’/(m-day-kPa)), A is the surface
area of the film (m?), Ax is the film thickness (m), [y;], is
the partial pressure of gas i in the atmosphere outside
the package (kPa), [y], is the partial pressure of gas i in-
side the package (kPa), and the subscript i is substituted
with O, C, E, and H to denote O,, CO,, ethylene, and
water vapour, respectively.

In a MAP package used to store fresh produce, gas
and water vapour exchanges depend on the respiration
rate of the produce and the permeability of the film to
gas and water vapour. The flux of gas i is a function of
respiration rate, which in turn is a function of gas i con-
centration within the package:

]ifruit=mRRi ([]/] ) /2/

where ]l fruit 15 the flux of gas i per unit of time into the
fruit (m’/ day), m is the mass of produce in the package
(kg), and RRi([y;]p) is the respiration rate as a function of
[y:]p (m*/ (kg-day)).

At equilibrium, the flux of gas i through the film
and into the produce should be equal. Therefore, com-
bining Eqgs. 1 and 2, the following is obtained:

B2 (v -y, )=mRR, (v,) /3/

To predict the film permeability characteristics for a
sealed package containing a given mass of produce to
yield a desired package gas i concentration, the follow-
ing Eq. is used:

A _mRR,(v],) A
IR TANA /4

Hence, the prediction of permeability requirements
should be relatively straightforward using Eq. 4 once
the relationship between RR; and the gas i concentration
is known.

An example of O, consumption and CO, production
curves is shown in Fig. 2.
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Fig. 2. Typical example of fitted values of predicted composi-
tions of O, and CO,; gases inside MAP film at 20 °C calculated
using the mathematical model (O O,; O CO,)
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The best fit equation of the data was found to have
the following form:

[0,]=a[1—e~(b+ct)'] /5/
[CO,] = K[1+e~(1+mt)] /6/

where [O,] is the partial pressure of O, in the jar (kPa),
[CO,] is the partial pressure of CO, in the jar (kPa), ¢ is
time (day), and a, b, ¢, d, e, k, I, m and n are the con-
stants of the equations.

In all cases, the R? values were 0.999 or better, and
the fitted curves were virtually indistinguishable from
the actual data (Fig. 2).

The first derivative of Egs. 5 and 6 gives the rate of
O, consumption and CO, produce vs. time (t) as shown
below:

d[O,] _ acd[(b+ct)d—1]e_(b+ct)d 7/
dt
d[ioz] — kmn[(l+mt)“ 1]e_(l+mt) /8/

The rate of respiration can be calculated from Egs. 7
and 8 using the following relationship:

_dlO,]
RRo, == % V/m /9/
RRco,= d[(CjOZ] V/m /10/

where RR,, is the O, consumption rate ((m*kPa)/(day-kg)),
RReo, is the CO, productlon rate ((m® kPa)/(day kg), V
is the void volume of the jar (m%), and m is the mass of
the fruit in MAP bags (kg).

By combining Egs. 7 and 9, or Egs. 8 and 10, the re-
lationship between time and RR,, or RRc,, respectively,
is defined as follows:

RRo,=acd[(b +ct)

_ . d
d l]e (b+ct)

/11/

/12/

The relationship between RR,, and O, concentration
or RR¢p, and CO, concentration can be directly obtained
by solving Egs. 5 and 6 for time, then substituting them
with Egs. 11 and 12, respectively. This approach yields
rather complex mathematical equations:

RRo, =—kmn[(1+m#)" "]~

d-1
RRo,=cdV/m-(a - [Oz])[ln(ﬁ)]T /13/
RRco,=mnV/m-(k - [COZ])[ln(ﬁ)] 14/

An alternative approach is to simultaneously solve
Egs. 11 and 12 for time, then to generate curves that can
be fitted with an approximate function.

Both Eq. 13 and Eq. 14 represent a continuous math-
ematical relationship between RR,, and O, concentration,
or RR¢,, and CO, concentration. They can be substituted
with Eq. 4 to yield the equations below:

_ 1 a o
Po,A _ cdVi@a-lo]t n(a _[Oz]p)] /15/
Ax [0.].-[O:],
K
P mnV(k_[Coz]p)[ln([COz]P el 116/

Ax [CO,],—[CO,].

Egs. 15 and 16 can be rearranged to plot produce
mass as a function of package O, and CO, concentra-
tions, respectively, for different permeability parameters.

The advantage of MAP films is that the permeabil-
ity of gas and water vapour can be adjusted to ensure
that adequate gas composition and humidity conditions
are achieved and maintained throughout the storage pe-
riod. Moreover, the applicability of the MAP film in con-
trolling the percentage losses in mass (PLM) of the pro-
duce inside the MAP packages has so far been rarely
evaluated. The model gave a good prediction of the PLM
change inside the package (Fig. 3).

0.70

0.60

0.50

0.40

PLM/%

0.30

0.20

0.10

0.000
0

t/day

Fig. 3. Typical example of fitted values of percentage losses in
mass (PLM) inside MAP film at 20 °C calculated using the math-
ematical model

A simplified mathematical model describing the ethyl-
ene concentration inside a package containing fresh pro-
duce is represented by Eq. 17 below:

10°AxmRc,m,
APc,u,

where [C,H,] is ethylene concentration inside the pack-
age (ppm), Rc,y;, is the ethylene synthesis rate of the pro-
duce (m®/(day- kg kPa)), and P, is the permeability co-
efficient of the MAP film (m3/ (day kPa)). Higher ethyl-
ene gas permeability of the film makes it less effective in
attaining the optimal package atmosphere required for
some slowly respiring produce.

[C.H.]= /17/

Transmission rate through the MAP film

0O, and CO,

The gas transmission rate (GTR) of the MAP films
of 0.03 and 0.05 mm thickness, and that of 0.05 mm
thickness with 8 perforations of 0.5 and 2.0 mm diame-
ter) for O, and CO, was determined at 0, 10 and 20 °C,
respectively. The method used for determining film
transmission rate followed that of Ishikawa et al. (21)
with some modifications. Pure CO, of known volume
was initially introduced into the MAP packages with
22.0x30.0 cm size. These packages were hung in a glass
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jar and stored in a temperature-controlled incubator. The
initial gas composition inside the jar was atmospheric.
During the experiment, CO, permeated out of the pack-
age and into the jar, while O, permeated into the package.
The gas concentration inside the jar was periodically
measured by a gas chromatograph (GC). An example of
the fit of the predicted partial pressure was observed,
suggesting that the gas transmission rates were accurate.
The GTR was calculated using the following;:

_ X Ax
ln( Xin,i,U Xout,l ):Pi pg

in,it ™ Xout,i /18/
where X, ;o is the initial concentration of gas i inside the
jar (%), X, is the concentration of gas i inside the jar at
the time t (%), X,; is the concentration of gas i outside
the jar (%), P; is the gas transmission of MAP to gas i
(m®/(m-day-kPa)), Ax is the film thickness (m), py is the
total pressure inside the package (kPa) equal to 101.325
szS:\, t is time (day), and V is the void volume of the jar
(m”).

Water vapour

Water vapour transmission rate (WVTR) was mea-
sured gravimetrically using the ASTM method E96-95
(22). Approximately 8 g of anhydrous calcium chloride,
after drying at 60 °C for 1 h, was placed in each test jar
to establish dry conditions. The relative humidity (RH)
inside the jar was assumed to be 0 %. A sample of film
was placed over the jar, and its edge was sealed. After
the films were mounted, the whole assembly was weighed
and placed in a temperature-controlled chamber at a set
temperature (£1 °C) and RH of (80+2) %. Experiments
were conducted at 0, 10 and 20 °C storage temperatures.
Additional weighing with an accuracy of 0.001 g was
done at 30-minute intervals. A similar approach was done
according to Herrmann et al. (23) and Erdohan and Tur-
han (24) for measuring the water vapour permeability of
methylcellulose-whey protein films. WVTR was calculat-
ed in kg/(m?day) using:

WVTR=Tm"Me 1

At A

where m, is the initial mass of the test jar (kg), m; is the

mass of the test jar at time t (kg), At is the duration of

the test period (day), and A is the effective surface area
of the test film (m?).

/19/

Validation of the proposed model

To validate the mathematical model, a series of ex-
periments was conducted. Low density polyethylene
(LDPE) film package (22.0x30.0 cm) was used in all
treatments. Films of 0.03 and 0.05 mm thickness, and
that of 0.05 mm thickness with 8 perforations of 0.5 mm
diameter were used. The gas permeability of the experi-
mental films was determined as mentioned previously.
The produce used in the MAP experiment was Lycoper-
sicon esculentum (tomato), which is recognized as a high-
-quality late-season vegetable. Its rind is orange-red, and
the flesh is red, sweet and delicious. The fruit is ellipti-
cal in shape, typically 1.0-2.5 cm in diameter and 1.5-
4.0 cm in length. The optimum atmospheric composition
for Lycopersicon esculentum is probably in the range of
3-8 % O, and 5-10 % CO,. Lycopersicon esculentum, size

L (about 2.0 cm diameter and 3.0 cm in length), was har-
vested in March 2007, which is the normal commercial
harvesting period, and immediately transported to our
laboratory. The produce was temporarily stored at 0 °C
until use in the MAP experiments.

MAP packages (500 g of Lycopersicon esculentum) of
different thickness (0.03 and 0.05 mm) and different per-
foration diameters (0.5 and 2.0 mm) were studied under
different temperatures (0, 10 and 20 °C). The MAP pack-
ages were sealed and then stored in a temperature-con-
trolled incubator. The RH of the air inside the chamber
was controlled by a saturated LiCl solution under 0, 10
and 20 °C. The initial gas composition was atmospheric
in all trials.

Gas analysis

The gas composition inside the package was period-
ically analyzed. For all trials, the gas composition inside
the package was measured using a gas chromatograph
at 24-hour intervals for all the samples stored at three
different temperatures. The method used was based on
that of Ishikawa et al. (21) with some modifications. The
measured and the predicted concentrations of the gases
(O, and CQO,) inside the packages were then compared.

Percentage losses in mass (PLM)

The packaged samples were marked for PLM. Their
initial mass was taken, and periodic observations of the
loss in mass were made by weighing the samples every
24 h. PLM was calculated and expressed as cumulative
percentage loss.

Consequently, the measured data were compared
with those predicted using the proposed mathematical
model. The goodness of fit of the model was determined
by calculating the mean relative error, as reported by
McLaughlin and O’Beirne (25). This method can indicate
the relative error of the predictions; values below 10.0 %
were considered to be reasonably good for most practi-
cal purposes.

Statistical analysis

All data were analyzed by factorial analysis or
one-way analysis of variance (ANOVA). The significance
of differences between means was determined by the
Tukey’s HSD (honestly significant difference) test at
p<0.05. SPSS software for Windows v. 11.5 (SPSS Inc., IL,
USA) was used for all data analyses.

Results and Discussion

Transmission rate through the MAP film

Oz and COZ

Temperature exerted a significant positive effect on
the GTR in the tested range (Table 1). Emond et al. (10)
reported similar results; however, Silva et al. (13) and
Fonseca et al. (11) reported that temperature had no sig-
nificant effect. The diffusivity of gas in air increased by
about 80 % when temperature was increased from 0 to
20 °C.

Table 2 shows that there is no significant difference
between the GTR when MAP films with thickness of
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Table 1. Effects of temperature on permeability coefficient of MAP
film to O2 and CO; gases using 0.03 mm thick film

Temperature/°C P/ (ms/ (105 m-day-kPa))
Oz COz

0 (1.32+0.02)a (1.36£0.05)a

10 (2.07+0.06)b (2.15+0.25)b

20 (2.38+0.10)c (2.50+0.14)c

Data are mean values of three separate experiments+standard
deviation (N=7); mean values followed by different letters in
each column are significantly different at p<0.05

Table 2. Effects of film thickness on permeability coefficient of
MAP film to Oz and CO; gases at 0 °C

Pi/(m*/(10° m-day kP
Thickness/mm i/ (m”/(10" m-day-kPa))
Oz CO2
0.03 (1.32+0.02)a (1.3620.05)a
0.05 (1.31£0.04)a (1.4240.20)a
0.05 with perforations
(@05 mm) (1.77+0.01)b (1.730.03)b
0.05 with perforations
(@=2.0 mm) (3.1940.12)c (3.1240.08)c

Data are mean values of three separate experiments+standard
deviation (N=7); mean values followed by different letters in
each column are significantly different at p<0.05

0.03 and 0.05 mm were used, whereas there was a sig-
nificant increase in GTR when perforations were in-
troduced, especially when perforation diameter was in-
creased from 0.5 to 2.0 mm (p<0.05). Therefore, film
thickness did not seem to be a dominant factor for the
GTR of the non-perforated film. On the other hand,
Emond et al. (10), using a plexiglass cover with thick-
ness ranging from 1.59 to 12.7 mm, reported that an in-
crease in film thickness decreases GTR of O, and CO,.
Note that the perforation diameter exerted a positive ef-
fect on GTR.

To investigate the dependence of GTR on gas type,
the data obtained under the same experimental condi-
tions (temperature and film thickness) were statistically
compared (Table 3). Under most conditions, there was no
significant difference in the GTR between gas types (O,
and CO,). The average ratio of CO, to O, permeability,
the B ratio, was 1.047. This ratio did not depend on any

factor tested. Emond et al. (10), Fonseca et al. (11), and
Techavises and Hikida (26) reported an average B ratio
of 1.00, 0.81, and 1.04, respectively, which was close to
the B ratio obtained here. Paul and Clarke (12) also re-
ported that perforations served as a function of non-se-
lective permeation gases. Perforations in polymeric films
can change the ratio of gas transport, generally reducing
the B ratio, and thereby making it possible to adjust the
gas composition. In addition, the proposed model was
found to fit the experimental data well, and the mean
relative error between the observed and predicted val-
ues was below 8.8 %.

Water vapour

Fig. 4 summarizes the measured water vapour trans-
mission rate (WVTR) through a series of MAP films. It is
clear that the tested factors significantly affected the
WVTR. Temperature showed a positive effect, whereas
film thickness had a negative effect on WVTR. The WVTR
values ranged from 0.27 to 1.54 kg/(m?day), the lowest
being for 0.05 mm film thickness at 0 °C, while the high-
est was for 0.03 mm film thickness at 20 °C. WVTR val-
ues were found to increase from 0.27 to 1.01 kg/(m2-day)
and 0.45 to 1.54 kg/(m*day) when the temperature in-
creased from 0 to 20 °C for 0.05 and 0.03 mm film thick-
ness, respectively. Hale et al. (27) reported that WVTR

- -
FECN

12 b

WVTR/(kg/(m*day))

Fig. 4. Water vapour transmission rate (WVTR) (kg/ (mzvday))
of three series of MAP films at 0, 10, and 20 °C: 0.03 mm thick
film, 0.05 mm thick film and 0.05 mm thick film with 8 perfora-
tions of 0.5-mm diameter

Table 3. Dependences of permeability coefficient on gas type under various experimental conditions using 0.03 and 0.05 mm thick

films
P;/(m*/(10° m-day-kPa))
Temperature/°C
Type of 0 10 20
gas .
Thickness/mm
0.03 0.05 0.03 0.05 0.03 0.05

Oz (1.3240.02)a (1.31£0.04)a (2.07£0.06)a (2.04£0.01)a (2.3810.10)a (2.4340.2)a
CO2 (1.36+0.05)a (1.42+0.20)a (2.15+0.25)a (2.16+0.05)a (2.50+0.14)a (2.51+0.04)a

Data are mean values of three separate experimentststandard deviation (N=7); mean values followed by different letters in each col-

umn are significantly different at p<0.05
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ranged from 0.97 to 4.26 kg/(m?>day) for a series of dif-
ferent film thicknesses and tested temperatures.

Validation of the proposed model

For the MAP storage of Lycopersicon esculentum, the
model was found to give good prediction for the gas
concentration changes inside the package at different
temperatures using films with 0.03 mm thickness (Fig.
5), 0.05 mm thickness (Fig. 6) and 0.05 mm thickness
with 8 perforations of 0.5 mm diameter (Fig. 7). Gas
concentration was found to change faster at higher tem-
peratures than at lower temperatures owing to the de-
pendence of the film gas transmission rate on the tem-
perature. Similarly, the perforation diameter exerted a
positive effect. The introduction of small perforations on
the film package markedly changed the package atmo-
sphere because of the higher relative magnitude of the
permeability of the perforation than the MAP film. For

instance, the O, and CO, concentrations until day 5 of
the produce storage in the 0.05-mm film package with-
out perforations at 0 °C were 13.0 and 4.9 % (Fig. 6), and
19.9 and 1.1 % for the films with 0.5-mm diameter per-
forations (Fig. 7).

The model also gave a good prediction of the PLM
change inside the package (Fig. 8). The results showed
that temperature and introduction of perforations ex-
erted a positive effect, whereas film thickness resulted in
a negative effect.

All the results showed a fit between the experimen-
tal and predicted values, wherein a good agreement was
established. The mean relative error between the ob-
served and predicted values was found to be below 9.5 %
for all treatments, thus confirming the predicting capa-
bility of the model. Similarly, an empirical model for
predictive respiration rate was successfully developed
(28). The mathematical model of respiration rate and the
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Fig. 5. Validation of the model showing the experimental and predicted gas concentrations inside MAP film packages with produce,
using 0.03 mm thick film at: a) 0, b) 10 and c) 20 °C (O O,; O CO,; solid lines represent the predicted values)
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Fig. 6. Validation of the model showing the experimental and predicted gas concentrations inside MAP film packages with produce,
using 0.05 mm thick film at: a) 0, b) 10 and c) 20 °C (O O,; O CO,; solid lines represent the predicted values)
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Fig. 7. Validation of the model showing the experimental and predicted gas concentrations inside MAP film packages with produce, using
0.05 mm thick film with 8 perforations of 0.5 mm diameter at: a) 0, b) 10 and c) 20 °C (O O,; O CO,; solid lines represent the predicted values)



L. LI et al.: Modified Atmosphere Packaging of Fruit, Food Technol. Biotechnol. 48 (1) 71-78 (2010) 77
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Fig. 8. Validation of the model showing the experimental and
predicted PLM of the produce inside MAP film packages, using:
a) 0.03 (0), 0.05 mm (@) thick films and 0.05 mm thick film with 8
perforations of 0.5 mm diameter (O) at 20 °C, and b) 0.05 mm
thick film at 0 (0O), 10 (O) and 20 °C (@) (solid lines represent the
predicted values)

predicted steady gas concentration of a particular kind
of produce (such as tomato) in modified atmosphere
packages were studied (29-31). The desired equilibrium
gas concentration could be achieved by adjusting the
data of film specification with the help of the predictive
model.

Conclusions

A mathematical model with good predictions was
successfully reported, which simulates changes over
time in concentrations of various gases inside MAP
films. The model may be used for non-perforated and
micro-perforated MAP films. An increase in temperature
and the introduction of perforation could increase the
transmission rate of O,, CO,, and water vapour, whereas
an increase in film thickness could decrease the trans-
mission rate of various gases.
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