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Abstract Perishable bio-substrate behavior can be mod-
eled during packaged storage. Local mass and heattransfer
have been coupled to respiration rate and microbial growth.
Validating measurements have also been performed, and a
multi-objective optimization was employed to tune the
model. The model is able to simulate gas composition
history and local bacteria spoilage in storage modes com-
monly adopted by the food industry, depending on product
features and temperature. Exploitation of this mathematical
tool would allow for informed technical and management
decisions.
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Subscripts
a Ambient

f Packaging film

h Head space

i Initial, reference

MS Mesophilic bacteria

p Packaging tray, process
PS  Psychrophilic bacteria
r Respiration

N Substrate

1 Introduction

The food engineering has been gaining increasing recog-
nition due to its contribution to innovative products and
their manufacturing processes. To this end, mass, heat and
momentum transfers can be usefully studied and specu-
lated. The discipline shows its complexity as all transport
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phenomena can be intertwined and non-linearly interde-
pendent [4].

In the food engineering framework, packaging is
essential to ensure main features in perishable substrate
(such as safety and quality in foods), protecting from
contamination and spoilage, and also easing transportation
and storage. Commonly, with the Modified Atmosphere
Packaging (MAP) the gas composition in the space around
the substrate (head space) is modified from normal air in
order to prolong the duration and maintain original fea-
tures. MAP slows down the natural deterioration of the
substrate when respiration is present, but other metabolic or
supplementary degrading factors should be taken into
account.

As recently summarized by Zhuang [20], MAP may be
achieved either actively or passively (aMAP or pMAP),
depending on the allowed gas before package sealing,
which in the former case is renewed and controlled by an
attached system. In both modes, the head space composi-
tion modifies during storage as a consequence of the sub-
strate’s respiration and/or the metabolism of associated
microorganisms, and the inherent permeation of gases
through the packaging material. At the end, the substrate
duration will depend on the equilibrium between the
inherent metabolism and the package permeation rates for
0O, and CO, [8, 10].

As MAP undergoes commonplace adoption and rapid
development and exploitation in the food industry, research
on identifying optimal MAP conditions (including pack-
aging types and sizes, selective permeability films, and
storage conditions) may rely on advanced predicting
technologies, that may prove as an economic method to
evaluate MAP performance and substrate duration. To this
end, the importance of an analytical approach based on the
heat and mass transfer equations has been recently pro-
posed by Piringer [14] and Zhang et al. [19]. Generally, a
multidimensional computational framework may offer
many benefits when simulating a complex geometry/mul-
tiphysics configuration, specially when interdependencies
among the governing variables occur.

In simulating the evolution of bio-substrates in packaging,
multidimensional diffusive modeling by partial differential
equations (PDEs) has been rarely employed. Lammertyn
et al. [11] and Opara and Zou [12] used PDEs but their works
did not deal with MAPs. Some preliminary results with PDEs
were reported by De Bonis and Ruocco [4]. In the present
work, the complete modeling approach is presented with
reference to the evolution of the head space composition for a
selected model food (peeled ellipsoid cactus pears), includ-
ing the effect of respiration and additional metabolic
mechanisms. The model choice is justified by flesh homo-
geneity and structure uniformity. The minimal processing
(peeling) increases the fruits’ degradative process.

@ Springer

Different storage temperatures and gas compositions
have been tried and validated successfully, for the first
time, by comparing with the associated experiments, to
yield for a model which is generally applicable to any
general packaging configuration and condition. No empir-
ical assumptions were adopted, whereas chemical and
biological constants were derived by a special optimization
procedure, based on comparison with the corresponding
experimental results.

2 Model formulation

Fruit evolution in MAP relies on the mass transfer mech-
anisms depicted in Fig. 1. The mechanisms are arranged on
a series mode. So let us start from the rightmost domain,
the subject substrate, s.

Due to respiration, a flux of O, is absorbed through a
first domain interface (substrate’s external surface, repre-
sented by the thick vertical line at right), and converted into
CO, (these two fluxes are represented in Fig. 1 by hori-
zontal arrows through the external surface). Moreover, in
domain s the gas species are internally diffused due to mass
transfer (represented by vertical arrows).

Then let us consider the leftmost domain, the sur-
rounding ambient, a. Due to diffusion through a second
interface (the packaging film, represented by the thick
vertical line at left) a gas mixture exchange also occur
with the ambient domain, a (these two fluxes are repre-
sented in Fig. 1 by horizontal arrows through the pack-
aging film).

The composition of the head space domain, &, is then
determined by the make-up of the resulting mass transfer
through the interfaces, as mentioned above. Moreover, in
this domain the gas species are also internally diffused due
to mass transfer (represented by vertical arrows).

The present paper addresses the modeling and validation
of the h/s ensemble domain, based on said interrelated
mechanisms. Furthermore, the s domain is also subject to
microbial growth, which depends on the inherent temper-
ature regime, affecting in turn the depletion of oxygen in
the ensemble. The biochemical evolution is simulated for a
number of aMAP and pMAP cases, at constant tempera-
ture, as consistent with the related food industry proce-
dures. A 3D rendering of the package, containing 3 fruits,
and a transversal section of the package and fruit ensemble
is shown in Fig. 2.

2.1 Assumptions
According to the above description of the various mecha-

nisms, a number of assumptions are considered, referring to
the a, h and s domains (Fig. 1):
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Fig. 1 Schematic of the subject due to film
a, h and s domains, and the permeability
inherent diffusive transfers

film

package

\_ = | fruits

film f, fruit exposed flesh,
or a-h interface or h-s interface
1". ]
| e /

\ |

t
e o

4

package tray p

Fig. 2 Top The package and fruit ensemble. Bottom A central/

transversal section of the package

due to substrate respiration
(and other metabolic mechanisms)

Legenda:

a - ambient

h - head space
s - substrate

. carbon dioxide

N oxygen (in air mixture)
substrate
external surface
due to mass transfer
internal to domains
S

No modification in the fruits flesh is accounted for, due
to peeling

Two bacteria populations (mesophilic, MS, and psy-
chrophilic, PS, as suggested by Cefola et al. [2]) are
accounted for in s, based on their specific metabolism
Initially, the gas is distributed uniformly in both 4 and s
Gas continuity is allowed for through the food external
surface (h—s interface)

The fruits are placed in the package at their initial
temperature, then are cooled down to a given storage
condition

The inherent thermal fluxes and head space height are
considered to be small enough to ensure that no thermal
gradients are formed in 4, then no buoyancy (natural
convection) is considered

The presence of moisture is neglected in 4, and no heat
source or sink is accounted for, due to substrate
respiration or moisture condensation

No heat generation is considered in the fruits, due to the
adopted temperature regime

All thermophysical properties are taken as constant or
piecewise constant, as required

Modeling is not carried out in a, and no thermal
transfer at the a—h interface is accounted for

2.2 Governing equations

With reference to the previous statements, the governing
equations for the diffusion of the gas species and heat
conduction in vector form, as modified from [1], are
applied to each domain to yield for the distributions of the
gas molar concentration, ¢, and temperature, 7. Similarly,
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the evolution of the microbial species is applied to the
s domain, to yield for the distributions of their colony
forming units (CFU), u.

— In the head space: Continuity, O,:

66‘02
ot

Continuity, CO,:

+ V- (_DOZ,hVCOZ) =0 (1)

aC(jo2

5T V- (=Dco,Veco,) =0 (2)
Energy:
on cphaa—f +V - (=k,VT)=0 (3)
— In the substrate: Continuity, O,:
6% + V- (=Do,;Vco,) = —00,K,co, (4)

Continuity, CO,:

aCCo2
ot

+ V- (=Dco, sVeco,) = aco, K co, (5)
Energy:

oT
PsCos 5, +V - (—kVT)=0 (6)

Continuity, MS:

Oupss
ot

Continuity, PS:

+ V . (—DMsvuMs) = KMsuMS (7)

Oups
ot

All thermophysical properties, as suggested by the
available literature, are constant with temperature and are
reported in Table 1, with the composition of the selected
substrate taken from [15]. The source terms at the right
hand sides of Eqgs. (4, 5, 7, 8), related to the creation or
destruction of the chemical species or microorganisms, are
inferred upon next.

+ V- (=DpsVups) = Kpsups (8)

2.3 Respiration and metabolism rates in the source
terms

In this work, a kinetics-based approach is employed to
come up with the source terms in Egs. (4, 5, 7, 8),
depending on the adopted packaging configuration. All
constants have been determined based on a special opti-
mization procedure, as described later in Sect. 3.2

A large deal of work can be found on discrete MAP mod-
eling, as reviewed by Fonseca et al. [7]. To deal with kinetics

@ Springer

Table 1 Values of thermophysical properties and diffusion coeffi-
cients for the considered model food

Parameter Value References

Do, s (m%/s) 1.29 x 107'° Piergiovanni and Limbo [13]
Dco, f (m?/s) 7.16 x 1077 Piergiovanni and Limbo [13]
Do,  (m?/s) 178 x 107° Singh and Heldman [17]
Dco,  (m?/s) 1.38 x 107> Singh and Heldman [17]
Do, s (m?/s) 1.00 x 1078 Lammertyn et al. [11]
Dco, s (m?/s) 1.00 x 1078 Lammertyn et al. [11]

Dys (m?/s) 14 x 10712 Dense and Van Impe [6]
Dpg (mz/s) 14 x 10712 Dense and Van Impe [6]

cpn (J/kgK) 1,100 Singh and Heldman [17]

k, (W/mK) 0.024 Singh and Heldman [17]

Pn (kg/m3) 1.206 Singh and Heldman [17]

cps (J/kgK) 3,793 Singh and Heldman [17]

ks (W/mK) 0.40 Singh and Heldman [17]

Ps (kg/m3) 920 Singh and Heldman [17]

of various kind, a simplified Michaelis—Menten relationship
(depending on the local ccq») is adopted, as in [5]:

K, = A exp(—Azcco,) ®)

whose optimized constants A; and A,, reported in Table 2,
account for the CO,-induced respiration inhibition. In order
toinclude the residual metabolism or additional deteriorative
reactions promoted by the oxygen (such as pigment oxida-
tion, senescence, enzymatic reactions and so on [16]), an
empirical optimized constant o dependent on the gas species
has been included at the right hand sides of Egs. (4, 5). The
adopted values of constants o are reported in Table 2.
Furthermore, for the first time, a microorganism kinetics
in a MAP modeling framework is included in this paper.
The importance of the microbiological and biochemical
stability of fresh-cut fruit is assessed by many sources,
including Soliva-Fortuny et al. [18]. Moreover, most of the
common spoilage bacteria and fungi require oxygen for

Table 2 Values of model constants for respiration and microbial
kinetics, depending on the MAP mode and for two different
temperatures

Parameter aMAP at aMAP at pMAP at
T,=4°C T,=8°C T,=8°C

A, 1.00 x 1076 1.00 x 107 1.00 x 1076

Ay 2.84 x 1073 2.84 x 1073 2.84 x 1073

0oz 5.0 9.5 8.5

Olco2 2.9 8.5 7.5

Auys 5.61 x 10° 2.60 x 10*? 2.90 x 10*?

Aps 6.33 x 10* 2.80 x 10*? 3.50 x 10*?

Eaus 2.029 x 10° 2.029 x 10° 2.029 x 10°

Eups 2.029 x 10° 2.012 x 10° 2.012 x 10°
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growth [11, 16], therefore affecting the evolution of the gas
composition in the head space. Then, K5 and Kpg in Egs.
(7, 8) were found to account for the dependence of the
temperature and oxygen bio-availability, by means of
another modified Arrhenius kinetics:

_E,
Kus = Aysexp ( RY’,MS> <%) (10)
(OZX}

_Ea
KPS = APS eXp( R,Z;PS> (CCOZ l) (11)
[O2%)

whose optimized constants are also reported in Table 2. All
optimized parameters are constant with temperature within
each aMAP and pMAP run, as needed.

2.4 Initial and boundary conditions

Initial conditions:

— in s the gas concentrations are initially set at their
atmospheric values, while in & they are set at given
Ccoo,l and ccop,i values

— the temperature is set at a given 7; value in both 4 and s

— the bacteria counts are initially set at their experimental
values (uy;s = 0.71CFU, upg = 0.029 CFU)

Boundary conditions (Fig. 2):

— at the film boundary (the a—# interface or f boundary),
two different gas fluxes are applied depending on their
respective atmospheric values and the specific diffusion
coefficient in the film matrix, which commonly
happens to be selective with respect to the given
species (as will be referred upon later):

Jo, =n- (Do, sVco,) (12)
Jco, =n- (=Dco,;Veco,) (13)

— at the package tray (the p boundary), an impermeability
condition is applied for each gas species:

n-(D,Veo,) =0, - (DpVeco,) =0 (14)

— all around the package (along the f and p boundaries) a
given temperature condition is applied:

T=T, (15)

— at the h—s interface, the gas flux continuity and energy
conservation are imposed, while an insulation condition
is applied for each microbial species:

n- (DMsVMMs) = O, n- (Dpsvups) =0 (16)

The ideal gas law was used for the conversion of the
units from gas molar concentrations to gas partial pressures
and percentages, as proposed also by Lammertyn et al.
[11].

3 Materials and methods
3.1 Validation experiments

Fruits were washed in tap water, sanitized by immersion in
200 mg/kg of NaClO for 5 min, and left to dry at room
temperature. Then three peeled fruits (about 300 g) for
each replication were set in PET 14 x 9 x 5 cm’ trays
(model C250/50 Carton Pack, Rutigliano, Italy) and sealed
(Boxer 50, Lavezzini Vacuum Packaging System, Fio-
renzuola d’Arda, Italy) in polyamide/polyethylene (PA/PE)
plastic bags (O, permeability 40 cm® m? day~' bar™’,
thickness 140 pm, Orved, Musile di Piave, Italy).

In this work, either aMAP (10 % for both O, and CO,)
or pMAP (sealed in ambient air, 20 % for O, and 0.003 %
for CO,) trials were performed, the former at both 4 and
8 °C, the later at 8 °C only. Unpackaged triplicate samples
(i.e. trays in unsealed plastic bags) were used as control.
Samples were stored for different durations: 3, 6, 9 or 13
storage days. Then a total of 12 packages (3 replications for
4 durations) for each treatment (MAP modes, control, and
temperature) were prepared.

The composition of gas mixture in & was sampled at the
initial time and after 9 h and 1, 2, 3, 6, 7, 10 and 13 days (or
24, 48, 72, 144, 168, 240 and 312 h), by using an infrared
(CO,) and paramagnetic (O,) gas analyzer (CheckPoint,
PBI-Dansensor, Rgnnedevej, Denmark). A needle was
inserted into the package through a rubber seal placed onto
the film to sip out 1 mL of gas sample each time. At each
considered sampling time, standard deviations of gas
concentrations were also calculated.

For each replication 30 g of fruit (averaging between
surface and core flesh) was then transferred aseptically into
a Stomacher bag containing 90 mL of sterile saline solution
(9 mg/kg NaCl), homogenized for 1 min using a Stom-
acher machine (BagMixer, Interscience, St. Nom, France),
and plated on Plate Count Agar (Oxoid, Milan, Italy) for
total bacteria counts. The appropriate dilutions of homog-
enized samples were plated in triplicate. MS and PS bac-
teria were counted at the initial time and after 24 h and 7
days of growth at 30 and 7 °C, respectively.

3.2 Computations

The governing equation set, with associated initial and
boundary conditions, was integrated by means of a com-
putational fluid dynamics (CFD) commercial code [3]. A
regular computational grid was adopted. The domains were
discretized by Lagrange-quadratic elements. Several grids
were tried, from about 1,000 tetrahedral elements up to
more than 5,800. The final grid, yielding for grid-inde-
pendency results, had some 2,000 elements. Each run was
executed for a total elapsed period of about 13 days, taking
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less than 3 min on a Supermicro PC carrying a Xeon
(3 GHz) CPU, under Windows XP.

All source terms included in Egs. (4, 5, 7, 8) play an
important role, holding the non-linear and inter-depen-
dence nature of the governing equations. Instead of using
empirical values, as implied earlier, the model constants
whose values are reported in Table 2 were subject to
optimization by fitting the average computed values to the
experimental data, with the same procedure proposed by
De Bonis and Ruocco [4]. This was specially important for
the o constants which account for the inherent asymmetry
between gas fluxes, due to the fact that O, is subject to an
additional sink, as mentioned above.

4 Results and discussion
4.1 Model validation: head space composition progress

The average computed values of co; and cco, in the head
space have been preliminary compared with the associated
experiments, for both pMAP and aMAP. In Fig. 3a the
validation for pMAP at T, = 8 °C with 7; = 20 °C is first
presented. After 72 h (or 3 days), the O, level decreases
down to about 3 %, with the CO, level increasing up to
almost 14 % at a similar rate. Later on, the gas levels
smooth down to their final values of 0.5 and 19 % for
oxygen and carbon dioxide, respectively. The model
performs nicely specially in the last part of the storage
duration, with a maximum discrepancy of about 50 % with
respect to the average experimental data, for carbon diox-
ide after about 24 h. It should be soon noted that the
departure from classical exponential progress that the
computations exhibit is given by the non-linear nature of
the model and the optimization procedure explained
earlier.

The model performs even better for the aMAP at the
same T,, (Fig. 3b), where faster gas responses are detected
after 48 h (reduction of oxygen and increment of carbon
dioxide), attaining their final value of 0.2 and 20 % for
oxygen and carbon dioxide, respectively.

The model shows its validity also in the last explored
case, aMAP at T, = 4 °C (Fig. 3c). In this case, the gas
evolution in the head space is slower, with the oxygen level
becoming constant after 7 days, and the carbon dioxide
increasing only marginally.

4.2 Effect of MAP mode and process temperature
on head space composition and sample progress

The results presented so far allow one to speculate on the

oxygen/carbon dioxide asymmetrical makeup, which is one
of the parameters at stake in MAP configurations. This can

@ Springer
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Fig. 3 Comparison between experimental (inverted triangle, with
associated standard deviations) and numerical averaged (—) values of
coz in h, and experimental (circle, with associated standard deviations)
and numerical averaged (- -) values of ccoy in h. Case a: pMAP at
T, = 8 °C; Case b: aMAP at T, = 8 °C; Case ¢: aMAP at T, = 4 °C.
The optimized model describes correctly the progress of gas composition
in a package, in presence of substrates with residual metabolism
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be done by inferring upon the effect of the MAP mode and
storage temperature.

Figure 3a, b can be scrutinized again in order to com-
pare the MAP modes. In pMAP (Fig. 3a), gas species in the
h and s domains enjoy an initial equilibrium, that favors a
smoother evolution than with an aMAP (Fig. 3b), where
the concentration gradient in the packaging ensemble is
higher instead. The present multidimensional model can
indeed easily allows for computations of quantities such as
the gas fluxes across a given surface. As an example, it is
calculated that the O, flux across the h—s interface is, at
any given time, 5 orders of magnitude greater with aMAP
than with pMAP. As a consequence it can be seen that,
specially in the first storage hour, the mass transfer in
aMAP is driven by species diffusion due to the higher
concentration gradient, while in pMAP the respiration
takes over determining the 4 composition.

It is also observed that the oxygen depletion is greater
(about 12 %) than the associated carbon dioxide produc-
tion, which is in agreement with the above speculation, and
reflected in the o coefficients (Table 2) in right hand sides
of Egs. (4, 5). A much larger shift is detected in Fig. 3c,
where O, depletion is larger than 70 % with respect to CO,
production. This is apparently in contrast with the fact that
the storage is cooler in this case, which should have limited
the deteriorative effects that promote O, consumption.

Then, the CFD analysis can be exercised to inspect the
gas concentration in the samples, which is indicative of the
residual metabolism within the fruits and hence of product
commercial life. In Fig. 4 the O, concentration distribution
in pMAP after 13 days at 7, = 8 °C with T; = 20 °C, is
presented: cop is rather uniform, nevertheless a concen-
tration minimum is somewhat still detected in the core of

Max; 0,455

0.455

0454

0453

Min: D452

Fig. 4 The O, concentration distribution in pMAP after 13 days at
T, = 8 °C. The model allows to inspect the internal behavior of
perishable substrates

the fruits, due to the higher residual respiration and dete-
riorative reactions.

4.3 Model validation: microbial proliferation progress

The model has also been validated by comparing its average
computed values of microbial concentration (uys and upyg)
with the associated experiments, for both aMAP and pMAP
modes, at T, = 8 °C, still with T; = 20 °C. In Fig. 5 (top)
the validation for the aMAP is first presented. The predictive
performance of microbial growth (averaged across the fruit
volume) is always very good for PS (at right), while a con-
sistent difference (about 50 %) is found at 150 h for MS (at
left). It is evident that the aMAP fails to inhibit the MS
growth, as the count exceeds 9 CFU at the final storage time.
The adopted 7, = 8 °Cis sufficient to limit the growth of PS
instead, to a final value of about 6 CFU.

In Fig. 5 (bottom) the validation for the pMAP is then
presented. Predictions are very good for both microbial
species. In this case the combined microbial stability is
improved, with a final value exceeding 7 CFU for both
microbial species.

A possible exploitation of the presented comprehensive
model is finally shown in Figs. 6 and 7: it is seen that
MAPs can be effectively employed to inhibit microbial
proliferation and extend food commercial life, and that a
comprehensive transfer phenomena model such as the
present one may represent a valid tool for the related
industry. The CFD indeed allows one to inspect various
scenarios unavailable otherwise.

3D microbial maps (uys) are first reported in Fig. 6, at
final storage time for pMAP, for three wholesome samples
(top), and when one of the fruits is superficially damaged
and infected (bottom). At the damage site, a 4-fold bacte-
rial contamination has been assumed, with respect to the
original case. It is first seen that u,,g distribution depends
on process cooling, from T; = 20 °C to T, = 8 °C: in the
area where the fruits are closer (and thermal inertia greater)
i.e. between left and central fruits, the temperature
decreases less rapidly so that MS proliferation is greater
(up to 6.9 CFU). Figure 6, bottom shows the distribution of
uys with a damaged central fruit. It is clear in this case that
the MAP inhibits the contamination: as O, level (shown
earlier in Figs. 3 and 4) after 13 days is very low, bacterial
growth and diffusion is inhibited. Therefore the contami-
nation is limited to the wound area, and the microbial
concentration elsewhere is unaffected.

A situation in which the ensemble with the infected
sample is stored in atmospheric air instead (i.e. in an open
box) is shown in Fig. 7. In this case, the value of maximum
MS contamination reached 5.1 CFU after just 3 days of
storage (top). After 4 days the entire package is strongly
contaminated (bottom), with a maximum value of 16 CFU

@ Springer
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Fig. 5 Comparison between experimental (O, with associated standard deviations) and computed (—) values of MS (left) and PS (right) CFU at
T, = 8 °C. Top aMAP; bottom pMAP. The model performs well in most cases, and is able to describe the microbial growth

with exceeds the safety limit (commonly assumed equal to
7 CFU).

5 Conclusions

In this work a multidimensional, transient model has been
proposed by combining generalized mass and heat transfer
notations, with respiration and microbial growth kinetics.
The adoption of a predictive and comprehensive mathe-
matical model is an economic method to evaluate packaging
performance, compared to more expensive experimental
methods.

The model has been applied to modified active and
passive storage atmospheres of fresh produce packaging,
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and local concentrations of gas and microbial species, as
well as local temperature, have been computed. A certain
non-uniformity of microbial growth, due to the inherent
temperature distribution, and a discordance of depleted
oxygen with respect to the carbon dioxide, have been
confirmed experimentally and motivated by the on-set of
additional deteriorative reactions. When due modifications
were inserted in the model, its predictions performed very
satisfactorily. The model has been also exercised by con-
firming that the adoption modified atmosphere packaging
may inhibit and protect microbial growth.

Flexible design of new packaging configurations, and
the verification of existing ones can be worked out by
using this tool. Possible outcomes are the determination
of the relationship between respiration rate and gas
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Fig. 6 MS CFU distributions after 13 days at 7,, = 8 °C for pMAP,
with wholesome samples (top) and with an infected sample (bottom).
The modified atmosphere packaging contributes to maintain safety in
the fruits

diffusion through the film, for specific produce/material
coupling, the systematic selection of the appropriate gas
conditions in packaging, as well as the verification of
possible microbial hazards or the design of new hurdles to
microbial growth.
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