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a b s t r a c t

This paper focusses on the mathematical modeling of the ascorbic acid (antioxidant) release from a
pectin edible film (packaging) to an agar hydrogel (food). The proposed model considers the viscoelastic
properties of the polymeric film, the solid ascorbic acid dissolution inside the film, its degradation and
diffusion in both the film and the hydrogel. By relying on the independent determination of all its pa-
rameters, the model proved to predict the ascorbic acid transport inside the agar hydrogel properly. Thus,
it may be considered a powerful theoretical tool for the design of polymeric films (packaging) aimed at
releasing antioxidant agents inside food.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Edible films and coatings are promising systems for improving
food quality, shelf life, safety, and functionality. They are able to
incorporate additives such as anti-browning agents, antimicrobials,
flavors, colorants, and other functional substances (Martín-Belloso
et al., 2009) possible including in the future nucleic acid based
drugs (Grassi and Marini, 1996; Grassi et al., 2010; Grassi et al.,
2004). Antioxidants are employed to prevent oxidative rancidity,
degradation, and enzymatic browning in fruits and vegetables. L-
(þ)-ascorbic acid (AA) is a reducing agent and also a water-soluble
antioxidant for food preservation. In recent years, there has been an
increasing demand for natural antioxidants, chiefly because of the
negative toxicological reports on many synthetic compounds
(Mikov�a, 2001). The importance of antioxidants is well recognized
in food preservation and the supply of essential substances in vivo
(Shi, 2001). Several authors have explored the possibility of incor-
porating anti-browning agents like AA into edible films used to coat
minimally processed fruits (Wong et al., 1994; Baldwin et al., 1996;
i).
Lee et al., 2003; Perez-Gago et al., 2006). Rojas-Graü et al. (2007)
and Tapia et al. (2005) applied alginate- and gellan-based coat-
ings over fresh-cut apples and papayas thus demonstrating that
coatings are suitable carriers for antioxidant agents, including
cysteine, glutathione, and ascorbic and citric acids.

In previous works, low-methoxyl pectin (LMP) based films were
successfully developed to support and stabilize AA in view of its
antioxidant protection at food interface (De’Nobili et al., 2011).
Pectins are complex polysaccharides present in the primary cell
walls of plants. They are rich in galacturonic acid and often contain
significant amounts of rhamnose, arabinose, and galactose as well
as thirteen other different monosaccharides (Vincken et al., 2003).
Three major pectic polysaccharides are known: homogalacturonan
(HG), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II
(RG-II) (P�erez et al., 2000; Willats et al., 2006). Commercial pec-
tins, however, are primarily composed of HG because the lateral
substitution of the RG-I kinks is partially hydrolyzed during the
extractive process (Voragen et al., 2009). As other biopolymers,
pectins are able to form continuous crystalline and/or amorphous
microstructures like films. Thus, pectin films containing AA have a
strong possibility of extending food shelf life or increasing the
safety of foods as packaging or coating materials.

With the aim of reducing the total amount of preservatives
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added to food, the edible coating or filmmay be designed to contain
active ingredients ensuring a highly effective antioxidant action at
food surface where oxidative reactions usually occur. Accordingly, a
deep knowledge of film mass transport properties represents a
decisive factor in the development of antioxidant food packaging
systems. This, in turn, implies a clear understanding of the macro-
and microscopic properties of the film/food couple (Grassi et al.,
2007). In this frame, in a previous work of ours, the macro- and
nanoscopic characteristics of edible pectin films and agar cylinders,
mimicking foods, were determined by means of rheology and low-
field nuclear magnetic resonance (LF-NMR). The aim of this paper
is, therefore, to describe, according to a mathematical modeling
approach, the antioxidant (AA) transport from a packaging film
(LMP) to food, here represented by an agar hydrogel. As the anti-
oxidant containing film was placed in contact with food in a dry
state, twomass balancesmust be considered. The first one is related
to the AA movement from the film to food, while the second one
considers thewater leaving food and swelling the film. In particular,
the second mass balance assumes that the water presence causes
an internal stress field, described by the generalized Maxwell's
model, depending on the viscoelastic nature of the film. The prin-
cipal advantage of this strategy consists in the possibility of
embodying the film viscoelastic properties directly in the twomass
balances.

2. Mathematical model

The physical reference for our model is depicted in Fig. 1, where
the spatial disposition and the characteristic lengths of the LMP
Agar Hydrogel (Food)

LMP (packaging film)

Water AA

X = 0

X = La

X = La+Lf

2Ra

Fig. 1. A LMP film (packaging), Lf thick, lies on the top of an agar hydrogel cylinder
(food) of radius Ra and thickness La. Water molecules, leaving the hydrogel due to a
chemical potential difference, swell the initially dry LMP film. The film swelling, in
turn, promotes the ascorbic acid (AA) dissolution and transport through the LMP film
toward the agar hydrogel. X represents the axial coordinate.
film and the agar hydrogel are displayed. The water molecules,
moving from the agar hydrogel to the initially dry LMP film, are
responsible for the film swelling, which, in turn, promotes the AA
dissolution and diffusion toward the agar hydrogel. In the attempt
to simplify the entire scenario to be modeled, three major hy-
potheses were formulated. The first one concerns the possibility of
reducing the intrinsically three-dimensional transport problem to a
simpler one-dimensional system in the light of the experimental
setup depicted in Fig. 1. Thus, it is implicitly assumed that, except
the contact surface, the LMP film and agar surfaces are perfectly
impermeable to water and AA. While the impermeability to AA is
quite obvious (in the experimental conditions, AA vapor pressure is
negligible), in order to prevent a water loss, the system constituted
by the agar hydrogel and the LMP filmwas placed into a sealed and
thermostated environment containing awater-soaked gauzewhich
ensures the water saturation in the vapor phase. The second hy-
pothesis regards the ideal behavior of the polymers-water-AA
system so that all possible mixing effects may be neglected.
Finally, the third hypothesis assumes no direct effect (a sort of drag
effect) on the mass transport deriving from the water and AA
molecules movement in the opposite direction. As commonly
supposed (Grassi et al., 2007), it is assumed that the AA and water
motions are unable to affect reciprocally, even if water could indi-
rectly affect AA transport, thus allowing AA dissolution (from a
solid state to a dissolved one) and enhancing its diffusivity due to
the enlargement of the LMP film meshes.
2.1. LMP film

2.1.1. Water
In the light of the aforementioned hypotheses, although other

approaches could have been considered (for example, the depen-
dence of the water diffusion coefficient on system viscosity), the
transport equation for water may be represented as follows (Cohen
and White, 1991; Edwards and Cohen, 1995):

vCwf
vt

¼ � v

vX
ðJF þ JNFÞ ¼

v

vX

�
Dwf

vCwf
vX

þ Dv
vs

vX

�
(1)

where t is time, X is the axial coordinate, Cwf is the water local
concentration (mass/volume), JF and JNF are the Fickian and non-
Fickian water flows, respectively, Dwf and Dv (dimensionally, a
time) are the water diffusion and viscoelastic diffusion coefficients,
respectively, while s is the stress generated by the incoming water
in the film network. Fundamentally, eq. (1) derives from the
assumption that the water chemical potential depends on both
concentration (Cwf) and stress (s). Although, in principle, s is a
tensor, it may be regarded as a scalar representing an osmotically-
induced viscoelastic swelling pressure related to the trace of the
stress tensor in the LMP network (Swaminathan and Edwards,
2004). Indeed, one-third of the tensor trace represents the
normal stress appearing in the tensor spherical (or hydrostatic)
part. Thus, the non-Fickian component (JNF) of water flow is due to
s. According to Ferreira et al. (2014), s may be properly described
by a generalized Maxwell's model, a series combination of an
elastic element and N viscoelastic ones:

s ¼ s0 þ
XN
i¼1

si (2)

s0 ¼ �E0ε (3)
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dsi
dt

þ si
li

¼ �dε
dt

Ei i ¼ 1/N (4)

Ei ¼ Emi
r� Cwf
r� Cm

i ¼ 0/N (5)

li ¼ leieðkð1�Cwf=CefÞÞ i ¼ 1/N (6)

ε ¼
 

r� CR
r� Cwf

!
Cwf
r

� CR
r

(7)

where s0 and E0 are, respectively, the stress and the elastic modulus
of the elastic element, ε is the local deformation (a simple
approximation of the deformation tensor), r is the solvent density,
si, Ei, and li represent, respectively, the stress, the elastic modulus,
and the relaxation time of the generic viscoelastic element, k is a
model parameter, Cef indicates the solvent concentration in the
fully swollen film (thermodynamic equilibrium), while lei is the
value assumed by li at equilibrium (i.e. when Cwf¼ Cef). The
“minus” sign appearing in eqs. (3) and (4) remembers that stress
(s) is opposite to deformation (ε). The linear dependence of Ei on
Cwf (eq. (5)) is a direct consequence of Flory's theory (Flory, 1953).
Indeed, according to Flory, the crosslink density (rx), defined as the
moles of junctions among the different chains constituting the
polymeric network per unit volume, varies with Cwf linearly. In
addition, by resorting to the same theory, the elastic modulus
(Young's modulus) is proportional to rx through 3RT (R¼ universal
gas constant, T¼absolute temperature). Thus, in the present work,
it is assumed that the Ei dependence on Cwf (i¼ 0 to N) may be
described by eq. (5), where Cm is the uniform water concentration
in the film corresponding to the condition of the (rheological)
determination of each Emi. Finally, eq. (7) implies that no defor-
mation (and, hence, stress) occurs when Cwf equals the solvent
concentration (CR) corresponding to the crosslinking conditions (if
CR¼ 0, the expression employed by Ferreira et al. (2015) may be
derived).

A Fujita-type exponential dependence for the solvent diffusion
coefficient, Dwf, was considered (Grassi et al., 2007):

Dwf ¼ De
wf exp

 
� bwf

 
1� Cwf

Cef

!!
(8)

where De
wf is the equilibrium value of Dwf (i.e. when Cwf¼ Cef) and

bwf is a model parameter to be determined.
Although other possibilities exist (Ferreira et al., 2015), the

evaluation of the viscoelastic diffusion coefficient, Dv, was per-
formed according to Darcy's theory (Truskey et al., 2004), which
assimilates a polymeric network to a porous system:

Dv ¼ Cwfa
3r2f
.�

4gh
�
1� a2

��
a ¼ Cwf

.
r (9)

g ¼ 2
3

a3

ð1� aÞ

2
64 1

�2 lnð1� aÞ � 3þ 4ð1� aÞ � ð1� aÞ2

þ 2

�lnð1� aÞ � 1�ð1�aÞ2
1þð1�aÞ2

3
75 (10)

where a is the system porosity, h is the water viscosity at a fixed
temperature, and rf is the radius of the chains (assumed of
cylindrical shape) constituting the polymeric network. Funda-
mentally, Darcy's theory provides a sigmoidal increase (in a bi-
logarithmic diagram) of Dv with Cwf.

In order to consider the LMP film swelling, an isotropic volume
increase was introduced (Grassi et al., 2007):

Rf
Rf0

¼ dX
dX0

¼ 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� Cwf

.
r3

r
(11)

where Rf and dX indicate, respectively, the radius and the thickness
of the generic film slice, while Rf0 and dX0 correspond to Rf and dX
in the initial dry condition.
2.1.2. Ascorbic acid
The transport equation relative to AA reads:

vCdf
vt

¼ Kt

�
1� Cdf

Cs

�
Cwf � KdfCdf þ

v

vX

�
Ddf

vCdf
vX

� vCdf

�
(12)

where Cdf and Cs denote, respectively, the AA local concentration
(mass/volume) and the AA saturation concentration in the LMP
film, Ddf is the AA diffusion coefficient in the LMP film, Kt and Kdf
represent, respectively, the AA dissolution and degradation con-
stants, while v is velocity.

Eq. (12) describes the most important phenomena affecting the
AA fate once the LMP film is placed in contact with the agar
hydrogel. Indeed, as AA is initially present in the dry LMP film in a
solid state, its movement through the polymeric network may
occur on condition that it dissolves in the incoming water. The first
right-hand side term of eq. (12) portrays this phenomenon and sets
the AA dissolution kinetics to zero when the water local concen-
tration (Cwf) is zero or the AA local concentration (Cdf) equals the
saturation threshold (Cs) (Grassi et al., 2007; Ferreira et al., 2015).
The reduction of the solid AA local concentration (Ct) is, then, given
by:

vCt
vt

¼ �Kt

�
1� Cdf

Cs

�
Cwf (13)

Obviously, eq. (13) and the first right-hand side term of eq. (12)
disappear if the Ct local value becomes zero. Being a well-known
fact that AA undergoes degradation in water (Le�on and Rojas,
2007), the second right-hand side term of eq. (12) assumes an AA
linear degradation kinetics.

The last right-hand side term of eq. (12) represents the AA
transport due to the existence of a concentration gradient and a
convective field (v) induced by the stress gradient caused by the
water uptake from the agar hydrogel. Indeed, by assuming that the
stress gradient acts similarly to a pressure gradient inside a pipe,
the non-Fickian water flow may be regarded as the cause of a
convective field defined by:

JNF ¼ �Dv
vs

vX
¼ vCwf (14)

The Ddf dependence on Cwf is assumed exponential as suggested
by the major theories aimed at estimating the solute diffusivity in
polymeric matrices (Grassi et al., 2007):

Ddf ¼ D0
df exp

 
bdf

 
1� r

Cwf

!!
(15)

where D0
df is the AA diffusion coefficient in pure water, while bdf is a

model parameter to be determined.
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2.2. Agar hydrogel

2.2.1. Water
Although, in principle, eqs. (1) and (12) may be applied to

describe the water and AA transport, some important simplifica-
tions shall be considered as, in the experimental setup which the
present investigation refers to, the volume of agar hydrogel is al-
ways much larger than the LMP film one (>36 times). Thus, during
the whole experiment, the reduction of the agar hydrogel mass and
volume due to the water transport to the LMP film is negligible.
Consequently, the agar hydrogel deformation is always very small
and this translates into a negligible stress field. Therefore, eq. (1)
may be simplified into a classic Fickian diffusive transport:

vCwa

vt
¼ v

vX

�
Dwa

vCwa

vX

�
(16)

where Cwa and Dwa represent, respectively, the water concentration
and the diffusion coefficient inside the agar hydrogel. Again, Dwa
may be evaluated according to a Fujita-type exponential depen-
dence on Cwa:

Dwa ¼ De
wa exp

�
� bwa

�
1� Cwa

Cea

��
(17)

where Cea is the water concentration in the agar hydrogel at the
thermodynamic equilibrium, De

wa is the equilibrium value of Dwa
(i.e. when Cwa¼ Cea), and bwa is a model parameter to be
determined.

2.2.2. Ascorbic acid
With regard to the AA transport also, eq. (12) may be simplified

as the convective field is vanishingly small and the AA dissolution is
prevented since no solid AA may be present in the agar hydrogel.
Thus, eq. (12) becomes:

vCda
vt

¼ �KdaCda þ
v

vX

�
Dda

vCda
vX

�
(18)

where Cda denotes the AA local concentration (mass/volume), Dda
and Kda are, respectively, the AA diffusion coefficient and degra-
dation constant in the agar hydrogel.

The Dda dependence on Cwf is, again, assumed exponential
(Grassi et al., 2007):

Dda ¼ D0
da exp

�
bda

�
1� r

Cwa

��
(19)

whereD0
da is the AA diffusion coefficient in purewater, while bda is a

model parameter to be determined.

2.3. Initial and boundary conditions

2.3.1. Initial conditions
Eqs. (1), (12), (16) and (18) are solved by assuming that, at the

beginning, thewater concentration is zero throughout the LMP film
(Cwf0¼ 0), while it is equal to the thermodynamic equilibriumvalue
throughout the agar hydrogel (Cwa0¼ Cea). On the contrary, the
initial concentration of AA is set to zero in the agar hydrogel
(Cda0¼ 0) and to a finite value in the LMP film (Cdf0).

2.3.2. Boundary conditions
With regard to water (eqs. (1) and (12)), the impermeable wall

condition is set for X¼ 0 (VCwa ¼ 0) and X¼ La þ Lf (VCwf ¼ 0) (see
Fig. 1). On the contrary, a thermodynamic equilibrium condition is
assumed for the water concentration at the agar hydrogel/LMP film
interface:

Cwa

Cwf

�����
X¼La

¼ kpw (20)

where kpw is the partition coefficient. Furthermore, an overall water
mass balance is considered to evaluate Cwa (X¼ La):

Mw0 ¼ Sa

ZLa
0

CwadX þ
ZLaþLf

La

SfCwfdX (21)

where Mw0 is the water amount initially present in the agar
hydrogel, Sa and Sf are, respectively, the agar hydrogel and film
cross sections, while La and Lf are, respectively, the agar hydrogel
and film thicknesses (see Fig. 1). Eq. (21) ensures that the water
amount inside the system composed of the LMP film in contact
with the agar hydrogel is constant during the entire transport
experiment.

Finally, the boundary conditions regarding the AA transport
(eqs. (16) and (18)) imply the impermeable wall ones for X¼ 0
(VCda ¼ 0) and X¼ La þ Lf (VCdf ¼ 0) (see Fig. 1). Moreover, the AA
concentration at the agar hydrogel/LMP film interface is evaluated
by assuming the same partitioning condition expressed by eq. (20)
and an overall mass balance similar to that expressed by eq. (21):

Cda
Cdf

�����
X¼La

¼ kpd (22)

Md0 ¼ Sa

ZLa
0

CdadX þ
ZLaþLf

La

Sf
�
Cdf þ Ct

�
dX þ

Zt
0

ZLaþLf

0

KdaCd dt dX

(23)

where kpd is the AA partition coefficient and Md0 is the initial AA
amount present in the dry LMP film. The double integral describes
the degraded AA amount in the film/hydrogel system up to the time
t, being Cd equal to Cda or Cdf depending on position.

2.3.3. Numerical solution
The model equations (eqs. (1), (12), (16) and (18)) were

numerically solved by means of an ad hoc FORTRAN program
implementing the implicit control volume method (Patankar,
1990). The resulting nonlinear system of equations was iteratively
solved (relative tolerance¼ 10�6) through Gauss-Seidel's method
(Chapra and Canale, 1998). The LMP film thickness was subdivided
into 10 control volumes, while the agar hydrogel one into 40 con-
trol volumes. The discretization time step was set to 10�2 s.

3. Materials and methods

3.1. Chemicals

L-(þ)-ascorbic acid and potassium sorbate were supplied by
Sigma-Aldrich (Saint Louis, USA). LMP was supplied by CP Kelco
(GENUTM pectin type LM-12 CG, USA). Agar was supplied by Biokar
(Diagnostics, France). Glycerol and CaCl2�2H2O were supplied by
Merck (Argentina).

3.2. Agar cylinders

The agar cylinders were produced by dissolving 2 g of agar in
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sufficient distilled water (approximately 90mL) at a temperature of
90 �C. Then, the total weight was increased to 100 g in a scale
(0.01 g precision). After homogenization, the solution was poured
into a cylindrical container (La¼ height¼ 2 cm, 2Ra¼ diam-
eter¼ 2.2 cm; see Fig. 1) and allowed to cool in order to gel.

3.3. LMP film formation

The LMP films were prepared according to the casting tech-
nology. For this purpose, an amount of 8.00 g of LMP powder was
slowly poured in 250 g of deionized water under high stirring
conditions (1400 rpm) ensured by a vertical stirrer (model LH, Velp
Scientifica, Italy) to prevent the formation of lumps and obtain a
homogeneous powder hydration. The obtained viscous, homoge-
nous, and transparent system was, then, heated to 90 �C on a hot-
plate at a constant heating rate (5 �C/min). Glycerol was added
(5.00 g) as a plasticizer, followed by potassium sorbate (0.0300% w/
w) as an antimicrobial and AA (0.1% w/w), both predissolved in
approximately 10mL of deionized water. When temperature
returned to 90 �C, CaCl2�2H2O, predissolved in approximately
10mL of deionized water, was added while stirring. The total
weight of the system was, then, increased to 300 g by adding suf-
ficient deionized water while stirring for homogenization. The
foam formed in the hot solution was removed with a spatula. The
hot solution underwent vacuum treatment for 15 s to eliminate
bubbles and, then, was poured onto leveled polystyrene plates (7 g
of solution per 55mm-diameter polystyrene plate). The plates were
cooled for 20min at room temperature in order to gel the sup-
ported solution and, then, air-dried in a convection oven for 2.5 h at
60 �C. The obtained films were cooled at room temperature, peeled
from the polystyrene plates, and stored under vacuum in Cryovac™
bags (Sealed Air, USA). The final dry film thickness (Lf) was
approximately 100 mmand the AA concentration (Cdf0) was 30.4 kg/
m3.

3.4. Mass transport test

Each experiment consisted in placing six films (100 mm thick
and 2.2 cm in diameter) on six agar hydrogel cylinders (2 cm high,
2.2 cm in diameter, agar 2% w/w). At time zero, these systems
(cylinderþ LMP film) were placed in a sealed container maintained
at a constant temperature (25.0 �C) and an almost constant hu-
midity by employing a water-soaked gauze. At each time point
(0.25, 0.75, 1.5, 4, 6, and 8 h), one systemwas withdrawn in order to
separately weigh the LMP film and the corresponding hydrogel
cylinder thus following the kinetics of water gain/loss. Then, the
film and the hydrogel cylinder, cut into four pieces (0.5 cm thick),
were sacrificed to determine the AA content. The LMP film and the
four hydrogel parts were initially cut into smaller parts (less than
1 mm) and, then, separately placed in 20 mL volumetric flasks
containing a 1% (w/v) oxalic acid solution under vortexing (35 Hz,
Velp, Italy) for 120 s to achieve the total extraction of AA. The
resulting suspension was finally stored at 4 �C for 30 min. An
aliquot was withdrawn from the supernatant and the AA concen-
trationwas determined by using the 2,6 dichlorophenolindophenol
spectrophotometric method (De’Nobili et al., 2013). The AA con-
centration was determined in two different aliquots (duplicate) for
every film and piece of the cylindrical samples. The experiment was
performed in triplicate.

3.5. Ascorbic acid degradation kinetics

As the AA degradation is induced by the presence of water, the
AA loaded LMP films were stored in a desiccator characterized by a
constant relative humidity (RH%) of 100% at 25 �C (Favetto et al.,
1983; Greenspan, 1977) assured by the presence of a saturated
aqueous solution of K2SO4 (water activity (Wa�) of 0.974). The
equilibration was assessed by measuring the film water activity
(Wa) up to the attainment of Wa�, corresponding to RH%¼ 100. At
fixed intervals, the films were withdrawn from the desiccator in
order to determine the AA concentration. Accordingly, the sampled
film was firstly cut into smaller pieces than 1mm in size, weighed
in an analytical scale (0.0001 g), placed in a 25mL volumetric flask
containing a 1% (w/v) oxalic acid solution, and magnetically stirred
for 1.5 h at 5 �C to achieve the total extraction of AA from the film. In
order to improve the extraction, every 15min, stirring was inter-
rupted and the suspension underwent vortexing for 90 s at 35Hz
(Velp, Italy). The suspension was finally centrifuged at 10.000 rpm
and 6 �C for 30min (Eppendorf 5810R Refrigerated Centrifuge,
USA). A supernatant aliquot was sampled and the AA concentration
was determined by employing the 2,6-dichlorophenolindophenol
spectrophotometric method (De’Nobili et al., 2013). The AA con-
centration was determined in two different aliquots (duplicate) for
every film sample. The experiment was performed in triplicate.

4. Results and discussion

As the objective of the proposedmodel was to perform a reliable
prediction of the AA transport from packaging (LMP film) to food
(agar hydrogel), the preliminary determination of all the model
parameters was necessary. Table 1 displays the list of the model
parameters and the way they were determined, i.e. measured,
assumed, set, known, and evaluated.

Thus, the first aspect to consider was the determination of the
viscoelastic properties of the LMP film, which, upon contact with
the swollen agar hydrogel, starts absorbing water (swelling). The
rheological characterization performed by De’Nobili et al. (2015)
revealed that five Maxwell's elements were necessary to describe
the mechanical spectra of the swelling LMP film: a purely elastic
element (G0) and four viscoelastic ones (G1-l1, G2-l2, G3-l3, G4-l4,
see Table 1). As the rheological characterization was conducted
under shear conditions and the present model is referred to normal
stresses (see eqs. (2)e(5)), the conversion from shear to normal
stress moduli was performed by resorting to the linear viscoelas-
ticity principles (Lapasin and Pricl, 1995). Indeed, by assuming that
the swelling LMP film is incompressible, the linear viscoelastic
theory ensures that Ei¼ 3Gi (i¼ 0 e N). By adopting a consolidated
approach (Lapasin and Pricl, 1995), the couples (Gi-li) were deter-
mined by assuming that each li was scaled by a factor of ten, while
the most probable number of Maxwell's elements was determined
according to a statistical procedure described in De’Nobili et al.
(2015). Interestingly, despite the fact that both Ei (¼ 3Gi) and li
should be dependent on the solvent (water) concentration (see eqs.
(5) and (6), respectively), De’Nobili et al. (2015) discovered that,
regardless of the solvent concentration in the LMP film, the E0 and
(Ei-li) values scattered around the mean values displayed in Table 1
without showing any particular trend. Accordingly, in the present
work, their values were assumed constant during the LMP film
swelling process (this meant setting Cm ¼ C ¼ Cwf in eq. (5) and
k¼ 0 in eq. (6)), even if, at least at the beginning of the process, the
Ei reduction with water concentration occurs. The low field nuclear
magnetic resonance (LF-NMR) characterization performed by
De’Nobili et al. (2015) confirmed the almost constant properties of
the swelling LMP film as the values of the water diffusion coeffi-
cient (Dwf) in the film is almost independent of the solvent con-
centration (i.e. the swelling time) at least for t� 0.25 h. As a
consequence, in eq. (8), De

wf was set to 1.5*10�9m2/s, as shown in
Table 1. In order to consider the initial stage of the LMP film
swelling process also, when the rheological and LF-NMR charac-
terizations were practically unattainable, the LMP film weight



Table 1
Values of the model parameters.

LMP-FILM

Water
Ei (Pa)¼ 3 Gi(Pa) E0¼ 3 G0¼ 32972 Eq. (5) measured

E1¼ 3 G1¼ 85438
E2¼ 3 G2¼ 54674
E3¼ 3 G3¼ 43378
E4¼ 3 G4¼ 76791

li (s) l1 (s) ¼ 4.7*10�2 Eq. (6) measured
l2 (s) ¼ 4.7*10�1

l3 (s) ¼ 4.7*100

l4 (s) ¼ 4.7*101

k (�) 0 Eq. (6) assumed
Cef (kg/m3) 987 Eq. (6) assumed
Cea (kg/m3) 987 Eq. (17) assumed
Cm (kg/m3) 987 Eq. (5) assumed
CR (kg/m3) 987 Eq. (7) set
r (kg/m3) 1000 e known
De
wf (m

2/s) 1.5*10�9 Eq. (8) measured
bwf (-) 15 Eq. (8) evaluated
rf (m) 10e9 Eq. (9) Amsden 1998
hs (Pa s) 25 �C z10�3 Eq. (9) Lapasin and Pricl 1995
Lf (m) 10e4 Fig. 1 set
Cwf0 (kg/m3) 0 e set
kpw (-) 1 Eq. (20) assumed
AA
Kt (s�1) 5.4*10�3 Eq. (12) evaluated
Cs (kg/m3) 330 Eq. (12) Shalmashi and Eliassi 2008
Kdf (s�1) 4.3*10�6 Eq. (12) measured
Ddf (m2/s) 1.5*10�9 Eq. (15) assumed
Cdf0 (kg/m3) 30.4 e set
kpd (-) 1 Eq. (22) assumed
Md0 (mg) 1300 Eq. (23) set
AGAR HYDROGEL
Water
bwa (-) 15 Eq. (16) evaluated
De
wa (m2/s) 1.8*10�9 Eq. (17) measured

Cef (kg/m3) 987 Eq. (17) assumed
Mw0 (kg) 7.5*10�3 Eq. (21) set
La (m) 2*10�2 Fig. 1 set
Ra (m) 1.1*10�2 Fig. 1 set
AA
Kda (s�1) 2.5*10�6 Eq. (18) measured
Dda (m2/s) 1.4*10�9 Eq. (19) measured
Cda0 (kg/m3) 0 set
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Fig. 2. Relative weight decrease/increase of the agar hydrogel/LMP film (M%). The
black and white circles refer, respectively, to the agar hydrogel weight decrease and the
LMP film weight increase. The solid lines indicate the model best fitting (eqs. (1) and
(16)) to the experimental data, whose standard deviations are represented by vertical
bars. t is time (hours). The data variation coefficient CV concerning the agar hydrogel
weight decrease ranges from 0.2 to 0.5, while CV concerning the LMP film weight
increase ranges from 3.8 to 25.0.
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increase and the agar hydrogel weight decrease were recorded over
8 h (Fig. 2). Then, eqs. (1) and (16) were fitted to these experimental
data thus assuming bwf and bwa as the unique fitting parameters (all
other parameters values in eqs. (1) and (16) were those displayed in
Table 1, thus assuming Cef¼ Cea¼ 987 kg/m3 as the swollen film
and the swollen agar are thermodynamically and structurally not so
dissimilar and 987 represents, approximately, the water concen-
tration in the just formed agar gel (¼ food)). The fitting procedure
led to bwf¼ bwa¼ 15 and a satisfactory data description, as wit-
nessed by Fig. 2.

In order to evaluate the water viscoelastic diffusion coefficient
inside the LMP film (Dv), Darcy's approach, represented by eqs. (9)
and (10), required the knowledge of water viscosity (h) and poly-
meric chain radius rs (in this theory, polymeric chains are assumed
as very long cylinders with radius rs). While h at 25 �C is well-
known, the rs value was chosen among those typical for these
polymeric systems (Amsden, 1998). The last model parameter
relative to the LMP film/water component, the partition coefficient
(kpw), was set to 1 as, thermodynamically speaking, the LMP film
and the agar hydrogel are similar. Thus, it seemed unreasonable to
have different water concentrations at the two sides of the LMP
film/agar hydrogel interface.

Although the determination of the AA dissolution constant (Kt)
inside a polymeric network is a challenging task, its order of
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magnitude may be estimated according to Levich's theory (Levich,
1962). This theory states that the mass transfer coefficient (the
intrinsic dissolution constant, kdiss) between a solid phase and a
liquid one in relative motion is described by:

kdiss ¼ 0:6271D2=3h1=6u1=2 (24)

where D is the diffusion coefficient of the solid molecules in the
liquid phase, h is the liquid viscosity, and u is the relative angular
velocity between the liquid and solid phases. In the light of the
relation existing between kdiss and Kt (Grassi et al., 2007):
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Fig. 3. Model best fitting (solid line, eq. (26)) to the experimental data (symbols)
referring to the ascorbic acid (AA) degradation (M/M0) in the LMP film at 25 �C and
100% relative humidity. The vertical bars indicate the data standard deviations. The
data variation coefficient (CV) ranges from 2.9 to 12.1.
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Kt ¼ 3Cdf0
Rprsolid

kdiss (25)

where Rp is the radius of the solid particles and rsolid is the solid
density, it was possible to estimate Kt. By knowing that
h¼ 10�3 Pa s, D ¼ 1.5*10�9m2/s¼Ddf (the AA diffusion coefficient
in the film, see Table 1), Rpz 10 mm, rsolid¼ 1650 kg/m3,
Cdf0¼ 30.4 kg/m3 (see Table 1), and by assuming that uz 0.1 rad/s
(a very low value that should approximate the relative velocity
between the solid and liquid phases embedded in the polymeric
network), Kt z 5*10�4 s�1 was obtained. The second important
parameter regarding AA is its degradation constant inside the LMP
film (Kdf) and the agar hydrogel (Kda). As the two environments
(LMP film and agar hydrogel) are similar, it was assumed that
Kdf¼ Kda. The determination of the AA dissolution constant was
performed by fitting degradation data (see Fig. 3) by means of the
linear model assumed in eq. (12), whose macroscopic expression
reads:

M=M0 ¼ e�Kdf t (26)

where M is the un-degraded AA amount at time t, while M0 is its
initial value. Eq. (26) fitting led to Kdf¼ Kda ¼ 4.3*10�6 s�1.

As the determination of the AA diffusion coefficient (Ddf) in the
swelling film is a challenging task, a simplified approach was
adopted. Thus, it was assumed that DdfzDda (the AA diffusion
coefficient in the agar hydrogel), being both independent of water
concentration. Hence, Dda evaluation was performed by following
the procedure described in section 3.4Mass transport test by simply
substituting the LMP film for an AA aqueous solution (initial con-
centration (Csol0) of 14 kg/m3, volume (Vsol) of 100 ml) containing,
approximately, the same AA amount present in the dry LMP film
(Md0¼1300 mg). By assuming that the aqueous solutionwas awell-
stirred environment (this is reasonable in the light of its small
.01 0.015 0.02
(m)

0.25 h

0.75 h
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Model best fitting

l. The dotted lines represent the model best fitting (eq. (18)) to the experimental data
this experiment, the AA loaded LMP film placed on the top of the agar hydrogel was
inate. The average data variation coefficient (CV) is equal to 75, 29, 24, 24, 13 and 24 for
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thickness (Lsol) of 250 mm), the diffusion process was modelled
according to eq. (18) by assuming kpd¼ 1 (as both the agar and the
film are, from a thermodynamic viewpoint, similar, the AA con-
centration on both the interface sides should be the same), the
impermeable wall condition for X¼ 0 (see Fig. 1), and the following
global mass balance:

VsolCsol0 ¼ Sa

ZLa
0

CdadX þ VsolCsolðtÞ þ Sa

Zt
0

ZLa
0

KdaCdadtdX

þ
Zt
0

KdaCsolðtÞdt

(27)

Eq. (27) states that the initial AA amount in the solution
(VsolCsol0) must be always equal to the sum of a) the AA amount still
present in the agar hydrogel (first right-hand side term), b) the AA
amount still present in the solution (second right-hand side term),
c) the AA amount degraded in the agar hydrogel (third right-hand
side term), and d) the AA amount degraded in the solution (fourth
right-hand side term). Fig. 4 shows the comparison between the
model best fitting (lines) and the experimental concentration
profiles (symbols) after 0.25 h, 0.75 h, 1.5 h, 4 h, 6 h, and 8 h. This
fitting led to different Dda values at different times: 0.8*10�9m2/s
(0.25 h), 1.9*10�9m2/s (0.75 h), 1.9*10�9m2/s (1.5 h), 1.1*10�9m2/s
(4 h), 1.3*10�9m2/s (6 h), and 1.1*10�9m2/s (8 h). Consequently, it
was decided to consider the average value displayed in Table 1.
Finally, the water diffusion coefficient in the agar hydrogel was
evaluated through LF-NMR (De'Nobili et al., 2015). Its equilibrium
value (De

wa) was equal to 1.8*10�9m2/s (see Table 1).
By relying on the parameters displayed in Table 1, the proposed

model was employed to predict the time evolution of the AA
amount in the system formed by the packaging (LMP film) in
contact with food (agar hydrogel). Fig. 5A shows the comparison
between the model prediction (dotted lines) and the experimental
data (symbols) referring to the time evolution of the AA amount
(MA) present in the LMP film and in the four zones which agar
hydrogel was subdivided into. Although the data standard de-
viations were hidden for the sake of clarity, it is clear that themodel
prediction is more than satisfactory as it is close to the experi-
mental trendwhatever the considered time point is. This statement
is supported by Fig. 5B depicting the time evolution of the total AA
amount inside the agar hydrogel (MAG). It appears that the model
prediction (solid line) differs from the experimental data (symbols)
less than one standard deviation except for the first zone (the one
in contact with the LMP film). The comparison between the model
prediction and the experimental data is even better in the case of
the AA amount (MAF) time evolution inside the LMP film. Indeed,
Fig. 5C demonstrates that themodel prediction (solid line) detaches
from the experimental data (symbols) less than a standard devia-
tion in the whole course of the considered time.
prediction (solid line and black dots) and the experimental data (white circles) refer-
ring to the variation of the ascorbic acid (AA) amount (MAG) in the agar hydrogel at
different times. CV ranges from 9 to 89. C) Comparison between the model prediction
(solid line and black dots) and the experimental data (white circles) referring to the
variation of the ascorbic acid (AA) amount (MAF) in the LMP film at different times. CV
ranges from 4.6 to 11.6. The vertical bars indicate the data standard deviations, while t
is time (hours).
5. Conclusions

The proposed model, aimed at describing the AA transport from
an LMP film (packaging) to an agar hydrogel (food), proved to be
reliable as it was able to satisfactorily predict experimental data.
This, indirectly, witnessed that all the considered simplifying hy-
potheses were, substantially, reasonable and physically sound.
Obviously, while the model strength resides in the possibility of
measuring/estimating all its parameters, the determination of so
many parameters may be considered a small drawback. Never-
theless, as the determined parameters may be assumed as average
values for typical packaging (polymeric) films and food, the values
displayed in Table 1 may be roughly employed to predict the AA
penetration into a great variety of different situations provided that
the geometrical details and the initial conditions of the packaging-
food system are known. In addition, the model running is
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timesaving as approximately 3min were necessary for simulating
an eight hours laboratory session on an Intel® Core™ i7-3540M CPU
@ 3GHz, 4 GB RAM, computer.

Finally, it could be verified that, in the light of the adopted AA
degradation constant, the effect of degradation is reflected in a
significant variation of the AA amount in the agar hydrogel (up to
12%) only after 0.5 h. On the contrary, the effect of viscoelasticity
and drug dissolution becomes important (up to 156% and 800%,
respectively) within the first 0.5 h. This means that, for longer
times, it may be safely assumed that the solvent transport is chiefly
ruled by diffusion inside the film also. Similarly, the assumption of
an instantaneous AA dissolution (Kt / ∞) inside the film is
acceptable if the simulation target exceeds, approximately, 0.5 h.

In conclusion, the presented model proved to be a reliable tool
for designing packaging polymeric films aimed at releasing anti-
oxidant agents like AA.
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