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ABSTRACT 
 
This study proposes a mathematical time-dependent model 
to examine the humidity sorption kinetics and the storage 
capacity of a porous packaging polymer material (PP) 
containing NaCl as hygroscopic substance. Water vapour 
pressure gradient was chosen as the principal driving force 
for the transport of water vapour in the film. Solving the 
diffusion equation numerically by the finite element 
method resulted in the evolution of water vapour contents 
calculated inside humidity regulating film specimens. The 
influence of the diffusion and the sorption coefficients of 
the polymer, and of the thickness and the NaCl content of 
the film on kinetics and capacity of the humidity regulating 
films could be determined. By comparison of the 
calculated amount of absorbed water vapour with 
experimental data, a good agreement between the predicted 
tendencies of the numerical and experimental results was 
found. The model was validated in a region of the salt’s 
sorption isotherm above the deliquescence point of NaCl 
and significantly below the humidity at which the holes in 
PP are completely filled with water. The results permit to 
develop optimized humidity regulating films for individual 
food requirements. Application of this model could 
facilitate the development of these active films using 
different polymers and hygroscopic substances.     
 
INTRODUCTION 

One of the main functions of packaging is to protect the 
filling (Piringer 1993). Packed food's shelf life and quality 
are decisively affected by the air humidity within the 
packaging headspace (Hofstetter et al. 1991). To Abbas et 
al. (2009), reactions of food components involved in food 
spoilage occur above a certain food’s water activity of 
about 0.3 for enzymatic reactions and 0.7 for microbial 
growth (mold, yeast, bacteria). Finally, a significant part of 
the waste could be avoided thanks to adequate packaging 
which can regulate humidity to the level ensuring optimal 

preservation conditions of  packed food. However, up to 
now, most of packaging materials are passive: they cannot 
regulate and stabilize the relative humidity in the 
packaging (Langowski et al. 2003; Sängerlaub et al. 2010). 
The amount of spoiled foodstuffs, resulting from 
inadequate relative humidity inside the packaging 
(Buchner 1999) could be drastically reduced by humidity 
regulating packaging systems. 
 
CONCEPT OF HUMIDITY REGULATING FILMS 

Within the project "Feuchteregulierende Verpackung zur 
Verbesserung der Qualität und der Haltbarkeit von 
Lebensmitteln” (Bavarian Research Foundation), humidity 
regulating food packaging films were developed.  
 
 
 
 
 

 
 
 
 
 
 
a. Barrier layer (outer layer of the packaging) 
b. Humidity regulating layer (humidity regulators within vacuoles) 
c. Heat sealable coating (inner layer of the packaging) 
d. Humid head space of packed product  

 

Figure 1: Design of the Humidity Regulating Multi-layer 
fi lm. (Adapted from Sanahuja 2010) 

 
The optimal relative humidity (r.h.) for fruits, vegetables, 
mushrooms and meat varies between 90 and 97%, or 85 to 
95% particularly for tomatoes, or 75 to 85% for soft cheese 
(Gross 2004). Therefore the composition of the packaging 
material has to be adapted in order to reach the optimal 
humidity in food’s atmosphere for the whole storage time, 
preventing moistening, but also drying-out of fresh food 
(Stehle 1989) and condensation. Adequate hygroscopic 
substances, dispersed into a polymer layer of the humidity 
regulating packaging film (Figure 1), are able to adsorb or 
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b 
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desorb water vapour when the humidity is modified until 
the equilibrium moisture content is reached. However, the 
polymer cannot store the whole aqueous solution obtained 
from the deliquescence of those crystals (Buchner 1999). 
Consequently, pores must be integrated into the polymer 
(Sängerlaub et al. 2011), by means of polymer processing 
techniques such as foaming, stretching or deep drawing the 
material containing such hygroscopic substances. By 
combination of these processes with coextrusion, coatings 
or lamination, it is possible to produce multi-layer films for 
the required packaging type. For example, multi-layer 
films for tubular bags or trays are appropriate packaging 
types for fruits and meat pieces. In this study, the 
hygroscopic substance chosen is sodium chloride (NaCl), 
because it is allowed by the food law, easily available and 
cheap. Further it can be well crushed, it is chemically inert 
and thermally stable. The sorption isotherm of NaCl 
(Figure 2) shows that it begins to absorb water vapour 
reversibly  at a r.h. of 75.5% which is known as the 
deliquescent humidity at 23°C (Labuza et al. 1998). At this 
r.h. it absorbs up to 278 mass percent (m%) water without 
showing a change in its water activity while turning into 
aqueous solution. Thus it has the potential to regulate the 
ambient humidity at about 75-85%, which corresponds to 
the domain of optimal water activity for the preservation of 
several humid foods. This is true even if temperature 
fluctuates from 7 to 23°C during unadequate transports, as 
temperature has little influence on the sorption behaviour 
in the domain of 75.5 to 90% r.h..  
 

 
Figure 2: Sorption isotherm of sodium chloride. 

(Sängerlaub et al. 2011) 
 
MODEL OF THE HUMIDITY REGULATING FILM 

Modelling the water vapour transport behaviour is 
important to understand the phenomena of humidity 
regulation by porous packaging materials containing 
hygroscopic substances. The important kinetics of ab- and 
desorption of humidity and capacity of the film depend on 
several film geometry and material parameters. So, 
corresponding simulations are essential to improve the 
performance of those innovative films, permitting to find 
rapidly the optimal parameters to set for specific food 
packaging production. 
 
Permeation Problem 

When a polymeric film is in contact with different water 
vapour pressures at its both surfaces, water vapour 
permeates through it from the side with higher to the side 

with lower value (Comyn 1994). This permeation process 
is divided into several steps (Langowski 2008): adsorption 
of vapour at the phase interface between the polymer and 
ambient air; then absorption and dissolution in the 
polymer; followed by diffusion through it and desorption at 
the other side. Temperature, polymer permeability to water 
vapour and gradient of its concentration influence the 
speed of permeation. In the model the polymer is 
characterized by two properties which are relevant for the 
transport of water in the material: the diffusion coefficient 
D and the sorption coefficient S.  
 
Sorption Problem and Storage of Water Vapour 

The considered model describes a film whose permeable 
inner sealable layer is in contact with the food headspace 
(Figure 1 & 3). At this interface exchange of water vapour 
between film and headspace sorption is possible, 
permitting humidity regulation. In order to eliminate the 
influence of the environment the film is isolated at the 
outer side of the packaging. As sorption processes happen 
very quickly in comparison to diffusion processes (Hanika 
2004), the time needed for the adsorption and dissolution 
processes of water vapour in the matrix were neglected in 
the model (Reichmann 2010). The relation between the 
partial pressure of water vapour at the surface of a material 
and the concentration of water dissolved in the material is 
described by the sorption isotherm. For sorption of water 
vapour in polypropylene (PP), a semi-crystalline polymer 
which is considered in this paper, Henry’s law is valid: 
concentration c is proportional to partial pressure 
(Langowski 2005). 

 
a. Hole 
b. Salt crystal 
c. Polymer matrix 
d. Two phases water: Water vapour & Salt-water solution 
e. Water dissolved in the matrix 
f. Holes, completely filled with salt-water solution 

 

Figure 3: Geometric Model with representation of the 1-
dimensional cut and evolution in time. 

(Adapted from Sanahuja 2010) 
 

Diffusion Problem 

According to Lindemann (1983), mass balance equations 
can be used to describe diffusion problems. Due to the 
flow processes, the concentration of water vapour changes 
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depending on time and space. As a consequence, this is 
also true for the concentration gradient grad(c). In the case 
that Henry’s law is valid, Fick's first law is the fundamental 
law of diffusion (Comyn 1994). It states that the flux 
density is proportional to grad(c). Combination with the 
continuity equation which describes the conservation of the 
amount of diffusing substance gives Fick's second law of 
diffusion, describing well the non-steady state. This 
diffusion equation (1)  simplifies to diffusion in one 
dimension (x) because the film is considered as 
homogeneous in y- and z-directions: 
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



∂
∂+

∂
∂+

∂
∂⋅=
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y
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x

c
D

t

c      (1) 

 

According to Peterlin (1985), equation (1) can be used for 
most polymers except for the case that the sorbent modifies 
the volume and the composition and hence the transport 
properties of the system. That is why an ideal behaviour of 
the polymer is supposed: D and S are independent of 
concentration of the diffusing substance, position and time.  
This assumption is fulfilled for the diffusion of water 
vapour in PP. In order to describe both the absorption of 
water vapour in the PP matrix and by NaCl within the 
holes, the dual-mode sorption model for the sorption of 
substances in micro porous glassy polymers like 
polyethylene terephthalate (PET) is adopted (Shigetomi et 
al. 2000). To Stern et al. (1990), this model (2) postulates 
that a substance like CO2 dissolved in a glassy polymer 
consists of two distinct molecular populations which are in 
local equilibrium in two different morphological regions of 
the polymer. The total concentration c of the dissolved 
penetrant at given pressure and temperature is the sum of 
concentrations in the polymer matrix cD obeying to Henry's 
law and in the holes cH related to the Langmuir adsorption 
theory: 
 

     
HD ccc +=               (2) 

 

Different models were established for problems in relation 
to sorption of vapours or gases in porous media containing 
hygroscopic substances (Espinosa et al. 2008; Fan 2005). 
As the headspace atmosphere of packed products can be 
considered as static, convection at the permeable side is 
not taken into account in the study of humidity regulating 
films. Furthermore, no convection of air humidity through 
the film was considered, because it contains only small 
isolated pores (but no capillaries or fibres studied by Nield 
et al. 2006). Finally, no direct transport of water between 
adjacent holes is possible in the present model since these 
are assumed not to be connected with each other. 
Therefore the driving force for diffusion of water vapour in 
the material is the gradient only of cD and so ²/² xc ∂∂  in 
equation (1) does not include the term cH for water in the 
holes. But as the total concentration of water vapour is the 
sum of both concentrations as inspired by the dual sorption 
model, the change of total concentration of water vapour in 
the film at time t is given by a new diffusion equation (3):       
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To make it possible to implement it in Femlab®, it must be 
rewritten with only one unknown parameter: cH is 
expressed as a function of cD. Henry’s law is valid in the 
polymer matrix for cD’s linear sorption isotherm (4) with 
the partial pressure of water vapour p and the material 
specific sorption coefficient 

DcS :   

 

Dc

D

S

c
p =             (4) 

 

The pores and the humidity regulator NaCl therein are 
supposed to be homogeneously spread within the film, but 
they are not incorporated geometrically in the model. 
Instead of this, only the polymer matrix is modelled 
geometrically, and NaCl in the holes is included in the 
model by its sorption isotherm. As this one is non-linear, 
the sorption behaviour of the film depends strongly on the 
deliquescence humidity of NaCl. So, the sorption 
coefficient within the holes )( pS

Hc
 is not constant and 

depends on p (5):  

  
)( pS

c
p

Hc

H=                (5) 

 

The sorption isotherm of the humidity regulating films is 
the sum (2) of the two sorption isotherms described by (4) 
and (5). To determine cH (Figure 4) as a function of cD 
equations (4) and (5) are combined: 
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The resulting diffusion equation (7) is then obtained by 
inserting (6) into (3):   
 

 
²

..
/

1
2

x

c
D

t

c

S

pc

t

c DD

c

H

D
∂

∂=
∂

∂












 ∂∂+=
∂
∂   (7) 

 

The amount of salt is fixed for each simulation and 
implemented in the model through an effective sorption 
isotherm that describes the relation between cH and p.  
As the pores are dispersed quasi-continuously in the film, 
the porosity of the film (= holes’ total volume VH divided 
by the volume of the film VFilm) is independent of the 
position in the layer. The available volume for water 
accumulation has to be considered in the model, because 
cH would increase to impossible values following an 
increasing concentration cD if VH was not limited. So, 
NaCl can absorb water vapour until the pores are 
completely filled with the salt solution. Therefore, the 
maximal possible concentration cHmax is reached for a 
particular volume fraction of holes in the film VH%. After 
this maximal concentration for water in the holes is 
reached, it is presumed that the sorption isotherm continues 
as a linear function with the slope 0 (Figure 4). Thus, the 
concentration is constantly cHmax even if the water vapour 
pressure increases more. A more realistic model would 
respect the finite volume of the holes by combination of a 
Langmuir type sorption behaviour with the sorption 
isotherm (5) of the salt.   
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A phase change from gaseous to liquid occurs due to the 
absorption of water vapour by the salt crystals that dissolve 
in the aqueous phase (Figure 3). So, three fractions of 
absorbed water are in balance: water vapour dissolved in 
the polymer, and gaseous plus liquid water in the pores. 
The gaseous state was neglected because of its small 
density compared to the density of liquid water. But the 
phase change reaction takes time, which could influence 
the velocity of the sorption phenomenon.  

 
 

 
 
 
 
 
 
 

 
 

Figure 4: Procedure to determine cH, with c0 the 
concentration of water vapour in the film at the beginning 
and c1 constant at the permeable side. (Reichmann 2010) 

 
METHODOLOGY: FEM FOR SIMULATIONS 

To estimate the time-evolution of present dynamic model, 
the non-linear differential equations are not analytically 
soluble but need numerical approximation (Lindemann 
1983). The numerical calculation was based on the Finite 
Element Method (FEM) used by the software Femlab® 
from Comsol Multiphysics (Comsol AB 2001). It allows 
modelling based on Partial Differential Equations (PDE) in 
an interactive environment, Matlab®. The FEM discretises 
the geometry of a model, its equations, the boundary and 
subdomain conditions and, in parallel, the time. The one-
dimension process occurs along the x-axis (cross section in 
Figure 3) which gives the coordinates through the film. 
Choosing adequate time stepping and mesh resolution 
permits to optimise the accuracy of the numerical solutions 
with the lowest possible computational time. 
The modelled system was described by initial, boundary 
and subdomain conditions as well as diverse parameter 
values. Boundary settings were made according to equation 
(8) for a general diffusion model with the outward unit 
normal vector n, the flow vector Γ , the transpose T, the 

Lagrange multiplier µ and the dependent variable u for 
which the system is resolved: 
   

µ⋅



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



∂
∂+=Γ−

T

u

R
Gn.       (8) 

 

The outer boundary of the humidity regulating film is 
supposed to be ideally impermeable to water vapour. Thus, 
the Neumann boundary settings are valid on this side. As 
there is no flow through the outer face, 0. =Γ− n . R is 
fixed to be 0, so that Gn =Γ− . . As a consequence, 0=G . 
On the inner side of the film, Dirichlet boundary settings 
are valid. As water vapour pressure stays constant, the 
concentration is always c1 at this side: u = c1 so R = c1 – u. 
Each parameter of equation (7) was defined in relation 
with the considered “General PDE Form” (9)  of Femlab® 
for the subdomain settings with the pre-factor da (mass 
coefficient) and the source term F:  
 

 F
t

u
d a =Γ⋅∇+

∂
∂⋅   (9) 

 

The experimentally measured sorption isotherm of NaCl 
was interpolated with the flinterp1 piecewise cubic spline 
function for consistent smoothing.  
 
RESULTS OF SIMULATIONS AND DISCUSSIONS 

Since the vertical part of the isotherm at the deliquescence 
point of NaCl at 75.5% r.h. cannot be described by the 
considered model, simulations were performed only at 
relative humidities above this value. Simulations 
considered water vapour sorption in a homogeneous PP-
layer with NaCl in pores and isolated at the outer side.  
 
Check of Model reliability  

To check the validity of the model, graphical post-
processing was permanently done. For example, the 
concentration of water vapour at the beginning is minimal 
in the whole layer, except at the permeable side (Figure 5). 
Then, concentration increases to the value of concentration 
at the permeable side, but more rapidly for points near to 
this boundary.  
 

 
Figure 5: Example of evolution of the total concentration 

of water vapour in the film versus coordinates. 
(Adapted from Sanahuja 2010) 

Polymer matrix 

Henry’s law 

Effective sorption 
isotherm of the 
humidity regulator 

 
Modification of the 
sorption isotherm in 
consideration of the 
finite holes’ volume 

 

0s 

50 s 

100 s 

500 s 

1000 s 

  5000 to 
10000 s 
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It could be shown that the amount of water stored in the 
film is clearly determined by the storage in the holes, as 
they contain about ten thousand times more water than the 
amount dissolved in the polymer matrix. 
Simulations without consideration of the gaseous state of 
water in the holes give about the same results in kinetics 
(no significant change: 0.26% slower for a test with 5 m% 
NaCl, VH%=15 and an initial r.h. gradient between the film 
and head space of 80 to 85%) and nearly the same final 
capacity as with consideration of the gaseous state.  
 
Inf luence of Material and Geometric Parameters  

The influence of D, S, film-thickness (d) and NaCl content 
on storage capacity for water and sorption kinetics were 
studied and discussed within the possible limits of the 
model. The maximal capacity of the film, as well in the 
polymer matrix as in the holes, is not influenced by D, but 
the speed of absorption is proportional to D. The 
absorption phenomenon is also accelerated by higher S 
values, contrary to mono-material, because water vapour 
must go through the matrix to reach the individual pores. 
The maximal capacity of the matrix is proportional to S as 
it defines how much sorbent can be stored by the matrix, 
but not in the holes where it is the holes’ volume and the 
salt content which determine the amount of stored water. 
The capacities of the water in the matrix and also in the 
holes are both proportional to the film thickness. Water 
capacity of the holes increases with the NaCl content, as 
far as the holes are not completely filled. However, even if 
the half-value times increase with thickness and salt 
content, the speed of sorption itself is not influenced by 
those parameters. In reality, it takes more time to store 
more water and reach the equilibrium. 
 
Comparison of simulation with experimental results 

Experimental results provide a possibility to verify and 
validate the developed model through comparisons with 
simulation results. Figure 6 shows the evolution in time of 
the mass percent of water absorbed in the film based on the 
film dry mass. 
An absorption experiment was carried out with PP 
biaxially and simultaneously stretched with a factor 9 
(3*3). The experiment was made at 23°C with totally dry 
films (0% r.h.) at the beginning in a constant 100% r.h. 
atmosphere where water vapour could enter on both sides 
of the samples to accelerate experimentation (Böhmer 
2011). In contrast, simulations could only be run above 
80% (i.e. above the deliquescence point of the salt). 
Moreover, since numerical errors were obtained due to the 
high slope of the isotherm and its sharp bend at that 
humidity where the holes are completely filled with 
aqueous salt solution, simulations were stopped at 85% and 
respectively 90% r.h.. Therefore, the initial r.h. of the film 
in the simulations is not 0% and sorption begins with about 
10 m% absorbed water. So, due to the reduced gradient of 
water vapour partial pressure and to absorption that occurs 
at only one side, the sorption process is slower at the 
beginning for the simulations.  
The experiment that could best fit to the possible 
simulation conditions was obtained with 3 m% NaCl and 9 

m% calcium carbonate (CaCO3), which is used as a filler 
material to create more holes while stretching. In fact, 
these holes are not supposed to contain NaCl and CaCO3 

should not absorb water, but canals may let those holes 
absorb the salt solution. Better imaging techniques could 
help determine to what extent capillary transfers could be 
an important factor for speed of sorption and final 
capacity. Finally, a film of thickness d = 110 µm and with 
18.65 volume percent of holes was obtained by stretching. 
Considering the error bars with 95% confidence level, the 
values with 3 m% NaCl and without CaCO3 (d = 110 µm, 
VH% = 6.38) are not significantly different from those with 
fi ller material even if the samples with fewer holes should 
be filled faster and store fewer amount of solution. 
Considering the maximal humidity of 100% in contact with 
the samples, the film should absorb more than 60 m% 
water, but this was limited by the finite holes volume. 
Thus, the sorption process is about to be finished after 50 
days with predictable 25 m% water in the samples with 
filler material. In the same way, considering a final 
humidity of 85% or 90%, simulations with 15 volume 
percent holes reach a maximal capacity of 13 and 
respectively 18 m% water.  
 

 
 

 
 

Figure 6: Comparison of experimental and simulation 
results. (Adapted from Sanahuja 2010) 

 
SUMMARY 

A model of water vapour sorption by a humidity regulating 
film from the head space inside a packaging was 
developed. In application, the film consists of a polymer 
(PP) layer with holes containing NaCl as hygroscopic 
substance and it is situated between a sealing layer at the 
inner side of the packaging and an outer barrier layer. In 
the model the sealing layer was not taken into account and 
the barrier layer was replaced by an ideal isolation against 
environment. Water vapour is absorbed by the salt above 
its deliquescence point resulting in a phase change to an 
aqueous solution. Thus, a thermodynamic equilibrium for 
three phases of absorbed water vapour was stated, which is 
present at the interface between polymer matrix and hole. 
The one-dimensional model considers the holes and the 
salt only by their sorption isotherms but not by a geometric 
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description. It examines the humidity transport within the 
film induced by a gradient of water vapour partial pressure 
and the humidity absorption by the polymer matrix and by 
the salt above its deliquescence point. The resulting 
diffusion equation was solved numerically using the finite-
element method.  
 
CONCLUSION 

Simulations showed that the kinetics of humidity 
absorption and the capacity of the film depend on the 
dimensions of the packaging material, the amount of 
hygroscopic substances and pores in the polymer matrix, 
and the material characteristics of the polymer chosen. 
Results permit to optimise packaging design for the 
regulation of the humidity inside the multilayer polymer 
film systems according to the individual needs of fresh 
food products. The numerical results showed some 
deviation from the experimental ones, but they follow the 
same tendencies and give results in the same range, 
indicating that the model is satisfactory in the region of 
sorption isotherm of NaCl between its deliquescence point 
and a relative humidity which is significantly lower than 
that value where the holes are completely filled with 
aqueous salt solution. Application of this model could 
facilitate the development of these active films using 
different polymers and hygroscopic substances.  
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