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2.1. Conventional packaging versus modern technologies 

Packaging is the science, art, and technology of enclosing or protecting products 

for distribution, storage, sale, and use. From processing and manufacturing through 

handling, design and storage all the way to the consumer, almost all foods, whether 

fresh or processed, are enclosed in some form of packaging (Anker, 2000). Although it 

is not known when humans first made containers for storing food, it is supposed that 

various types of food containers made of organic, light-weight materials such as shells, 

animal organs, woven grasses, gourds, parts of trees including hollowed logs and 

leaves have been used from the ancient times (Hook and Heimlich, 2007). Listed 

materials are easily compostable in the environment; therefore little evidence of their 

use was preserved.  

 

The main function of packaging is protection and preservation from external 

contamination. In doing so, packaging provides protection from three major classes of 

external influences: chemical, biological and physical, thus heat, light, moisture, 

oxygen, pressure, enzymes, spurious odours, microorganisms, insects, dirt and dust 

particles, gaseous emissions, and so on (Robertson, 2006) (Fig. 2.1.) Moreover its 

purpose is to preserve freshness of the content inside the barrier, to maintain and to 

extend the quality throughout the product’s shelf-life (Miller and Krochta, 1997). 

 

 

Figure 2.1. Protective function of food packaging. 
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2.3. Active packaging – basic concept 

Three broad considerations must be taken into account when choosing the 

appropriate packaging concept: requirement of food, followed by the packaging 

format and the requirements of active agent (Han, 2005). Creation of activity in 

packaging materials frequently involves the introduction of additional components 

into otherwise inactive materials. Active packaging can be classified into two main 

types: non-migratory active packaging and active releasing packaging. While the first 

type acts without intentional migration, in the second one a controlled migration of 

agents is allowed and targeted. This includes both non-volatile agents and emission of 

volatile compounds in the atmosphere surrounding the food (Dainelli et al., 2008) 

(Fig. 2.2.). Due to great innovation potential and big accent in active packaging 

development, there is a huge palette of active compounds that can be added inside 

the packaging.  

 

 

Figure 2.2. Different modes of active releasing mechanisms (Dainelli et al., 2008). 

 

The nature of support material is very diverse including papers, plastics, 

biopolymers, metals or combinations of these materials. While in conventional 

packaging, all mass transfers such as permeation, migration, sorption between 

material and food product must be minimized, active packaging systems employ 

materials that are sufficiently permeable to provide controlled release or absorption 

and migration of active compounds (e.g. preventing increased carbon dioxide 

concentrations in the package, or protecting the food from degradation due to light or 
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tons/year (Percot et al., 2003). Commercial chitosan samples are typically prepared by 

chemical de-N-acetylation of chitin under alkaline conditions. Final chitosan samples 

can differ in size (average molecular weight), deacetylation degree (DA), polydispersity 

or crystallinity (Aranaz et al., 2009). DA represents the molar fraction of 2- mino-2-

deoxy-D-glucopyranose units in the chitosan macromolecule and shows the 

percentage of free amino groups in the polymer chain. The process of deacetylation 

involves the removal of acetyl groups from the molecular chain of chitin, leaving 

behind a complete amino group (-NH2). Chitosan versatility depends mainly on the 

high degree of chemical reactive amino groups. The degree of deacetylation of 

commercial chitosan usually varies from 75% to 95%, depending on the production 

method. When preparing chitosan samples, reaction conditions must be controlled 

(Aranaz et al., 2009). During deacetylation process, crystallinity of chitosan can be 

damaged, because of degradation of polymeric chain and because of harsh conditions. 

Precise determination of its average molecular weight is difficult (Rinaudo and 

Domard, 1988). The usual average molecular weight reported in the literature is of the 

order of 10
5
 g/mol. The influence of average Mw on the viscosity in aqueous solutions 

plays an important role in the biochemical and bio-pharmacological significance of 

chitosan (Taranathan, 2003). 

 

2.7.2.Chitosan solubility 

In crystalline form, chitosan is normally insoluble in aqueous solutions. However, 

in dilute acids, the protonated free amino groups facilitate the solubility of the 

molecule. The pKa of primary amino groups depends closely on DA, so solubility of 

chitosan is also dependent on DA (Pillai et al., 2009). 

 

Figure 2.3. Soluble and insoluble structure of chitosan monomer (Kumirska et 

al., 2011). 
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Figure 2.6. Molecular structure of hydrated (a, b) and anhydrous chitosan (c, d). 

Blue circles denote nitrogen atoms (Okuyama et al., 2000). 

 

 

Figure 2.7. Bonding sites in chitosan crystal (Okuyama et al., 1997). 

 

When dehydration occurs, to fill the space where two water molecules exist, 

there is a shift in the chain by breaking the hydrogen bonds between neighbouring 

polymer chains, shrinkage along b chain and enlargement along a (Fig. 2.8.). During 

this transformation, two independent neighbouring molecules along a in the hydrated 

form must become equivalent in the anhydrated form. The acid permeates into the 

specimen through water columns along the c-axis in hydrated chitosan unit cell. Then, 
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a)  

b)  

c)  

Figure 2.9. Oxygen (a), carbon dioxide (b) and water vapour (c) permeability for 

several biopolymers and synthetic polymers as evaluated at 25°C and in dry 

environment (for PO2 and PCO2). 
a
Gali  et al., 2009;

 b
Park et al., 2002; 

c
Gennadios et al., 1993 ; 

d
Ribeiro et al., 2007;

  e
Mujica Paz 

and Gontard, 1997;
 f
Castelló et al., 2010; 

g 
MC (methylcellulose) Park and Chinan, 2012; 

k
Wong et al., 

1992; 
l
Gennadios et al., 1994; 

m
Ghanbarzadeh et al., 2007. 
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Schematic presentation of preparation of chitosan based films is given in Fig. 3.1. 

Figure 3.1. Chitosan based films preparation. 

 

3.2.2.Chitosan coated polyethylene films 

A hydroalcoholic acid chitosan solution was prepared as described in the section 

3.2.1. Chitosan coated polyethylene films were fabricated in the Laboratory CNAM-

PIMM Paris, France according to Sollogoub et al. (2009). The system design is given in 

the Fig. 3.2., and schema of produced films in the Fig. 3.3. The coating was carried out 

at room temperature, using a Nordson slot die (ChameleonTM), appropriate to fluids 

of viscosity ranging between 0.5 and 2 Pa/s. The die is fed continuously by a gear 

pump, the flow rate of which is adjustable from 5 to 500 mL/min. A roll winding device 

creates movement of the support material at a speed ranging between 0.2 and 4 

m/min. The deposit width is set to 100 mm and the die opening to 150 m. Films were 

dried in a flow of a dry air at 50°C. After drying, they were stored in a ventilated 

climatic chamber (KBF 240 Binder, ODIL, France) before measurements.  

 

Figure 3.2. Coating system for obtaining chitosan coated polyolefin films. 
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a)  b)  

Figure 3.3. Schema of (a) chitosan coated and (b) activated chitosan coated 

polyethylene.  

 

For the industrial scale production, samples were prepared and dried in the 

Wipak, Gryspeert S.A.S., Bousbecque, France. These samples were used for industrial 

trials, packaging of real food products (Welience, Lactalis, Salaison Dijonaise and 

Chazal) and sensorial evaluation of these products. A hydroalcoholic acid chitosan 

solution was prepared as previously described. The prototype material named BIAXER 

65 XX HFP was used as coating support material. Coating solutions were either cast on 

the BIAXER 65 XX HFP or activated BIAXER 65 XX HFP. Activated BIAXER 65 XX HFP 

corresponds to film obtained after extrusion of polymer compounds mixed with 

carvacrol. Two experimental designs were used (Fig. 3.4.).  

 

a)  

 

b)  

Figure 3.4. Schema of chitosan coatings on BIAXER 65 XX HFP. 

 

In the first one (a), coating was applied on the reference material. In the second 

one (b), it was applied on the already modified material that had active compound 

(carvacrol and/or thymol) incorporated in its mass. The experimental design was made 

to apply 0.2 g of a coating per m² of film with dry mass based of 0.06% carvacrol and 

1% chitosan (before drying). These modified materials were also produced in the 

Wipak factory by the extrusion process followed by flexography to apply the coating. 

The codification and possible variations of films is given in the Table 3.5. 
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where, ni indicates the number of particles of diameter di. 

 

a)    

b)  

Figure 3.6. a) Diffraction of a laser beam by small and large particles and b) laser 

scattering measurement principle. 

 

The average diameter d3,2 (Sauter’s diameter) represents the fineness of the 

solution in terms of area ratio. It corresponds to the diameter of a sphere with the 

same volume to surface area ration as the particle. Equivalent volume/mass diameter, 

d4,3, is a diameter of a sphere with the same volume (mass) as the particle.  

 

To analyze the sample, few drops of film-forming solution were dispersed in the 

dispersion module containing appropriate solvent (aqueous acetic acid or 

hydroalcoholic acetic acid). Dispersion was stirred at 2020 rpm in order to dilute 
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where LV, SV and SL are the surface tensions of the liquid-vapour, solid-vapour and 

solid-liquid, respectively (Young, 1805). 

 

 

Figure 3.8. Contact angle of a drop of liquid deposited on a solid surface and the 

surface tension at the contact point of three phases. 

 

The Young equation, based on a thermodynamic equilibrium can be applied to 

isotropic solids, smooth, and rigid surfaces, free of chemical reaction/dissolution in the 

presence of liquid. Still, in many ways, most solid surfaces deviate from perfection 

(smooth, chemically homogeneous, rigid, insoluble and non-reactive). In reality these 

surfaces are often heterogeneous, deformable, rough, etc. The contact angle value is 

dependent on surface heterogeneity, but as Drelich (1997) pointed out, there is no 

universal theoretical model for this phenomenon with all the possible cases that could 

exist. 

 

The contact angle was measured by the sessile drop method, in which a droplet 

of the tested liquid was placed on a horizontal film surface. Measurement was done 

using a DGD-DX goniometer (GBX, Romans-sur-Isere, France), equipped with the 

DIGIDROP image analysis software (GBX, Romans-sur-Isere, France) according to 

Karbowiak et al. (2006) (Fig. 3.9.). The sessile drop method is basically an optical 

contact angle method, which is the most frequently used to estimate wetting 

properties of a solid surface. A droplet of a testing solution ( 1.5 L) was deposited on 

the film surface with a precision syringe. The method is based on image processing and 

curve fitting for a contact angle measurement. This is made from a theoretical 

meridian drop profile, measuring contact angle between the baseline of the drop and 

the tangent at the drop boundary. Video acquisition of a magnified image of the drop 

profile is conveyed to a computer via a CCD camera, which enables to quantify changes 

in the droplet shape recorded as digital images over the time. The contact angles were 

measured on both sides of the drop and averaged. The measurement was carried on 

over 120 s. The effect of evaporation was assessed on the aluminium foil considered as 
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where m/ t is the weight of moisture loss per unit of time (g/s), A is the film area 

exposed to the moisture transfer (9.08×10
-4

 m
2
), e is the film thickness (m), and p is 

the water vapour pressure difference between the two sides of the film (Pa). Three 

replicates for each film type and RH gradient were made. 

  

 

Figure 3.14. Water vapour permeation cell. 

 

3.5.4.Moisture sorption isotherms 

3.5.4.1. Theoretical background 

The sorption isotherm allows estimating the water content at equilibrium of a 

solid material exposed to the surrounding moisture. This measure is widely used in the 

field of bio-based materials and foods. It allows determination of ideal conditions for 

storage of these materials to prevent microbiological spoilage and preserve their 

mechanical strength. The sorption isotherm of a product is the graphical relationship 

between water content and water activity at equilibrium for a given temperature. This 

relationship is complex. An increase in aw is usually accompanied by an increase in 

water content, but in a non-linear fashion. 

 

Considered as the "fingerprint" of a food product, this isotherm curve (usually S-

shaped) shows how water content changes as water activity is increased or decreased 

(Roudaut and Debeaufort, 2010). If the composition or quality of the material changes, 
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then its sorption behaviour might also changes. The International Union of Pure and 

Applied Chemistry (IUPAC, 1985) classified adsorption isotherms into six general types 

(Fig. 3.15.). Depending on the nature of material (crystalline or amorphous), the shape 

of isotherm is different and corresponds to different types of interactions between 

adsorbed substances and adsorbent and/or its porosity. 

 

 

Figure 3.15. Types of water vapour sorption isotherms (IUPAC, 1985). 

 

The Type I isotherm, called Langmuir isotherm, is typical of microporous solids 

and chemisorption isotherms. Type II is the sigmoid shaped isotherm, shown by finely 

divided non-porous solids. If, however, the solid is porous and has a significant internal 

surface, then the thickness of the adsorbed layer on the walls of the pores is 

necessarily limited by the width (diameter and length) of the pores. The form of the 

isotherm is modified correspondingly; instead of type II and III, type IV, V and VI exist 

(Roudaut and Debeaufort, 2010). 

Different mathematical models have been developed for description of sorption 

isotherm, for evaluation of specific surface area, of number of a sorbing sites etc. (i.e. 

GAB, BET, Langmuir, etc.).  

Sorption isotherms can be generated from an adsorption process or a desorption 

process. The difference between these curves is defined as hysteresis. This 

phenomenon has come from a change of state of the material or conformational 

changes of molecules during dehydration (Simatos, 2002). 

The moisture sorption isotherms of most foods are non-linear, generally 

sigmoidal in shape, and have been classified as type II isotherms. This type II isotherm 

is usually divided in three zones corresponding to different ways of moisture fixation 

on the solid substrate as shown on Fig 3.15. The zone A (aw <0.2) presents the 
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factors could affect it and interact. Moreover, the film structure, including additives, 

influences the aroma compound retention and the release from the films. 

 

 

Figure 4.8. Overview of the mechanism and the main parameters influencing 

active packaging film performances. 

 

An appropriate solvent that influenced FFS also affected film drying (kinetics and 

time) and therefore the structure which governs the film functional properties (aroma 

compound retention, release and film appereance) was also changed. Indeed, acetic 

acid aqueous media allow complete solubilisation of the chitosan. Consequently, more 

homogeneous structure is formed. On the contrary, hydroalcoolic acid media led to 

formation of colloidal suspension that induced structuration of different matrix 

network. Drying time is reduced when hydroalcoholic solutions are used for 

solubilization of a polymer powder. The partition coefficient can be related to 

carvacrol retention during film processing (casting plus drying) in chitosan based films. 

The glycerol-plasticized samples display higher water content due to the high 

hydrophilic character of glycerol. The loss of aroma compound is greatly influenced by 

the water content in the drying film. Drying curves did not display linear trend. It is due 

to the structural changes in the thin layer of FFS because the diffusion was modified 

according to the time. It seems that the drying time and thickness are mainly 
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Figure 7.2. Zisman plot of polyethylene surface.  

 

Elsewhere, C values have been reported to be lower than the surface tension 

values of the same tested surfaces (Dan, 1970; Casareigo et al., 2008). A surface with 

these characteristics interacts with the liquid primarily by dispersion forces, thus 

influencing the effective spreading of the coating on the PE surface (Rulon and Robert, 

1993). Therefore the compatibility of the surface polarity and FFS played an important 

role in the PE wettability. The PE, being very rich in apolar components features a 

significant apolar influence. 

 

7.1.2. Wettability of polyethylene films by the coating solutions 

Optimization of wettability (Ws) includes optimisation of work of adhesion (WA) 

and work of cohesion (Wc). Cohesion promotes contraction and adhesion promotes 

the spreading of a liquid. The obtained results are reported in Table 7.1. CSECVC was 

considered as the most suitable solution to coat the PE surface as it had the highest Ws 

(the closest to zero) (Tzoumaki et al., 2009). The higher cohesive force of a coating 

solution caused the shrinkage of the CSA droplet. CSE and CSECVC were more capable 

to spread on the PE. The higher surface tension (Table 7.1.) and contact angles of CSA-



��������	������������		
����
��
�	��
������������������������	
������
��

���	���
����������
������
����
�
��

*D2�
�

$$:� 93;E<� ���� �:�����$$:� 9D2E<
� ������	��� 	��	� 	��� &
����� ��	6����'
�������� 6����

"�����	�
�0+�5������	�
��	
�	�������������-��&������	����
��
&�	���$$:
�	����@��������'�

�-������0��
�&&�����	�9>�<�6����'-�
"���6�	���	���
���������"���
��9&�
'��B;+;3�	
��

B+44<+��
��
"��
� �'������ �
�	��	� ��0��� 6��� 
����"��� 
"��� 	��� 6�
��� 	��	��� -���
��

9$�0+� .+*+<+� �
	�� 0

�� �	�����	�� 
&� �
�	��01�/� ���� �
6��� &���� ����0�� �
��� 9��
�� �	� ��+
�

())(<�����������	���&
������@������	
���-���	��	����
�	��0�&��'�&�
'�	����/+�=����	���

�
��	�
���-���������0

��������
��6���
�	������ 9$�0+�.+;+�<+�=����-���
'��
��'���

��� �		����	��� 	
� 	��� ���
�-	�
�� 
&� 	��� ���&���� ��	�"��'
�������� �	� 	��� ��@����"�-
���

��	��&���������	��	����&���	
�	����
������@���� ��	��&���������0�	����
�	��0�-�
�����9�
��

������	���+
�*444<+�:��&������	�"��'
�����������	���$$:
�6�����6�������
�����
��	����/
�

����������������
&����&����-��������
&��:/����$$:�	��	����	���������������	���-������0�

��������������	����
�	��	���0��+��������
�6�		�����	�������&�����������"���
��	�+�5	�'��	�

��� �
6� ��
�0�� 	
� ���
6� 	��� ����� ���� �
'
0���
��� �--����	�
�� 
&� $$:� 
�	
� 	��� �/�

���&���+� 5�� ���-	��� &
��
� �	� 6��� ��-
�	��� 	��	� 	��� ���
�-
��	�
�� 
&� ���"���
�� ����

�	���
����0��&����	�����������	����
����	���������?+�=����&
�������		���6�		�����	��6���


�	�����+� $
�� &��	���� �--����	�
�
� �:/� ���� �:/����6���� ��
���� ��� 	��� ���	� �
�	��0�

&
�'���	�
��+��

�

�< � �< �

�< � %< �



�����������		
����
��
�	��
������������������������	
������
��

���	���
���

/:/����
������	�
���
&��/�:/����&��'�9�<
��:/�����
�	��0� ������ 9�<
�

�:/����&��'�9�<��������&�����
&����	
����&��'��

�:/����9/<�����������������&����
&��:/����9$
�<������:�����9�<+

���������

�������������������������.�����

�������
��
��������	���
�������
��

���������
�-���	���U������8��

�
���� &��'�+� �
6�"��
� ��� ��	���-�����0� 	��'���"��
� ���
�-
��	�
�� 
&� 	����� �0��	�� ���

�������&���	�
��

����0�� ���&���� 	����
�� 
&� &��'� &
�'��0� �
��	�
�� ���� �	�� �-�

����	�
��
&�0�����
��������"������&&��	�
�� ��@�������&����	����
��9

$$:� 6���

��0��&����	��� ��0���� 	���� �:/

���������0����&��������
-�
����	�+�=���
��	����	
��?-��	�	��	���0������-����
�����	6����

�����������		
����
��
�	��
������������������������	
������
��

���	���
����������
������
����
�
�

/:/����
������	�
���
&��/�:/����&��'�9�<
��:/�����
�	��0� ������ 9�<
�

�:/����&��'�9�<��������&�����
&����	
����&��'�� ��--
�	���������&����
&��:�����9%<�����

�:/����9/<�����������������&����
&��:/����9$
�<������:�����9�<+

��������� ������������������������

�������������������������.����� ���������������

�������
��
��������	���
�������
��

���������
�-���	���U������8�� '����������-�
-��	����
&�

�
���� &��'�+� �
6�"��
� ��� ��	���-�����0� 	��'���"��
� ���
�-
��	�
�� 
&� 	����� �0��	�� ���

�������&���	�
����&
�������	6����-
��'���������+�=

����0�� ���&���� 	����
�� 
&� &��'� &
�'��0� �
��	�
�� ���� �	�� �-���������	�� 
�� ��--
�	�

����	�
��
&�0�����
��������"������&&��	�
�� ��@�������&����	����
��9 �

$$:� 6��� &� �:/�AJ

��0��&����	��� ��0���� 	���� �:/ +� ����	���U�	�
�� 6�	�� ����
-������ 0�����
�� �����	�� ���

���������0����&��������
-�
����	�+�=���
��	����	
��?-��	�	��	���0������-����
�����	6����

�������
������
����
�
�

/:/����
������	�
���
&��/�:/����&��'�9�<
��:/�����
�	��0� ������ 9�<
�

��--
�	���������&����
&��:�����9%<�����

������������������������

���������������

'����������-�
-��	����
&�

�
���� &��'�+� �
6�"��
� ��� ��	���-�����0� 	��'���"��
� ���
�-
��	�
�� 
&� 	����� �0��	�� ���

��&
�������	6����-
��'���������+�=

��������	�� 
�� ��--
�	�

�

&� �:/�AJ

+� ����	���U�	�
�� 6�	�� ����
-������ 0�����
�� �����	�� ���

���������0����&��������
-�
����	�+�=���
��	����	
��?-��	�	��	���0������-����
�����	6����

��������	������������		
����
��
�	��
������������������������	
������
��

���	���
���

�

/<

�<

)������
�!��/:/����
������	�
���
&��/�:/����&��'�9�<
��:/�����
�	��0� ������ 9�<
�

�:/����&��'�9�<��������&�����
&����	
����&��'��

�:/����9/<�����������������&����
&��:/����9$
�<������:�����9�<+

�

�


�$� ,������������������

�������������������������.�����

�������
��
��������	���
�������
��
�

���������
�-���	���U������8��

�
���� &��'�+� �
6�"��
� ��� ��	���-�����0� 	��'���"��
� ���
�-
��	�
�� 
&� 	����� �0��	�� ���

��	��������������	��'����������&���	�
��

����0�� ���&���� 	����
�� 
&� &��'� &
�'��0� �
��	�
�� ���� �	�� �-�

���&���+� =��� ���&���� 	����
�� 
&� 	��	��� &��'� &
�'��0� �
��	�
��� ��� 0�"��� ��� =����� .+;+�

����	�
��
&�0�����
��������"������&&��	�
�� ��@�������&����	����
��9

>����� GA� 
&� �:��AJ�$$:� 6���

��0��&����	��� ��0���� 	���� �:/

���������0����&��������
-�
����	�+�=���
��	����	
��?-��	�	��	���0������-����
�����	6����

�����������		
����
��
�	��
������������������������	
������
��

���	���
����������
������
����
�
�

� $<

� �<

/:/����
������	�
���
&��/�:/����&��'�9�<
��:/�����
�	��0� ������ 9�<
�

�:/����&��'�9�<��������&�����
&����	
����&��'��V���--
�	���������&����
&��:�����9%<�����

�:/����9/<�����������������&����
&��:/����9$
�<������:�����9�<+�

������������������������������������������������

�������������������������.�����4������&�������������������

�������
��
��������	���
�������
���

���������
�-���	���U������8��0�����
�����������	
��'-�
"��'����������-�
-��	����
&�

�
���� &��'�+� �
6�"��
� ��� ��	���-�����0� 	��'���"��
� ���
�-
��	�
�� 
&� 	����� �0��	�� ���

�������&���	�
����&
�������	6����-
��'���������+�=

����0�� ���&���� 	����
�� 
&� &��'� &
�'��0� �
��	�
�� ���� �	�� �-���������	�� 
�� ��--
�	�

���&���+� =��� ���&���� 	����
�� 
&� 	��	��� &��'� &
�'��0� �
��	�
��� ��� 0�"��� ��� =����� .+;+�

����	�
��
&�0�����
��������"������&&��	�
�� ��@�������&����	����
��9GA<�

$$:� 6��� ��		��� ��	� �
6��� 	���� �:��$$:
� GA� 
&� �:/�AJ

��0��&����	��� ��0���� 	���� �:/�$$:+� ����	���U�	�
�� 6�	�� ����
-������ 0�����
�� �����	�� ���

���������0����&��������
-�
����	�+�=���
��	����	
��?-��	�	��	���0������-����
�����	6����

�������
������
����
�
��

*DD�

�

�

/:/����
������	�
���
&��/�:/����&��'�9�<
��:/�����
�	��0� ������ 9�<
�

��--
�	���������&����
&��:�����9%<�����

������������������������

����������������

'����������-�
-��	����
&�

�
���� &��'�+� �
6�"��
� ��� ��	���-�����0� 	��'���"��
� ���
�-
��	�
�� 
&� 	����� �0��	�� ���

��&
�������	6����-
��'���������+�=����	��������

��������	�� 
�� ��--
�	�

���&���+� =��� ���&���� 	����
�� 
&� 	��	��� &��'� &
�'��0� �
��	�
��� ��� 0�"��� ��� =����� .+;+�

�
&��:�������:/+�

&� �:/�AJ�$$:� 6���

+� ����	���U�	�
�� 6�	�� ����
-������ 0�����
�� �����	�� ���

���������0����&��������
-�
����	�+�=���
��	����	
��?-��	�	��	���0������-����
�����	6����



�%�-
,� / � �%�-
,� / �

'�%())�� .*+.BN)+2D�� '�,())�� ;(+2*N)+4.��

'�%6
8())�� B.+((N)+*)�� '�,6
8())�� 2)+;(N(+()��

'�%6
8'*'())�� ;3+B;N)+);�� '�,6
8'*'())�� ;;+.DN)+;B��

��������	������������		
����
��
�	��
������������������������	
������
��

���	���
����������
������
����
�
��

*DB�
�

����
-�
���� �/� ���� ����
-������ �
�	��0�6
���� 	�8�� -����� 	��	�6��� �
	� 	��� ����� &
��

�:��$$:+� �
6�"��
� ����	�
�� 
&� ���"���
�� �
	�� ��� ����
���
�
���� �@��
��� �
�"��	� ���

6���� ��� ��� 	��� ������� ����� �
�"��	� ���������� 	��� ���&���� 	����
�� 
&� &��'� &
�'��0�

�
��	�
��+�%�
-����	������&����	����
�����	�������	�
��
&����"���
��'�0�	��������	
�	���

��	��&������������
����	6�������"���
���������	
���+��
6�"��
������������
����"������

���-	��� 2
� ��� 	��� -�������� 
&� 0�����
�
� ���"���
�� ���'�� 	
� �
��� �	��

�	�����U��01�	���	���	�
�� -�
-��	���+� =���
� 	��� �-������0� 6��� ������	��+� H����� �	� ��+�

9())3<� ��-
�	��� 	��	� 	���-��������
&�0�����
��6����
	� ��0��&����	� ��� �������0� ���&����

	����
�� ������ �	� ����
	��� 	����
��	�"��'
������+�%�&&�������� ��� 	���� �	����
�	������ &
��

�:/�AJ� ��'-���'�0�	� ��� �������� 
&� 	��� ��&&����	� �
�"��	
� �'
��	�� 
&� 0�����
�� ����

	�-��
&����	
��������+�

�

��.��� 
�!�� :��&���� 	����
�� 
&� ���	
���� &��'� &
�'��0� �
��	�
��� ���� 	����� ����0��

6�	��	�������	�
��
&�0�����
�+�

�%�-
,� /
� �%�-
,� /
�

'�%())�� .*+.BN)+2D�� '�,())�� ;(+2*N)+4.��

'�%6
8())�� B.+((N)+*)�� '�,6
8())�� 2)+;(N(+()��

'�%6
8'*'())�� ;3+B;N)+);�� '�,6
8'*'())�� ;;+.DN)+;B��

���� %�&&����	� ��		���� ������	�� �� �	�	��	������� ��0��&����	���&&�������6�	���� 	��� �
��'�� �	�
-Q)+)D���"��+�

�

������
�
��
����
�������-������0��
�&&�����	��
&���&&����	�&��'�&
�'��0��
��	�
���


��	���-
���	����������&��������0�"������=�����.+2+���
	
��
&�	���&��'�&
�'��0��
��	�
���


��	���-
���	��������	���&&����	��-������0�	�'�������0�"������$�0+�.+2+�

�



Chapter 7 Carvacrol affects interfacial, structural and transfer properties of chitosan coated polyethylene  

157 

 

a)  

 

b)  

 

Figure 7.4. Changes in the drop volume of the film forming solution containing 

glycerol (GLY) and/or carvacrol (CVC) deposited onto the polyethylene as a function of 

the solvent nature (CSA=aqueous acetic acid solvent, or CSE=hydroalcoholic acid  

solvent). 
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1.3 times for CSECVC and CSACVC films that were significantly different (p<0.05) from 

CSE and CSA (Table 7.7. and Fig. 7.6.). Nevertheless the permeabilities of all chitosan 

self-supported films remained weak and could be used as good barrier coating 

materials. 

 

Figure 7.6. Changes in gas permeability of chitosan films in dry environment 

(0% RH) as influenced by the addition of carvacrol. 
a-d

 Different superscripts within the columns indicate significant differences between 

formulations (p<0.05). 

 

Permselectivity is the indication of the appropriateness of a given film for a 

specific food. It describes the ratio between CO2 and O2 permeabilities (Salame et al., 

1986).
 
Even though commercial packaging films have a typical permselectivity between 

4 and 8 for highly respiring food products, lower values are required (Exama et al., 

1993). Therefore chitosan films tested in this study could be used for similar food 

products applications (Table 7.7.). Selectivity allows balancing the pressure inside the 

packaging particularly for modified atmosphere packaging. 

 

 

7.9. Conclusions of Chapter 7 

For production of novel bilayer chitosan / PE films with better characteristics, the 

knowledge of wetting properties represents a key parameter in order to enhance their 

aptitude to adhere to plastic layer, while maintaining the integrity of packaging. 

Chitosan biopolymer film forming solutions spread and partially wet the polyethylene 

film surface. During the period of 120 s, measurements revealed contact angles lower 
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differences were observed (Fig. 5.3.b). Similarly, Bae and co-workers (1998) found that 

CO2 in wet chitosan membranes were 15-17 times more permeable than in the dry 

chitosan membrane.  

 

 

8.6. Influence of glycerol and relative humidity on the gas and 

water vapour permeability of chitosan films with carvacrol 

(Unpublished part of this chapter) 

 

Oxygen, carbon dioxide and water vapour permeabilities of chitosan films 

containing either carvacrol or carvacrol and glycerol are given in the Figs. 8.6. and 8.7. 

Generally, plasticizers reduce intermolecular forces along the polymer chains, thus 

increasing free volume and chain movements. In previous chapters it was shown that 

addition of glycerol in chitosan/carvacrol film forming solutions led to some structural 

changes. Deviations in viscosity and particle size distribution were observed (Chapters 

4 and 6). Then in section 8.2., structural changes were confirmed by ESEM. Likewise, it 

is to expect that these complex systems would change barrier properties of chitosan 

based films. Indeed, carbon dioxide permeability of CSACVC comparing to CSAGLYCVC 

films in dry and in humid environment was significantly increased (Fig. 8.6.a). The same 

behaviour was observed for oxygen permeability in humid environment, while in dry 

conditions no significant changes could be attributed. However, when hydroalcoholic 

acid solvent was used, no significant changes in gas barrier properties were observed 

(Fig. 8.6.b). This could be attributed to a better distribution of glycerol and carvacrol in 

hydroalcoholic systems as previously suggested (Chapters 4 and 6). 

 

a)  
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b) 

Figure 8.6. Oxygen and carbon dioxide permeability of carvacrol containing 

chitosan films in dry and humid environment as affected by the addition of glycerol: a) 

chitosan films prepared in aqueous acetic acid solvent (CSACVC); b) chitosan films 

prepared in hydroalcoholic acetic acid solvent (CSECVC).  
a-d

 Different superscript indicate statistically significant difference between samples 

 

Figure 8.7. Water vapour permeability of chitosan films with carvacrol and 

glycerol at three different humidity differentials (CSAGLYCVC and CSEGLYCVC).  

 

The majority of these anomalous behaviours arise due to the hydrophilic nature 

of glycerol that in complex systems with carvacrol induced the presence of 

inhomogeneities in its structure. Following this further, the water vapour permeability 

of CSAGLYCVC and CSEGLYCVC films was significantly increased at higher relative 
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allows determining if equilibrium is achieved between each relative humidity change. 

From these data, an apparent diffusion coefficient for water can also be calculated 

assuming Fickian diffusion between each RH step. 

 

a)  

b)  

Figure 9.1. Curves of water vapour sorption kinetics for (a) chitosan powder and 

(b) chitosan based film (CSA). db= dry basis. 

 

The initial study has involved a comparison of kinetic rates and equilibrium 

uptakes for water adsorption on chitosan powder and chitosan films. All chitosan films 

followed the same behaviour, thus in the following parts, only CSA film will be 
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chitosan film, similar shape of kinetic curves was observed for 0-30% RH range and 

above 70% RH. However, as previously mentioned in the range from 30% to 70% RH, 

there was not the final equilibrium stage attained during the experiment. 

The water vapour desorption kinetics for chitosan powder and chitosan film 

(CSA) are displayed in the Fig. 9.2.  

 

a)  

b)  

Figure 9.2. Curves of water vapour desorption kinetics for (a) chitosan powder 

and (b) chitosan based film (CSA). 
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Table 11.2. Characteristics of three active packaging films used in sensory 

evaluation. 

 AF1 AF2 AF3 

Film forming solution (w/v) 0.35 0.035 0.0035 

Aroma quantity in dry film (mgcvc/gfilm) 4.78 0.270 0.023 

Headspace (x 10
-2

 gcvc/mLair) 6.53 0.727 0.0538 

Kmass (x 10
-5

) 1.15 2.27 1.95 

 

Sensory analysis based on a series of triangle tests was conducted to discriminate 

the products packed in different active films. This was carried out to determine the 

lowest level of carvacrol that could be detected by panellists.  

Parallel to the sensory evaluation, the quantification of carvacrol as the active 

compound in both films and products was performed (Fig. 11.1.). 

 

 

 

Figure 11.1. Schematic view of tests performed in order to characterize the 

influence of active films on organoleptic impact in food products.  

 

Presence of carvacrol was tested in the headspace, in the films before and after 

products conditioning (Fig. 11.2.), and finally in the product itself (Fig. 11.3.) 
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Figure 11.3. The amounts of carvacrol found in food products after the storage in 

three different active films. 

 

Tests of differences were used to determine, whether or not, a difference in 

some specific attribute exists between two samples, or to determine if one sample is 

preferred to another. These types of tests are the simplest and the most sensitive tests 

that can be used. However, they cannot tell us anything about how large the 

difference is or how great the preference between the samples is. In order to better 

understand how the panellists perceived the differences in the products; a sensory 

evaluation based on quantitative descriptive analysis was also carried out.  

When high concentrations of natural active agents are incorporated in films, the 

film may have a strong flavour due to the incorporated active agents (Han et al., 2005). 

The odour and taste thresholds of carvacrol were determined in order to assess the 

possibility of detecting these attributes at low concentrations by the panellists. The 

detection odour thresholds are summarized in Table 11.3. For a products packed in 

AF1, intensive odour was detected immediately after opening the packages, which 

disappeared a few time after because of the evaporation at room temperature. On the 

contrary, for AF2 and AF3 packages, after their opening, no significant differences have 

been attributed to carvacrol in the product atmosphere.  

After smelling the product, some panellists perceived the presence of carvacrol 

for all tested concentrations (AF1, AF2 and AF3) (Fig. 11.4.). Statistically, some 

significant differences between active packaging and control films were found only for 

AF1 packed products. This was the highest concentration tested. The same observation 

was for all packed products. Then, the odour threshold in the product was determined 

to be around 15 ppm.  
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