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Different chitosan coating solutions were tested with the aim of investigating their adhesion and wett-
ability onto polyethylene film to improve packaging performance and provide antimicrobial properties.
Surface wetting kinetics was monitored by contact angle measurements. Addition of ethanol and car-
vacrol improved wettability and adhesion of the thin chitosan layer. Structure, water vapour, O,, CO, and
air permeabilities of self supported chitosan films and coated polyethylene were determined. The forma-
tion of a thin chitosan layer on polyethylene improved gas barrier properties decreasing the Permeability
Coefficient for oxygen and carbon dioxide (Po,, Pco, ) from 100 to 10,000 times. Presence of carvacrol in
the chitosan coating layer increased Po,, Pco, and P, by a factor of ten. Moreover, it influenced film
microstructure. However chitosan was shown to be good gas barrier film in the dry state.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The combination of bio-based polymers with common synthetic
materials is a novel approach in material engineering that has sig-
nificantly increased over the past few years (Farris et al., 2011).
Derived from various natural sources bio-based polymers can be
formed as either coatings or self standing films (Hong & Krochta,
2006). Still, the replacement of plastics with a self standing bio-
based polymer is a difficult task to achieve. Therefore development
of new bio-based coatings or internal layers to improve barrier,
thermal and mechanical properties has been proposed (Farris et al.,
2011; Hong, Lee, & Krochta, 2005).

The wettability of a solid surface is one of the crucial parameters
in the production of composite coated materials. Moreover it is of
a great importance for industrial application. Surface layer proper-
ties, wettability, surface free energy and phenomena that occur at
the interfaces are important criteria for the efficiency of the adhe-
sion properties of the coatings onto polymers (Zenkiewicz, 2007).
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The similarity between the coating solution and the surface to be
coated in values of dispersive and polar components influences
the spreadability of the coating solutions. A better compatibility
between the coated surface and the coating film forming solutions
can be achieved by incorporating surface-active agents within the
casting solution. Chitosan is a functional bio-based polymer with a
great potential in food applications. It is due to its biodegradability,
biocompatibility, antimicrobial activity, nontoxicity and film form-
ing capacity (Arvanitoyannis, 1999; Tharanathan & Kittur, 2003).
Chitosan based films are good oxygen and carbon dioxide barriers.
Still, due to its hydrophilic nature, they are highly permeable to
water vapour (Suyatma, Copinet, Tighzert, & Coma, 2004).

Due to the health concerns and environmental problems,
the current research on active packaging has focused on natu-
ral preservatives or natural active compounds introduced into
biodegradable/biosourced packaging materials (Siripatrawan &
Harte, 2010; Suppakul, Miltz, Sonneveld, & Bigger, 2003). Therefore,
the incorporation of carvacrol as the main component from oregano
essential oil can improve both the antimicrobial and the func-
tional film properties (Vargas, Albors, Chiralt, & Gonzalez-Martinez,
2009).

When designing the most suitable film for a determined use,
it is important to understand the influence of physico-chemical
factors on the functional properties of the film forming solutions
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and obtained films. The application target of this research was the
development of the environmentally friendly carvacrol activated
chitosan-coated polyethylene film. Carvacrol was incorporated in
the coating layer with the purpose of creating an active antimi-
crobial film for further application. Furthermore, it is aimed to
assess the ability of the deposition of different compositions of
chitosan coatings on the low density polyethylene. Therefore, sur-
face modifications and barrier property changes after the coating
process have been studied as a function of the coating composi-
tion. To better understand the possible changes in the chitosan
coatings and in the chitosan self standing films have also been
studied.

2. Materials and methods
2.1. Materials and reagents

Commercial grade chitosan (CS) (France Chitine, Marseille,
France, powder 652, having a molecular mass of 165 kDa, degree
of deacetylation of >85%) was used as the film forming matrix. A
commercial, low density polyethylene film (LDPE) (Wipak, Lille, LD-
PE45 UFP; thickness of 45 pwm) was used as a polyolefin material.
Carvacrol (CVC) (purity >97%, Fluka) was used as the aroma com-
pound in order to improve the functional film properties. Acetic
acid (glacial 100%, Merck, Darmstadt, Germany) and pure ethanol
(absolute, Sigma-Aldrich) were used as solvents in the preparation
of the film forming solutions (FFS). Magnesium chloride (MgCls,
Sigma) was used to prepare saturated salt solutions to fix the
relative humidity for water vapour permeability measurements.
Deionised water, diodomethane (purity >99%, Sigma-Aldrich),
glycerol (Fluka Chemical, 98% purity, Germany) and tetradecane
(purity >99%, Sigma-Aldrich) were used for surface analysis. No fur-
ther purification of chemicals has been done and freshly prepared
solutions were always used.

2.2. Film preparation

2.2.1. Self standing chitosan films

A chitosan solution was prepared by dissolving the chitosan
powder in a 1% (v/v) aqueous acetic acid, to obtain 2% (w/v) film
forming solutions (FFS). To achieve a complete dispersion of chi-
tosan, the solution was stirred for 2h at room temperature. To
prepare aqueous hydroalcoholic acid media, ethanol was mixed
in a ratio ethanol:aqueous acetic acid of 30:70. To obtain film
forming solutions with incorporated aroma compound, carvacrol
(0.5%, w/v) was homogenised either in aqueous acid CS solution
or hydroalcoholic acid CS solution at 24,000 rpm for 10 min with
an Ultra Turrax (T25 IKA). In order to obtain films, solvents were
removed by drying in a ventilated climatic chamber (KBF 240
Binder, ODIL, France) at 20°C and 30% RH. After drying, the films
were peeled off and stored in the same ventilated climatic chamber
at 25°C and 30% RH before measurements. The films prepared in
the acetic acid solution were coded as CSA, those in hydroalcoholic
acid solution as CSE and those containing carvacrol as CVC.

2.2.2. Chitosan coated polyethylene films

The hydroalcoholic acid chitosan solution with/or without car-
vacrol was prepared as described in Section 2.2.1. Chitosan coated
PE were prepared according to Sollogoub et al. (2009). The coat-
ing 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. Films were dried in a flow of a dry air at 50°C and
RH<10%. After drying, they were stored in a ventilated climatic
chamber (KBF 240 Binder, ODIL, France) before measurements at
25°C and 30% RH.

2.3. Contact angle, surface tension, critical surface tension,
surface free energy and wettability measurements

2.3.1. Determination of a contact angle

Contact angle (0) is described as a relationship between the sur-
face tension at a point of the three phase contact line between a
solid phase S, a liquid L and its vapour V given by:

YLv X €06 = ysy — YsL (1)

where ypy, ysy and ys. are the surface tensions of the
liquid-vapour, solid-vapour and solid-liquid, respectively (Young,
1805).

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 goniome-
ter (GBX, Romans-sur-Isere, France), equipped with the DIGIDROP
image analysis software (GBX, Romans-sur-Isere, France) according
to Karbowiak, Debeaufort, and Voilley (2006). A droplet of a testing
solution (~1.5 L) was deposited on the film surface with a pre-
cision syringe. The contact angles were measured on both sides of
the drop and averaged. The measurement was carried on over 120s.
The effect of evapouration was assessed on the aluminium foil con-
sidered as an impermeable reference surface. All measurements
were done on both sides of the films. For chitosan self supported
films, the surface in contact with the glass support during drying
will be referred to as the “support side” and the other surface in
contact with the air during drying will be referred to as the “air
side*.

2.3.2. Surface tension and critical surface tension determination

The surface tension of the film forming (coating) solutions ()
was measured by the sessile drop method and Laplace-Young
approximation (Song & Springer, 1996a,b). In order to determine
the drop shape, using the image analysing software, solutions were
taken with a 1 mL syringe (Hamilton, Switzerland). The estimation
of the critical surface tension (y¢) of the PE, the coated PE and the
self standing chitosan films was obtained by extrapolation from the
Zisman plot (Zisman, 1964). Zisman plots were obtained by plotting
the cosine of the contact angles (cos 6) of a series of standard liquids
(Table 1) on the film surface versus the surface tension of the same
liquids. The critical surface tension values of films are the mean of
the extrapolation of cos 6 for the liquids that form approximately
a straight line. Extrapolation of this line to the point of cosf=1,
yields the value of the critical surface energy equal to liquid surface
tension (y) at this point.

2.3.3. Surface free energy and wettability

The surface free energy (SFE) and its polar (yg) and dispersive
(y?) components were calculated by the Owens-Wendt method
(Owens & Wendt, 1969), according to Egs. (2) and (3):

Ys=Ve + 7 (2)

y(1+ cos 0) = 2072 yP)° + (2 vP)™) (3)

Because two unknowns, y? and yg appear in Eq. (3), it is insuf-
ficient to determine the SFE of a polymer. Thus, the contact angle
has to be measured using two measuring liquids of known sur-
face tension and their polar (y{’) and dispersive (yP) component
(deionised water as the liquid with the dominant polar component
and diodomethane with the dominant dispersive component). That
yields to the two equations in the form of Eq. (2), with different
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Table 1

Surface tension (1) and dispersive ()/LD) and polar (y{’) surface tension components and adhesion (W, ), cohesion (W, ) and spreading coefficient (Ws) of standard liquids and

chitosan film forming solutions (FFS) on the PE at equilibrium after 30's (®3s).

Compound y1 (mN/m) ¥P (mN/m) ¢ (mN/m) Wi We Ws O35
Water? 72.8 21.8 51.0 82.4b 145.6a -63.2g 824 +48a
Diodomethane? 50.8 50.8 0 79.7b,c,d 101.6f -21.9d 55.3 + 1.5¢
Glycerol® 64.0 34.0 30.0 86.4a 128.0d —41.6f 69.5 + 7.7b
Tetradecane? 26.6 26.6 0 49.9g 53.1j —3.2a 28.6 + 2.5e
Hydroalcoholic acid solution 55.0 ND ND 76.4d 110.0e —33.6e 67.1 + 3.6b
Aqueous acetic acid solution 70.0 ND ND 78.2c,d 140.0c -61.8g 832+ 1.3a
CSA-FFS 71.7 ND ND 80.1b,c 1435b —63.4a 83.3 £3.5a
CSE-FFS 324 ND ND 57.4ef 64.8h —7.4b 394 + 2.6d
CSACVC-FFS 379 ND ND 59.8e 75.8g -15.9¢ 54.6 + 0.2¢c
CSECVC-FFS 313 ND ND 55.6f 62.6i —6.9b 39.0 + 1.6d,e

ND not detected.
Different letters indicate a statistically significant difference.

CSA-FFS - chitosan in aqueous acid solution; CSE-FFS - chitosan in hydroalcoholic acid solution; CSACVC-FFS - chitosan and carvacrol in aqueous acid solution; CSECVC-FFS

- chitosan and carvacrol in hydroalcoholic acid solution.
2 Adapted from Van Oss (1994).

values of the constant coefficients. As aresult, a system of two linear
equations is obtained:

(2)° + a(y2)"® = b(1 + cos 6;)

)

where a, b, ¢, d are the coefficients dependent on the types of these
liquids and 6, and 6, are contact angles of water and diodomethane
over a tested film.

When considering the attractive forces at a given interface, it has
been suggested that the liquid—vapour interfacial tension is the sum
of contributions from the different intermolecular forces (Kaelble,
1970; Rabel, 1971; Dupre, 1869). For a pure liquid, if polar and
dispersive interactions are known, and if the contact angle between
that liquid and a solid is obtained, the interaction can be described
by the adhesion coefficient (work of adhesion per unit area, W,),
given by Dupre equation (Dupre, 1869):

05 05 )
Z+c(y8) =d(1 + cos 6,)

)0.5

0.5
Wa=WP +W! < 2(0272) 7 + () ) =n(1+cos 6)  (5)

and the cohesion coefficient (work of cohesion per unit area, W),
given by:

We =20y (6)

Then, spreading coefficient (Ws) for a liquid over a solid is cal-
culated as:

Ws = Wa — We = ysv — Vv — Vis (7)

The physical significance of this energy change is the work
needed to separate the solid and liquid from the solid/liquid inter-
face. The equilibrium spreading coefficient can only be negative or
equal to zero.

2.4. Gas permeability measurements

The gas permeability determination was performed using a
manometric method, on a permeability testing appliance, Brugger,
Type GDP-C(Brugger Feinmechanik GmbH, Germany). The increase
in pressure during the test period was assessed and displayed by an
external computer. The data were recorded and the permeance was
calculated by a GDP-C Software with temperature compensation.
The sample temperatures were adjusted using an external Thermo-
stat (HAAKE F3 with Waterbath K). The temperature dependence
of the permeability was modelled using Arrhenius equations to
determine the activation energy for permeation (E,, J/mol):

P:Poexp<;£.a> (8)

where Py is pre-exponential factor, R is gas constant (8.31 J/mol K),
and T is temperature (K).

2.5. Water vapour permeability measurement (WVP)

The film thickness was measured with an electronic gauge (Posi-
Tector 6000, DeFelsko Corporation, USA). The average value of five
thickness measurements per type of film was used in all the WVP
calculations (statistical error on the film thickness is added in WVP
uncertainty). The WVP of films was determined gravimetrically
using a modified ASTM E96-80 (1980) standard method, adapted
to edible materials by Debeaufort, Martin-Polo, and Voilley (1993),
using the relative humidity differential of 0-33% RH and the tem-
perature of 25+ 1°C. Prior to the WVP measurements, all the film
samples were equilibrated at 25 + 1 °C and RH 30% for 72 h. The film
samples were then placed between two Teflon rings on the top of
the glass cell containing a salt solution of MgCl, (RH ~33%) and
the cells were stored at RH ~ 0% over a silica gel. These permeation
cells were introduced into a ventilated chamber (KBF 240 Binder,
ODIL, France) maintained at 2541 °C. The 0-33% RH gradient was
chosen to lower as much possible the plasticising effect of water
on chitosan (Ziani, Oses, Coma, & Maté, 2008) and then to allow
the display of plasticisation/antiplasticisation of film components.
WVP (g/msPa) was calculated, from the change in the cell weight
versus time at the steady state, using the following equation:

Am

WVP = RtxApxa *¢

9)
where Am/Atis the weight of moisture loss per unit of time (g/s), A
is the film area exposed to the moisture transfer (9.08 x 10-4 m?2),
e is the film thickness (m), and Ap is the water vapour pressure
difference between the two sides of the film (Pa). Three replicates
for each film type were done.

2.6. Film microstructure

The film microstructure was examined using environmental
scanning electron microscopy (ESEM, Philips XL 30 ESEM, Japan).
A 5mm x 10 mm film was fixed on the support using a double side
adhesive tape with an angle of 90° to the surface to allow the
observation of the film cross section. All the films were cut with
a new razor blade to prevent as much as possible any morpholog-
ical damage. The films were observed at different magnifications
up to x 15,000 for focusing and images were taken at magnification
from 800x to 8000x with an intensity of 8 KV and absolute pressure
of 230Pa (RH ~30% at 5°C).
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2.7. Statistical analysis

The statistical analysis of the data was performed through
variance analysis (ANOVA) using Xlstat-Pro (win) 7.5.3. (Addin-
soft, New York). The data were ranked and statistical differences
were evaluated on the ranks with a one-way analysis of variance
(ANOVA) and Tukey’s multiple comparison tests. In all cases, a value
of p<0.05 was considered to be significant.

3. Results
3.1. Spreading of FFS and wettability of PE

This experiment was designed to study the compatibility of the
chitosan film forming solutions (FFS) and the PE that was used as
support film. First of all, to ensure adequate bonding, spreading and
wetting, FFS should have a liquid surface tension higher than the
critical surface tension (y¢) of the support PE film. y¢ was extrap-
olated from Zisman plot (Fig. 1). The compatibility of the surface
polarity and FFS played an important role in the PE wettability.
The evaluation of y¢ and surface free energy through the surface
forces measurement is an approach that quantifies the “surface
affinity” for solutions. PE film was shown to be a low energy sur-
face (35 mN/m) with a higher dispersive (31.3 mN/m) and a lower
polar (4.4 mN/m) component (Table 2). This denotes the ability of
PE to participate in non-polar interactions. Thus, a surface with
these characteristics interacts with the liquid primarily by disper-
sion forces and influences the effective spreading of the coating on
the PE surface (Rulon & Robert, 1993). Table 1 shows the surface
tensions of four different film forming solutions, two solvents used
to solubilise chitosan powder and four standard liquids applied on
PE for design of the Zisman plots.

Table 2

1.2
1
“\._ | TETRADECANE
A ¥=-0,0157x+ 1,2727
0.8 “.._ TCSECVC-FFS R*=0,9601
s
% .CSE-FFS
% 0.6 ¥ . % DIODOMETHANE
5 CSACVC-FFS 5
o
0.4 HYDROALCOHOLIC %
ACID SOLVENT * GLYCEROL
0,2 S5
3¢, WATER
AQEOUS ACETIC PVer 3
ACID
CSA-FFS
0 7e
0 20 40 60 80
yL (mN/m)

Fig. 1. Zisman plot of polyethylene surface. CSA-FFS - chitosan in aqueous acid
solution; CSE-FFS - chitosan in hydroalcoholic acid solution; CSACVC-FFS - chitosan
and carvacrol in aqueous acid solution; CSECVC-FFS - chitosan and carvacrol in
hydroalcoholic acid solution.

The phenomenon of spreading of the liquid over the surface,
as measured by the contact angle, is dependent on the relative
magnitude of cohesive and adhesive molecular forces that exist
respectively within the liquid and between the liquid and the solid:
wetting is favoured by low y;s and yy, and high ysy (Eq. (1)).
Initially, after the deposition of different FFS, a significant modifi-
cation of the liquid/PE film contact angle occurred. The same trend
was monitored during all the recorded period (120s) (Fig. 2). The

Comparison of surface free energy and the dispersive (ySD) and polar (yg) components of polyethylene film and chitosan self standing films. Measurement were done at air

drying surface (air) and support drying surface (support).

Film sample Surface free energy (mN/m) y2 (mN/m) y¥ (mN/m) Critical surface tension (mN/m)
PE 35.76 31.29 4.47 17.36
CSE air 37.32 36.12 1.20 41.80
CSE support 32.76 31.90 0.85 38.55
CSECVC air 66.42 43.72 22.70 76.68
CSECVC support 32.68 31.90 0.78 38.74
CSA air 39.69 38.59 1.10 44.35
CSA support 34.30 33.44 0.86 39.34
CSACVCair 65.29 36.00 29.30 76.54
CSACVC support 37.68 35.79 1.88 40.02

PE - polyethylene; CSA - chitosan film prepared with aqueous acid solution; CSE - chitosan film prepared with hydroalcoholic acid solution; CSACVC - chitosan film prepared
from chitosan and carvacrol in aqueous acid solution; CSECVC - chitosan film prepared with chitosan and carvacrol in hydroalcoholic acid solution.

Solution

Time (seconds)

0 10

30 60 90

Aqueous acetic

120
solvent M A A A A A
CoAEIS N A A A& A A
CSACVC-FFS
Hydroalcoholic
acetic solvent o AN & A A A
CSE-FFS A
CSECVC-FFS - —

Fig. 2. Pictures of solvents and chitosan film forming solutions when applied to polyethylene film. CSA-FFS - chitosan in aqueous acid solution; CSE-FFS - chitosan in
hydroalcoholic acid solution; CSACVC-FFS - chitosan and carvacrol in aqueous acid solution; CSECVC-FFS - chitosan and carvacrol in hydroalcoholic acid solution.
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Fig. 3. ESEM cross sections of PECSECVC film (A), CSECVC coating layer (B), CSECVC film (C) and surfaces of chitosan films - support side surface of CSACVC (D) and CSECVC
(E) and air side surface of CSECVC (F and H) and CSACVC (G). CSACVC - chitosan film prepared with aqueous acetic acid and carvacrol; CSECVC - chitosan film prepared with
hydroalcoholic acid and carvacrol; PECSECVC - chitosan containing carvacrol coated PE film.
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obtained contact angle values were lower than 90°, hence denot-
ing a spontaneous partial wetting of the PE surface with all FFS
(Hagenmaier & Baker, 1993). In addition, optimisation of wettabil-
ity (Ws)includes optimisation of work of adhesion (W, ) and work of
cohesion (W¢). Cohesion promotes contraction and adhesion pro-
motes the spreading of a liquid. The obtained results are reported
in Table 1. Higher cohesive force of a coating solution caused the
shrinkage of the CSA droplet. In addition to the reduced superfi-
cial tension of the FFS (Table 1) the Ws was improved with the
addition of ethanol and carvacrol (from —63.38 to —6.99). CSECVC
had the highest Ws (the closest to zero), so it was considered
as the most suitable solution to coat the PE surface (Tzoumaki,
Biliaderis, & Vasilakakis, 2009). Since good stability between coat-
ing and PE occurred, the force required to separate the coating
film from PE was increased. Thus the solution spread and good
adhesion occurred (Fig. 3A). This phenomenon may be attributed
to the adsorption of the surface active molecules in FFS at the
liquid-vapour interface and its transfer to the solid-liquid inter-
face during the coating process (Von Bahr, Tiberg, & Zhmud, 1999).
Then spreading of CSECVC-FFS was increased and the contact angle
decreased. Liquid surface tensions of hydroalcoholic coatings were
closer to yc of the PE film. The lowest liquid surface tension value
(31.3mN/m) matched the lowest contact angle value (39°) and
therefore, a better spreading and probably a better adhesion fol-
lowed.

3.2. Surface free energy and critical surface tension of dry
chitosan self standing films

To better understand the functional film properties, the
hydrophilic/hydrophobic character of chitosan films (reported as
the surface free energy) and the critical surface tension were deter-
mined. Results are given in Tables 1 and 2. The surface free energy
controls the contact angle of the droplet with the film surface. Film
air sides were more hydrophilic than film support sides (higher val-
ues of reported data) (Tables 1 and 2). Even though a hydrophobic
behaviour should be expected in carvacrol containing films, CSECVC
and CSACVC films had significantly higher surface free energies
(66.4 and 65.3 mN/m, respectively). Other authors reported that the
addition of hydrophobic agents, such as essential oils and lipids,
could increase the surface hydrophobicity (Moradi et al., 2012;
Ojagh, Rezaei, Razavi, & Hosseini, 2010). Opposite results in this
study indicated that during drying process, some changes in the
film structure occurred (Fig. 3) as well as new chemical interac-
tions between components settled (Kurek, 2012). From Table 2, it
can be seen that the polar component (yg) of air side chitosan sur-
faces changed up to 29 times after the incorporation of carvacrol
(Table 2). This behaviour could be also due to the non-polar impu-
rities on the chitosan surface (Farris et al., 2011). On top of that, the
possible orientation of the methyl moieties of the residual acetyl
groups along the chitosan backbone may have become exposed
at the solid/air interface for the thermodynamic reasons (Cunha
et al., 2008). Higher values of dispersive components, ranging from
31.90 mN/m for CSE support side to 43.72 mN/m for CSECVC air side
are consistent with the typical values found for the polysaccharide
films.

3.3. Film microstructure

Environmental scanning electronic microscopy observations
were carried out to contribute to a better insight in the homo-
geneity and in the microscopic structure of dried films. The final
microstructure is influenced by the structural arrangement of chi-
tosan and carvacrol before and after drying. In the coated samples,
a good adhesion was observed (Fig. 3A). According to Sanchez-
Gonzalez, Gonzalez-Martinez, Chiralt, and Chafer (2010), droplet

flocculation, coalescence and creaming can occur. Layered structure
of pure chitosan films was attributed to the orientation of chitosan
chains in the matrix structure and to the evapouration front during
drying (Kurek, Brachais, et al., 2012). Presence of carvacrol resulted
in the heterogeneous structure (Fig. 3B). Carvacrol droplets were
embedded in a continuous chitosan network. Besides, the hetero-
geneous structure could result in a lower stability of the FFS during
drying. As the dry matter content increased, greater molecular con-
tact between chitosan and carvacrol was obtained. Thus, formation
of new interactions might weaken the polymer chain aggregation
forces. The formed matrix was more opened so thicker films were
formed (thickness increased up to 15% for CSECVC films). Fig. 3C
shows that the upper part, corresponding to the evapouration sur-
face during drying, exhibited a porous-like structure. This structure
was also favoured by creaming of carvacrol droplet driven by sol-
vent migration towards the evapouration surface. The lower part
was more compact. The oval droplet form of carvacrol (Fig. 3A-C)
was probably due to the deformation forces assigned to a polymer
chain aggregation, network retraction and orientation during cast-
ing and the solvent evapouration. Surface micrographs indicated
that the support side surfaces of all chitosan films were smooth
and without cracks (Fig. 3D and E). Air side surface of CSACVC sam-
ple was smooth and homogeneous (Fig. 3G), while air side surface
of CSECVC sample showed discontinuities (Fig. 3F). This indicated
phase separation and orientation of carvacrol droplets to the evap-
ourating surface. Surface convexity and presence of small holes,
once again attributed to carvacrol were also observed (Fig. 3G and
H).

3.4. Water vapour permeability

Polyethylene films are hydrophobic materials known to be not
very permeable to water vapour. Therefore, it was interesting to
verify the effect of the coating composition (carvacrol and chitosan)
and of the processing onto the water vapour permeability of coated
PE films. Previously, it was reported that hygroscopic chitosan layer
thatinteracts easily with the surroundings, can act as a water reser-
voir on the PE surface. Thus it can significantly promote WVP of
the support layer (Kurek, Stetar, Voilley, Gali¢, & Debeaufort, 2012;
Sebti, Chollet, Degrave, Noel, & Peyrol, 2007). The water vapour per-
meability values (measured at relative humidity gradient from O to
33% RH) for PE coated films are given in Fig. 4 and for self standing
chitosan films in Table 3. No significant differences were observed
when thin chitosan coating (6 wm) without carvacrol was applied
on polyethylene film (7.72 x 10~13 and 7.88 x 10~13 g/m s Pa for PE
and PECSE, respectively). Moreover, the WVP was increased by
incorporating carvacrol into the coating layer. Indeed, the addi-
tion of a hydrophobic substance does not guarantee reduced WVP,
because the permeability of the films is influenced by the existence
of the free channelling for the diffusion of water molecules (Cheng,
Abd Karim, & Seow, 2008; Pereda, Amica, & Marcovich, 2012). The
WVP trend of self standing chitosan films was similar to the coated
samples. In carvacrol containing samples, the WVP increased for
about five times. It is possible that carvacrol induced a plasticisation
of the chitosan network, decreased intermolecular attractions and
increased molecular mobility (denoted by the thermal analysis in
parallel study). Then the migration of water vapour molecules was
facilitated. Furthermore, it is generally recognised that the WVP of
biopolymer films strongly depends on their thickness (McHugh,
Avena-Bustillos, & Krochta, 1993). Accordingly, WVP of thicker
films was also higher (Table 3). Another possible explanation for
this behaviour could be the formation of porous structure with
the addition of carvacrol as revealed by ESEM data (Fig. 3). In
the literature, different effects of aroma compounds on WVP were
reported. According to Bonilla, Atarés, Vargas, and Chiralt (2012)
and Martins, Cerqueira, and Vicente (2012), the incorporation of
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Fig. 4. Water vapour (WVP), oxygen, carbon dioxide and air permeability of polyethylene (PE), chitosan coated (PECSE) and chitosan + carvacrol coated (PECSECVC) polyeth-
ylene film. Different superscript letters indicate significant differences between formulations (p <0.05).

essential oils had the negative effect on cohesion forces of the chi-
tosan matrix. This explains the phenomena of enhanced transport
through the film despite the increase of the hydrophobic charac-
ter of the matrix. WVP of soy protein or alginate based films was
increased by the presence essential oils while the addition of aroma
compounds decreased WVP of carrageenan based films (Atarés,
De Jests, Talens, & Chiralt 2010; Hambleton, Debeaufort, Beney,
Karbowiak, & Voilley, 2008; Rojas-Grau et al., 2007). In this study,
the difference between hydroalcoholic and aqueous acidic sam-
ples (CSE and CSA) was also observed. Ethanol in FFS could modify
the film structure because of the variation in the polarity and the
interfacial tension. Ethanol also influenced the solubility of chitosan
powder, so WVP of dry films was increased.

3.5. Oxygen, carbon dioxide and air permeability

One of the most interesting applications of chitosan based
films is their high gas barrier properties. It governs gas transfers
between food products and their surroundings. Gas permeability
properties could be changed by the addition of active compounds
that can act as structure enhancers. Oxygen, carbon dioxide and
air permeability of chitosan coated PE at 25°C in the dry condi-
tions (to prevent moisture plasticisation of the chitosan) are given
in Fig. 4. Permeability data for self standing chitosan films are
given in Table 3. Pco, of PE film was two times higher than Po,
(Fig. 4). Chitosan coating on PE surface decreased oxygen, carbon
dioxide and air permeability from two to four orders of magni-
tude, respectively. This decrease was undoubtedly attributed to
the presence of the thin chitosan layer (6 wm). The presence of
carvacrol in the chitosan layer increased ten times the Po,, Pco,
and P,;;. In theory, gas permeability of biopolymer films depends
on factors such as film integrity, crystalline/amorphous phase

Table 3

ratio, hydrophilic/hydrophobic ratio, chain mobility and inter-
action between polymer and added molecules. These factors in
combination can change the matrix structure (Garcia, Martino, &
Zaritzky, 2000). In the present study, two possible explanations
are given. According to Gennadios (2002) permeability is a steady
state property that describes the extent to which a permeating
substance dissolves and then the rate at which it diffuses through
a film. Firstly, the increase in the permeability with the addition
of carvacrol was associated to the breakdown of hydrogen bonds
between the chitosan polymer chains. Then additional sites for
the dissolution of gases were opened and the mobility of oxygen
molecules within the chitosan layer was increased. As a second
point, the increase could be explained by gas solubility in the non-
polar carvacrol domains. Similarly, Farris, Introzzi, and Piergiovanni
(2009) noticed that the addition of the hydrophobic oil molecules
decreased the density of protein network. Therefore, less tight lat-
tices were formed and small gas molecules passed faster across the
sample. However, all coated samples were significantly less per-
meable than uncoated PE. Their permeabilities were in the same
order: Pg, > Pco, > Py In addition, Pp, was decreased with the
temperature decrease. As temperature increased, molecules had
more energy, so they could easily pass through both the PE film
and the chitosan coating. Also it is possible that thermal expansion
of the polymer material occurred (Rogers, 1985). Oxygen per-
meation through the chitosan coated PE films without carvacrol
was more sensitive to temperature changes than that of com-
mercial PE and chitosan coated PE with incorporated carvacrol
(14 and 2 times higher at 25°C, respectively, data not shown).
Hence, activation energies (E;) decreased in the following order:
Eapecse > Eape > Eapecsecve (878, 28.4 and 27.2 kj/l’l’lOl respectively).

Theoretically, from the permeability data for individual com-
ponents it is possible to calculate the permeability of the coating

Film thickness, water vapour (WVP), oxygen (Po, ), carbon dioxide (Pco, ) and air permeability (P,;;) of chitosan self standing films.

Sample Film thickness (um) WVP (x10-'3 g/msPa) ARH (0-33%) Po, (x10-17 g/msPa) Pco, (x10717 g/msPa) Pair (x10717 g/msPa)
CSE 65+4 38.71+2.61b 2.22+0.27b 1.49+0.17c 0.22 +£0.05d

CSECVC 80+6 189.91 +74.65a 2.72+0.33b 3.77 £0.09b 4.35+0.19b

CSA 5542 25.71+£2.20b 1.04+0.15c¢ 6.98 +£0.81a 3.79+£0.25¢

CSACVC 8145 101.48 +40.59a,b 8.19+0.51a 7.76 +0.39a 5.69+0.24a

CSE (calculated) 6 / 0.73 0.12 0.63

CSECVC (calculated) 6 / 17 5.18 0.49

Different letters within the columns indicate significant differences between formulations (p <0.05).
CSA - chitosan film prepared with aqueous acid solvent; CSE - chitosan film prepared with hydroalcoholic acid solvent; CSACVC and CSECVC - carvacrol containing films.
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layer from film thickness. Calculated values are given in Table 3.
Comparison with the experimental data was difficult since with
the applied procedure, it was impossible to produce self standing
films with the same thickness as the coating layer. Even though
theoretically gas permeabilities of a particular type of film are inde-
pendent of the film thickness (Schwartzberg, 1986), in a practice,
various reasons for thickness effects in biopolymer films have been
reported. Different preparation of self standing and coated films
and possible structure changes with the film thickness might influ-
ence film performance. Thus, the deviation between experimental
and calculated data occurred.

Taking into account only self standing films, it was observed that
when films were produced from hydroalcoholic solvent Pco, and
P,;. were lower. This was attributed to the structural orientation,
conformation changes in the chitosan matrix and probably to the
densification of the chitosan network and confirmed by FTIR and
DSC (unpublished data, Kurek, 2012). The film structure as well as
the distribution of carvacrol oil droplets might be associated with
the gas and water vapour permeability of the resulting films (Fig. 3).
The permeability of carvacrol containing self standing films was
significantly higher than CSE and CSA films (Table 3). Nevertheless
when compared with synthetic materials, the permeabilities of all
chitosan self supported films remained weak and could be used as
good barrier coating materials.

4. Conclusions

For production of novel bilayer/PE films with improved char-
acteristics and then active properties, the knowledge of wetting
properties represents a key parameter to enhance their aptitude to
adhere to plastic layer, while maintaining the integrity of pack-
aging. Chitosan biopolymer film forming solutions spread and
partially wet the polyethylene film surface. During the period
of 120s measurements revealed contact angles lower than 90°.
Indeed, these characteristics are primarily influenced by surface
wettability of films which is dependent upon the degree of contact
achieved between plastic surfaces and wetting film forming solu-
tion. Furthermore, the magnitude of intermolecular forced involved
plays important role. Then, hydroalcoholic acid solvent and car-
vacrol decreased the liquid surface tension of CSE and CSECVC
film forming solutions, increased the solution surface pressure and
spreading and decreased the contact angle. Then, the equilibrium-
spreading coefficient was improved. Therefore, the chitosan film
forming solution containing ethanol and carvacrol as surface active
components was considered as the most suitable for polyethyl-
ene coating. Environmental scanning microscopy indicated that
carvacrol containing films had heterogeneous structure with two
phases. Carvacrol droplets were embedded in the chitosan matrix.
The presence of carvacrol might have decreased intermolecular
attractions and increased molecular mobility. Furthermore, the film
structure as well as the distribution of carvacrol droplets was asso-
ciated with facilitated migration of water vapour and gas molecules.
Ethanol affected the chitosan powder solubility and the water
vapour permeability of dry films was increased. Chitosan layer, as
carbohydrate based polymer, significantly decreased the gas per-
meabilities of the polyethylene film. Carvacrol increased Py, , Pco,
and P,;; of PE coated samples for ten times, following the order

P02 > PC02 > Pair'
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