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ABSTRACT:  This work aims to analyze the effects of cold atmospheric air plasma treatment of antimicrobial chitosan 
film with different levels of thymol. Optical characterization of the dielectric barrier discharge showed the 
generation of reactive nitrogen and oxygen species by the system. A significant increase (p < 0.05) in the 
surface roughness was observed after cold plasma treatment of the films. No significant difference (p > 0.05) 
was observed in the thermal profile of the plasma-treated films. A significant increase (p < 0.05) in the thymol 
diffusion coefficient was observed after the plasma treatment for all the active films.

KEYWORDS: Cold plasma, DBD plasma, antimicrobial packaging, chitosan, thymol, release kinetics

1 INTRODUCTION

Traditionally, roles of packaging materials were lim-
ited to containment, protection, convenience and 
communication without any unwanted interaction 
with food. However, in recent years, a wide variety 
of packages and approaches have been employed to 
interact with the food to provide desirable effects [1]. 
Active packaging is the approach in which the pack-
age, the product, and the environment interact to 
prolong shelf life or enhance safety or sensory proper-
ties, while maintaining the quality of the product [2]. 
Antimicrobial packaging is a form of active packaging 
which reduces, inhibits or retards the growth of micro-
organisms that may be present in the packed food or 
packaging material itself [3]. Chitosan has gained sig-
nificant attention in this regard and has been evaluated 
for numerous applications in the medical, food, agri-
cultural, and chemical industries [4]. Chitosan (poly 
β-(1→4) N-acetyl-d-glucosamine) is a collective name 
for the group of partially and fully deacetylated chi-
tin, which is the major constituent of the exoskeleton 
of crustaceans. Antimicrobial chitosan films prepared 
by incorporating various organic acids and essen-
tial oils have shown the ability to inhibit the growth 

of various indigenous or inoculated microbes [5, 6]. 
Essential oils are of great interest as they are naturally 
obtained from plants, often added to food products 
as ingredients, and can also serve as active ingredient 
for antimicrobial packaging systems. Thymol is one 
of the widely reported essential oils which is abun-
dantly found in thyme (Thymus vulgaris) (10–64%) and 
 oregano (Origanum vulgare) (traces–64%). It is formed 
via p-cymene from γ-terpinene and has a very wide 
spectrum of antibacterial activity [7–10].

Atmospheric cold plasma is a novel nonthermal 
food technology which has recently drawn consider-
able interest for decontamination of foods and food 
processing surfaces [11]. It has shown significant poten-
tial for microbial inactivation, retention of food quality 
and extension of shelf life [12]. Cold plasma is charac-
terized by the disequilibrium of temperature between 
electrons and ions and can be generated by numerous 
methods [13]. Dielectric barrier discharge (DBD) is one 
of the most common methods for generation of non-
thermal plasma in which plasma is  generated between 
two parallel metal electrodes where at least one of them 
is covered by a dielectric layer to limit the discharge 
current, avoiding an arc transition [14]. DBD plasma 
has been known to affect the surface and bulk proper-
ties of different polymers and its application in food 
packaging has already been reviewed previously [15].

The aim of this work is to evaluate the effects 
of cold plasma treatment on surface, thermal and 
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antimicrobial release properties of active chitosan film 
to access its potential to be used in combination with 
DBD plasma technology for food applications.

2 MATERIAL AND METHODS

2.1 Casting of Active Chitosan Films

Medium molecular weight chitosan (product code: 
448877), analytical grade acetic acid and glycerol were 
purchased from Sigma-Aldrich, Ireland. Chitosan film 
was prepared by the method followed by Leceta et al. 
[16], with minor modifications. Chitosan (1% w/v) 
solution was prepared in 1% acetic acid solution. 
Glycerol (10%) was added after 15 min continuous stir-
ring. Then 2% and 5% of thymol (weight of thymol/
weight of dry polymer) (Sigma-Aldrich, Ireland) was 
added with final stirring for about 30 min until total 
homogenization of the mixture. As blank,  chitosan 
solutions without active agent were also prepared. 
Then 70 mL of the film-forming solutions was poured 
into 15 cm diameter Petri dishes and dried at ambient 
conditions under laminar flow hood until the  solvent 
was completely evaporated and peeled off after 48 h. 
The thymol concentration was optimized to 2% and 
5% (weight of thymol/weight of dry polymer) to 
avoid any phase separation during the storage period.

2.2  Dielectric Barrier Discharge Plasma 
Treatment

The schematic of the experimental setup is presented 
in Figure 1. Briefly, the DBD plasma source consists 
of two circular aluminium plate electrodes (outer 
diameter = 158 mm) over perspex dielectric layers 
(10 mm thickness). When the potential across the gap 
reaches the breakdown voltage the dielectric barrier 
acts as stabilizing material, forming a large number 
of microdischarges. The applied voltage to the elec-
trode is obtained from a step-up transformer (Phenix 
Technologies, Inc., USA) using a variac. The input of 
230 V, 50 Hz was given to the primary winding of high 
voltage step-up transformer (Phenix Technologies, 

Va
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c
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transformer

Ground

Computer

Antimicrobial
chitosan �lm

Spectrometer

High voltage Electrode
Barrier

Optical probe

Vin

Figure 1 Schematic of the experimental setup for DBD 
plasma treatment (not to scale).

Inc., USA) from the main supply. To achieve a stable 
discharge, a 2 mm thick polypropylene sheet was also 
used, above which the active chitosan film was placed. 
The distance between electrodes was 22 mm. The 
atmospheric air condition at the time of treatment was 
50% relative humidity (RH) and 22 °C, as measured 
using a humidity-temperature probe connected to a 
data logger (Testo 176 T2, Testo Ltd., UK). Samples 
were treated at 70 kV for 5 minutes.

2.3 Optical Emission Spectroscopy

For plasma diagnostics and information about the reac-
tive species generated by the discharge, optical emis-
sion spectra were recorded using a spectrometer (Ocean 
Optics HR 2000+) at 0.5 nm resolution over the wave-
length range of 200 to 800 nm. The emission from the dis-
charge was coupled to the spectrometer using an optical 
fiber (0.22 numerical aperture, 600 μm core, 30 cm length, 
from OZ Optics). The integration time was 5000 ms and 
5 samples were collected; spectra were noise cancelled 
and averaged to obtain the representative spectrum. The 
spectrum was analyzed using the National Institute of 
Standards and Technology (NIST) atomic spectra data-
base [17] and published works [18] for identification of 
active chemical species in the discharge.

2.3 Thymol Release

Thymol release was measured by the method 
described by Del Nobile et al. [19], with slight modi-
fications. The prepared active films were put into a 
glass beaker with 250 mL of distilled water (volume/
surface ratio 4.5 mL cm–2) and shaken at 25 °C and 
150 rpm in an orbital shaker for 50 hours. The thymol 
release  kinetics was evaluated by monitoring thy-
mol concentration in the surrounding solution using 
HPLC (Waters e2695 Separation Module and Waters 
2998 Photodiode Array Detector, Waters Corporation, 
Ireland), until equilibrium value was achieved. The 
chromatographic column used was a C18 reverse 
phase column, 250 × 4 mm, particle size 5 μm. A linear 
gradient elution with acetonitrile-0.05 M orthophos-
phoric acid was used [20]. Typical gradient used is 
given in Table 1. The flow rate was 1 mL min–1 with 
injection volume of 5 μl and the elution was detected 
at a wavelength of 277 nm. The calibration curve was 
constructed for peak area against thymol concentra-
tion of standard solutions from 10 to 500 ppm.

2.4 Atomic Force Microscopy (AFM)

Atomic force microscopy measurements were  carried 
out to observe the surface characteristics of the control 
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and plasma-treated samples. The AFM used was 
MFP-3D BIO 1126 (Asylum Research, Santa Barbara, 
CA, USA) operated in intermittent contact (tapping) 
mode. The images were collected at a fixed scan rate of 
0.5 Hz. The sampling rate was 512 lines. Data were pro-
cessed using MF3D software (version 111111+1219).

2.5 Thermogravimetric Analysis (TGA)

The TGA analyses were performed with a Mettler 
Toledo thermal analyzer, model TGA/SDTA 851e 
(Schwarzenbach, Switzerland). Approximately 3 g 
samples were heated at 10 °C min–1 from 30 to 700 °C 
under nitrogen atmosphere (flow rate 50 mL min–1). 
Initial degradation temperature (T5) was determined as 
the temperature at which 5% mass loss was observed.

2.6 Statistical Analysis

Analysis of variance was done for all analyses and 
treatments and significance of difference was assessed 
using Tukey’s comparison tests at significance levels 
of p ≤ 0.05. Analysis was carried out in SPSS statistical 
package (SPSS Inc., Chicago, USA). The mathematical 
model for thymol release kinetics was performed in 
Matlab 2012a (MathWorks, USA).

3 RESULTS AND DISCUSSION

3.1  Emission Characteristics of the 
Discharge

The emission spectrum of the electrical discharge 
in air is presented in Figure 2. The optical spectro-
graph reveals predominant peaks in the near ultra-
violet region of the spectrum which correspond to 
emissions from excited or ionic molecular nitrogen 
 species, which form by the excitation and dissocia-
tion of the nitrogen molecules in the gas phase. Most 
of the emissions were attributed to N2 2+ system 
(second positive system, SPS): Π − Π

3 3
u gC B : (1–0) at 

317.5 nm, (0–0) at 336.8 nm, (0–1) 356.3 nm, and (0–2) 
379.9 nm [21] and +

2N 1- system (first negative system, 

Table 1 Gradient elution for determination of thymol.

Time (min) Acetonitrile 0.05M orthophosphoric acid

0 40 60

7 46 54

8 60 40

11 60 40

20 40 60

FNS): + + +
∑ → ∑

2
2 2 u gN B X , with the main band head at 

391.6 nm. The OH excitation rendered itself as a minor 
peak at about 300 nm despite the presence of water 
vapors (RH = 22%) due to the loss of the OH (A2Σ+) 
state resulting from radiative de-excitation and colli-
sional quenching [18]. Similarly, peaks associated with 
optical transitions of the O atom were also observed 
at very low intensities at 725.4 nm and 777.4 nm. The 
plasma source employed in this work also generates 
considerable amounts of ozone, further details on 
which can be found from our earlier studies [22, 23]. 
The ozone formation is a three body collision reaction 
given by [24]:

+ + → + →
*

2 3 3     O O M O M O

where M is the third collision partner (O2, O3, O or 
N2). Altogether, the DBD plasma discharge chemistry 
resulted in generation of several excited nitrogen and 
reactive oxygen species in the gas phase.

3.2 Surface Characteristics

The surface topographies of control and plasma-
treated active chitosan films by atomic force micros-
copy (AFM) are shown in Figure 3. The roughness 
parameters for the control and plasma-treated film 
surfaces are presented in Table 2. It is clear from these 
results that the DBD plasma treatment leads to an 
increase in the surface roughness of chitosan films. 
The surface topography of untreated active chitosan 
films was observed to be smooth and homogenous 
with root mean square roughness (Rrms) of 7.2 nm. 
The Rrms of DBD plasma-treated films at 70 kV for 
5 min was found to be significantly (p < 0.05) higher 
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Figure 2 Optical emission spectrum of the discharge in air.
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than the untreated film. The increase in surface rough-
ness after DBD plasma treatment can be attributed to 
the etching effect of DBD plasma, which is  consistant 
with results reported previously [15]. Etching by DBD 
plasma can be due to chemical etching by break-
ing of bonds, chain scission, chemical degradation 
or physical processes by physical removal of low 
molecular weight fragments. While chemical etching 
is promoted by radicals in plasma discharges, physi-
cal etching occurs under strong bombardment by 
energetic particles such as electrons and ions [25, 26]. 

Although etching effects after plasma treatment have 
many applications in the packaging industry, they 
also have the potential to be used for controlling the 
release kinetics of active compounds from an active 
packaging film [27].

3.3 Thermal Properties

Thermogravimetric analysis was carried out in order 
to analyze the weight loss as a function of tempera-
ture for control and plasma-treated active chitosan 
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Figure 3 AFM images of the surface of (a) untreated, (b) plasma-treated active chitosan (2%) and (c) plasma-treated active 
chitosan (5%) films.

Table 2 Roughness parameters for untreated and plasma-treated active chitosan films (RRMS: root mean square 
roughness, RPeak: highest peak, RGroove: lowest groove).

Characteristics
Untreated active chitosan 

film
Plasma-treated active chitosan 

film (2%)
Plasma-treated active chitosan 

film (5%)

RRMS (nm) 7.19 13.98 10.87

RPeak (nm) 7.40 46.84 33.71

RGROOVE (nm) –20.13 –24.51 –20.33

Skew 0.342 0.115 0.784

Kurtosis 0.787 0.059 0.109
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films and the results are shown in Figure 4. Three 
different thermal behavior regions were observed in 
the TGA profile of all the active chitosan films. The 
slight weight loss below 100 °C was attributed to 
the moisture content of the samples. The weight loss 
was observed at 220 °C, which can be associated with 
 glycerol evaporation [28]. No significant difference 
(p > 0.05) was observed for the main stage weight 
loss due to the thermal and oxidative decomposition, 
vaporization and elimination of volatile products of 
chitosan at 285 °C [29].

3.4 Release Kinetics of Thymol

There are many approaches to determine the diffu-
sion of additives from an active packaging film in 
food simulants which have been widely reported pre-
viously [30–32]. In the present study, it was assumed 
that the process occurred in a thin sheet of the active 
film, initially having a homogeneous thymol concen-
tration distribution. Solvent absorption and solute dif-
fusion occurred simultaneously and the thickness of 
the active film was considered to be very small in com-
parison with the width, so diffusivity was considered 
unidirectional and perpendicular to the surface of the 
sheet. When the film comes in contact with aqueous 
solution, first the water molecules penetrate into the 
matrix, leading to its swelling and making the meshes 
of the polymeric network wider, allowing the active 
compound to diffuse through the matrix into the outer 
solution until a thermodynamic equilibrium between 
the outer solution and polymer is reached [27]. Fick’s 
second law of diffusion describes species concentra-
tion change as a function of time and position. For 

unidirectional diffusion, one-dimensional linear partial 
differential equation can be written as [33]:

 
d
d

∂
=

∂

2

2( )
C C

D t
t x

 (1)

where C is the concentration of solute; D is diffusivity; x 
is the coordinate dimension in the direction of transport; 
and t is time.

Since the aim of this work was to assess the change in 
the thymol release kinetics due to DBD plasma treatment, 
a simple approach, such as reported by Yoshida et al. [32], 
has been used. Based on that, Fick’s second law intended 
for a plane sheet with constant boundary condition and 
uniform initial concentration can be solved by Fourier 
series method and integrated over time and space to give 
Equation 2.

 
( )

p
p

∞

=

  − + 
= −  

 +   

∑

2 2

2 2 2
0

8 1 .(2 1) . .
( ) 1 .exp

2 1
eq

n

D n t
M t M

hn
 (2)

where M(t) is the amount of thymol released (ppm) at 
time t (h); Meq is the amount of thymol released at equi-
librium conditions (ppm); D is the thymol diffusion coef-
ficient (cm2s–1) through the swollen polymeric matrix; and 
h is the film thickness (cm).

The parameters after fitting the experimental values 
to Equation 2 are reported in Table 3. As clearly seen, a 
significant increase (p < 0.05) in the thymol diffusion coef-
ficient after DBD plasma treatment was observed for both 
active films with different thymol concentration levels. 
The equilibrium thymol concentration in the solution was 
reached within 60 h and was different after DBD plasma 
treatment. The equilibrium thymol concentrations for 2% 
and 5% thymol-containing chitosan film were 5.9 ppm 
and 13.7 ppm respectively (Figure 5). The increase in the 
diffusion rate of thymol after DBD plasma treatment can 
be correlated with the etching effect leading to the increase 
in surface roughness, which in turn reduced the effective 
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Figure 4 Thermogravimetric results for control and plasma-
treated active chitosan films.

Table 3 Parameters obtained by fitting Equation 2 to 
experimental data. Values represented as Mean ± 
Standard deviation. Means, which are not followed by 
a common superscript letter, are significantly different 
(p ≤ 0.05).

Active chitosan films D (cm2.s–1) Meq(ppm)

2%-Control 4.47 × 10–7a 5.91 ± 0.41a

2%-Plasma treated 7.70 × 10–7b 5.80 ± 0.20a

5%-Control 3.14 × 10–7c 13.70 ± 1.34b

5%-Plasma treated 6.18 × 10–7d 13.78 ± 0.85b
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film thickness and exposed thymol for an accelerated 
release from the active film [27].

4 CONCLUSION

This study showed the effect of DBD plasma treat-
ment on antimicrobial chitosan films containing thy-
mol as an active ingredient. The optical spectra of the 
dielectric barrier discharge showed the generation of 
reactive nitrogen and oxygen species by the plasma 
 system. Cold plasma treatment significantly increased 
(p < 0.05) the surface roughness of films due to the 
etching effects. No significant difference (p > 0.05) 
was observed in the thermal properties of the plasma-
treated films. Also, no evidence of thermal decompo-
sition, vaporization or elimination of volatiles was 
observed after the plasma treatment. A significant 
increase (p < 0.05) in the thymol diffusion coefficient 
was observed after the plasma treatment for all the 
active films. The ability to control the antimicrobial 
release from the packaging film could serve as an 
important tool for the food industry to extend the 
shelf life of food products in an environment-friendly 
manner.
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