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ABSTRACT

Dielectric barrier discharge (DBD) plasma is a novel non-thermal food decon-

tamination technology. The effects of DBD plasma on the surface topography,

chemical composition and crystal structure, film hydrophilicity, water vapor per-

meability and oxygen permeability of chitosan films have been examined. DBD

plasma treatment increased the surface roughness of chitosan films with emer-

gence of sharp protuberances. X-ray photoelectron spectroscopy and Fourier

transform infrared spectroscopy spectra confirm a significant increase in the oxy-

gen containing groups in the chitosan film after plasma treatment. Significant

increase in the film hydrophilicity was observed after plasma treatment. X-ray dif-

fraction results showed that DBD plasma treatment do not affect the crystal type,

although an increase in the structural compactness was observed. No significant

change was observed in barrier properties of the chitosan film after DBD plasma

treatment.

PRACTICAL APPLICATIONS

In-package cold plasma is an innovative technology for the decontamination of

foods products and has shown significant potential for industrial applications.

This article accesses the suitability of chitosan film to be used with cold plasma

treatment. This work characterizes the effect of DBD plasma on the surface,

chemical, structural and barrier properties of chitosan film. The work described

in this research offers an alternative to the traditional petro-chemical based poly-

mers dominant in food packaging industry where in-package cold plasma can

serve as an effective decontamination process avoiding any post-process reconta-

mination or hazards from the package itself.

INTRODUCTION

A major surge in the food packaging research has been

seen in the past few decades to develop and apply bio-

based polymers as films or coatings for fresh or processed

food products. The concern over the limited natural

resources and the environmental impact caused by the

use of non-biodegradable plastic-based packaging materi-

als has been the driving force to search for bio-based,

non-toxic, biodegradable, low cost alternatives (Ferreira

et al. 2009). Various proteins like gelatin, zein, caseinates

and polysaccharides like starches, chitin/chitosan, gums

and their blends have shown potential to be used as films

and coatings to extend the shelf-life of food products.

Chitosan is a linear polysaccharide consisting of (1,4)-

linked 2-amino-deoxy-b-D-glucan, is a deacetylated derivative

of chitin, which is the second most abundant polysaccharide

found in nature after cellulose (Aider 2010). Chitosan can be

either used as edible coatings (<30mm) for direct application

on food or as films (>30mm) to improve the food safety and

shelf-life (van den Broek et al. 2015). Chitosan has been

reported to be used for various food products like peach,

pear, kiwifruit (Du 1997), strawberry (El Ghaouth et al.
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1991a), tomato (El Ghaouth et al. 1992), cucumber, bell

pepper (El Ghaouth et al. 1991b), longan fruit (Jiang and Li

2001) and shrimps (Simpson et al. 1997) for extension of

their quality attributes and shelf-life.

Cold plasma is one of the novel non-thermal food decon-

tamination technologies, which has also shown potential to

be used for various fresh or processed fruits, vegetables and

meat products. Cold plasma can be generated by various

ways and is characterized by the disequilibrium of tempera-

ture between the electrons and heavier species (Pankaj et al.

2013). Dielectric barrier discharge (DBD) is one of the com-

mon methods to generate cold plasma. In most common

DBD devices, plasma is generated between two plane-

parallel metal electrodes among which at least one of the

electrodes is covered by a dielectric layer (Pankaj et al.

2014c). Cold plasma has been used for various applications

in the food packaging industry like surface sterilization,

functionalization and other modifications (Pankaj et al.

2014b). The effects of plasma treatments on various conven-

tional and bio-based polymers has already been reported

previously (Upadhyay et al. 2004; Leroux et al. 2008; Bastos

et al. 2009; Chang and Chian 2013; Pankaj et al. 2014d, in

press a,b). This present work aims to present the effects of

atmospheric air DBD plasma treatment on cast chitosan

film to access its compatibility to be used as food packaging

material for plasma processed food products.

EXPERIMENTAL

Film Preparation

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. (2013) with minor

modifications. Chitosan (1% wt/vol) solution was prepared

in 1% acetic acid solution. Glycerol (10%) was added after

15 min continuous stirring. Stirring was continued for

30 min until total homogenization of the mixture. Film

forming solutions was filtered and 70 mL of the solution

were poured into 15 cm petri dishes and dried at ambient

conditions under laminar flow hood until the solvent was

completely evaporated and peeled off after 48 h.

Plasma Treatment

The experimental schematic for the DBD plasma treatment

has been presented in Fig. 1. The DBD plasma source

consists of two circular aluminum plate electrodes (outer

diameter 5 158 mm) over perspex dielectric layers (10 mm

thickness). The applied voltage to the electrode was

obtained from a step-up transformer (Phenix Technologies,

Inc., MD). The input voltage to the primary winding was

230 V at a frequency of 50 Hz. A 2-mm-thick polypropylene

sheet was also used to stabilize the discharge. The distance

between electrodes was 22 mm. The atmospheric air condi-

tions at the time of treatment were 46% relative humidity

(RH) and 19C. The samples were treated at 60, 70 and 80 kV

for 1, 2, 3, 4 and 5 min.

Material Characterization

Atomic Force Microscopy (AFM). Atomic force micros-

copy (AFM) measurements were carried out to observe the

surface topography of the samples before and after DBD

plasma treatment. The AFM used was an MFP-3D BIO 1126

(Asylum Research, Santa Barbara, CA) operated in intermit-

tent contact (tapping) mode. The images were collected at a

fixed scan rate of 0.5 Hz. The sampling rate was 512 lines.

The data were processed using MF3D software (version

111111 1 1219).

X-ray Photoelectron Spectroscopy. X-ray photoelec-

tron spectroscopy (XPS, K-ALPHA, Thermo Scientific,

Barcelona, Spain) was used to analyze sample surface com-

position. All spectra were collected using Al-Ka radiation

(1,486.6 eV), monochromatized by a twin crystal monochro-

mator, yielding a focused X-ray spot with a diameter of

400mm, at 3 mA 3 12 kV. The alpha hemispherical analyzer

was operated in the constant energy mode with survey scan

pass energies of 200 eV to measure the whole energy band

and 50 eV in a narrow scan to selectively measure the partic-

ular elements. XPS was also used to provide the chemical

bonding state as well as the elemental composition of the

samples. Charge compensation was achieved with the system

flood gun that provides low energy electrons and low energy

argon ions from a single source.

Contact Angle and Surface Free Energy. Static con-

tact angle of all the films were analyzed using Theta Lite

Optical Tensiometer (Attension, TL100, Finland) by sessile

drop technique. Water and ethylene glycol were used as test

liquids for analysis. A drop of each test liquid was uniformly

placed on the film surface and the image was recorded at

15 frames per second for 10 sec. Images were analyzed using

FIG. 1. EXPERIMENTAL SCHEMATIC FOR DBD PLASMA TREATMENT

OF CHITOSAN FILMS

DBD PLASMA TREATMENT OF CHITOSAN FILM S.K. PANKAJ ET AL.
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the OneAttension software (v 2.1). All the values reported

are the mean of more than 130 data points done in tripli-

cates. Surface free energy (SFE) was also analyzed using the

same software using Fowkes model.

X-ray Diffraction. Wide-angle X-ray scattering (WAXS)

was performed on a Bruker D8-Advance (USA) diffrac-

tometer, equipped with a Cu-Ka radiation source (k 5

1.546 Å), operating at 40 kV and 40 mA as the applied volt-

age and current, respectively. The incidence angle (2h) was

varied between 5 degree and 90 degree at a scanning rate of

2 degree/min.

Fourier Transform Infrared Spectroscopy. Fourier

transform infrared spectroscopy (FTIR)-ATR spectroscopy

was carried out by using a Perkin Elmer FTIR/FT-NIR spec-

trometer (Spectrum 400) from 4000 to 400 cm21 to measure

any changes in the spectra intensities. A background spec-

trum was collected by keeping the resolution as 4 cm21.

After the background scan, treated and untreated film sam-

ples were placed in the sample holder and analyzed.

Water Vapor Transmission Rate. Water vapor trans-

mission rate (WVTR) was measured gravimetrically using

the ASTM method E 96/E 96M-05 (ASTM, 2005). Briefly,

50 g of anhydrous calcium chloride, after drying at 100C

for 24 h, was placed in each test jar to establish dry condi-

tions. Control and plasma treated film samples were placed

over the jar, and its edge was sealed using paraffin wax

(Tm 5 54–56C; Sigma-Aldrich, Ireland). After the films

were mounted, the whole assembly was weighed and placed

in a climatic chamber at a set temperature of 24 6 1C

and RH of 50 6 1%. The assembly was weighed with an

accuracy of 0.001 g at 24 h intervals. WVTR was calculated

in g/(m2 day) using Eq. (1).

WVTR5
Mt2M0

Dt
� 1

A
(1)

where M0 is the initial mass of the test jar (g), Mt is the mass

of the test jar at time t (g), Dt is the duration of the test

period (day) and A is the effective surface area of the test

film (m2).

Oxygen Transmission Rate. Oxygen transmission rate

(OTR) analysis was conducted with an Oxygen Permeation

Analyser 8500 from Systech Instruments (Metrotec S.A.,

Spain). Treated films were cut into circular samples (14 cm

diameter) and clamped in the diffusion chamber at 25C.

Pure oxygen (99.9%) was introduced into the upper half of

the chamber while nitrogen was injected into the lower half,

where an oxygen sensor was placed. The oxygen volume-

tric flow rate per unit area of the membrane and per time

(OTR, cm3/(m2 day)) was continuously monitored until a

steady state was reached. All samples were analyzed in tripli-

cates. OTR*e values (cm3 mm/(m2 day1)) were calculated

based on film thickness and was used for comparison.

RESULT AND DISCUSSION

Surface Topography

The surface topography of control and plasma-treated

chitosan film was characterized using AFM. The surface

of control chitosan film was observed to be smooth and

homogenous without any sharp features with a root mean

square roughness of 1.01 6 0.96 nm. After DBD plasma

treatment, the surface roughness was observed to be increas-

ing with appearance of sharp protuberances (Fig. 2). After

DBD plasma treatment for 5 min at 60, 70 and 80 kV, root

mean square surface roughness of chitosan films were 2.02,

2.82 and 3.39 nm, respectively. The increase in the surface

roughness of chitosan films were observed to be significantly

less prominent compared to other bio-based polymers like

corn starch, zein and caseinate films, when treated under

same setup (Pankaj et al. 2014a, in press a,b). The increase

in the surface roughness after DBD plasma treatment is

mainly due to the etching effects caused by the bombard-

ment of energetic plasma species on the polymer surface.

The DBD plasma-treated chitosan films had less pro-

nounced etching effects which may be attributed to the

densely packed twofold helical structure of chitosan films

(Ogawa et al. 2004).

Surface Composition

XPS analysis was done to characterize the effects of DBD

plasma treatment on the surface chemical composition of

the chitosan films. Elemental composition of carbon (C1s)

and oxygen (O1s) were recorded on control and DBD

plasma-treated film surfaces (Table 1). The control chitosan

film has an O/C ratio of 0.36. After DBD plasma treatment,

a gradual increase in the surface oxygen content was

observed with increase in the treatment voltage levels.

Further analysis of the surface chemistry of control and

DBD plasma-treated chitosan films were done by deconvo-

luting the high resolution C1s peaks. The deconvoluted

peaks are presented in Fig. 3. Four C1s peaks were identified

at 285, 286.6, 288.4 and 289.3 eV which were assigned to

CAC/CAH, CAO/CAOAH, OACAO and O@CAO

bonds respectively (Wagner and Muilenberg 1979; Amaral

et al. 2005). Significant increases in the OACAO bonds

were observed after DBD plasma treatment which can be

linearly correlated with the increase in treatment voltage lev-

els. The OACAO bond contribution increased from 7.17%

S.K. PANKAJ ET AL. DBD PLASMA TREATMENT OF CHITOSAN FILM
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in control film to 12.45% after DBD plasma treatment at

80 kV for 5 min. This clearly indicates that DBD plasma

treatment of chitosan leads to the formation of more

oxygen-containing groups containing OACAO bonds on

the film surface hence increasing the overall surface oxygen

content. Similar increase was also observed in other poly-

mers treated under the same setup reported previously

(Pankaj et al. in press a,b).

Contact Angle and Surface Free Energy

Film hydrophilicity is an important characteristic for decid-

ing the packaging application of any polymer. The contact

angle was analyzed for the control and plasma treated films

and results are shown in Table 2(A). Control chitosan film

has a contact angle of 76 degree which was significantly

reduced after plasma treatment showing an increase in the

hydrophilicity of the film.

The SFE for the plasma-treated films was also calculated

from the contact angle [Table 2(B)]. Fowkes or Owen-

Wendt approach or OWRK equation (Eq. (2)) was used for

calculation of total SFE, polar and dispersive components of

the SFE using the two test liquids.

1

2
� cLð11coshÞ5

ffiffiffiffiffiffiffiffiffiffiffiffi
cd

S � cd
L

q
1

ffiffiffiffiffiffiffiffiffiffiffiffi
cp

S � c
p
L

q
(2)

where cL is surface tension of liquid, h is contact angle, cd

and cp are dispersive and polar components respectively.

SFE analysis of control and plasma-treated chitosan films

shows a significant and linear increase in the total SFE.

A significant decrease in the dispersive component and

simultaneously, significant increase in the polar component

of the SFE was observed. These observations show that DBD

plasma treatment of chitosan films increased the amount of

polar groups on the film surface, increasing the polar com-

ponent and total SFE of the films. These results also support

the XPS observation which shows an increase in surface

oxygen content and possible increase in polar group like

OACAO.

X-ray Diffraction

X-ray diffraction (XRD) was used to study the changes in

the chitosan film structure after DBD plasma treatment.

TABLE 1. THE ELEMENTAL COMPOSITION AND RATIO OF THE DBD

PLASMA TREATED CHITOSAN FILM SURFACE

Sample C1s (%) O1s (%) O/C

Control 73.75 26.26 0.36

60 kV for 5 min 72.81 27.19 0.37

70 kV for 5 min 71.45 28.56 0.40

80 kV for 5 min 66.94 33.06 0.49

FIG. 2. SURFACE TOPOGRAPHY OF DBD PLASMA-TREATED CHITOSAN FILMS (A) CONTROL, (B) 60 kV for 5 MIN, (C) 70 kV for 5 MIN, (D) 80 kV

for 5 MIN

DBD PLASMA TREATMENT OF CHITOSAN FILM S.K. PANKAJ ET AL.
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Both control and plasma-treated films have shown only one

dominant peak at 2h 5 20.3 degree (d 5 4.37 Å) (Fig. 4).

This peak corresponds to the “Form II” crystals having a

constrained chain conformation (Fan et al. 2009). Form II

crystals are orthorhombic having a unit cell of a 5 4.40 Å,

b 5 10.0 Å and c 5 10.30 Å (fiber axis). Although, no shift in

the peak was observed after plasma treatment, the peak

intensity was observed to be significantly higher after DBD

plasma treatment. This increase in the peak intensity sug-

gests the increase in regularity of the low d-spacing structure

and development of more compact crystalline form leading

to structural compactness of chitosan films after DBD

plasma treatment (Qun et al. 2007).

FTIR-ATR

The spectrum of control and DBD plasma-treated chitosan

films showed no change in the characteristic peaks of amide

I at 1650 cm21 (C@O stretching), amide II at 1554 cm21

(NAH in-plane deformation coupled with CAN stretch-

ing), amide III (CAN stretching coupled with NH in-plane

deformation) and CH2 wagging coupled with OH in-plane

FIG. 3. DECONVOLUTED C1s PEAKS OF CONTROL AND DBD PLASMA-TREATED CHITOSAN FILMS. (A) CONTROL, (B) 60 kV for 5 MIN, (C) 70 kV for

5 MIN, (D) 80 kV for 5 MIN

TABLE 2. CONTACT ANGLE (A) AND SURFACE FREE ENERGY (B) ANALYSIS OF CONTROL AND PLASMA TREATED CHITOSAN FILMS

Parameters Control 60 kV for 5 min 70 kV for 5 min 80 kV for 5 min

A. Contact angle

Water hw 76.09 6 0.71 57.69 6 0.23 46.43 6 1.80 27.56 6 0.07

Ethylene glycol he 57.68 6 1.14 51.54 6 1.73 40.21 6 1.23 22.42 6 0.20

B. Surface free energy

Fowkes ctot 28.83 46.86 57.94 75.33

cd 13.38 3.64 3.58 2.84

cp 15.45 43.22 54.36 72.49

S.K. PANKAJ ET AL. DBD PLASMA TREATMENT OF CHITOSAN FILM
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deformation at 1317 cm21 (Amaral et al. 2005). In the fin-

gerprint region (Fig. 5), peaks were observed at 1150 cm21

(asymmetric bridge oxygen stretching), 1060 and 1030

cm21 (CAO stretching in ether group), 990 and 950 cm21

(CH3 rocking), 900 cm21 (CAO ring stretching), 925 and

850 cm21 (CAC bond). The increases in the oxygen con-

taining peaks are in good agreement with the results

obtained from XPS analysis. It can be concluded from these

results that DBD plasma treatment increase the oxygen con-

tent of the chitosan film without any significant change in

the amide bonds.

Water Vapor and Oxygen Permeability

Water vapor and oxygen permeability are important barrier

properties for any polymer and it is desired that any new

processing technology should not adversely change the

barrier properties of the packaging films. WVTR of control

chitosan film was found to be 37.32 6 1.53 g/(m2 day). No

significant difference (P> 0.05) was observed in the WVTR

of DBD plasma-treated films all voltage levels and treatment

times. OTR*e of control chitosan film was observed to be

0.17 6 0.11 cm3 mm/(m2 day) and no significant difference

(P> 0.05) were observed after the plasma treatment for all

treatment voltages and times. These results are particularly

important for potential application of chitosan films and to

fit in as a competitive commercial food packaging material

for DBD plasma processing.

CONCLUSION

DBD plasma treatment of chitosan films increased its sur-

face roughness. However, the surface etching by plasma was

found significantly less compared to other biopolymer.

XRD results also demonstrated an increase in the structural

compactness of plasma-treated chitosan films. XPS and

FTIR spectra confirm the increase in the oxygen containing

groups in the chitosan film after plasma treatment. The

increase in the polar component of SFE resulted in the sig-

nificant increase in the film hydrophilicity. However, no sig-

nificant change was observed in barrier properties of the

chitosan film after DBD plasma treatment. These results

indicates that chitosan films are more robust for use along

with DBD plasma treatment and serve as good potential to

be used for plasma processed products.
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