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Abstract — Cold atmospheric plasma technology is a
emerging, green process offering amy potential applications
for packaging and preservation of food and irmedical and
industrial purposes. While it was originally developed to
increase the surface energy of polymers, enhancirgglhesion
and printability, it has recently emerged as a powdul tool
for surface decontamingion of both foodstuffs and food
packaging materials. New trends aim to develop -package
decontamination, offering nonthermal treatment of foods
postpackaging. This paper provides an overview of col
plasma theory, equipment and summarises recent adaces
in the modification of polymeric food packaging maerials
along with potential applications in the food indusry.
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|. INTRODUCTION

CAP: Cold atmospheric plasma nor-thermal plasma
technology, is proposed as a potential alternatio
traditional methds for decontamination of foc [1-2-3-
4]. That contains reactive species, such as: elect
positive and negative ions, free radicals, gioms and
photons [5-6] This technology does not require extre
process conditions and offers great opportunitiesfdod
product preservation [7-5TThe inactivation of pathogel
and removal of chemical and biological contamindras
remained an area gfeat interest in the fields of food. ¢
optimal decontamination process can be considesexhe
that is safe, fast, cosfficient, nontoxic anc
nonhazardous, environmental friendly.

The technology of atmospheric plasma (ionized ¢
widely used in material processing, offers onehef nosi
significant breakthroughs in food and &material
processing. This technology allows for the generatf
bactericidal molecules very efficigp with low power
requirements. Nothermal atmospheric plasma has b
used to effectively decontaminate surfaces, buhas
received limited investigation for -package
decontamination [8Dver the last decade, considere
research has been conductedatmospheric cold plasm
(ACPs) as a decontamination metHéjl

There are a lot of methods to destroy tt
microorganisms, such as: thermal technologies,
sterilization, pasteurization, etc. [1CFor the past few
decades the trend of replacitigditional materials such i
glass, metals and paper by polymeric materialsbegs
growing continually within the various process isties,
including the food industry. the fact that physicaid

chemical characteristics of polymers are on a péh

conventional materials in terms of functionalityn

addition, polymeric packaging materials provide agee

flexibility, transparency, adequate chemical iness)

have low specific weights and typically cost le

However, in most cases polymeric surs are

hydrophobic in nature and are oficharacterized by a low
surface energy[11].

Since the past two decades, considerable effons
been made by the scientific and technological conity
to generate, sustain and utilize ANTP because eir
numepus scientific and industrial applications. Gro\
and importance of atmospheric cold plasma techryc
can be realized by the fact that the scientific
technological utilization of ANTP has multiplied |
several factors and its applications have exed into a
large number of fields such as in environme
engineering, aeronautics and aerospace engine
biomedical field, textile technology, analyticalechistry,
and several other areas toq[.12

Il. M ECHANISM OF PLASMA

In the microbial inactivation plasma process, a kalg
is attributed to reactive species (atomic oxygenglet
oxygen, ozone, superoxide, hydrogen peroxide, hydi
radicals, nitric oxide and nitrogen dioxide) genedaby
electron collision. The atnspheric cold plasma treatme
can effectively inactivate a wide range of micragms
including spores and viruses, through permeabitinatf
the cell membrane, damage of the intracellular ging
and the nucleic acids andhe inactivate of some
enzymes|[5]The bacterial killing occurs via three differe
mechanisms: (a) direct permeabilization of the
membrane or wall, leading to leakage of cell
components, including potassium, nucleic acids
proteins; (b) critical damage of intracellulaioteins from
oxidative or nitrosative species and (c) dt chemical
nucleic acids damage [13he plasma generates differt
level of lethal effects on microorganisms throt
interaction with microbial surrounding environme
(water, pH, nutrientspsmotic stability and temperati)
[14]. CP could be employed in inactivation of f
microorganisms on the surface of fresh and prode
foods. The accumulation of charged particles canture
the cell membrane. Oxidation of the lipids, amirzda
and neleic acids with reactive oxygen species
nitrogen species cause changes that lead to midradsatt
or injury. Contribution of mentioned mechanisms elegs
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on plasma characteristics and on the
microorganisms [15-16].

Cold plasma (CP) induces\seral chemical and physic
processes within the plasma volume and on the -
polymer interface, which modify the surface projss:
This phenomena is exploited in surfefunctionalization
to impart selective and tune aldaerface energies to tl
packaging polymers for promoting adhesion or samnes
anti-adhesion [17]. Ascan be improved printability
imparting antimist properties and improving theymoér's
resistance to mechanical failure. Using plasma siéipa
of barier layers, the barrier properties of the packg
materials towards gases (oxygen, ca-dioxide) and
chemical solvents can be improvédil8]. Gas plasma
reactions also establish efficient inactivation rafcro-
organisms (bacterial cells, spores, ye and moulds)
adhering to polymer surfaces within short treatniemeés.
Packaging materials such as plastic bottles, Iidsfdms
can be rapidly sterilizedusing cold plasma, withol
adversely affecting their bulk properties or legviany
residues [19].

The plasma treatment can effectively inactivateide
range of microorganisms, including spores and e.
Cold plasma can be used for decontamination of ymts
where microerganisms are externally located. Unlike lii
(e.g. ultraviolet light decdamination), plasma flow
around objects, which means ‘shadow effects’ do
occur ensuring all parts of a product are treateok
products such as cut vegetables and fresh meapld
plasma could be used for this purpose. Cold plasmodd
also be use to disinfect surfaces before packaging
included as part of the packaging proc The plasma
generates different level of lethal effects
microorganisms through interaction with microk
surrounding environment&vater, pH, nutrients, osmot
stability and temperatute[20]. The bacterial killing
occurs via three different mechanisms: (a) di
permeabilization of the cell membrane or wall, iegdo
leakage of cellular components, including potass
nucleic acids and proteins; (b) criti damage of
intracellular proteins from oxidative or nitrosaigpecie:
and (c) direct chemical nucleic acids dan [21].

type

[1l. P LASMA CHARACTERISTICS

Plasma, a quasieutral gas, is considered to be
fourth state of matter, following the mcfamiliar states of
solid, liquid & gas and constitutes more than 99%ttar
of the universe. It is more or less an electrifigd with €
chemically reactive media that consists of a largmber
of different species such as electrons, positivel
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negatie ions, free radicals, gas atoms and molecule
the ground or any higher st of any form of excited
specieslt can exist over an extremely wide range
temperature and pressure. It can be produced &-
pressure or atmospheric pressure by couplirergy to a
gaseous medium by several means such as mechi
thermal, chemical, radiant, nuclear, or by applyia
voltage, or by injecting electromagnetic waves alsd by
a combination of these to dissociate the gas
component molecules into a ccction of ions, electrons,
charge-neutral gas nemlules, and other spe([12].

The term “plasma” refers to a qu-neutral ionized gas,
primarily composed of photons, ions and free etersras
well as atoms in their fundamental or excited statéh a
net neutral charge. Plasma discharges are widely foge
processing and are indispensable for many techiualk
applications [22]. Through their wide variety ¢
operational conditions, plasma sources offer a drefous
freedom in the generation of radiation and the towaeof
chemical compositions. As a result the field
technological and industrial plasma applications
expandingstrongly. Several plasma applications have t
identified in literature: higtefficiency light sources (th
rich plasma UV source for surfasterilization), material
processing, such as depositioneaning and surface
modification [23]. Pectrochemicalanalysis (analytical
chemistry e plasma spectral emission can be use
element detection with very low detection limitsaste
treatment (e.g. detoxification e use of thermalspla
torches, cascaded arc plasmas, or microwave plafm
the production of negative ions [6]. Plasma is an
effective, economical, environmentally safe mettfod
critical cleaning. The vacuum ultraviolet (VUV) egg is
very effective in the breaking mosrganic bonds (i.e.,
CeH, CeC, Cg, CeO0, and CeN) of surface contamits.
This helps to break apart high molecular we
contaminants [24].

Electrons trajectory is spiral vertically along !
magnetic field lines. Magnetic field strength is58Gauss
with a dome shaped contour. The electrode whiclld
food packaging could be a RF power supplied andési
to generate direct current (DC) s independently of
plasma ionisation. In ECR electrons travel far gioto
gain sufficient energy to strike gas molecules aadse
ionisation. Electron density (ion flux) is over arder of
magnitude higher than for CCP or ICP plasma tcefs]
therefoe may be more efficient for surface treatment
packaging, i.e. surface functionalisation, surfakning,
etching, and/or surface depositior].

/ e

Positive Ions  Negative Ions Electrons

Metastable

Atoms Free  Radicals Photons

Fig. 1. Constituents of plasma [12].
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The chemistry which takes place in a plasma isllys
quite complex and involves a large number of eldarg
reactions. The main types of reactions occurringpiime
plasma are divided into homogenous and heteroge
reactions. Homogenous reactionguwrchetween species
the gaseous phase as a result of inelastic calf:
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between electrons and heavy species or collisiehsden
heavy species; whereas, heterogenous reactionsr
between the plasma species and the solid su
immersed or in coatt with the plasma. These typi
reactions have been listed in table 1 and 2.

heterogenous reactions are particularly importanthie
processing of semiconductor mater[12].

Table 1: Gas phase reactions involving electrouisheeavy specit

Name Reaction Description
Excitation of atoms etA - A € Leads to electronically exciteslate of atoms and molecules
ormolecules etA_ A, e energetic electron impact.

De-excitation Electronically excited state emigdectromagnet radiations on

returning to the ground state.

etA, > Ay et hv

lonization etA, » A +e Energetic electrons ionize neutrapecies through electr
detachment and positively charged particles amadal
Dissociation etA, - 2A. e Inelastic electron impact with molecule causes its

dissociation without ions.

Dissociative attachment Negative ions are formed when frelectrons attach themselv

to neutral species.

etA, A+ A+ e

Dissociative ionization Negative ions can also be pragtd by dissociative ionizatic

reactions.

etA, A+ e

Volume recombination e+ A+B_A+B Loss of charged particles from the plasma by recontiminaf

opposite charges.

Penning dissociation M+A, - 2A+ M Collision of energetic metastabépecies with neutral leads
Penning ionization M+ AL A'+M + e ionization dissociation.
Charge exchange A'+B - B+ A Transfer of charge from incideribn to the target neutral
betweentwo identical or dissimilar partne
Recombination of ions A+ B -~ AB Two colliding ions recombine tiorm a molecule

Electron—lon
recombination

e+A,+ M - A,b+ M Charge particles are lost from thiasma by recombination

opposite charges.

lon-ion recombination  A"™+B + M- AB+M lon-ion recombination can takelace through three bot

collisions.

Table 2 Surface reactions

Name Reaction Descriptior
Etching AB + Cqiig = A + BCyapour Material erosior
Adsorption Mgt S - Ms Molecules or radicals from plasma come in contact witt
R+ S >R surface exposed to the plasarad are adsorbed on surfa
Deposition AB - A+ Bsolid Thin film formation.
Recombination S-A+A _StA, Atoms or radicals from thelasma can react with t species
S-R+R-S+M already adsorbed dhe surface to combine & form a

compound.

Metastable S+A-A Excited species on collisiomith a solid surface return to 1
de-excitation ground state.
Sputtering S-B+A’LS+B+A Positive ions accelerated from the plasma towandsstirface

with sufficient energy can remove atom from the surface.

Radicals in the plasma camact with radicals adsorbed the
surface and form polymers.

Polymerization

Ryt Rs— P
Mg+ Ri— P
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IV. APPLICATIONS OF ATMOSPHERIC CoOLD PLASMA

Table 3: Aplicationsof Atmospheric Cold Plasma in variouslustrie:

NO. Application References
1 Food industry [7-25-26-6-4]
2 Medical and clinical [27-28-29-30-24]
3 Materials processing [23-31]
4 Material analysis [31]
5 Surface modification [23-31-6]
6 Light source [24-31]
7 Microplasma chip [31]
8 Decontamination of foods [32]
9 Decontamination of fresh prodt [33-34]
10 Treat a variety of vegetables: fresh toma [35-36- 6]
11 Decontaminatiomf cucumbers and broccoli. The tomatoes and thecketwvere easier 1 [35]
decontaminate than the carrots, probably because aurface structu
12 ACP is used to reduce the microorganisms on straiel [36]
13 Apples, melons and mangACP can successfully decontaminate of the freshtranc [25]
poultry and cheese.
14  ACP itis able to control the microorganisms in teeeal industn [25-37]
15 Inactivateenzymes from fruit or vegetable sour: [6]
16 ACP is a powerful tool fosurface decontamination of not only foods but &l [6-26]
packaging materials
17 ACP technology can be combined with the essenilig . clove oil) to decontamina [38]
the cellulosesased food packagir
18 Inhibition of bacteria, treatment tooth decay and composite fillings and tooth [39]
whitening.
CP has been applied in the food industry includarglecontamination of ra [40]
19 agricultural products (apple, lettuce, almond, nmsgand melon), egg surface and
food systen{cooked meat, chee!
20 using Cold atmospheric plasma in cancer the [41]
V. CONCLUSIONS Salmonella enterica serovar Typhimurium and Liat
monocytogenes  inoculated on fr produce, Food
Microbiology, 42, 2014,ppl0¢-116.
The atmospheric cold plasma, by far, is one of [5]  Stoica, Maricica, Petru Alexe, and Liliana Mihalc

newest technologies used in food industry for nb@t
inactivation and for medical and industrial purposet
has many interesting applications in the food it
decontamination, especially of fruits and vegetsbépice
nuts, raw and meat products, cheese, or deconttarit
of the food packaging materials and newer, car
combined with some antimicrobiagents such as essen
oils. This technology is considered to be a vegnusing
alternative to thermal new processing technolog
However, more information’s are needed to clarife
microbial inactivation mechanisms and to confirrattho
harmful byproducts are generated by atmospheric
plasma treatment.
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