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Abstract Polyolefins arewell-known and themost commonly used polymersworld-
wide. Advantages like outstanding mechanical properties, chemical resistance, low
cost, and processability are neighboringwith some drawbacks like relatively high gas
and vapor permeability, low surface energy. This chapter introduces surface plasma
modification as an environmentally friendly, fast, and versatile technique. Details
regarding different plasma reactor designs, generation methods, working parame-
ters suitable for treating polyolefins are presented. Furthermore, plasma activation,
grafting, and etching are described as themost commonly used techniques for surface
energy modification to enhance polyolefins’ biocompatibility, printability, adhesion
to materials, and other parameters. For instance, plasma activation cross-linking of
the polymer chains can be achieved, which leads to gas and vapor permeability
improvement. Choice of working conditions allows controlling the degree of cross-
linking, the type, and the concentration of the incorporated functional groups on the
surface. Plasma polymerization is introduced as a technique for coating deposition
with different properties and functionality depending on the operating parameters
and monomer selection. Improvement of barrier layer performance and modifica-
tion of the surface energy are the main applications of plasma polymerization of
polyolefins.
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1 Introduction

Polyolefins are a family of synthetic polymers prepared by the polymerization of
olefin monomers. Olefins are acyclic and cyclic hydrocarbons that contain one or
more carbon–carbon double bonds without an aromatic character [105]. Figure 1
shows some examples of polyolefins.

Polyolefins are the most commonly used polymers worldwide due to their low
cost, processability, chemical resistance and mechanical properties (ranging from
elastomeric to very rigid materials) [16]. By varying the processing parameters
and the possible implementation of copolymerization and cross-linking, the desired
properties can be obtained. Among the different polyolefins, polyethylene (PE) and
polypropylene (PP) are most widely employed. For commercial purposes, isotactic
PP (methyl side-groups located on the same side of the backbone) is most often
considered due to its superiormechanical properties, originating froma higher degree
of crystallinity. In contrast to PP, commercial PE can be classified based on its cross-
linking degree, density and molecular weight. The most extensively used types are:
(1) low-density PE (LDPE), which is the original commercial PE containing signif-
icant branching, resulting in a lower polymer chain packing density and therefore a
low material density; (2) high-density PE (HDPE), being a highly linear polymer in
which the polymer chains are tightly packed together, leading to a higher density and
a more crystalline character and (3) linear low-density PE (LLDPE), being a similar
linear polymer with short chain branches thus triggering similar densities as LDPE
[120].

The application range of polyolefin-based materials is very broad, ranging from
the biomedical field to the automotive industry and from packaging equipment to
toys. In the biomedical field, the use of PP as hernia repair meshes, sutures and
disposable items like syringes are good examples [123].Ultra-high-molecular-weight
PE (UHMWPE) has particularly gained considerable attention in this field given
its improved mechanical properties engendered by the intermolecular interactions
between the long chains. These properties make UHMWPE a suitable bearing mate-
rial in joint replacements, for instance. LDPE, LLDPE, HDPE and PP are most
commonly used for packaging of food, drinks and other consumer goods [120].
PP has also become the most employed thermoplastic material in the automobile
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industry [24]. Furthermore, cyclic olefin polymers (COPs) and cyclic olefin copoly-
mers (COCs) have attracted much attention for microfluidic and biosensor applica-
tions [127]. Thiswidespread use evidence that the aforementioned properties of poly-
olefins are highly advantageous for various applications. Nonetheless, some polymer
characteristics are a disadvantage for certain purposes. Generally, these disadvan-
tages can be divided in 2 main categories. The first category is the hydrocarbon
nature of these polymers conferring them with a low surface energy. This makes
printing on and adhesive bonding to the polymer difficult. Depositing a coating on
the substrate is also challenging. Moreover, the polymer composition hampers cell
adhesion and therefore subsequent cell performances such as proliferation, differen-
tiation and migration. On the other hand, polyolefins are not completely inert, which
is a problem for biomedical applications that demand either a good cell interaction
or complete inertness [101, 146]. The second category is the relatively high gas and
vapor permeability of the polymers, which is a major limitation for packaging appli-
cations given the resulting restricted shelf-life of the packed food or other goods.
Typically, polyolefins have a moderate to good resistance against water vapor but
are highly permeable to oxygen. The origin of this permeability is not completely
clarified, but it is hypothesized that density and crystallinity play a role [152].

Several modification strategies have been developed to address these 2 problems.
These strategies can be mainly divided based on the different underlying problems.
The introduction of polar functional groups on the polymer surface is the main
method to address the chemical inertness of polyolefins (problem 1). This can lead
to a better adhesion in the aforementioned applications. A distinction can be made
between bulk and surface functionalization, as illustrated in Fig. 2. Bulk functional-
ization can introduce functional groups on the polymer chains with a homogeneous
distribution on the surface and in the bulk of the resulting material. This can be either
done by modifying the polymerization process (a) or by functionalizing the polymer
after polymerization (b). In the co-polymerization functionalization (a), monomers

Fig. 2 Difference between bulk functionalization (a and b) and surface functionalization (c). a:
functionalization by co-polymerization with a functional monomer. b: post-polymerization func-
tionalization of the polymer chains before processing thematerial. Both techniques lead to functional
groups in the bulk and on the surface of the material [16]. c: surface functionalization. * can be the
desired functional group or a functional group that can be converted to the desired functional group
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with the desired functional group are introduced in the polymerization process so that
the resulting polymer has these groups build-in. In the post-polymerization function-
alization (b), the C-H bonds in the polymer chain are preferably broken, which leads
to the generation of reactive radicals on the polymer chain. Reactions with these sites
lead to a functionalization of the polymer. In the surface functionalization (c), only
the outer layer of the polyolefin will be modified, leaving the bulk of the material
untouched. This method is advantageous for most applications, as the bulk prop-
erties that are most often desirable are not affected. Moreover, for most purposes,
the interactions with the material usually take place at the surface. Additionally,
the bulk modification needs an optimization of the well-established industrial mate-
rial processing steps, while the surface modification is performed afterwards and is
independent of these processing steps. Therefore, surface modifications provide an
interesting and often sufficient strategy for material improvements.

In order to address the gas and vapor permeability (problem 2), a number of
different strategies can be applied. The most important ones are the blending with
lowpermeablematerials to formnanocompositematerials and themodification of the
surface by adding a barrier layer on top of the surface or changing the permeability
of the surface itself by polymer cross-linking [152]. It is clear that the first technique
has the same disadvantages as the bulk functionalization technique in comparison to
surface treatments, as changing the bulk can, on the one hand, alter the advantageous
polyolefin properties and, on the other hand, requires an optimization of the material
processing. However, applying a barrier layer on the surface requires a good adhe-
sion, thus making the chemical inertness a problem that also needs to be solved for
addressing the gas and vapor permeability problem of polyolefins.

In view of the above, it can be concluded that the surface modification of poly-
olefins aiming at improving their properties is an interesting approach. In particular,
increasing the surface energy is of uttermost importance. This can be done by a
variety of different techniques. Similar to the polymer functionalization (Fig. 2), all
surface modification techniques aim at breaking the C–H or C–C bond and intro-
ducing other functionalities on the polymer chain. One of the techniques to break
C–H/C–C bonds is the use of γ- or UV-irradiation. The created radicals can react with
oxygen, which leads to the generation of oxygen-containing functional groups like
alcohols, hydroperoxides and ketones [85]. Another technique for the oxidation of
polyolefin surfaces is flame treatment, inwhich radicals are created in the combustion
process. This leads to the generation of carbonyl, carboxyl and hydroxyl groups on
the surface. Both techniques lead to an increased surface energy, which is beneficial
for applications in which a good adhesion is required [43]. A third technique is the
chemical treatment of the polyolefin surface. This can be done by using oxidizing
agents like chromic acid or aqueous solution of ammoniacal ammonium persulfate
in the presence of Ni+2 ions, for example, which leads to the introduction of polar
groups such as >C = O and –COOH [36]. A fourth technique is the use of plasma
surface modification, which will be the main topic of this book chapter. In compar-
ison to the abovementioned techniques, plasma surface modification has a number of
advantages. Compared to the irradiation techniques and the chemical treatments with
typical treatment times in the order of hours, plasma modification is a fast technique
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with treatment times ranging in the order of seconds to minutes [163]. Furthermore,
plasma modification is a solvent-free technique, which makes it more environmen-
tally friendly than chemical treatments. Flame treatment is also a fast and solvent-free
technique, but care should be provided to prevent polymer melting, which is not a
problem with optimized plasma surface modifications. The latter technique can also
treat surfaces that cannot be reached with flame treatment, enabling the modifica-
tion of 3D porous objects. Plasma surface modifications of polyolefins thus provide
a platform with a number of advantages over other modification strategies and are
therefore found in a variety of applications and research fields. Besides changing the
surface energy, plasma surface modifications are also used for improving the gas and
vapor permeability of polyolefins, making it a more widely applicable technique.
On the other hand, there still remain some challenges as plasma treated surfaces
are prone to ageing effects and the selectivity of the treatment is limited. This book
chapter will give a general overview of the different plasma surface modifications
of polyolefins. The focus will be on the general concepts of these techniques with
references to the application potential. Therefore, the following sections will first
introduce the concept of plasma and different plasma classifications (Sect. 2) and
the methods to generate plasma for polyolefin surface modification (Sect. 3). This
will provide the basis for a general description of plasma-surface interactions and
different plasma surface modification techniques applied to polyolefins (Sect. 4).

2 Plasma Definition and Classification

2.1 What is Plasma?

The word “plasma”, which was first introduced by Langmuir, can be defined as an
environmentwhere energetic, charged and neutral carrier assembliesmove in random
directions and exhibit a collective behavior [89]. The net electrical charge in this
mixture of oppositely charged particles is approximately zero. Plasma is commonly
referred to as the fourth state of matter and constitutes the most common state in the
universe as stars, nebulae and Aurora consist of it. On earth, natural plasmas like
lightning and Aurora Borealis are rare, and most common plasmas are man-made. In
contrast to celestial plasmas that are generated by the addition of thermal energy, the
most conventional method of plasma generation on earth is a gas breakdown, using
an electric field. Even a neutral gas has some charged particles, that are generated
by phenomena such as space radiations, which can accelerate in the presence of an
electric field, thus hitting other species. At the right conditions, this can create new
charges with the ability to collide with other molecules and atoms. This produces
new electrons, negative and positive ions and radiation, leading to the generation of
an avalanche of charged species until a steady state condition is reached. Besides the
aforementioned species, usually a plasma also contains excited species and radicals.
The produced radiation is mainly situated in the visible and ultraviolet (UV) range
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Fig. 3 Plasma components interaction with a substrate

and is generated as a result of inelastic collisions between atoms/molecules and
energetic electrons. This process can lead to excitation of the atom/molecule (A + e
→ A* + e′), among others, which can subsequently induce emission of the energy
stored in this excited state via radiation in a range of different wavelengths. This
results in the luminosity of plasma (A* →A+ hν). Furthermore, charges can be lost
by homogenous recombination (A+ + e− → A*) and/or diffusion to the wall of the
discharge (A+ → A).

In plasma surface modification, the plasma particles are brought in contact with
a substrate (e.g. polyolefin) by placing it in the (vicinity of a) discharge. These ener-
getic species can interact with this substrate as schematically presented in Fig. 3,
resulting in the alteration of its surface properties. The interactions between the
plasma species and the surface mainly depend on the respective amount and energy
of these different particles. This is influenced by a number of plasma characteristics
of which the ionization degree, plasma equilibrium, working pressure and discharge
driving frequency are the most relevant for polyolefin surface modifications. These
characteristicswill be discussed inmore detail in Sect. 2.2,whichwill form the funda-
mental basis for explaining the different plasma source configurations (Sect. 2.3) and
plasma modification techniques (Sect. 2.4).

2.2 Plasma Classification

2.2.1 Plasma Ionization

The degree of ionization α is defined as α = N+/(N + N+), in which N+ is the
number of ions and N the number of neutral particles. It is a dimensionless number
and can be denoted as a percentage. The ionization degree determines the amount of
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charged particles in the plasma and is, therefore, ameasure of the interaction between
a plasma and the electric and magnetic fields. An ionized gas can be identified as
plasma when the degree of ionization is at least 10–6 [26]. Plasma is called weakly
ionized if 10–6 < α < 10–1. For this type of plasma, the collisions happen more often
between neutrals and electrons than between ions and electrons. A weakly ionized
plasma can be called a “low-temperature plasma” or more often “cold plasma”, due
to considerably low electron temperature which controls the degree of ionization in
the plasma. Plasma can be referred to as “hot plasma” when it is almost or fully
ionized (α ≈ 1).

2.2.2 Plasma Thermodynamic Equilibrium

Plasmas can be also classified in terms of their thermodynamic equilibrium, which
is based on the relative temperature of ions, electrons and neutrals. Three different
classes can be defined: thermal equilibrium, local thermal equilibrium and non-
thermal equilibrium.

In thermal equilibrium plasmas, all components are in thermodynamic equilib-
rium with each other (Telectron = Tion = Tgas). Such an environment can be created
in high temperature and high-density plasma due to frequent collisions between fast
electrons and heavy species (ions and neutrals). Typically, these plasmas also have
a high degree of ionization. Some examples are lightening, the solar core and ther-
monuclear fusion plasmas. The temperature of these plasmas is too high for the
treatment of polyolefins. Therefore, they are not further discussed.

In non-thermal or non-equilibrium plasmas, the temperature of electrons, which
typically is in the range of 2 to 10 eV, and the temperature of ions are significantly
different (Telectron > > Tion =Tgas). The reason for this difference is that electrons gain
much more energy from the applied power due to their considerably lower mass in
comparison to ions. Moreover, the energy transfer from electrons to ions and neutrals
is not efficient in this type of plasma because of conservation of momentum. Typi-
cally, these plasmas are weakly ionized and are therefore most often cold plasmas,
however more highly ionized non-thermal plasmas also exist. Examples of non-
thermal plasmas are the Earth’s ionosphere and most of the “technological plasmas”.
The application range of non-thermal plasmas is broad and covers analytical chem-
istry, environmental engineering and biomedicine, among others. These plasmas are
most suitable for the treatment of heat sensitive materials such as polyolefins.

Besides the two mentioned classes of plasma, there are also local thermal equi-
librium plasmas which are in quasi-equilibrium. This means that the plasma is not
far from full equilibrium, yet it is not fulfilled in all volume. Nevertheless, within
the area, local thermodynamic equilibrium exists, and the electron, ion and neutral
temperatures are in the same range (0.4 – 1 eV). The ion temperature is considerably
higher than the one of non-thermal equilibriumplasmawhile the electron temperature
is much lower. This type of plasma can be used for surface modification techniques
like chemical and physical vapor deposition as well as plasma spraying. However,
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these techniques are generally not used for direct continuous polymer treatment as
the overall plasma temperature will damage the surface.

2.2.3 Plasma Pressure

Plasma density is directly proportional to plasma pressure and both can be described
together as one parameter. Working pressure determines plasma appearance, energy,
temperature and other characteristics which are essential for surface modification
applications. A low pressure plasma works at sufficiently low pressures (typically
lower than 1 Torr), at which the collision between heavy particles is correspondingly
low, which favors its non-thermal equilibrium character. Equally important, when the
pressure is very low, high voltage and current are required to ignite and sustain the
discharge due to the same reasons mentioned above. However, a low pressure plasma
provides a controlled environment in which parameters like power, temperature and
gas flow can be tuned for obtaining the desired surface reactions. As a result, a
homogeneous and selective interaction between plasma and the substrate is feasible.
At really lowpressures, the lack of charged particles decreases the coupling efficiency
of electromagnetic energy into the plasma, which makes it impossible to use high-
frequency power sources like radiofrequency (RF) and microwave (MW) discharges
(see Sect. 2.2.4).

For atmospheric pressure plasmas (APPs), the electron mean free path is signif-
icantly decreased in comparison to low pressure plasmas because of the increase
in pressure. Correspondingly, the number of collisions drastically increases as well,
which rises the temperature of the plasma. Therefore, an APP has a lower degree of
ionization, a lower electron temperature and a higher particle and electron density as
compared to low pressure plasmas. The particle density is in the order of 1012–1014

particles cm−3 for low pressure plasmas and 1015–1018 particles cm−3 for APPs. The
first APP was developed as a high temperature arc-based source [51]. However, a
stable homogeneous low-temperature plasma is required for the treatment of poly-
olefins, as the instability of the APP and the possible transition to a thermal arc are
major issues because of the material’s thermal sensitivity. By the beginning of the
1990s, non-equilibrium APPs began to overcome this problem by limiting the time
of each glowing duration. This can either be done by utilizing a pulsed power supply
as an energy source, or by alternating the polarity of electrodes with a high frequency.
Another approach to control the transition to arc and thermal equilibrium is using
a dielectric barrier which is discussed in detail below [87]. Furthermore, discharge
gas selection and flow rate can have a significant influence on the stability of APPs.
For instance, helium (He) is a well-known gas for producing a stable plasma due
to the small atom size and hence a longer mean free path. Moreover, increasing the
intensity of the electric field by implementing sharp points at the edge of the powered
electrode (e.g. corona discharge) is another adjustment performed for obtaining low-
temperature plasmas at atmospheric pressure. APPs are more widely accepted for
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industrial purposes because of the convenient implementation in industrial processes,
the lacking need for expensive and huge vacuum equipment and the lower complexity
of the reactors.

In between the pressure range of lowpressure plasmas andAPPs,mediumpressure
plasmas can be defined. This is a less frequently explored pressure range. However,
this range is also interesting because obtaining a large plasma volume is more easy
at medium pressure than atmospheric pressure. Furthermore, no expensive vacuum
equipment is needed [32, 108, 110].

2.2.4 Plasma Excitation Frequency

As mentioned before, one of the most common methods to transform a neutral gas
into a plasma discharge is by utilizing an electric field. According to the temporal
behavior of the electric field, discharges can be classified as direct current (DC),
pulsed DC, alternating current (AC), RF and MW discharges. Depending on this
temporal behavior, different plasma chemistries can be obtained and utilized in a
variety of processes. In order to predict possible surface plasma treatment of poly-
olefins, it is crucial to describe the main characteristics of each class of plasma
excitation frequencies.

When a potential difference of zero frequency is applied between a cathode and
an anode, the gas breakdown happens by a DC discharge. In this type of plasma,
secondary electrons emitted from the cathode play a crucial role as they collide
with the background gas and finally reach drift velocity along the tube axis. DC
discharges have attracted enormous interest because of their time-independence in
the macroscopic scale, which makes them more straightforward compared to RF
discharges. At higher pressure, the transition to the arc ismore probable because of an
increased current density, which contributes to a higher temperature and instability of
the plasma. This drawback limits the application of DC discharges in case of plasma
treatment of polyolefins. Furthermore, plasma can be contaminated by sputtering
the cathode surface, and the electrodes can only be made of conductive materials.
Usually, the voltage can vary between a few hundred Volts to a few kV based on the
application and the current is in the order of mA. There are possibilities to overcome
the transition to arc, such as minimizing the radial size or using a dielectric barrier
or a corona discharge source configuration.

Another option to avoid the transition of a DC discharge to an arc is to apply
the electric field in a discrete form of pulses from microsecond to millisecond while
keeping the amplitude of voltage and current high. The relatively short pulse duration
contributes to the formation of non-equilibriumplasmas. The charged particles notice
the relatively short pulses before the spark creation. The main advantages of using
pulsed DC discharges are minimized etching and damage of the treated substrate
surface and the possibility of working at a higher power by controlling the duty
cycle.

AC discharges have electromagnetic field oscillations in the range of kHz. This
discharge type is appropriate for overcoming the charge-accumulation problem that
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occurswhennon-conductivematerials are placedbetween the electrodes (as in dielec-
tric barrier discharges (DBDs), see Sect. 3.4). In fact, the alternating voltage between
electrodes in each half cycle will produce opposite charge accumulation. The advan-
tage of oscillating power supplies overDCdischarges is that they interactwith plasma
by displacement currents, rather than true currents. Therefore, no contact between
the electrodes and plasma is needed. The absence of the connection between the
discharge and the electrodes improves the reliability, reproducibility, and lifetime of
plasma reactors and the produced species. The influence of frequency on the treat-
ment of polyolefin substrates has been previously studied and the investigations have
suggested that an increase in frequency can improve the surface modification [1, 82].

Low-frequency plasmas (up to 450 kHz) are widely used due to the simplicity of
the power source. However, this discharge type has a slower reaction rate and a higher
transition to arc probability as compared to higher frequency plasma sources. RF
discharges can be utilized to overcome these limitations. RF discharges are obtained
when the gas is subjected to an oscillating electromagnetic field with frequencies
in the range of MHz. The main distinction that identifies RF plasmas from lower
frequency plasmas is the dynamic behavior of electrons and ions: only electrons
can follow the changes in the radiofrequency electromagnetic field, while heavy
ions remain almost stationary. This is opposite to a low frequency plasma where
both charged species move according to the electromagnetic field. Moreover, since
the quenching time of reactive plasma species is longer than half a period cycle
of an RF source, the stability considerably increases. Hence, RF discharges have
some advantages, such as the less pronounced electron and ion bombardment of
the electrodes, negligible thermal output, better discharge stability, higher electrical
efficiency due to the lower electrode loss and higher electron kinetic temperature
which results in the increased number of radicals, chemical reactions and ionization
processes inside the plasma. This results in a large density of reactive species at a
reduced temperature in comparison to lower frequency discharges [129, 164]. All
these advantages make RF plasmas suitable for surface modification of polyolefins.

MW plasmas can be generated and sustained by electromagnetic radiation in
the frequency range of 300 MHz–300 GHz. The typical frequency is 2.45 GHz,
which corresponds to a wavelength that is comparable to plasma reactor dimensions
(12.24 cm). In comparison with other power generators, MW generators require
lower gas flow rates and powers in order to ignite a plasma. More dissociation of
species also occurs in this system, which may lead to deposition and etching.

3 Plasma Source Configurations

Feasibility, in combination with some attractive properties for technological and
industrial demands, has led scientists to broaden the applicability of plasma sources
by using different configurations. Since the main focus here is directed towards a
partially ionized low-temperature plasma for polyolefin surface modifications, the
description is limited to the main plasma source configurations used for this purpose.
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3.1 Corona Discharge

A corona discharge can be initiated by a local breakdown of gas in atmospheric pres-
sure when the current density is comparatively low. A sufficiently high electric field
in close proximity to the edges or small radii of curvature in a plasma reactor usually
gives rise to a corona discharge development. Due to the electrode geometry and
configuration, ionization occurs locally around tips or sharp points in the absence of
insulating surfaces. It is also possible to ignite such a discharge without the presence
of a grounded electrode. In this case, the surrounding environment acts like one.
Typically, corona discharges contain a drift region positioned between the ionization
region near the tip of the powered electrode and the grounded (low-field) electrode.
This large drift zone can enhance the excitation or recombination of species such
as ions, electrons and neutrals. However, due to inelastic collisions, this region is
depleted from reactive components, and consequently, only a free radical chemistry
happens there. Increasing the current leads first to the production of a burst corona,
which is characterized by simple avalanches. The discharge can change to a regime
where the charge density is high enough to trigger the streamermechanism by further
increasing the current. This highly branched non-uniform streamer, which occurs due
to inhomogeneity in a corona discharge, can go beyond the active zone but cannot
propagate infinitely. In fact, if there is enough applied potential through the conduc-
tive channel, it can lead to a longer streamer that might have better applicability. The
presence of free transient electrons in such streamers makes them capable of disso-
ciating and exciting neutrals. By increasing the current even further, it is possible to
have extreme secondary emission that produces a self-sustained discharge which is
quite similar to a glow discharge. If the secondary emission is really efficient, the
discharge can make the transition to spark and arc [21]. For the treatment of heat
sensitive materials, the latter is, however, undesirable. An alternative approach is the
use of a corona discharge with a shortened lifetime. It has been shown that a pulsed
power supply with a pulse duration between 100 and 300 ns provides an operating
time small enough to prevent the transition from streamer to spark and leads to an
increase in the ionization degree [52]. Consequently, amore ionized environment can
improve the efficiency of the surface treatment. Figure 4 depicts different electrode
configurations that produce structurally different corona discharges [35]. Neverthe-
less, in corona configuration, introducing plain polyolefin film gives a superficial
resemblance to DBDs as the polymer can act as a dielectric barrier. This case is not
valid for polyolefin textiles and fibers.

The generation of a corona discharge with low power and low temperature at
atmospheric pressure opens a wide range of possible applications including treat-
ment of polyolefin materials. The utilization of corona in the surface treatment of
polymer is commercialized. Polyolefins have been ensured to be easily and success-
fully treated with corona discharge resulting in a significant surface oxidation. The
main advantages of this plasma are the simplicity of the design, the generation of
significantly small discharge currents and the possibility towork in atmospheric pres-
sure and using ambient air as the reagent gas. However, the last feature is beneficial
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Fig. 4 Different configurations of a corona discharge. a point to plane; b wire to plane and c wire
to cylinder

only for applications that are dealing with surface oxidation while for other types of
treatment, this aspect can be a necessary restriction. This limitation can be solved by
working with specific gases and in defined ambient conditions. However, this is not
economically efficient and hazardous substances can only be used with designated
suction systems [95].

3.2 RF Discharge

As mentioned before, high-frequency discharges have become more attractive due
to the high density of excited species in low-temperature plasmas which makes
such sources suitable for the surface treatment of polyolefins [93, 165]. The prin-
cipal division in RF plasma sources depends on how the energy is coupled to the
system. Figure 5 shows the two couplingmechanisms, namely capacitive or inductive
coupling.

An Inductively coupled plasma (ICP) is characterized by a magnetic field of an
induction coil or inductor in which the discharge is located. The coil can have a spiral
or helix shape and can be positioned inside or outside the plasma volume. In most
of the ICP arrangements, a quartz tube is used to separate the coil and the discharge
in order to prevent plasma flow through the coil (see Fig. 5a). ICPs can reach a high
electron density while the ion energy remains low. The main advantage of ICPs is the
possibility to control the ion energy fluence, which is responsible for the nanoscale
surface topography, the hydrophilic behavior and chemical properties of polyolefin
as illustrated for argon (Ar) treatment of LDPE [143]. Additionally, the high electron
density in these systems can be used for plasma polymerization purposes.

A capacitively coupled plasma (CCP) accomplishes the power coupling by oscil-
lating electric fields. In this configuration, the plasma is formed between two sepa-
rated parallel metal electrodes, which resembles a capacitor configuration. Another
essential component in CCP systems is the network to match the impedance of the
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Fig. 5 Schematic representation of different RF plasma sources. a ICP and b CCP

generator and the reactor. This matching network reduces the power reflection and
loss from the generator to the reactor. The ion energy that falls onto the polymer
sample in CCP is small; thus, the possibility of polymer damage is low. Neverthe-
less, in order to control the ion bombardment of the substrate, dual frequency CCPs
have been developed, resulting in faster treatment in case of PP [2, 77]. Furthermore,
the structural modification of PP using CCP plasma has been investigated. The crys-
tallite size of PP is prone to be modified depending on the CCP plasma operational
condition [2].

3.3 MW Discharge

MW-induced plasma is mostly generated in a magnetron. In these systems, the elec-
tromagnetic wave is carried by a hollow shaped conductor waveguide to the reactor.
A coaxial cable can also be used as a carrier, but this is performed less frequently,
and therefore, this description focusses on waveguides. The waveguide carries high-
frequency energy of a magnetron with lowered energy loss, only allowing the prop-
agation of TE and TM wave modes into the waveguide. A few different examples of
experimental set-ups will be mentioned below.

For instance, it is possible to couple the waveguide to the plasma by using a quartz
tube positioned perpendicularly with respect to the waveguide where the axial high
electric field exists. The discharge gas is passing through this tube which propagates
the plasma. Figure 6a indicates the typical MW plasma coupled with the waveguide.

Electron-cyclotron resonance (ECR) MW reactor (Fig. 6b) is another configura-
tion usingMWpower. In this configuration, plasma is formed through the interaction
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Fig. 6 Schematic representation of a typical MW-induced plasma with coupled waveguide and
b ECR microwave reactor

between the MW electric field and magnetic field created by a solenoidal electro-
magnet. A superposition of these two fields under resonant condition brings a higher
power to the plasma. Therefore, the reactor consists of a resonance region and a
process part where the polyolefin sample is being treated [27]. This type of MW
configuration is suitable for situations in which a higher degree of ionization and ion
energy is of great importance.

MW induced plasma sources have been widely used for the surface modifica-
tion of polyolefins [70, 96, 137]. One of the advantages of MW plasma sources
is the possibility to work without any electrodes, making it easier to handle and
preventing electrode contamination. Besides, the ignition under different discharge
gases without transition to an arc mode is almost always possible. Both MW and RF
discharges are known for their high radical density because a high power input can
be used. This allows the reduction in treatment time to a few milliseconds, which is
crucial and eligible for industrial applications [6]. However, the spatial limitation for
someMW source designs is a disadvantage which makes the use of arrays necessary
for applications where the treatment of large areas is required.

3.4 DBD

Besides using a pulsed mode corona discharge to prevent spark formation at higher
voltages, a dielectric barrier between the electrodes can be employed. ADBD is a gas
breakdown between two separated electrodes with at least one electrode insulated
with a dielectric. This non-conductive material can be glass, ceramic or a specific
polymer which prevents the generation of sparks and current propagation by the
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Fig. 7 Examples of a surface, b planer and c cylindrical DBD

formation of streamers. Furthermore, a dielectric barrier can control the amount
of energy and charge of filamentary microdischarges and distribute them over an
extended region, thus producing a homogeneous large-scale plasma. Generally, this
plasma can be sustained by an AC, pulsed DC or high-frequency (from lower RF
to MW) source in order to avoid charge accumulation and microdischarges due to
direct currents. DBDs are perfect examples of how dielectric barriers can consider-
ably suppress the large current density and limit the discharge current to avoid the
transition to an arc.

Figure 7 illustrates three different electrodes configurations [17]. Other arrange-
ments of electrodes and dielectric barriers can be subcategorized into these three
configurations. In a volume DBD (Fig. 7b), the plasma filaments need to cross the
gas gap without any contact with the dielectric. In a surface DBD (Fig. 7a), filaments
always develop in direct contact with the dielectric. A cylindrical DBD (Fig. 7c) is
another example of a potential volume DBD configuration. However, to the best of
our knowledge, it is not used in polyolefin surface modification. The sample position
varies for the different plasma source geometries. In volume DBDs, a sample can be
positioned in the plasma active zone between the two electrodes. In surface DBDs, a
sample can be placed next to the powered electrode. DBDs are suitable sources for
polymer surface modification because of their simplicity of operation, the possibility
to work in a wide pressure range at low temperature and the ability to have homoge-
neous surface modifications. Furthermore, this plasma type is easily up-scaled and
has an extensive processing range [17, 19, 79]. All these listed benefits make DBDs
a suitable and preferred option for industrial applications.

3.5 Trends in Plasma Source Technology

Unambiguously categorizing individual sources becomes less straightforward nowa-
days. In recent years, driven by the research intention to develop stable homogeneous
plasma sources at ambient pressure, themajority of plasma sources described in liter-
ature today are a combination of features belonging to the above-described categories.
One of the examples of non-equilibriumplasma sourcesworking at atmospheric pres-
sure is a microplasma. Based on Paschen’s law, the electrode separation should be
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small enough to obtain a lower breakdown voltage at high pressure. Therefore, a
microplasma provides an improved stability by minimizing the dimensions to the
sub-millimeter range. This results in a higher electron temperature accompanied by
a lower gas temperature. Moreover, the accumulation of heat is hardly happening as
a result of a comparatively high surface to volume ratio. This makes microplasmas
suitable for the treatment of heat sensitive polyolefins [37]. Another example of
a plasma source working at high pressure is the plasma jet. It is a system with a
planar or coaxial geometry and a small discharge gap operating at atmospheric or
elevated pressure. Usually, it blows a stream of noble gases outside of the source
which allows the plasma to propagate outside the electrode arrangement. The geom-
etry of the configuration and carrier gas flow can highly control the jet plume shape
and the way it spreads. A plasma jet seems to be homogeneous at first glance while
it actually consists of intermittent high-speed bullets [99]. The applied electric field
has a particular influence on the way these bullets propagate in the environment. A
plasma jet has the exclusive ability to work in almost the total frequency range (from
MW to DC). Another feature of this plasma source is the ability to provide a vast
range of temperatures, which makes it applicable for polymer treatments. A thermal
plasma jet may turn to an arc and is called a “plasma torch”. A non-thermal plasma
jet is found to work under different configurations, as Laroussi and Lu described (Lu
et al., 2012). Figure 8 schematizes the four categories of jets: the DBD plasma jet,
DBD-like jets, single electrode jet, and dielectric-free electrode jet.

DBD jets have become popular in many science areas, ranging from material
processing to medical applications, due to the variety of features they offer and the
possibility to pick a desirable one for each purpose. For instance, a plasma jet can be
generated with up to a 100 mm length and a diameter in the range of few millimeters

Fig. 8 Different configurations of a plasma jet: a DBD-like; b dielectric-free; c DBD and d single-
electrode
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while keeping the gas temperature close to the room temperature due to the low
power density delivered to the system.

As mentioned before, the cost reduction due to the exclusion of vacuum devices
and the design simplicity is advantageous and makes the source popular for the
surface treatment of polyolefins [98, 132, 153]. Another advantage is the possibility
for a remote operation, in which the sample is placed in the proximity (up to few
tens of millimeter) of the plasma jet. Therefore, the treatment is not performed in a
confined space and contact between the substrate and the plasma jet is not necessary,
leading to polymer modification in non-contact mode [11]. As a consequence, the
substrate can be processed by long-lived plasma species carried by the gas effluent.
The treatment with this type of active species may prevent damage to the polymer
surface since the modification condition is mild. Moreover, the miniaturized dimen-
sion makes the processing of complex structures like porous 3D scaffolds, tubular
structures and delicate materials more feasible [122]. Lastly, it has been shown that
samples treated with a plasma jet are more effectively modified compared to volume
DBD-treated samples because of an increased surface degradation during the latter
treatment. Samples modified with a DBD are more exposed to charged particles
and UV radiation as compared to plasma jet-modified samples. Under this condi-
tion, polymer chains are more prone to breaking thus causing degradation of the
polymer [83]. However, a plasma jet can only modify the region where reactive
species formed by the discharge are present. This gives rise to a restriction residing in
non-homogenous surfacemodifications by this discharge type.Nonetheless, this limi-
tation can be solved by implementing multiple arrays of jets and/or a displacement
of the plasma jet(s), similar to MW-induced plasma [61].

4 Plasma Surface Modification Techniques

As previously mentioned, plasma is a mixture of atoms/molecules, electrons, ions,
excited species, radicals and radiation in the UV–visible range. The presence of reac-
tive species like electrons, ions, excited species, radicals and UV radiation makes
plasma a suitable environment for interactionwith a surface. Even the surface of poly-
olefins,which are considered to be quite inert, can bemodified by plasma species. The
reason behind this phenomenon is that the range of dissociation and fragmentation
energy of the bonds in polyolefins (and polymers in general) is low in comparison
to the energy of the plasma species. Furthermore, as plasma only interacts with the
uppermost layer of the surface, the bulk properties can be preserved while altering
the surface properties.

Hence, plasma treatment can be an excellent alternative for surface modifica-
tion of polyolefins, as it is capable of breaking chemical bonds, which can lead
to different surface modifications. The different potential surface interactions are
etching (ablation), cross-linking, functionalization, grafting of specific functional
groups and plasma polymerization, as displayed in Fig. 9. During etching, plasma
interacts with the surface to form volatile products that are removed from the surface.



32 M. Narimisa et al.

Fig. 9 Different mechanisms occurring during plasma surface modification: a cross-linking;
b functionalization; c etching; d grafting and e polymerization

Cross-linking occurs when radicals on the polymer chains recombine. Functionaliza-
tion refers to the formation of functional groups on the surface, while grafting uses
functionalization for the addition of other functional groups to the surface. Plasma
polymerization is used to deposit a coating on the surface. Cross-linking, functional-
ization and grafting are processes that are all typically described by the term “plasma
treatment”. Depending on the selection of the plasma parameters like the gas compo-
sition, power and pressure, the desired surface modification can be obtained [95].
The following sections will give a more detailed overview of plasma etching, plasma
treatment and plasma polymerization.

It should be noted that most of the presented studies have been carried out under
low-pressure and high-frequency plasma environment, despite the need for expen-
sive and complex vacuum equipment. This choice is made because these plasmas
are highly controllable systems with well selected active species, as discussed in
Sect. 2.2.3. Atmospheric pressure plasmas are a suitable alternative for polyolefin
modification, because of the aforementioned absence of vacuum chambers and
pumping time. However, the temperature of the reactive environment should be
maintained sufficiently low to prevent thermal damage of polyolefins. Nonetheless,
a considerable number studies have employed non-thermal plasmas successfully
[20, 103, 107, 119].
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4.1 Plasma Etching

Etching refers to the removal of a boundary layer of material from the surface by
either dynamic physical or chemical processes. Plasma etching is a non-equilibrium
process performed in non-thermal plasma and has some unique features as it is
chemically selective and usually anisotropic. This process involves the removal of
material and the formation of gas phase products by bombarding the surfacewith high
energy ions, neutrals or their combination produced by a high-density plasma (e.g.
capacitively coupled plasma). Plasma etching of polymer surfaces can be performed
over a broad range of pressures and frequencies. However, in order to avoid damage
to the material, the power should be optimized to the used substrate and plasma. This
process is associated with a functionalization of the surface. This functionalization
is preliminary and is followed by etching and formation of gaseous products.

For a successful etching of polyolefin surfaces, plasma discharge gases likeO2, F2,
Cl2 and Ar can be used. During such plasma impact, volatile products like COx, CClx
and CFx will be generated in the plasma reactor [35]. However, it should be noted that
polyolefins are less susceptible to plasma etching than polymers comprising oxygen-
containing groups. Plasma etching can improve the adhesion properties of polyolefins
by increasing their surface roughness and imparting anchor effects. However, the
functionalization can also influence the adhesion properties during etching processes
[142]. Plasma etching will not improve the permeability properties, although cross-
linking effects can positively influence this parameter aswill be discussed in Sect. 4.2.
It is worth mentioning that the combination of an RF source and a plasma jet has
also triggered the etching of polyethylene, as shown in a study conducted by Fricke
et al. This research has provided information on the removal of microorganisms and
therefore the decontamination/sterilization of the surface [50].

Application-oriented studies that are focused on the plasma etching of polyolefins
are somewhat limited. However, some more fundamental studies focusing on the
etching rate exist. This parameter is controlled by several process characteristics, such
as the discharge gas, gas flow rate and reactor composition. The former characteristic
is studied by Kwon et al., who have shown that an Ar RF plasma has a lower etching
rate than a mixture of Ar with O2, because O2 can rapidly remove the oxidized or
broken bonds on the top layer of polyolefin films [84]. The comparison between N2

and O2 ICP discharges for plasma etching has demonstrated a higher etch rate and an
increased roughness in case of oxygen treated samples, but similar trends in etching
rate for both discharge gases [64]. On the other hand, modifying the gas flow rate
enables the control of the etching rate. It is assumed that this rate increases rapidly
by increasing the gas flow rate until it reaches a maximum value that depends on
the discharge gas. A further increase in the gas flow rate leads to a decrease in the
etching rate [22]. An example of the etching rate control via the reactor composition
is the use of a grounded metal screen in the reactive region (Faraday cage). This has
enabled the elimination of ions from the reaction region in the RF plasma etching
of PE by fluorine gas, which resulted in a larger fluorination depth [4]. The etching
rate can influence the structure of polyolefins after plasma treatment. In the case of
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PE, after plasma exposure, a lamellar structure of crystal or amorphous phases can
be associated with a different etching rate. This structure does not even change after
ageing [41, 168].

4.2 Plasma Treatment

4.2.1 Plasma Activation

This approach implies the introduction of different functionalities and/or the modi-
fication of already present functionalities on the chemically inert surface by a gas
discharge, without introducing monomers. For this purpose, different gases can be
used. A first distinction can be made between noble gas plasmas and other discharge
gas plasmas. Theoretically, the former type of plasmas can only generate free radi-
cals on the surface by dissociation and fragmentation of the surface bonds, as the
generated plasma species will not be incorporated on the surface. Other discharges
cannot only generate free radicals as the formed plasma species can also couple to the
surface and induce functional group formation. In both plasma types, the remaining
free radicals will react with ambient air, leading to the incorporation of oxygen-
containing functionalities onto the treated surface. Furthermore, the coupling of free
radicals leads to cross-linking in the polymer matrix, which competes with the degra-
dation and functionalization of the polymer. In polyolefins, free radicals can be either
created by C–C or C–H bond dissociation, as depicted in Fig. 10, which employs
PE as an example. The former process leads to a functionalization with a degrada-
tion while the latter process leads to only a functionalization. Because of the excess
of energy in plasma and the similarity between C–C and C–H bond dissociation,
plasma parameters should be carefully tuned to obtain the desired surface modifica-
tion. The functional group density after plasma activation increases with respect to
the treatment time and reaches an equilibrium after a certain time [7, 151].

As mentioned before, plasma surface modification has certain advantages over
other techniques, as it can cause less thermal and chemical damage to the surface

Fig. 10 Polyethylene C–C and C–H bond dissociation and the consecutive reactions
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under appropriate conditions, uses a significantly smaller time interval and is solvent-
free. However, there are also some disadvantages of using plasma for surface activa-
tion. Firstly, completely selective surface reactions are almost impossible to achieve,
which leads to surfaces that have no unique functionality. Secondly, the level of
surface functionalization by plasma is smaller than by wet chemical methods that
have been well studied for a long time for such purposes [18, 28]. Thirdly, plasma
activated surfaces are prone to ageing. This is an effect of surface adaptation in
which the surface tends to minimize the surface and interface free energy and returns
to a lower energy state. Reorientation of the plasma-induced polar groups toward
the interface can explain this phenomenon [140]. However, these problems pose no
limitation for most polyolefin applications, as the surface energy modification is
most often sufficient and the ageing can be circumvented by performing post-plasma
modifications directly after the treatment.

A wide variety of plasma process parameters can influence the activation process,
like the plasma power and treatment time, which can be described together as energy
density, the pressure and the discharge gas. Švorčík et al. have even indicated that
the chemical structure of the substrate could influence the treatment, as LDPE and
HPDE have shown different properties in terms of wettability, creation of conjugated
double bonds, ageing rate, degree of cross-linking, incorporated oxygen percentage
and surface roughness when both were exposed to the same Ar plasma [168]. With
respect to the influence of plasma pressure, Shenton et al. have compared atmospheric
pressure and low-pressure RF plasma surface modification of polyolefins [139].
These two types of plasma can induce a similar treatment effect on the surface,
but with a different degree. Also the involved processes differ, as electron and ion
bombardment and VUV and UV photons may all play a significant role in a low-
pressure plasma, while it is unlikely that these species contribute to the surface
modification at atmospheric pressure.

A wide variety of discharge gases is used for the surface modification of poly-
olefins. In the following sections, these gases are discussed in more detail. These
different gases are researched both for fundamental and application-based reasons.
For the latter reason, some gases are studied for the improvement of the surface
free energy and adhesive bonding, while research also focuses on addressing the
problem of gas and vapor permeability as discussed in the introduction. Typically,
the introduction of polar functional groups via a wide variety of gases solves the
former problem, since it increases the surface free energy and improves adhesion
and wettability of the polymers [39, 98]. During the activation process, the previ-
ously described process of plasma etching may also take place, which leads to a
roughness increase of the surface. On the other hand, the gas and vapor permeability
are examined after a plasma-induced cross-linking effect.

Ar and He Plasma

As mentioned before, Ar and He plasmas are theoretically unable to incorporate new
functionalities onto the surface and thus a surface functionalization proceeds through
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reactions between the generated surface radicals and the ambient air. This results
in the incorporation of multiple oxygen-containing functionalities such as peroxide,
carboxyl, hydroxyl and carbonyl groups on the polyolefin surface. It should, however,
be noted that impurities in the discharge chamber like water vapor or air could lead
to similar surface oxidation during the plasma process. This leads to a lower amount
of free radicals on the surface before exposure to ambient air. The introduction of
oxygen-containing groups alters the surface free energy, which determines the degree
of wettability and adhesive capability [53]. For example, UHMWPE performance in
shoulder prostheses can be enhanced by surface activation through Ar and He DBD
plasma at atmospheric pressure. It was demonstrated that oxygen incorporation on
the surface increases the adhesive interactions between UHMWPE and bone cement.
Moreover, an increase in the cell adhesion has been reported through this plasma
activation process [155].

Besides surface functionalization, Ar and He plasma are also of interest for the
cross-linking of the surface because the radical formation is not competing with the
functionalization, as compared to other gases that are mentioned in Sects. 4.2.1.2–
4.2.1.4 [33, 62, 86, 169]. The cross-linking effect of He plasma can be applied as
a pre-treatment of the substrate to prevent ageing of a subsequent treatment. For
instance, plasma pretreatment has been performed prior to NH3 treatment that is
used to improve adhesion with aluminum deposited by metallization. The result
showed that the adhesion degradation is minimized when applying this pretreatment
[147]. Lin et al. have illustrated that Ar plasma activation with an RF source could
reduce n-hexane permeation through HDPE bottles [94].

Nitrogen-Containing Plasma

Nitrogen-containing plasmas like nitrogen, ammonia and N2/H2 plasma can incor-
porate nitrogen functionalities like amines, imines and amides [37, 39, 45, 104, 159].
Also surface radicals can be introduced, leading to a similar oxidation asmentioned in
the previous section. The introduction of these oxygen-containing functional groups
can lead to an increase in thewettability [48]. In general, nitrogen-containing plasmas
enhance the surface free energy which is desired for applications like dyeability,
printability or biocompatibility [95]. For example, Hollahan et al. have used an
ammonia-based RF plasma to introduce amine groups on different polymers like PP
to improve blood compatibility. The ammonia is dissociated in the plasma, forming
NH2 radicals, which can combine with carbon radicals on the polymer surface to
form amine groups [67]. Furthermore, N2 pulsed arc plasma has shown potential
in ion implantation of Cu and Ag antimicrobial reagents on PE surfaces, providing
a considerable antibacterial performance against E.coli and enhancing cell growth
[166, 167].

Nitrogen-containing plasmas do not always incorporate nitrogen functionalities.
Sanchis et al. have used a nitrogen RF plasma to increase the wettability of LDPE for
improved adhesion to polyolefin foams for automotive industry applications. This
treatment only resulted in oxygen functionalities on the surface. The amount of these
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functionalities was similar to the amount introduced by the oxygen plasma. However,
the mechanism of oxygen incorporation was different, as the oxygen plasma expo-
sure resulted in direct functionalization, while the nitrogen plasma exposure intro-
duced oxygen-containing functional groups via post-plasma reactions with ambient
air [130].

Oxygen-Containing Plasma

Oxygen-containing plasma comprises a variety of possible discharge gases like CO2,
CO, O2 and air. Although air mainly contains nitrogen, it can be classified in this
category because it primarily produces oxygen-containing functional groups since
oxygen is by far more reactive than nitrogen. Moreover, nitrogen-containing inter-
mediates increase the atomic oxygen formation. Air and oxygen plasmas in vacuum
have revealed a variety of oxygen containing functionalities [121]. A low-pressure
RF plasma ignited in oxygen or air and applied forHDPE treatment, for example, was
found to successfully increase its surface micro-hardness and incorporate carbonyl,
carboxyl, ether and peroxide groups on the modified surface, which improved its
wettability [92]. Multiple studies have focused on increasing adhesive bonding to
polyolefins by air and/or oxygen plasma. A recent investigation has indicated that
the shear strength of adhesive-bonded joints of two PP films made after low-pressure
air or oxygen RF plasma treatment is significantly higher than the shear strength
obtained from joints with only-degreased surfaces [102]. Furthermore, Murthy et al.
have observed that the bond strength between glass reinforced PP and HDPE panels
can be significantly increased after treatment with an air plasma jet, which could be
directly associatedwith the increase in surface energy of both surfaces [131]. Also air
DCdischarge plasma has shown the ability to increase the adhesive bonding ofHDPE
and PP to steel as a secondary structure in assemblies for the automotive industry. In
this case, the lap shear, tensile strength and surface free energy reach maximal values
after which they decrease again, indicating a specific optimal plasma treatment for
this particular experimental condition [14]. Other studies on an air DBD and air
plasma jet, however, indicated that the surface oxidation and associated wettability
reached an equilibrium after a certain treatment time [31, 75].

CO2 and CO plasma can add oxygen-containing groups on the treated surface of
polyolefins due to the presence of oxygen-containing reactive species in the reacting
chamber. Apart from the alcohol, ketone and carboxylic acid functional group incor-
poration, substrate degradation and cross-linking can occur. This stabilizes the modi-
fied surface, as was illustrated with PP [5]. Utilizing aMW discharge at low pressure
can produce carboxylic acid groups on the surface. Moreover, it was demonstrated
that the degradation via chain scissions has a heterogeneous effect since it mainly
affected amorphous zones [106]. An addition of H2O to a CO2 MW plasma did
not improve the surface functionality, as HDPE treated in the CO2/H2O plasma
demonstrated a lower percentage of carboxylic acid on the modified surface [115].
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Halogen-Containing Plasma

Haloform plasmas are often reported to introduce a mono-sort of halogen groups.
This designation is based on the ability of these plasmas to introduce mostly one
type of chemical bonds, which is distinct from other plasmas. Namely, C-X bonds
are mainly incorporated on the polyolefin surface, in which X is a halogen atom.
CF4plasma is one type of a haloform plasma that typically enhances the surface
hydrophobicity [30, 76]. The fluorination mainly happens due to the substitution of
H by F atoms in the polyolefin chain, leading to the formation of CF, CF2 and CF3
groups on the surface. It has been demonstrated that VUV radiation enhanced the
surface treatment efficiency in RF glow discharges. Fresnais et al. have used a MW
discharge to ignite a mixture of CF4 with oxygen, which was proven to preserve the
hydrophobic characteristics together with a lower surface roughness of the treated
LDPE substrate [49]. One of the application examples of plasma fluorination is the
enhancement of the PP surface properties to prevent fuel permeation through the
walls of such polymeric containers. Although the wet chemical treatment can be
used to achieve the same aim, it shows deeper altering effects in terms of the thick-
ness of fluorinated surface (5000 nm) compared to a plasma functionalization (10–
100 nm). Nevertheless, the barrier efficiency remains the same in both approaches
[57]. Also SF6 plasmas have the capability to fluorinate polyolefins, as demonstrated
by Amorim et al. The treatment introduced, besides fluorine-containing functional-
ities, a significant amount of oxygen and a small amount of sulfur to the PP surface.
However, it still resulted in a decreased surface wettability [3]. Other examples of
mono-functionalization processes are bromoform and chloroform plasmas, which
can produce a single surface functionality with high yields [56, 78, 162]. One of the
necessary conditions to achieve amono-sort functionalization is performing the treat-
ment in low-pressure plasma reactors since they provide an excellent control over the
discharge parameters and thus the final surface modification. Results indicated that
the bromination by using a RF plasma is very selective and has less undesired side
products. Moreover, the post-plasma oxidation in this functionalization was small
compared to the fluorination process [55].

Hydrogen Plasma

Hydrogen plasma differs from others because of its particularly intense broadband
emissions in the VUV region (below 170 nm). These photons are also the main
reason why the primary outcome of such plasma treatment is cross-linking and the
formation of double bonds. These changes in the polyolefin structure increase the
surface density, which results in the reduction of the permeability of the surface layer
[13, 68, 124].
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4.2.2 Plasma Grafting

Plasma grafting is the second type of plasma treatment in which the activation step
is used to covalently bind molecules on a surface. Plasma grafting can be performed
via post-plasma grafting or syn-irradiation grafting (direct grafting). In the former
approach, the sample is first functionalized by a plasma activation step. Within this
approach, a distinction can be made based on the surface chemistry used for grafting.
In the first post-plasma grafting technique, Ar or He plasmas are most commonly
used to introduce radicals onto the surface. Typically, these radicals will react with
the ambient air after the treatment, leading to the formation of peroxide and hydroper-
oxide groups, as mentioned before, although the radicals could also be used to start a
radical polymerization reaction directly by introducing themonomer in the gas phase
after the plasma is turned off. The latter strategy is, however, not frequently used.
The aforementioned peroxide and hydroperoxide groups are then used as initiating
sites for grafting polymerization. The monomer can be added in the gas phase or the
substrate can be immersed into a monomer solution, after which polymerization is
initiated by an increase in temperature or by UV radiation, for example [37]. This
process leads to covalent bonding of a particular functional group to the surface with
a composition similar to the typical polymerization, as the monomer is not intro-
duced during the plasma exposure. Polyolefins are good candidates for this process,
as the response to the plasma surface oxidation is fast and leads to the introduc-
tion of the desired chemical functionalities. Figure 11a illustrates the first type of
post-irradiation plasma grafting, which is sometimes referred to as plasma-induced
graft (co)polymerization [141]. The grafting quality depends on the initial radical
density, the monomer quantity and reactivity and the reaction time [73, 125]. This

Fig. 11 Schematic representation of the post-irradiation plasma grafting steps. a plasma-induced
graft (co) polymerization onto plasma-generated (hydro) peroxides and b grafting of molecules on
plasma-generated functional groups (*)



40 M. Narimisa et al.

technique can be performed with a wide variety of monomers like acrylic acid and
different acrylates, such as glycidyl methacrylate, methyl acrylate, and 2-hydroxy
ethylacrylate [73]. Polyolefins functionalizedwith the help of post-irradiation plasma
grafting are mainly researched for biomedical applications. For instance, polyethy-
lene has been grafted with styrene via CCP Ar plasma for the enhancement of the
surface biocompatibility [58]. This study has concluded that the chemical nature of
the monomer grafted onto the polymer is more critical than the oxidation induced by
the plasma. Biomolecules can also be immobilized on plasma grafted polyolefins.
An example is the immobilization of chitosan on plasma grafted acrylic acid making
use of oxygen RF plasma on PP-based sutures via a carbodiimide-mediated reaction.
Additionally, different antimicrobial agents have been coupled to the suture which
leads to drug release properties and an enhanced antimicrobial activity [134].

As mentioned before, a distinction in post-plasma grafting can be made based on
the surface chemistry used for grafting. Besides using (hydro) peroxides or radicals
for initiating polymerization, other plasma-induced functional groups can be used
to immobilize molecules, as illustrated in Fig. 11b. This resembles the immobiliza-
tion after plasma grafting as described above. A frequently used functional group
for molecule immobilization is a primary amine. As mentioned before, nitrogen-
containing plasma can activate the polyolefin surface and introduce NH2-groups
[46, 159]. For example, Ghasemi et al. have immobilized the enzyme trypsin on
ammonia plasma treated polyethylene films via a glutaraldehyde linker. The alde-
hyde functionality of the linker can react with a primary amine on the surface and
the enzyme, forming an imine which is subsequently reduced by sodium cyanoboro-
hydride leading to a chemically stable secondary amine [59]. Another employed
strategy is the use of CO2 plasma for the introduction of carboxylic acid groups.
Vartiainen et al. have immobilized glucose oxidase and chitosan on N2/CO2 plasma-
treated PP for antimicrobial packaging applications and have compared it with
N2/NH3 treatment. The N2/CO2 DBD plasma treatment was reported to generate
carboxylic acid functionalities on which the bioactive molecule can be immobilized
via a carbodiimide-mediated reaction. Glutaraldehyde was again used as a coupling
agent for the N2/NH3 plasma treated polymer, but without the reduction step. The
density of primary amines was higher than the density of carboxylic acid groups,
and the enzymatic activity and amount of immobilized chitosan were both higher
for the N2/NH3 plasma treated PP [156, 157]. Plasma treated polyolefins can also
be modified via less conventional chemical reaction pathways. Habib et al. grafted
the antioxidant ascorbic acid (ASA), which also has antibacterial characteristics, on
LDPE after air plasma treatment [63]. They suggested that the post-plasma grafting
reaction proceeded via deprotonation of ASA by alkoxyl radicals, which originated
from the decomposition of (hydro) peroxides on the plasma treated surface, after
which the ASA-radical can interact with double bonds that were also formed during
the plasma treatment. As such,ASAcan be covalently grafted onto the LDPE surface,
imparting the material with antibacterial properties towards Escherichia coli and
Staphylococcus aureus.

Syn-irradiation grafting is the other main plasma grafting approach. During this
process, a monomer or molecule is adsorbed onto the substrate and subsequently
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Fig. 12 Schematic representation of syn-irradiation plasma grafting steps. (*) is the desired
chemical group

exposed to plasma. During the plasma exposure, radicals are generated in the
adsorbed molecule layer, which leads to a coupling of the molecules to the surface
and between each other. Most often, a monomer is used, which leads to the formation
of a cross-linked polymer layer. Figure 12 shows the steps of syn-irradiation plasma
grafting. An example of a simplemonomer syn-irradiation plasma grafting step is the
study of Prachar et al., in which tetraethoxysilane (TEOS) has been adsorbed onto the
surface of PP via CCP air plasma exposure. The induced silicon functionalities have
led to a permanent hydrophilicity of the substrate [126]. Bigger molecules can also
be grafted via this method [117]. An example is the immobilization of dyes on PP,
LDPE andHDPE for the fabrication of coloredmaterials [34]. In this type of process,
the preservation of the monomer or molecule is of importance to obtain the desired
surface functionality. This needs an optimization of the plasma parameters, as side
reactions can occur during the plasma exposure. These side reactions increase the
heterogeneity, which is usually not desired in the process of grafting. Therefore, post-
plasma grafting is more favorable than syn-irradiation plasma grafting to have higher
homogeneity and specificity, as the grafted molecules will only resemble the conven-
tional polymer completely in the former technique. Syn-irradiation plasma grafting,
however, forms a more straightforward method, as the wet chemical treatment step
is limited to a dipping or spraying procedure.

4.3 Plasma Polymerization

The term “plasma polymerization” is often employed to describe a variety of
processes in which the introduction of precursors into a plasma results in the depo-
sition of a coating [100]. Plasma-enhanced chemical vapor deposition (PE-CVD) is
the most frequently used type of plasma polymerization for polyolefin surface modi-
fication. Therefore, this specific technique will be discussed in more detail in the
following paragraphs. Also, all the examples of plasma polymerization that will be
explained in detail in this section refer to PE-CVD processes. PE-CVD is a coating
technique in which an organic monomer in the vapor phase is introduced in a plasma,
leading to the conversion of the monomer into reactive fragments and subsequent
polymerization. This can occur in the gas phase or on a substrate placed in the plasma,
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which usually results in the deposition of highly cross-linked films [71]. Typically,
ions created in the plasma phase can bombard the surface and the coating, leading to
an etching of the growing film [37]. The monomer can be, but does not need to be,
a molecule that can polymerize via conventional polymerization techniques. In the
former case, the resulting plasma polymer will not resemble a polymer obtained via
these conventional techniques becauseof fragmentationof themonomer structure and
the aforementioned cross-linking process [100]. There is also a difference between
plasma polymerization and plasma grafting. The former technique applies a coating
that is based on the monomer structure onto a substrate, although the monomer func-
tionality is not completely preserved. The latter technique, however, leads to covalent
grafting of molecules to the substrate that preserves the monomer/molecule structure
[37].

During the plasma polymerization process, the monomer (alone or with a carrier
gas) is fed into the plasma discharge or afterglow. Similar to plasma activation,
plasma polymerization can be performed at low pressure, intermediate pressure and
atmospheric pressure [100, 154]. The plasma process and the resulting coating is
influenced by a number of other parameters besides the pressure, like the chem-
ical structure of the monomer, the monomer flow rate, the carrier gas flow rate and
the plasma power. The most important factor that affects the plasma polymer prop-
erties is the energy applied per monomer molecule. Yasuda proposed a parameter,
W/FM (withW: power (W), F: monomer flow rate (mol/s), M: molecular mass of the
monomer (kg/mol)), to represent the energy input per unit mass of monomer [148].
Increasing the energy applied per monomer molecule (or increasing W/FM) leads to
a higher precursor fragmentation. This is considered to be beneficial for the stability
of the coatings, which is in some applications of significant importance. However,
more fragmentation will usually lead to a loss of the initial monomer composition
in the resulting coating as well. This can be an unwanted effect, as the preservation
of the monomer functionality is crucial for some purposes [148]. To improve the
monomer functionality retention, a pulsed treatment cycle can be used. During the
on-periods of the pulses, which are usually in the order of microseconds, monomer
activation and generation of reactive site on the surface occur, while polymerization
can take place during the off-periods, usually in the order of milliseconds, in which
the influence of UV-, ion-, or electron-induced damage to the growing film is limited.
This leads to higher retention of the monomer functionality, while stable coatings
can be obtained [12]. Plasma polymerization can be performed in a wide number of
source configurations of which DBD, RF and MW are the most frequently used.

The following sections will give an overview on different monomers used for
PE-CVD on polyolefin substrates. This technique is applied for solving both general
problems related to polyolefins. However, some coatings are mainly studied because
they can increase the barrier performance of polyolefins, like silicon-oxide coatings
(Sect. 4.3.1) and carbon-hydrogen coatings (Sect. 4.3.2), while other coatings are
mainly applied to modify the surface free energy, like COOH- and amine-rich coat-
ings (Sects. 4.3.3–4.3.4). Section 4.3.5 will shortly discuss less studied coatings and
the last section will discuss grafting on plasma polymerized coatings.
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4.3.1 Silicon-Oxide Coatings

Plasma polymerization of organosilicons has been widely applied on polyolefins for
the creation of silicon-oxide (SiOx) coatings [72, 102, 113, 114, 133]. These coat-
ings have attracted interest because of their wide application range in several fields
as they impart good scratch resistance, thermal stability, reduced friction, adjusted
wettability, flame retardance and gas–vapor barriers. For polyolefin applications,
the latter characteristic is the most important. Organosilicon precursors are char-
acterized by their sufficient volatility near room temperature, affordability, relative
non-toxicity and non-flammability [109, 113, 136, 161]. Moreover, a large variety
of potential reactants are commercially available such as hexamethyldisiloxane
(HMDSO), tetramethyldisiloxane (TMDSO), tetraethoxysilane (TEOS) and tetram-
ethoxysilane (TMOS). Particularly, HMDSO is preferred over other monomers in the
broad majority of studies involving organosilicon plasma polymerization due to its
highly organic character, high vapor pressure and ability to deposit siloxane coatings
at low temperature [88, 109]). Since polyolefins are widely used in the pharmaceu-
tical and food packaging sectors, the enhancement of their gas-barrier properties is
critically required for a better product conservation. In this sense, polyolefins started,
a few decades ago, to constitute one of the main substrates in the studies of HMDSO
and other organosilicon plasma polymer coatings. It is worth mentioning that among
all polyolefins, PP is by far the most considered in such studies because of its more
prominent position as packaging polymer given its transparency, low specific weight
brilliance and low density at considerably low costs [80, 136]. HMDSO plasma poly-
merization will deposit coatings resembling polydimethylsiloxane (PDMS) at low
powers, which compromises the barrier performance. This behavior was compen-
sated by increasing the oxygen toHMDSOmonomer ratio, which reduces the organic
amountwithin the plasma-polymerized coatings. This leads tomore inorganic quartz-
like deposits generally exhibiting higher barrier performance [81]. The challenge
with the inorganic coatings is to have a crack-free coating as this will lower the
barrier performance. Moreover, because of the use in food and pharmaceutical pack-
aging applications, the necessary autoclaving also tends to induce cracks on the SiOx
coatings. This can be enhanced by first depositing a PDMS-like coating or by using
a vertical gradient in the coating from PDMS-like to SiO2-like by progressively
increasing the oxygen to HMDSO ratio. In this way a combination of favorable
thermal, adhesive and mechanical properties on the one hand, and adequate barrier
performance on the other hand is reached [80]. More recently, an atmospheric pres-
sure plasma jet deposition of silica barrier coatings on PP was proposed by Scopece
et al. as an alternative to the traditional high cost vacuum systems. One of the major
downsides of the atmospheric plasma processes is the formation of powder during
deposition. This can compromise the durability and quality of the generated coat-
ings. Moreover, the formation of cracks was also observed on the coatings as a
result of a thermal fatigue phenomenon after the repetitive heating and cooling steps
inducedby the repetitive plasma jet passages.Despite these drawbacks, the gas barrier
performance of PP was improved by a factor of 2. Increasing the deposited coating
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thickness or applying multiple coating layers were shown to exhibit an additive gas
barrier character [136].

4.3.2 Carbon-Hydrogen Coatings

Next to the silicon-oxide coatings, carbon-hydrogen coatings have also been
deposited on polyolefins via plasma polymerization to enhance their gas-barrier
properties [9, 69, 94, 145]. This polymerization can be performed using any gaseous
hydrocarbon monomer. However, for an easy processability, methane (CH4), acety-
lene (C2H2) and ethylene (C2H4) are generally selected. The properties of the
obtained amorphous coatings are mainly influenced by the cross-linking degree
and to a lower extent by the use of saturated or unsaturated monomers. Methane
is characterized by considerably reduced deposition rates compared to ethylene and
acetylene [66]. Lin et al. have conducted a comparative study between methane and
acetylene plasma polymerizations done by an RF discharge to coat the inner surface
of HDPE bottles. When using methane as precursor, free radicals were generated
by the hydrogen detachment solely, which yields plasma polymers with low number
of trapped free radicals. However, acetylene polymerization led to the formation
of di-radicals and as such, the production of plasma polymers with considerably
higher number of free radicals. As a consequence of this high free radical concen-
tration, large amounts of oxygen-containing functionalities were incorporated onto
the surface, even though the base monomer had no oxygen. Therefore, the O/C ratio
of the acetylene-derived plasma coatings was 6 times higher than that of methane
plasma-polymerized surface. Under optimal parameters, a significant reduction in
gas permeation is detectedwhen using acetylene in comparison tomethane but also to
trimethylsilane, acrylic acid plasma polymerizations and Ar plasma activation. This
ismainly due to a combination of surface tightness and an increase in polar functional
groups on the surface [94].When increasing the input energy, the internal stresswithin
the hydrocarbon network intensifies leading to the generation of diamond-like carbon
(DLC) coatings [66]. DLC films consist of amorphous carbon with graphite struc-
ture comprising sp2 bonds and diamond structures comprising sp3 bonds. Moreover,
DLC coatings are characterized by their lubricating properties, toughness, abrasion
resistance, biocompatibility and chemical stability. In addition to their prominent
role as gas-barrier, DLC films are also used to enhance the adhesive properties of
polyolefins. In fact, the low adhesion of polyolefins is a limiting factor occasionally
preventing them from being widely used particularly in the biomedical applications
demanding an enhanced adhesion [69, 145]. Takahashi et al. have indeed shown that
the low-adhesive surface of LLDPE and HDPE could be substantially improved after
applying a DLC coating resulting from an acetylene plasma polymerization done via
a RF plasma device. However, other polyolefins such as LDPE, isotactic PP and
syndiotactic PP did not show higher adhesive properties because of the low adhesion
between DLC and the 3 polyolefins. This adhesion can be improved by a number
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of different strategies like plasma etching or activation prior to plasma polymeriza-
tion. For example, Baba et al. used H2O and O2 plasma prior to acetylene plasma
polymerization [9].

4.3.3 COOH-Rich Coatings

Besides the use of plasma-coated polyolefins in many technological fields neces-
sitating barrier and protective coatings, other particular plasma coatings are also
continuously being developed for other purposes. The major field for COOH-rich
coatings is the enhancement of the cytocompatibility of polyolefins for their use
in the biomedical field. These functionality can also be introduced by plasma acti-
vation of polyolefins, because of the carbon-hydrogen nature of these polymers.
As already mentioned in the introduction, the main downside restricting the use
of unmodified polyolefins in the biomedical domain is their inadequate biocom-
patibility stemming from their hydrophobicity and low surface energy [111, 128,
135]. Therefore, among other plasma polymers, COOH-rich coatings are the most
frequently deposited on polyolefin substrates in order to improve cell-surface inter-
actions [29, 128]. In fact, COOH groups substantially enhance polyolefin surface
wettability and favor the interactions with some cellular receptors thus stimulating
several signaling pathways and metabolic processes. Consequently, COOH-dense
coatings support the adhesion, proliferation and differentiation of a broad variety of
cell types [15, 23, 29, 65, 112, 128, 138]. Moreover, COOH functionalities are sensi-
tive to changes in the pH of the milieu in which they are submerged making them
promising candidates in drug-delivery applications involving the release of a drug in a
pH-specific environment [111]. Plasma deposition of carboxylic films on polyolefins
was mainly performed using the unsaturated acrylic acid (AA) or maleic anhydride
(MAA) monomers at low, medium and atmospheric pressures with a high retention
of COOH groups [74, 112, 149]. However, the main issue of plasma-polymerized
COOH films is their low stability in aqueous environments. If deposited with unsuit-
able plasmaworking parameters, the coating can rapidly dissolve, not only abolishing
the coating effect but also drastically acidifying the surroundings. This acidification
constitutes a major drawback in the biomedical applications as it yields harmful
effects on tissues and cells, similar to what is perceived during infection [29, 38,
47, 111]. Therefore, several studies have tackled the stability of plasma-polymerized
COOH–rich coatings on polyolefins while maximally preserving the high density of
COOH by two approaches: (1) enhancement of the adhesion between the coating
and the substrate via a surface pre-polymerization treatment and (2) improvement of
the coating cohesion strength via increasing the cross-linking by carefully selecting
the plasma parameters [111, 112, 128, 135]. Typically, these type of coatings contain
next to carboxyl functionalities a wide variety of other oxygen-containing function-
alities like alcohols, ethers and ketons [135]. Most studies investigate this plasma
polymerization on flat polyolefin surfaces, but Nistico et al. subjected hernia-repair
PPmeshes to an RF pulse discharge plasma polymerization of AA to confer adhesive
properties and therefore, reduce undesired displacements of the meshes [118].
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4.3.4 Amine-Rich Coatings

BesidesCOOH-rich coatings, amine-rich coatings are also regularly studied for poly-
olefin surface modifications for biomedical applications [10]. These coatings have
a more favorable wettability in comparison to untreated polyolefins and protonated
amines can introduce localized positive charges on the surface if placed in aqueous
solution at physiological pH. This can lead to electrostatic interactions with nega-
tively charged cells and proteins [8]. Different precursor gases like organic amines
(e.g. allylamine), (3-Aminopropyl) triethoxysilane (APTES) and mixtures of acety-
lene/ethylene and nitrogen or ammonia are used to deposit amine-rich coatings [8,
[40, 54, 60, 150, 158]. Typically, these coatings possess a complex nitrogen-rich
chemistry that includes, among others, nitriles, imines and primary and secondary
amines. Furthermore, oxygen can interact with the surface after exposure to ambient
air, leading to the formation of amides and conventional oxidation products like
peroxides. Traces of oxygen-containing species in the discharge can also lead to this
type of functional groups in the plasma polymer [8, 150]. Different studies have
shown that amine-rich coatings can improve cell adhesion. The plasma polymer-
ization of allylamine on UHMPE in a medium pressure DBD indicated a good cell
viability in comparison to the bare polymer, for example [8]. The cell-interactivity
of a plasma polymerized ethylene/N2 mixture was used to synthesize micropatterns
for controlled cell culturing on PP. The coatings were deposited with an atmospheric
pressure DBD and the patterns were fabricated using a mask [60]. Another appli-
cation that is researched is the use of amine-rich coatings on COPs. As mentioned
in the introduction, COPs and COCs are emerging as biosensor devices and plasma
polymerization of functional coatings can be interesting. APTES is plasma poly-
merized in a RF plasma source to add primary amines on the substrate, which can
be used for covalent attachment of target molecules like active antibodies or DNA
molecules [158].

4.3.5 Other Plasma-Polymerized Coatings

This section gives a short overview of plasma polymers with other functional groups
than the aforementioned functionalities. Alcohol functional groups can be introduced
via plasma polymerization of allyl alcohol. Besides hydroxyl groups, ether, epoxy,
carboxyl and carbonyl groups can be found in these coatings [42, 116]. Nihlstrand
et al. have performed adhesion tests between the coating, deposited by a RF plasma
source on different thermoplastic polyolefins or polyolefin rubber, and lacquer.
At appropriate plasma parameters, excellent lacquer adhesion could be observed.
Increasing the power led to a lower amount of hydroxyl groups and a decreased
adhesion performance. The variation in the adhesion performance is attributed to
VUV emission during the plasma deposition, which leads to radical creation in the
near-surface region of the substrate. This can cause chain scission reactions which
can lower the cohesive strength of the substrate [116]. Friedrich et al. have tested the
peel strength of an aluminum layer deposited on plasma polymerized allyl alcohol
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on PP by an RF plasma source and have compared it with plasma polymerized ally-
lamine and acrylic acid. It was observed that the adhesion between the coating and
the aluminum increased in the following order: allylamine << allyl alcohol < acrylic
acid [54].

Plasma-polymerized poly (ethylene glycol) films are of interest for biomed-
ical applications in which complete surface inertness is required, as these coat-
ings can resemble the native polymer which is known for its antifouling behavior.
As mentioned in the introduction, polyolefins are not completely inert in biolog-
ical environments, which can for example lead to inflammatory responses when
implanted. Choi et al. have deposited these coatings on PE in a RF plasma reactor
and have performed in vivo evaluations. After 4 weeks of implantation, it could be
observed that the coated substrates caused a lower degree of inflammation, fibrous
tissue proliferation and toxicity as compared to the bare PE, illustrating the superior
biocompatibility and minimum toxicity of these type of coatings [25].

Fluorocarbon plasma polymers are another type of coatings applied on poly-
olefins. Different precursors can be used like trifluoromethane/ethylene mixtures and
octafluorocyclobutane [144, 160]. A hydrophobic fluor-rich coating with CF-, CF2-
and CF3-bonds is usually obtained [144]. Walker et al. have observed that plasma
polymerization of a trifluoromethane/ethylene mixture in a MW source results in PE
with increased barrier performance to toluene [160].

4.3.6 Grafting on Plasma Polymers

Similar to plasma grafting on polyolefins, plasma polymerized coatings can also be
used for immobilization purposes. A variety of studies has used plasma polymers for
grafting, but only a limited amount has focused on polyolefin surfaces. An explana-
tion for this limited interest can be due to the fact that the introduction of functional
groups by plasma activation for subsequent immobilization is sufficient by itself for
the intended applications, leading to a lacking need for grafting on plasma polymers.
Another explanation could be that this grafting technique is mainly of importance
in the biomedical field, where materials like titanium, polyethylene terephthalate
and biodegradable polymers are preferred substrates. An example of grafting on
a plasma polymer is the study of Lim and coworkers who have used acrylic acid
plasma polymerization for protein immobilization on a HDPE facial implant [90].
The carboxyl groups on the surface reacted with the primary amine groups of a bone
promoting signaling protein via a carbodiimide-mediated reaction. Another example
has involved a RF plasma source to deposit plasma polymerized acrylic acid coatings
on LDPE. A similar chemistry was used for subsequent attachment of heparin and
highly-sulphated hyaluronic acid via a spacer molecule to avoid thrombus formation
on the surface [44]. Amine-containing precursors were employed in other studies,
like the work of Lee and co-workers. They have used allylamine and cyclopropy-
lamine as precursors in aDBDplasma polymerization process for the immobilization
of laccase enzymes on amine-functionalized non-woven PE/PP fibers, which can be
used for dye removal from wastewater [91]. Glutaraldehyde has acted as a linking
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molecule, reacting with the primary amines on the surface and of the enzyme. The
same strategy was also employed by Liu and co-workers to immobilize horseradish
peroxidase on PP, using a plasma polymerized allylamine layer deposited with a
RF plasma source. These surfaces could be useful for multiple biotechnological
applications such as biosensors [97].

5 Conclusion

Polyolefins are of the most frequently used polymers because of their favorable
properties. However, given their low surface energy and relatively high gas and
vapor permeability, material adjustments are required for some applications. Surface
modifications provide an interesting type of these adjustments, as, in addition to
several advantages, they are performed independent of the well-established material
processing steps. Among different surface modification approaches, plasma-based
techniques are very attractive due to their fast, environmentally friendly and widely
applicable aspects. A variety of different plasma reactor designs exists, of which
corona discharges, DBDs, RF sources, MW sources and plasma jets are the most
used for the surface treatment of polyolefins. Depending on the used plasma param-
eters, different plasma-surface interactions can be obtained. Plasma activation and
grafting are two techniques that can introduce a variety of functional groups on the
surface, with the latter providing more selectivity over these groups. Together with
plasma etching, these techniques can all be used for surface energymodification. This
enhances the printability, dyeability and biocompatibility of the polyolefin surface
and increases the adhesive bonding to materials. Plasma activation can also induce
a cross-linking of the polymer chains, which can lead to an enhancement of the gas
and vapor permeability. Tuning the working conditions for plasma activation can
modify the type and density of the incorporated functional groups on the surface
and the degree of cross-linking. On the other hand, plasma polymerization leads to
coating deposition. Depending on the monomer and other working parameters, coat-
ings with different functionalities and properties can be obtained. Some coatings are
very useful for improving the barrier layer performance. These coatings are signifi-
cantly better and more useful than plasma activation for this purpose. Other coatings
are applicable for modification of the surface energy, which has the same intent as
plasma activated and grafted polyolefins. In general, it can be concluded that plasma
modification of polyolefins is an interesting approach for the improvement of these
materials, which widens their applications range.
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