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2.5. Plasma Treatments

Andrea Zille, Antonio P. Souto, Universidade do Minho, Portugal
Fernando R. Oliviera, Federal University of Santa Catarina (UFSC), Brazil

Introduction

In recent years, plasma technology has assumed a great importance among all
available textile surface modifications processes. It is a dry, environmentally- and
worker-friendly method to achieve surface alteration without modifies the bulk
properties of different materials. The plasma state also known as the fourth state
of matter, is an electrically neutral ionized gas composed of neutral energy species,
ions, photons and excited species not bound to an atom or molecule. More than
99% of the known universe is in the plasma state, except for the celestial cold
bodies and planetary systems. The most used plasma classification divide plasmas
in two categories: thermal plasma, when species are in thermal equilibrium, and
cold plasma, when species are not in thermal equilibrium. Thermal plasmas are
characterized by very high temperatures of electrons and heavy particles close to
high ionization level. Temperatures can range from 4000 K, where species such as
Cesium is easily ionized, to 20000K for species of difficult ionization, such as helium.
Thermal equilibrium implies that the temperature of all species (electrons, ions,
neutral species) must be the same. Some examples are: electric arcs, plasma jets
from rocket motors and thermonuclear plasma-generating reactions. Thermal
plasma is obtained at high gas pressures, which implies many collisions in the
plasma since the average free path of the species is small. In this way, the energy
exchange between the species of the plasma is efficient maintaining equal
temperatures among the species. Cold plasma, also called non-thermal plasma, is
composed of low-temperature particles (charged and neutral molecules and atomic
species) and relatively high electron temperatures that are associated with low
ionization. For cold plasmas, low pressure is used, which results in a few collisions
of the plasma species, since the average free path is long. Consequently
inefficiencies occur in the energy transfer, caused in the different temperatures of
the plasma species. Cold plasmas are particularly appropriate for textile surface
modification and processing because most fiber-based materials are heat sensitive
polymers. Cold plasma treatments can be used to improve the fibre-matrix
adhesion by introducing polar groups, by deposition of a new layer of the same
polymer or by changing the surface roughness of the substrate. These
characteristics may favour the formation of strong bonds between the fibre and
polymeric matrix. Such forms of discharge have the major advantage of inducing
significant surface chemical and morphological modifications improving
hydrophilicity and making fibers more accessible to various chemical species
without altering the bulk properties of the materials. Cold plasmas may be divided
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into atmospheric pressure plasmas and vacuum or low-pressure plasmas (Figure
2.5.1).

Low-pressure plasma remains the preferred technology to achieve various effects
by etching, polymerization or formation of free radicals on the surface of the textile
substrate as in the case of superhydrophobic and flame retardant coatings.
Moreover, in the case of polyester and polypropylene fabrics dyeing the low-
pressure plasma technologies showed the best results, especially for disperse dyes.
However, low-pressure plasma treatments require expensive vacuum systems,
therefore making it difficult to upscale and obtain continuous processing.

Plasma
Thermal Plasma Cold Plasma
Universe (celestial Atmospheric- ressure
bodies, lightnings) pressure Plasma ma
Corona Plasma Glow Plasma
Dischararg DBD Discharg Jet

Figure 2.5.1. Plasma classification

Atmospheric plasma is an alternative and cost-competitive method to low-pressure
plasma and wet chemical treatments, avoiding the need of expensive vacuum
equipment and allowing continuous and uniform processing of fibers surfaces. The
dielectric barrier discharge technology (DBD) is one of the most effective non-
thermal atmospheric plasma sources and has been attracting increasing interest for
industrial textile applications. Recently, both surface activation and deposition of
thin functional coating by means of DBD atmospheric pressure plasma have been
investigated in order to confer to textiles various properties (Figure 2.5.2), such as
affinity for painting and dyeing, stain-resistance, antibacterial, no-shrinking and no-
felting character. At this purpose different feeding gas mixtures have been used,
from non-polymerizing ones (air, Ar, He, N2, 02), to hydrocarbon, fluorocarbon and
organosilicon precursors.

Due to the intrinsic sterility of the treated surface, plasma processes are also
attractive for applications in biology and medicine. In medical, food and textile
fields, bacterial adhesion and subsequent surface growth is a persistent problem
that leads to infection and biomaterial failure. Medical textiles are used in a range
of applications from bandages, dressings, suture and surgical clothing to implants
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such as scaffolds, stents and meshes. Infections associated with these devices are
responsible for at least 2-7% of post-operational complications increasing mortality
and healthcare costs. In the last decade, due to operation at atmospheric pressure
and mild conditions, and to its ability to ignite plasma in small volumes, several
efforts are being exerted to develop the dielectric barrier discharges (DBD) plasma
processes for biomedical applications such as environmentally friendly non-fouling
and antibacterial coatings. Several strategies using DBD plasma have been
employed to impart antimicrobial properties to textiles materials (Figure 2.5.3).
Silver (Ag) or Ag ion and quaternary ammonium salt are the most investigated
antimicrobial agents. There is increasing interest in use of metals, especially silver
and copper in a form of ions and especially nanoparticles as antimicrobial finishing
agents, because of their pronounced oligodynamic and biocidal activity.

(a)

(b)

(d)

20nm 50nm

10nm <> nm

Figure 2.5.2. Example of a polyester fiber before (a,c) and after (b, d) DBD plasma
treatment

Figure 2.5.3. Example of AgNPs on polyester fiber before and after DBD plasma treatment
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Notwithstanding the clear advantages of plasma technology application, its use in
textile industry is limited. This is due to four main reasons: i) The traditional and not
open to novelty of the textile industry sector; (ii) The contaminations or different
surface conditions of the textile can influence negatively the surface cleanliness
because plasma treatment only influences the top layer of the materials; (iii) The
porous and 3D structure of textiles difficult the penetration of the plasma species
deep into fabric structure as the wet processes; (iv) Textile materials have a large
surface area, usually one order of magnitude larger than flat films. Despite that
limitation, in the last decade due to constant technological and scientific
developments, plasma technology is today used for several specific applications in
technical textile industry and its use in improved devices for wider application is
near to breakthrough. In the textile industry vacuum plasma technology is more
advanced than atmospheric-pressure plasma technology because it is easier to
control concentration, large volume of plasma, composition and process chemistry
of the gas atmosphere in a closed system under vacuum. Several low-pressure
plasmas company already commercialize equipment for the textile industry: the
Italian (HTP Unitex, SAATI), Belgian (Europlasma), English (P2i) and Austrian
(Textilveredelungs GmbH Grabher) manufacturers produce and sale roll-to- roll
low-pressure gas plasma systems for surface activation in textiles to improve
wettability and adhesion, and for a hydrophobic/oleophobic finishing with a plasma
polymerization. Other European plasma equipment providers also develop low-
pressure plasma products for the textile market such as Grinp, Softal, Iplas,
Ahlbrandt Systems, and Arioli. In large roll-to-roll equipment low-pressure vacuum
plasma treatment is in general economical viable. A typical full costing for plasma
activation is in around 0.02 € m-2. On the other hand, the costs of plasma coating
at low pressure are higher (0.05 € m-2) because of the lower web speed and the
more expensive process gases. Despite the obvious advantage of low-pressure
plasma in numerous applications, vacuum plasma must operate off-line in batch
mode. Atmospheric pressure plasmas have a major advantage in textile process
that operate at higher processing speeds, for treat full width textiles (2 meter or
wider) in continuous on-line mode allowing the easy integration in the conventional
textile finishing lines. Some example of commercial atmospheric-pressure plasma
technologies based on corona, DBD, Glow Discharge and new atmospheric devices
are available: i) an industrial prototype DBD apparatus build by the German
company Softal in collaboration with the textile engineering department of the
University of Minho (Portugal) was tested by a textile industry in order to replace
the sizing, scouring and bleaching pre-treatments of cotton (Figure 2.5.4). The total
costs of DBD were compared using a Jet and Pad-steam methods in a continuous
process. All the costs of the conventional methods (between 0.147 and 0.055 € kg-
1) resulted higher than DBD (0.013 € kg-1) [22]; ii) The company Softal, claims a
payback time of only 9 months single-shift operation for its Aldyne plasma adhesion
primer system versus conventional liquid priming; iii) The Swiss compay Sefar
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AG/Switzerland uses the world largest atmospheric pressure plasma systems for
industrial applications in the production of high-performance filtration solutions;
iv) APJET (USA) company commercialize a proprietary all-dry APPJ technology to
produce textile fabrics repelling oil and water on the outside, while retaining its
original qualities and comfort on the inside; v) The Green Theme Technologies LLC
company (USA) designed a so called ChemStik technology to be compatible with a
DBD plasma, that could be operated using less expensive gases than helium such as
nitrogen, oxygen and argon eliminating the need for a costly gas recycling system;
vi) the atmospheric pressure non-equilibrium plasma (APNEP) developed by EA
Technology Ltd. in conjunction with the University of Surrey. With the constant rise
of the costs of raw materials, energy and water, the increasing cost advantages of
atmospheric plasmas over wet processing in terms of low power, water and
chemicals consumption, there is no doubt that atmospheric pressure plasmas stand
on the edge of a revolution in textile processing.

Figure 2.5.4. Semi-industrial prototype installed at the University of Minho
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