
 
 

ABSTRACT 
 

MANEPALLI, AMBICA. Fabrication of Repellent Fabrics using Plasma Grafted 
Siloxanes. (Under the direction of Dr. Peter Hauser, Dr. Jon Rust and Dr. Martin 
King). 

 

The objective of this study was to develop an eco-friendly water repellent finish 

on polyester fabric using an environment-friendly process. This study was made in an 

attempt to study an alternative chemistry for fluorine containing water repellents since 

they are toxic and harmful for the environment which is of major concern today. Also, 

the application of siloxanes was carried out using atmospheric pressure plasma 

treatment which is an environment friendly green technology that uses hardly any 

monomer, water or heat source. 

Four types of siloxanes- Hexamethyldisiloxane (HMDSO), 

Divinyltetramethyldisiloxane (DVTMDSO), Octamethylcyclotetrasiloxane (OMCTSO) 

and Polydimethylsiloxane (PDMS) were applied onto PET fabric using the Asymtek 

coater. Parameters such as speed of the nozzle head, concentration of the monomer 

and number of passes were varied. Atmospheric Pressure Plasma (APP) was used 

to induce free radical reactions in order to introduce a plasma grafted network on the 

fabric with water repellent properties. Plasma treatment was carried out using the 

Atmospheric Pressure Plasma Jet (APJeT® Inc.) Technology. The effect of plasma 

treatment was studied by varying the plasma device parameters such as plasma 

exposure time, substrate to plasma source distance and the type of gases used. The 



samples were soxhlet extracted after plasma treatment in order to get accurate results 

and to do a comparative study.  

The hydrophobicity of the plasma grafted PET samples was tested by 

measuring contact angle and the wettability rating using standard AATCC 193 test 

method for water/ alcohol repellency. A contact angle of 137 was obtained on the 

plasma grafted fabric treated with PDMS. The surface chemistry and morphology of 

the samples was characterized using characterization techniques such as XPS, SEM, 

ToF-SIMS and silicone analysis which confirmed the grafting of monomer onto the 

samples. Silicone analysis proved the presence of silicone on the treated samples. 

This study thus developed an eco-friendly fluorine-free water repellent finish on 

polyester fabric with applications ranging from apparels, shoes, outdoor clothing, etc. 

Also, a successful comparative study was carried out on the types of siloxanes used 

with the help of appropriate test methods and characterization techniques.  

 

Keywords: Atmospheric pressure plasma treatment, siloxanes, water repellency. 
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1. INTRODUCTION 

 

Textile finishing is one of the most important steps in the processing of textiles. 

Surface modification of textiles enhances the topographical properties of textile 

substrates by giving them value addition. The conventional method of textile wet 

processing (pad-dry-cure) is one of the easiest and most commonly used methods in 

many parts of the world. But, this method requires a lot of water and energy usage. 

Also, the amount of wastage of water is more than the amount of fabrics processed. 

Aquatic life and the environment is affected by the amount of toxic chemicals 

generated and released into the water bodies. Auxiliaries such as cross-linking 

agents, etc. are added onto the fabrics such as cotton using acid catalysts followed 

by drying and curing at high temperatures. This decreases the strength of the fabrics 

as well as harms their aesthetic feel. The amount of formaldehyde content in the fabric 

after processing depends on the type of chemicals used and the method of 

application. [1] Thus, keeping the environmental issues in mind, a lot of changes are 

taking place in the textile industry during the last decade. Use of environment-friendly 

chemical finishes and sustainable technologies are being studied and developed to 

maintain high quality finishing without affecting the environment.  

Atmospheric pressure plasma treatment of textiles is one such green solution 

to the conventional textile wet processing of textiles. It is one of the easiest and most 

efficient methods to improve post-finishing of a variety of fabrics. There is hardly any 

water and chemical wastage in this technique. The treatment can be operated in 

continuous processes on a wide range of substrates. The active species generated 
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by plasma have high energy to promote surface functionalization affecting only the 

surface characteristics of the substrates. The inherent properties of the substrates are 

retained and a wide variety of chemical functional groups can be incorporated on the 

substrates. Plasma treatment has numerous applications in the textile as well as other 

industries. [1-5] 

Water repellent finish is one of the most important and oldest finishes used in 

the industry. It allows water droplets to roll off the fabric surface. The finish reduces 

the surface tension of the fabric, thus giving it a repellent finish. The wettability of 

surfaces is governed by three important parameters: surface topography, surface 

roughness and the liquid repellent properties of the compounds present closest to the 

surface. It is one of the most important properties during the process of dyeing and 

finishing. [6] Measuring contact angle is an important way to find out the repellency of 

water repellent treated fabrics. Thus, a good repellent fabric lowers surface energy 

and increases the contact angle. 

To date, fluorocarbons are the most widely used water repellents since they 

have a very low surface tension and thus can provide both water and oil repellency. 

Durable water repellent chemistries involving fluorocarbon (C8) chains release toxic 

by-products which persist in the environment. They release harmful acids such as 

Perfluorooctanic acids (PFOA) which bio-accumulate in the environment endangering 

human and aquatic life. [7-10] Hence, today most manufacturers have switched to 

lower (C6) chains which are fluorocarbon based with by-products that break down 

faster in the environment. This reduces the level of toxicity caused overtime. Although 
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they give excellent performance, these are still toxic to the environment and the 

Industry is searching for alternatives of comparable performance. 

In this study, an environmentally friendly functional water repellent finish was 

designed using plasma technology. The study involves an in-depth literature review 

of the types of surface modification techniques, atmospheric pressure plasma 

technology, fluorocarbon and siloxane water repellents followed by the detailed 

experiments carried out throughout the research. 
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2. LITERATURE SURVEY 

 

2.1 Textile finishing 

After spinning and weaving, textile materials still contain certain impurities and 

hence, cannot be directly used. They are unattractive and undesirable due to lack of 

proper appearance, durability, serviceability and feel. They need to be well processed 

to improve their desirable properties that the customers will value and this is done 

using “textile wet processing”. It consists of three main steps, namely; Pre-treatment, 

Coloration and Finishing. 

Textile finishing is carried out to impart a desirable property or characteristic to 

the fabric. It enhances the quality of the fabric in terms of fabric handle, dimensional 

stability, appearance, durability and functionality. Aesthetic finishes change the 

appearance of the fabric whereas performance finishes change the functional 

characteristics of the fabric. Textile finishes are usually of two types, chemical and 

mechanical finishes. In simple words, chemical finishing is the application or 

deposition of chemical compounds onto the fibers to modify the textile surfaces and 

obtain a desired result. It is done to improve the existing characteristics of the fabric 

as well as to develop new properties. Mechanical finishing alters the properties of the 

fabric by means of physical action such as calendaring, emerising, shearing, 

sanforizing, raising, brushing, compressive shrinkage or cropping. [2, 11] It also 

changes the appearance of the fabric. Often, chemical and mechanical finishing 
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processes overlap. Chemical finishing is often impossible without mechanical 

assistance whereas some mechanical finishes require the application of chemicals. 

[5] The principle chemical and mechanical finishing methods applied for various fibers 

are mentioned in Table 2.1.  

In a broad sense, the term ‘finishing’ is defined as “any operation for improving 

the appearance or usefulness of a fabric after it leaves the loom or knitting machine”. 

[5] Finishing is the final step in the textile manufacturing process. It is usually carried 

out at the end of prior chemical wet processing i.e. after sizing, desizing, scouring, 

bleaching and dyeing. Hence the term “finishing”. It gives the ‘final’ touch to a fabric. 

Several finishing processes are carried out to make the fabric attractive and 

acceptable to the consumer. Sometimes, finishing is done before dyeing to improve 

the dyeability of the fabric. Some applications require finishing to be done in the 

garment form such as permanent crease finish. [2, 11] Thus, it provides ultimate value 

addition to the fabric. 
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Table 2.1: Principle finishing processes for various fibers. [5] 
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Stabilizing is an important step after finishing. During wet finishing, the fabric 

tends to stretch or change its dimensions. If proper stabilizing is not done, the fabrics 

tend to shrink in size and prove to be of no use to the consumer. Hence, realigning or 

setting of the fabric is very essential to maintain proper shape of the fabric. Stabilizing 

can be carried out by curing, heat setting, sanforizing, calendaring, compressing, etc. 

The conditions that the fabric will experience during its product life are maintained 

during the process of stabilizing. [11] 

2.1.1 Chemical finishes 

 Chemical finishes can be used to improve the fabric performance, alter 

functional properties, improve dyeability, control fabric dimensions, alter fabric handle, 

protect the fabric from microbiological degradation or improve service-ability (easy-

care, durable press finishes, etc.). The appearance of the fabric usually remains 

unchanged after chemical finishing. [11, 12] They can be either ‘transient’ (short-lived) 

or durable (long-lasting). It is preferable to apply chemical finishes in aqueous 

solutions rather than organic based solvents for environmental benefits. [11]  

 Some typical chemical finishes are as follows: 

 Softeners 

 Flame retardants 

 Wrinkle resistant 

 Durable press  

 Anti-static  

 Insect repellent 

 Easy care 
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 Plasma 

 Repellent (water, oil, stain, etc.) 

 Hand building 

 Antimicrobial 

 Soil release 

 UV protective 

 Anti-slip 

Various types of chemicals and chemical reactions are used in finishing. The 

selection of a chemical finish depends on the fabric composition, properties of the final 

product and ratio of cost to benefit of the finish. A lower quality finish will be cheaper 

than a higher quality finish and may not have the adequate desired properties. If 

desired effects are not obtained, the appearance of the fabric changes or it may 

degrade. The chemicals and auxiliaries used should be compatible with each other, 

especially in the case of multiple finishes. Finishes are applied to improve the 

properties of the fabric. [1] Sometimes, a finish improves a property at the cost of 

another property. For example, a softener affects the durability of the fabric. Some 

chemicals may be harmful for the environment. These drawbacks need to be 

eliminated in order to obtain efficient finishes. [1, 2] 

Costs include the type of machinery involved, labor cost, floor spacing of the 

machinery, operating and energy costs, waste disposal as well as the cost of 

chemicals and auxiliaries. Newer technology will include costlier machinery, lower 

operating and energy costs, lesser floor space and waste generation and high skilled 

labor. Thus, an overall balance must be made to improve productivity and efficiency. 

[2] 
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2.1.2 Conventional wet processing of textiles 

A traditional chemical finish follows the pad-dry-cure method. A typical 

schematic representation of a continuous pad-dry-cure method can be seen in Figure 

2.1. The chemical is usually applied in the aqueous form by the padding technique. 

During padding, the fabric runs through the rollers in an open width form. The fabric 

is first dipped in the chemical solution and then passed through the squeeze roller 

which squeezes out the excess solution and apply the chemical evenly on the fabric. 

The nip pressure, speed of the fabric and the roller hardness determine the efficiency 

of the finish applied. [2] 

 

 

Figure 2.1: Schematic representation of a conventional finish application. [2] 

 

 The fabric then passes through an oven or a heater where the fabric is dried 

and excess water is removed. An additional step of washing can be added before 

drying if needed wherein the fabric is washed to remove any unreacted chemical 
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present on it. During curing, the fabric passes through another oven which is set at an 

even higher temperature. In this step, the fabric is heat set and the chemical reaction 

takes place. The fabric needs to be dried properly before curing for the finish to be 

applied evenly on it. Sometimes, excessive curing leads to yellowing of the fabric. 

Often drying and curing steps are carried out in separate ovens. These steps consume 

excessive heat and energy. If they are replaced with environment friendly steps, 

significant energy and costs will be saved. [2] 

 The wet processing of textiles has both advantages as well as disadvantages. 

The cost of conventional machinery and technology is usually comparatively less 

expensive than new technology. Since the equipment is not new, there is no need for 

additional training for workers to operate it. It is the most widely accepted method to 

carry out pre-treatment and finishing of the fabrics. But, the disadvantages and harms 

caused by wet processing exceed the advantages. As the name itself suggests, a lot 

of water is used in wet processing. The amount of water consumption is much more 

than the amount of fibers processed. Rinsing and washing steps alone consume 

enormous amounts of water.  

2.1.3 Need for a ‘dry’ textile treatment process 

The effluent waste water after wet processing is discharged into sewage 

systems or surface water such as lakes and is treated till it achieves a particular 

tolerance limit. Depending on the type of wet processing, the characteristics of the 

effluent water vary accordingly such as the overall estimated pH range (6.7-9.5), total 

alkalinity (500–796 ppm), total dissolved substance (2180-3600 ppm), suspended 
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solids (80–720 ppm), biological oxygen demand (60–540 ppm), chemical oxygen 

demand (592–800 ppm), Chlorides (as Cl-) (488–1390 ppm), sulphate (SO42−) (47–

500 ppm), calcium (Ca2+) (8–76 ppm), magnesium (Mg2+) and sodium (as Na+) (610–

2175 ppm). The typical quality of water used for textile wet processing and its 

characteristics can be seen in Figure 2.2. [5] 

 

 

Figure 2.2: Typical water quality for textile wet processing. [5] 

 

Disposal of waste water is a most challenging task in the textile industry. A lot 

of chemicals, auxiliaries, salts, surfactants, organic solvents, emulsifiers, etc are used 

along with water during wet processing. In most of the cases, some amount of the 

chemicals remains unreacted and is treated as waste. Such waste water has a high 

amount of toxicity and can prove to be extremely harmful to the environment as well 

as human and aquatic life. In some finishing methods, a few chemicals are used in 

the pure form. The waste produced thus contains organic solvents in a pure form 

which is even more dangerous to the environment. These chemicals should therefore 
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be neutralized or removed before being let out into the water bodies. Basically, in wet 

processing the fabric has to be dried after finishing. But the removal of water is energy 

intensive and is thus very expensive. Due to these reasons, the cost of water and 

waste water treatment is rising tremendously. [1, 2, 5] 

 An alternative option to avoid these problems is the use of one bath process, 

example, using the same bath for scouring, bleaching and dyeing. Although it reduces 

wastage to some extent, this method too has the same problems associated with it. 

These problems have thus increased the demand for environmental friendly finishing 

processes and surface treatments of textiles. A non-aqueous process is a green 

solution to the conventional wet processing technique. Hence, nowadays, more 

research is being focused on dry application processes such as plasma treatments 

where there is absolutely no wastage of water or monomer at all. The use of energy 

and chemicals is less and productivity increases to a great extent with the use of such 

techniques. They are also highly compatible to the environment. [5] 

 

2.2 Other surface modification techniques 

 Surface modification of textiles has attracted a great deal of attention in the 

recent years. The surface structure and composition plays a very important role in 

determining the performance of a textile material in a specific application. Surface 

modification plays a significant role in improving their chemical, physical and functional 

properties. Properties such as softness, dyeability, wetting, absorbance, etc. are 

improved with the help of surface modification. Textile materials have a wide range of 
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industrial applications such as medical textiles, agro-textiles, protective clothing, 

automotive applications, barrier textiles and many more. Most of the stringent 

performance requirements needed are provided by surface modification of textiles. An 

ideal surface modification technique introduces a monolayer of the required functional 

group on the surface of the textile material without causing damage to the textile or 

surface etching. Considerable amount of research is taking place in the field of surface 

modification in order to improve the properties and processes of textiles. Following 

are some of the techniques used for surface modification of textiles. [13] 

2.2.1 Chemical wet processing of textiles 

 In this process, the surface of a textile fabric is treated with chemical agents 

that generate reactive functional groups on it. It involves penetration of the chemical 

into the textile substrate. It is a conventional and most commonly used technique. The 

process and cost of the machinery is comparatively cheap. But this treatment tends 

to generate a lot of hazardous chemical waste and consumes a lot of energy and 

water. Attempts are being made to decrease water and energy consumption which 

eventually proves harmful to the environment. [13] 

2.2.2 Physical Vapor Deposition (PVD) 

 Physical Vapor Deposition (PVD) stands out as a promising and 

environmentally friendly technique [15] for the functionalization of textile materials. It 

is a vaporization coating process which involves atom-by-atom or molecule-by-

molecule transfer of the material from solid phase to gaseous phase followed by 
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deposition on the textile surface. PVD techniques are extensively used to produce 

protective coatings, such as wear resistant and corrosion resistant coatings, 

metalworking, coatings for sensor applications, various decorative coatings, 

conductive fibers, plastics and rubber processing, injection and extrusion molding, 

automotive engine parts, aircraft and space industries and many more such 

applications. [13, 14] Vacuum evaporation, ion implantation and sputtering are the 

three common techniques used in PVD technology.  

Vacuum evaporation technology is most commonly used to deposit functional 

films on textile substrate. In this process, the substrate and functional material to be 

deposited are placed in a vacuum chamber. The functional material is heated and 

vacuum allows it to evaporate and then directly deposit on the surface of the substrate. 

The functional vapor particles then get condensed to form a solid coating onto the 

substrate. The method used to heat the functional material may differ depending on 

its type. The two most commonly used methods used are e-beam evaporation and 

resistive evaporation. In e-beam evaporation, local heating and evaporation is caused 

by an electron beam directly aimed at the functional material. A typical e-beam 

evaporation system is shown in Figure.2.3. In resistive evaporation technique, the 

functional material is kept in a tungsten boat which is then electrically heated with a 

high current that evaporates the material. This technique is used to deposit various 

functional films such as wear and corrosion resistant, high temperature resistant, etc. 

on the surface of the materials. [13, 14] 
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Figure 2.3: Schematic diagram of an e-beam evaporation system. [14] 

 

Ion implantation is a material surface modification process. In this technique, 

ions of a desired element are electrostatically accelerated to a high energy and then 

implanted onto another solid material. This leads to chemical and physical changes of 

the surface material properties. Ion implantation technique is mostly used in the semi-

conductor and mechanical industries. [13]  

 Sputtering is a very important technique used in PVD technology. In this 

process, high energy ions are bombarded onto a solid material target which knocks 

off the atoms from the target. These ejected atoms possess high kinetic energy that 

gives them some orientation and hence they condense onto the substrate and form a 

thin functional film. The bombardment of the ions hitting the target affects the rate at 

which the atoms of the coating material leave the target. Thus, in order to increase the 
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rate of deposition, it is advisable to increase the plasma density in front of the 

sputtering source. Based on their functions, sputtering techniques can be classified 

into direct current (DC) sputtering, magnetron sputtering (seen in Figure 2.4), reactive 

sputtering and radio frequency (RF) sputtering. [15] This technique is used in various 

industries to produce thin film coatings such as semi-conductors, packaging, micro-

electronics and so on. It has many advantages over the other two techniques such as 

better adhesion to the substrate, better control of the thickness of the sputtered film 

and an abundant variety of deposition materials can be used. It is also a more 

promising technique since it has a great potential for deposition of various polymer 

coatings such as thin film coating with the help of plasma polymerization processes 

that have numerous applications such as protective films in electronics. [13] 
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Figure 2.4: Schematic representation of Magnetron Sputtering. [14] 

2.2.3 Surface grafting of textiles 

 Surface grafting is a relatively recent technology that involves altering the 

surface of textiles to impart new or improved functional properties. Four principle 

techniques are used to achieve surface grafting; namely, chemical graft 

polymerization, radiation-induced grafting, plasma-induced grafting and light-induced 

grafting. The basic mechanism of grafting is to create free radical sites within the 

macromolecules of the substrate which are then used as initiators for copolymerization 

reactions with vinyl monomers present in the grafting solution. The concentration of 

monomer, time of treatment, dose of radiation and type and concentration of catalysts 

used affect the efficiency of grafting. 
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 In chemical grafting, various initiators such as potassium permanganate, 

benzoyl peroxide, ceric ion, semi-conductor based photo catalyst, etc. are used to 

create free radicals on the textile substrate. Radiation-induced grafting, as the name 

suggests involves high energy radiation. One of the following methods is used to carry 

out this type of grafting: grafting through peroxide groups introduced by pre-irradiation, 

grafting initiated by trapped radicals formed by pre-irradiation and simultaneous 

irradiation and grafting through in-situ-formed free radicals. There are no chemical 

initiators used and the grafting yield can be controlled by controlling the irradiation 

conditions in radiation-induced grafting. [13] 

 Plasma-induced grafting involves the use of activated species such as ions, 

radicals, etc. to create active sites within the structures of molecules of the substrates. 

It involves three main processes: (a) modification of the surface of substrate, (b) 

deposition of a thin film of polymer on the surface (plasma polymerization) and (c) 

grafting of monomers on the surface of the material (plasma grafting). Gases such as 

oxygen, argon, nitrogen, helium are most commonly used to generate active sites on 

various types of fabrics. Light-induced or ultraviolet radiation-induced grafting is 

mainly known for its simplicity. In this process, as the name suggests, UV radiation is 

used to generate radicals within the molecules of the substrate. The UV radiation is 

not as penetrating as high energy radiation which allows the radicals to stay close to 

the surface of the substrate.  

These grafted surfaces cover a wide range of applications depending on the 

type of monomer being grafted onto the textile substrate. Some applications are water 
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repellency for outdoor applications, anti-bacterial textiles for medical applications, 

applications in automotive and airline industries, protective clothing and so on. [13] 

2.2.4 Electro-less deposition 

 Metallization is a unique coating process that provides both functional as well 

as decorative applications. Electro-less deposition is a pre-treatment coating 

technique that has the potential to modify the surfaces of textiles and provide them 

with metallic effects with good handling characteristics. [15] The performance aspects 

of these materials are important from a commercial perspective. Electro-less plating 

is used to create metallic films on the surfaces of non-conductive materials by means 

of a chemical redox reaction. [13] 

 In this process, metallic ions such as copper or nickel ions are reduced to pure 

metal form the surfaces of dielectric textile substrates in presence of a catalyst. As 

plating continues as long as the substrate is immersed in the bath, an unlimited 

metallic film is formed on the substrate. A continuous and uniform layer of metallic 

particles can be formed on any type of fabric, fiber or yarn without altering its surface 

texture. [13, 16] The effect of metal coating is dependent on the pH value of the 

solution, temperature, duration and surface area of substrate to be plated. [16] 

 The surface can be plasma treated or etching can be carried out prior to electro-

less plating in order to increase mechanical bonding between the fiber and metallic 

particles. Plasma treatment can improve the performance of electro-less nickel 

plating. [16] Post treatment by coating can also be used to modify the properties of 
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the surface such as wear or abrasion resistance, durability, etc. These metalized 

fabrics have potential industrial and decorative applications in the field of technology 

as well as design. They provide heat protection, static control and a variety of such 

high technology needs. [13] 

2.2.5 Chemical Vapor Deposition (CVD) 

 In Chemical Vapor Deposition (CVD), a solid conformal coating is created on a 

material with the help of volatile precursors formed as a result of a vapor-phase 

chemical reaction. The coating imparts additional functionalities enhancing the 

physical or chemical resistance to electrical conductivity or biochemical activity. [17, 

18] CVD is most notably used in semi-conductor device fabrication. CVD is usually 

associated with high temperatures, whereas textiles require to be treated at lower 

temperatures. Using lower temperatures may sometimes not produce the desired 

effects or may even damage the fabric as UV radiation is used to produce energy. 

Electrical discharge (plasma enhanced CVD) can be used as an alternative deposition 

method that enables to reduce the substrate temperatures as it uses photons or 

energetic species to produce the desired energy. Figure 2.5 shows the various 

processes occurring during CVD on a textile surface. [13] 

 



21 
 

 

Figure 2.5: Schematic diagram of the processes that occur during CVD on a textile 

substrate. [13] 

  

At low temperatures, the surface temperature controls the growth rate. But as 

the temperature increases, the growth rate is determined by the rate of transport of 

reactants to the surface. Hence, both thermodynamics and chemical kinetics play an 

important role in determining the growth rate. An effective CVD reactor must provide 

controlled growth at a constant rate. Properties such as flame retardancy, 

hydrophilicity, electrical conductance, super-hydrophobicity, anti-static or anti-

bacterial properties can be achieved with the help of CVD in textiles. Nano-technology 

can be introduced in order to achieve some remarkable applications involving smart 

textiles such as integrated sensors and actuators. [13] 
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 Thus, various factors such as temperature, thermodynamics, chemical kinetics, 

pressure of the system, construction of the textiles, heat and mass flows within the 

gas to the surface substrate, etc. should be taken into consideration while operating 

a CVD system. 

2.2.6 Surface modification of textiles using enzymes 

 The use of biotechnology or enzymes in surface modification of textiles is very 

prominent and profitable because of their high specificity towards a particular reaction. 

New enzymes and novel processes are being developed to use this technology on 

any type of fibers such as natural as well as synthetic fibers in order to modify their 

physical or chemical properties, to introduce functionality, to increase performance, to 

biomimic specific properties or to facilitate processing. Enzymatic surface modification 

involves processing of biopolymers or fibers to introduce functional groups on the 

surface or to improve hydrophilicity or to remove surface components through 

hydrolysis or oxidation, etc. using various enzymes such as cellulases, pectinases, 

tyrosinases, cutinases and so on. Figure 2.6 represents the surface modification of 

textiles using enzymes on various fibers. [13] 
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Figure 2.6: Enzymatic surface modification and functionalization of textiles. [13] 

 

 Cellulases are one of the prominent and most accepted enzymes in the textile 

industry. They find numerous applications in the various textile processes. Cellulase 

treatment is very useful in the removal of micro-fibrils from the surface of fabrics such 

as cotton. This results in cleaner fabrics with very less fuzz, softer hand, improved 

Drapability and less tendency for pill formation. The quality and durability of the fabrics 

is enhanced. [19] 

 Tyrosinases are copper containing enzymes that are used in the coupling of 

functional molecules containing a phenol group to protein fibers or to fibers that 

contain a free amino group such as chitosan. They convert the solvent-exposed 

tyrosine residues of various proteins to o-quinones through binding of O2 as seen in 

Figure 2.7. The electrophilic o-quinones then react with the nucleophilic amino groups 



24 
 

of proteins or chitosan as seen in Figure 2.8. A wide range of substrates can be 

functionalized using tyrosinase enzymes in a simple and rapid approach. [19]   

 

 

Figure 2.7: Reaction of Tyrosinase to form o-quinone. [19] 

 

 

Figure 2.8: Reaction of o-quinone with a protein or chitosan. [13] 
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 Enzymes are biocatalysts that act on specific targets for modification and 

increase the rate of reactions without being consumed themselves. They are much 

more effective in enhancing the reaction rate than the conventional chemical catalysts. 

Since they are bigger in size, they do not penetrate in the bulk of the fabric materials, 

thus modifying only the surface. They perform in ambient conditions and also produce 

less side-effects. But, enzymes show slow diffusion rates and have limited 

temperature stability. More research is being carried out to design effective and 

competitive processes that can be implemented in the industry. Immobilization of 

enzymes is one such technique that allows reuse of enzymes and hence can be used 

in a continuous process. It is most commonly used in medical textiles to introduce 

functionalities such as bio-sensing, wound healing, sensitive skin regions or wounds, 

reactive fibers, etc. Adjustable porosity, flexible construction and easy handling can 

be achieved at lower costs using immobilized enzymes. [13]  

2.2.7 Modification of textile surfaces using nano particles 

 Application of nanotechnology in textiles provides entirely different and 

improved functionalities without affecting their surface structure or texture. For 

example, deposition of silver nano-particles imparts anti-bacterial properties, platinum 

and palladium nano-particles impart catalytic properties such as decomposition of 

harmful gases, etc. The presence of plasmons in metal nano-particles which have 

strong optical extinctions that can be tuned to obtain different colors by varying their 

size and shape help in obtaining shiny metallic effects on the surface texture. [13] 
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 Various parameters such as identical shape and chemical composition, uniform 

size distribution, complete dispersion and size contribute largely in the synthesis of 

nano-particles. Nanotechnology can be used to obtain various finishes such as anti-

bacterial finishes, UV protection finishes, easy-care finishes, super-hydrophobicity 

(shown in Figure 2.9), water repellency, silver nano-finishing, etc. It has been efficient 

in improving the performance of textiles with added value and additional revenue. It 

overcomes the short-comings of the conventional methods and provides noticeable 

improvements in wear and comfort of the fabric materials. It can be used to develop 

smart and intelligent textiles with novel functions, increase the use of fibers in medical 

industries and technical textiles and also open up new opportunities for fibers as 

sensors. [13] Dirk Stannssens, et. al. studied the effects of coating of organic 

nanoparticles onto polystyrene based tissue papers. The nanoparticles enhanced the 

water repellency and hydrophobicity of the substrates giving a contact angle of 148. 

[20]  
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Figure 2.9: SEM image of a super-hydrophobic fabric material created by nano-

technology (nano-particles). [13] 

 

2.2.8 Sol-gel technique 

 The sol-gel technique is an important process that helps in generating nano-

particles or to prepare and apply thin layers or coatings of different materials. It allows 

the tailoring of certain specific properties or to combine different properties in a single 

coating step. A sol is a dispersion of solid particles in a liquid. A gel is a state where 

both solid and liquid particles are dispersed in each other. It represents a solid network 

containing liquid components. In short, sol-gel technique is the evolution of an 

inorganic network through the formation of a colloidal suspension (sol) and gelation of 

the sol to form a network in a continuous liquid phase (gel).  
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Basically, this technique consists of three main steps: hydrolyzation, 

application and curing. Precursors such as tetraetoxysilane (TEOS) are hydrolyzed in 

a solvent such as alcohol or ketone to form corresponding silanols and then silicic 

acids. At higher concentrations, the silicic acids undergo condensation reactions to 

form discrete silica nano-particles resulting in dispersions called (nano)-sols. The 

condensation reaction is speeded up to form an accelerated gelation process from an 

increase in temperature, change in pH or addition of salts. Lyogels (gel networks 

containing pores filled with solvent) are formed in the initial gelation process. It occurs 

due to the irreversible formation of covalent bonds and can lead to ceramic or glass 

bodies with careful drying. During drying, the solvent evaporates resulting in the 

formation of xerogels. They are homogeneous, amorphous silica networks. Figure 

2.10 summarizes the steps involved in sol-gel technique. Variation of pH, temperature, 

time, concentration of reagent, phase transition (sol to gel) and rate of drying play an 

important role in determining the quality of the end product obtained by this 

technology. A readily prepared nano-sol can be mixed with any type of compound 

such as dyes, pigments, polymers, drugs, foodstuffs and so on. [13] 
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Figure 2.10: Schematic representation summarizing the different steps involved in 

sol-gel technique. [13] 

  

Sol-gel technique is a simple, effective and economic process which produces 

highly pure products. It gives a uniform nano-structure coating. It has an enormous 

potential in the textile industry with numerous applications ranging from water and oil 

repellence, protection against aggressive media, light absorption such as UV 

protection, improved wear resistance, anti-static properties [21], photocatalytic 

coatings, anti-microbial finishing and so on. Further research can discover many new 

applications of sol-gel coated textiles consisting of a combination of numerous 

properties. [13] 

2.2.9 Nano modification of textile surfaces using layer-by-layer deposition 

 Layer-by-layer (LbL) deposition is a simple and versatile technique used for the 

fabrication of systematic, multi-layer organic or inorganic films. It is a self-assembly 

and an efficient nano-coating process used for the deposition of different types of 

functional materials. LbL technique offers many key advantages as compared to the 

other surface modification techniques. It does not require high-tech machinery and 
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can be carried out at very low costs. A variety of multi-layer materials can be used and 

it is independent of the shape and size of the substrate. Multi layered supra-molecular 

structures can be obtained with integrated properties. The interactions between the 

films are based on different types of bonding such as hydrogen bonding, covalent 

bonding, electro-static interactions, etc. The coatings have well controlled micro and 

nano-scale structures. [13] 

 In this technique, a charged material is first adsorbed onto a substrate with 

opposite charge resulting in neutralization followed by charge reversal. Further layers 

are then deposited onto the substrate until the desired number is reached with the 

help of sequential alternate adsorption of the oppositely charged materials. The 

template substrate is then removed to give a nano-structured material with different 

functions and morphologies. It involves simple dipping and rinsing procedures. The 

structure and quality of the films produced depends on various parameters such as 

the substrate being used, the specific multilayer poly-electroloyte, number of layers 

assembled and the process conditions. The LbL technique has been used to modify 

the surface structures of both traditional fibers as well as electrospun nano-fibers. 

Various materials such as poly-electrolytes, charged nano-particles, non-reactive 

dyes can be successfully deposited using this technique. Poor stability and irregular 

growth of the films, destruction of the electro-static interactions during laundering, etc. 

are some challenges faced with the use of this technique. Various applications include 

protective clothing for chemical weapons, highly sensitive coatings for nano-fiber 

sensors, toxic gas filters, self-cleaning super-hydrophobic textiles, electronic devices, 
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anti-static and anti-microbial finishes, bio-composites, color fastness agents and so 

on. [13] 

2.2.10 Electro-spinning technique 

 Anton Formhals invented the technique of electro-spinning in 1934. He also got 

a patent for the invention of this method. It is a simple and efficient method used to 

produce polymer fibers with diameters ranging from micro-scale to nano-scale (<100 

nm) dimensions. A variety of synthetic as well as natural polymeric materials have 

been electro-spun to form uniform, continuous fibers. However, very few studies have 

been carried out on the electro-spinning of elastomers with a very low glass transition 

temperature. [22, 23, 24] 

 In this process, electrostatic forces are used to stretch the polymer jet and 

obtain superfine fibers. A voltage charge is applied to the polymer solution which is 

high enough to overcome the surface tension of the polymer. The nano-fibers are then 

drawn from the tip of a capillary onto a grounded electrode. Electrostatic repulsion 

causes the fibers to elongate and thus thinning of fibers takes place as they eventually 

get deposited on the electrode. The collected web of fibers has limited mechanical 

properties. A schematic representation of the process is shown in Figure 2.11. Thus 

as the name suggests, this method is a combination of both electro-spraying and dry-

spinning of polymer solutions. It does not require very high temperatures or 

coagulation chemistry to produce thin fibers. [22, 23].  
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Figure 2.11: Schematic representation of an electro-spun process. [22] 

 

Molecular weight and distribution of the polymer, charge density of the 

electrified jet, solution conductivity, surface tension, viscoelasticity of the solution, the 

distance between capillary and electrode or collector, electric potential and flow rate 

play an important role in controlling the size and uniformity of the fibers. The 

applications of electro-spinning range from composite materials, tissue engineering, 

filtration, protective clothing, catalytic reaction materials, electrochemical electrodes, 

nano-devices and so on. [22, 23, 25, 26] 

 Young et. al. [24] combined electro-spinning with the sol-gel process to 

fabricate poly (dimethyl siloxane) (PDMS) fibers followed by heat treatment. Chemical, 

thermal and mechanical properties of the as- spun and heat-treated PDMS fibers were 
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studied and compared. Results showed an improvement in tensile properties of the 

as-spun fibers with increase in heat treatment temperature. Such electro-spun fibers 

can have applications in composite fibers for high temperature performance or 

thermo-stable fibrous membranes.  

Narendiran et. al. [25, 26] devised a new plasma-electrospinning hybrid 

process in order to improve the adhesion between nano-fibers and fabric substrates. 

In this study, electro-spun nano-fibers were subjected to an in-situ plasma treatment 

through plasma-electrospinning hybrid process. These treated nano-fibers were then 

deposited on plasma-pretreated nylon-6 cotton fabrics. A schematic representation of 

the atmospheric plasma-electrospinning hybrid process set-up can be seen in Figure 

2.12. This study proved to improve adhesion between the nano-fibers and fabric 

substrates, thereby preparing durable functional materials.   

 

Figure 2.12: Atmospheric plasma-electrospinning hybrid process set-up. [26] 
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2.2.11 Surface modification using aqueous solutions 

 Majority of the surface modification techniques are done using aqueous 

solutions and involve either physical or chemical interactions. Physical interactions 

involve removal of fiber impurities or deposition of materials that improve fabric 

properties such as the application of stain repellent finish. Chemical interactions 

involve chemical reactions on the fiber surface to improve or change its properties 

such as bleaching or grafting. These techniques usually are fiber specific as different 

fibers have different structures that require various chemistries to obtain an effective 

performance and surface modification. [13] 

 Removal of impurities or other additives takes place in acid or alkali solutions. 

If these impurities are not removed at the preparation stage, the fabrics may not give 

effective results in the further processes. Polyester fibers naturally contain only 

hydrophobic groups. Hence removal of impurities along with surface hydrolysis (seen 

in Figure 2.13) makes the fibers hydrophilic which gives PET a wide range of 

applications. Oxidation or reduction processes too help in removal of additives as well 

as introduction of new functional groups. For example, bleaching is an oxidation 

process which not only whitens the fabrics, but also provides additional chemical 

groups, makes the fabric better absorbent and also speeds up the hydrolysis reaction 

on the surface. Hydrogen peroxide, sodium hypochlorite, sodium chlorite, etc. are 

some of the most commonly used bleaching agents. [13] 
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Figure 2.13: Hydrolysis of polyester fibers. [13] 

 

 Active surface deposition is another surface modification technique that is 

carried out in aqueous solutions. As the name suggests, in this technique, chemicals 

are added to the surface of the substrate at the end of wet processes. The three types 

of chemicals used are, chemicals that improve moisture management of the fabric by 

making it more hydrophilic, chemicals that make the fabric smoother by reducing its 

friction coefficient and chemicals that make the fabric hydrophobic enough to repel 

various liquids. Surface grafting in aqueous solutions is another technique commonly 

used for surface modification of textiles. The chemicals are covalently bonded to the 

fibers in order to achieve a durable performance. Applications of grafted fabrics 

depend on type of fiber structures and the availability of reactive groups. [13] 

2.2.12 Plasma treatment of textiles  

 Out of all the above surface modification techniques, plasma technology is 

being predominantly used as it has good results and environmental benefits. Plasma 
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is a partially ionized gas that contains an equal density of charged and neutral species 

such as electrons, ions, atoms, radicals, etc. Plasma surface modification provides 

various applications at a relatively lower cost with the help of simple operations. It can 

be used to modify a wide range of substrates such as glass fibers, metallic fibers, 

carbon fibers and other organic fibers. [13, 27, 28] Only the surface properties are 

altered using plasma modification technique. The depth of plasma surface treatment 

is less than 100 nm. 

Efforts are being made to improvise the commercial viability and durability of 

plasma treatments. Recent research indicates that plasma treatment and grafting 

proves to be a promising technology for surface modification of textiles. [29] Current 

investigation is being focused on developing atmospheric plasma treatment for 

continuous operations on the industrial scale. Atomic layer deposition is one such 

technique which is being studied that allows nano-coating deposition of monomers 

onto textiles surfaces to provide various properties. [13, 27] 

`2.3 Plasma technology for textile treatment  

In 1920, Langmuir introduced the concept of plasma. Most matter in the 

universe is in the plasma state. All the stars and the interstellar space are made up of 

plasma. Lightning and auroras are two examples of naturally occurring plasma. 

“Plasma” or the “fourth state of matter” is a partially ionized gas with roughly an equal 

density of ions, electrons, neutrons, photons, free radicals, metastable excited species 

and molecular and polymeric fragments. [3, 4, 5, 27] These molecules or species are 

electrically, magnetically or thermally charged or ionized. The chemical and physical 
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properties displayed by the ionized gas system are comparatively different than when 

in the neutral state. It is characterized in terms of the average electron temperature 

and the charge density within the system. [5, 30] 

Plasma was used for surface treatments in the microelectronics industry before 

the 1980s. Later, plasma treatment shifted to metals and polymers. Research was 

conducted to enhance surface properties of polymers such as adhesion, wettability, 

dyeability and so on using plasma modification. Promising results were obtained since 

it was seen that plasma affected only the surface properties and the bulk properties 

were least affected. [6, 27, 28] Wet processing of textiles requires steps to be 

conducted in a continuous process and is carried out at atmospheric pressure and 

consumes a lot of water in the process. Originally, vacuum plasma or low pressure 

plasma was in use and hence proved less beneficial leading to limited applications in 

the textile industry. Following this, advances were made in plasma technology to work 

under atmospheric conditions. This enabled plasma treatment to be implemented in 

the continuous processing of textiles. It requires only a gaseous medium for surface 

modification of textiles. This eliminated the use of water and water wastage, a major 

problem faced by the textile industry. Hence, plasma treatment of textiles is 

considered as a dry, sustainable and environment friendly treatment of textiles.  [1, 5, 

27, 28, 54] The basic differences between plasma processing and textile wet 

processing can be seen in Table 2.2. 
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Table 2.2: Plasma processing vs. textile wet processing. [4] 

 

Plasma is generated by applying an electric field over two electrodes with a gas 

in between. On adding additional energy, the gas becomes ionized and reaches 

plasma state conditions releasing a vast amount of energy. Thus, when plasma comes 

in contact with a textile fiber surface, it transfers the additional energy thereby altering 

the surface properties. [4] Plasmas have a dry environment friendly nature. They can 

be operated at low temperatures which avoids sample destruction. [3] Plasma 

treatment of textiles involves no wet chemistry, requires negligible water and energy 

consumption and is thus considered an environment friendly process. It is a single 
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step process which is highly surface specific and often does not require any solvents. 

This enhances the product performance to a much higher level and also opens up 

new applications. It can provide various functionalities such as repellency, coating, 

bonding and adhesion properties, ultrafine cleaning, surface activation and reduces 

environmental costs to a great extent. [4, 31] Also, plasma treatment can be done on 

all kinds of fibers. 

2.3.1 Types of plasma 

 Plasma can be classified into various types depending on numerous 

parameters such as temperature of the constituents and pressure of the gas. The 

different types of plasma are further explained in detail. 

2.3.1.1 Based on temperature of the constituents 

The ions, free electrons and neutrals in plasma have their own characteristic 

temperature as they constitute separate microscopic populations. [3] Thus, depending 

on the temperature of these constituents, plasma can be of two types: Hot plasma or 

LTE (Local Thermal Equilibrium plasma) and Cold plasma (low temperature and non-

equilibrium). Hot plasma is characterized by electrons and heavy particles having very 

high temperatures. Initially, the temperature of the electrons is higher than that of the 

heavy particles. The electrons receive energy from the electric field during their mean 

free path and collide with the heavy particles. During these subsequent collisions, 

temperature equilibrium is achieved between the electrons and heavy particles. Hence 

hot plasma is known as LTE plasma. Thermal plasma implies that the temperatures 
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of all active species of the plasma are close. It generally operates in the range of 

1000K to 10000K. It is typically used where heat is required such as in metallurgy, 

welding or cutting of analytical material. Solar corona and solar core are two examples 

of natural thermal plasma. Plasma jets in rocket engines and electrical arcs are a few 

examples of man-made plasmas. [3, 5] 

 In low temperature or non-thermal plasma, the temperature of the electrons is 

about 10 to 100 times greater than that of the heavy particles. The typical 

temperatures of the electrons usually range from 10000K to about 50000K whereas 

the heavy particles are closer to room temperature. Non LTE plasma is associated 

with low degrees of ionization. Even though the temperature of the electrons is higher 

than that of the gas, the temperature of the system remains lower and non-thermal 

due to the very low density and heat capacity of the electrons. [3, 5] This implies that 

the gas temperature remains at 100K although the temperature of the electrons rises 

to about 10000K. Thus, the plasma is not hot and hence cold plasma can be used in 

the textile and plastics industry since these materials cannot withstand higher 

temperatures. [5] Fluorescent light bulbs and neon signs are common examples of 

cold plasma.  

The hot, high energy electrons in the plasma play a major role in helping it 

change the surfaces of different materials. The ability of the heavy particles to control 

the temperature of the system and the tremendous processing power of the free 

electrons make plasma technology an appealing and widely accepted technique in the 

textile industry. Thus, non-thermal plasma technology can achieve great things at 



41 
 

lower temperatures as compared to the conventional techniques and hence, is of 

potential interest to the textile industry. [3] 

2.3.1.2 Based on type of pressure  

 The pressure of the system plays a significant role in determining properties of 

the resultant plasma. Based on the type of pressure, there are two types of application 

methods: Low pressure plasma and atmospheric pressure plasma. Low pressure 

plasma technology is most commonly used in the micro-electronics industry and has 

its origin in the processing of semi-conductors and printed circuit boards. Though the 

processing conditions required in this industry are different from those used in the 

textiles industry, low pressure plasma technology can be adapted for treating textiles. 

Under appropriate process conditions, plasma can be created in a nearly evacuated 

gas chamber if voltage is applied. The appearance and effect of plasma depend on 

these process conditions. Low pressure plasma treatment can create various 

outcomes on textile substrates by etching or radical formation. Textile substrates with 

a breadth of greater than 1m can be treated with low pressure plasma on a commercial 

basis currently. This system is generally operated at pressures between 0.1 to 1.0 

mbar. An electrical power upto 5 kV may be necessary to generate plasma depending 

on the type of treatment to be applied. [13] 

 Low pressure plasma provides better uniformity as compared to atmospheric 

pressure plasma treatment on textile substrates. It also gives low discharge power. 

[13] The low pressure system can also control the composition of the critical gas 

atmosphere from which the plasma was generated as it is usually a closed system. 
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Thermally sensitive substrates such as textile fabrics are not damaged as the 

temperature of the system is usually below 150° C. These reasons make low pressure 

plasma more attractive than atmospheric plasma. However, creating and sustaining 

low pressure conditions is tedious and expensive at the same time. The equipment 

adds to the cost of the treatment and is expensive to run. The size of the substrate to 

be treated is limited by the size of the vacuum chamber. Also, the operating pressure 

range allows only for batch processing and hence this technology is mostly confined 

to it. [3, 13, 32] In view of this, atmospheric pressure plasma treatment is looked upon 

as an attractive option for textile surface modification as it can be used for continuous 

processing which is more preferred and prevalent nowadays.  

2.3.2 Atmospheric pressure plasma (APP) treatment 

 A lot of research is being carried out on atmospheric pressure plasmas since 

the 1980s. It has a number of advantages over the low pressure plasma system. 

Atmospheric Pressure Plasma (APP) has various applications in textiles such as 

surface etching and plasma polymerization. It can lead to etching, cleaning, activation 

and coating which provide specific surface functionalities. Etching is the removal of bulk 

substrate material, cleaning is the removal of contamination, activation is the 

enhancement of surface energy whereas coating is the deposition of a thin functional film. 

A variety of outcomes can be achieved through plasma treatment with different 

combinations of these on different substrates. [3, 4]  

Plasma treatment can be operated in continuous processing and wide areas of 

substrates can be treated as opposed to that in low pressure plasma system. [18] APP 
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can be classified into four types based on the mode of generation of plasma, namely; 

Corona Discharge, Dielectric Barrier Discharge (DBD), Atmospheric Pressure Glow 

Discharge (APGD) and Atmospheric Pressure Plasma Jet (APPJ). Figure 2.14 

indicates the modes of generation of APP. These processes differ in reactor design, 

operating parameters, plasma uniformity, substrate thickness, gas chemistry and 

post-treatment applications. [3, 4, 13, 31, 32, 33] 

 

 

Figure 2.14: Schematic representation of the modes of generation of the three APP 

types for textile surface modification. [3] 
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2.3.2.1 Corona Discharge 

 Corona discharge is also known as ‘air plasma’, as it is formed at atmospheric 

pressure by applying a low frequency or pulsed high voltage over an electrode pair. A 

corona generation system usually involves two opposing electrically conductive 

electrodes which are connected to a high voltage source. These electrodes are 

separated by a gap which contains the gas that generates the plasma. The electrodes 

are highly symmetric in nature such as thin wire electrodes opposing flat planes, 

pointed needle or large diameter cylinders. They are powered using high, continuous 

A.C. or D.C. voltages. The high electric field around the electrodes causes electrical 

breakdown and ionization of the gas takes place. Plasma is thus created which 

discharges in the form of a fountain-like spray as shown in Figure 2.15.  

 

 

Figure 2.15: Schematic representation of corona discharge. [34] 
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Number, density and temperature of the free electrons present in the system 

determine the characteristics of the plasma. Coronas are thus strongly non-thermal, 

very weakly ionized and have a free electron density of about 108 electrons/ cm3. The 

temperature of the free electrons exceeds 100,000 K. However, coronas are spatially 

non-uniform and require a small electrode gap since the plasma density drops off 

rapidly from the point of generation. Hence, the discharge is very narrow which leads 

to shorter residence time of the fabric. Thus, it is impractical to treat fabrics with large 

areas since the power level becomes extremely limited. [3, 22] 

2.3.2.2 Dielectric Barrier Discharge (DBD) 

 Unlike the asymmetrical corona system, consider a symmetrical arrangement 

of electrodes that comprise of two parallel conducting plates placed in opposition and 

separated by a gap of about 10mm. If a high voltage of about 1-20 kV is applied, the 

gas between the plates can be electrically broken and a plasma discharge is 

generated. However, this thermal plasma takes the form of an arc and jumps from a 

spot on the electrode to a spot on the opposite electrode. This is not useful for textile 

treatment as it can create holes in the fabric. But, if one or both the electrodes are 

covered with a dielectric material such as glass or ceramic, the plasma cannot 

discharge as an arc and instead, is forced to spread itself over the area of the 

electrode to carry the current (Figure 2.16). Such type of plasma system is known as 

Dielectric Barrier Discharge (DBD). Typically, helium is used as the plasma gas in this 

method. It is non-thermal, uniform and acts on large areas of textiles, thus finding 

productive uses in textile processing. It is usually powered by A.C. voltage and is 
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driven by high voltage power supplies running at frequencies in the range of 1-100 

kHz. It is denser than corona and has an electron density of 1010 electrons/cm3. The 

temperature of the free electrons is slightly cooler in the range of 20,000 to 50,000K. 

[3, 22] 

 

 

Figure 2.16: Schematic representation of DBD. 1- Electrodes and 2- Dielectric layer. 

[34] 

 

 DBD can be of two types: Filamentary DBD and Homogenous DBD. 

Homogenous DBD is sometimes also called atmospheric pressure glow discharge. 

Filamentary DBD is the most common form in which the plasma appears as an array 

of discrete, tiny micro-discharges. They have a lifetime of only a few nano-seconds 

and carry a high current density of ~100 A/cm2. They are 100 µm in cross-sectional 

diameter. Each micro-discharge has limited charge transport and energy dissipation. 
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More precursors are created in this system for initiation of surface reactions as less 

gas heating is provided which leaves a considerable part of free electron energy to be 

utilized by the exciting atoms and molecules in the volume gas. Due to its structure, 

the filamentary DBD plasma has limited contact with the fabric at any instant which 

apparently results in non-uniform treatment and low processing speeds. Homogenous 

plasma is spatially more uniform and avoids the danger of forming pinholes in the 

fabric. It is thus the more preferred form of DBD for textile processing applications. [3, 

22] 

2.3.2.3 Atmospheric Pressure Glow Discharge (APGD) 

 Atmospheric Pressure Glow Discharge (APGD) plasma is generated by 

relatively low voltage of about 200 V. The plasma uses helium gas for the generation 

of discharge and takes the form of a bright, uniform, homogenous glow in the region 

between the electrodes. Opposing symmetrical planar or curved electrodes are used 

in this system. They are not covered with any material but are bare metals. This 

enables significantly higher power densities of up to 500 W/cm3. Very high radio 

frequencies in the range of 2 to 60 MHz are used. APGD is denser than DBD with 

typical electron densities of 1011 to 1012 electrons/cm3. The free electron temperatures 

are even cooler at 10,000 to 20,000K.  

 A very high density, highly undesirable, hot plasma arc can be generated if a 

high voltage is applied between the metal electrodes. Arcing can be prevented by 

controlling the inter-electrode gap and the frequency of the driving voltage. With the 

use of helium as ~99% of the generation gas, a large volume, non-thermal plasma 
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can be generated. This type of plasma is dense and a rich source of chemical species 

required for textile processing. Textile treatment using APGD can be carried out in the 

temperature range of 25 to 50°C. However, the need to use helium gas, which is 

expensive and difficult to produce, is a commercial disadvantage of APGD. [3] A 

schematic representation of the APGD system can be seen in Figure 2.17. 

 

Figure 2.17: Schematic representation of an Atmospheric Pressure Glow Discharge 

system. (A) - Parallel plates, (B) - Electrodes, (C) - Power source and (E and D) - 

Feed and take-up rollers. [2] 

 

2.3.2.4 APJeT® Inc. Atmospheric Pressure Plasma Jet (APPJ) 

This is the most promising and widely used techniques among all the others. It 

produces a stable, uniform and homogenous discharge at atmospheric pressure. [4] 

This technique uses radio frequency (RF) electric fields to generate a non-thermal, 
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atmospheric pressure glow discharge. The discharge is 1000 times more efficient than 

the conventional plasma techniques like DBD or corona. [2, 5, 19]  

In DBD or CD, the plasma is restricted to a small region of space between the 

electrodes and is thus not able to treat large surfaces uniformly. Hence, these 

processes are limited to thin and flat substrates; whereas, APP jet can be used to treat 

large, three-dimensional structures. In this process, the gas temperature ranges from 

25 - 200° C and charged particle densities are 1011 – 1012 cm-3. It uses gases such as 

helium, oxygen, nitrogen, etc. and a special electrode to prevent arcing. It can etch 

and deposit materials at low temperatures. APPJ has gained much importance as it 

can be easily incorporated into the existing line of production and also, it can treat 

specific parts of the substrate selectively. Figure 2.18 shows a schematic 

representation of the APPJ device. Thus, APPJ has a wide range of applications in all 

fields. [5, 19, 32, 35] 

APPJ is used to improve adhesive bond strength of polymers such as 

polyethylene, poly (vinylidene fluoride) and poly (ethylene terephthalate). The process 

increases the surface tension and incorporates functional groups such as oxygen and 

nitrogen onto the fiber surface which leads to an increase in its adhesive bonding 

strength. The surface roughness of the fiber is not altered which shows that the 

chemical composition of the fiber is of much more importance for adhesive bonding. 

[35] 
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Figure 2.18: Schematic representation of an APPJ device. [22] 

 

2.3.3 Mechanism of plasma treatment 

 As discussed earlier, plasma is a gaseous mixture containing electrons, 

molecules, atoms and equally charged ions. Several reactions take place 

simultaneously during plasma treatment. The two major processes that occur in the 

plasma system are ‘plasma polymerization’ and ‘ablation’. Plasma polymerization is 

basically polymer formation which leads to the deposition of materials whereas 

ablation leads to the removal of materials. These two processes are opposite in action 

and compete with each other when plasma is used to treat surfaces of solid materials. 
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Various factors such as discharge conditions, energy density, type of gas, etc. 

determine which one of the two processes is dominant. If the composition of gas used 

has high proportions of carbon or hydrogen atoms such as ethylene or methane, the 

plasma results in plasma polymerization.  

 Plasma polymerization is used to modify polymer and material surfaces by 

depositing a thin polymer film. The polymer films have varying thickness ranging from 

micrometers to angstroms. They are highly cross-linked and have unique physical and 

chemical properties. Plasma polymerization is a very complex process. Two important 

reactions take place simultaneously during this process, namely; plasma-induced 

polymerization and plasma-state polymerization. During plasma-induced 

polymerization, polymerization is initiated at the surface of solids or liquids. This is 

possible only if the monomer contains polymerizable structures such as double bonds 

or triple bonds. Plasma-state polymerization takes place when the reactive species 

have enough energy to break a bond. Any type of organic compounds can be used in 

this type of reaction. The structure of the plasma deposited films depends on various 

parameters such as substrate temperature, power level, reactor design, monomer flow 

rate, monomer pressure and structure, etc. [5, 30] 

Ablation of materials by plasma can be due to two different processes; namely, 

physical sputtering and chemical etching. The sputtering of materials occurs in 

chemically non-reactive plasma such as argon gas plasma whereas chemical etching 

of materials occurs in chemically reactive type of plasma. Reactive type of plasma 

includes inorganic and organic gas molecules such as N2, O2 or methane. These are 
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chemically reactive but do not deposit polymers in their pure form. A scheme of 

interaction between the plasma phase and solid phase is shown in Figure 2.19 [5] 

 

Figure 2.19: Polymerization and ablation competition during plasma treatment. [5] 

 

 A lot of free radicals still remain on the fabric after plasma treatment. These are 

responsible for the formation of functional groups and bond in between the fiber and 

matrix. But once they are exposed to the atmosphere, they tend to extinguish, thus 

decreasing the extent of bonding. Hence, the time lapse between plasma treatments 

and fabrication should be as minimum as possible. [5] 
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2.3.4 Factors affecting plasma treatment 

 The plasma parameters such as nature of gas, flow rate, system pressure, 

discharge power, plasma source to substrate distance, duration of time or plasma 

exposure time and uniformity determine the nature and affect the plasma surface 

interactions on various substrates. The nature of the gas used for electrical discharge 

plays an important role in varying the plasma characteristics; surface composition and 

characteristics of the polymeric materials. It also determines whether the treatment 

will induce higher or lower degree of etching. The rate of etching increases rapidly as 

the flow rate increases up to a maximum value and then decreases at higher flow 

rates. Also, the concentration of active species decreases at higher flow rates. [1, 5] 

 The duration of plasma treatment plays an important role in affecting the 

surface modification of the substrates. A longer duration treatment will modify the 

surface severely and allow the plasma to penetrate into the interior regions thereby 

affecting the morphology of the material. Appropriate distance between the plasma 

source and substrate surface ensures successful flow of the active species on the 

surface. The kinetic energy of the plasma species depends on the discharge power. 

Thus, the higher the discharge power, the more is the kinetic energy carried by the 

plasma species and hence, stronger is the intensity of plasma action. [1, 5] The system 

pressure affects the energy of the plasma species. The probability of collision between 

the plasma species increases with increasing pressure leading to loss of energy of the 

species before their interaction with the surface. The type of plasma, i.e. polymer-
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forming plasma or non-polymer-forming plasma and the effect of gas can affect the 

system pressure. [1, 3, 5] 

2.3.5 Advantages and disadvantages of plasma 

 The advantages of plasma can be summarized as follows [3, 4, 5]:  

 Plasma treatment can be carried out on almost any type of fiber by optimizing 

various surface properties. The excited species can modify any type of polymer 

irrespective of its chemical structure and reactivity.  

 It creates novel products and obtains typical textile finishes without affecting 

the inherent properties of the polymers.  

 Any desired chemical modification of the polymer surface can be achieved by 

varying the feed gas of the plasma reactor. 

 The modification is almost uniform throughout the surface of the polymer. 

 It is a clean and dry process. It involves no wet chemistry and requires 

negligible amount of water and energy consumption leading to environmental 

benefits and sustainability development.  

 It is considered as a green process as it consumes very few chemicals and also 

generates negligible amounts of waste and by-products.  

 There is no cost involved in effluent treatment and thus it is a dry textile 

treatment process.  

 Despite the high cost of machines used, plasma treatment provides better 

products at a high production rate and a lower cost.  
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 Finishes that are difficult to obtain by conventional processes can be easily 

achieved by plasma treatment. Also, the problems faced by conventional 

processes such as swelling of the fabric and residual chemical content can be 

avoided during plasma treatment. 

 

The disadvantages of plasma processing are explained below [5]: 

 Usually, plasma treatment is carried out in vacuum. This increases the cost of 

operation. Hence, nowadays, atmospheric pressure plasma is being 

developed. 

 The formation of a specific functional group on the polymer surface is very 

difficult to control. 

 The process parameters are highly system dependent. They need to be 

modified after every different application system. 

 Plasma treatment tends to produce certain harmful gases during the operation 

such as ozone and nitrogen oxides. Hence it is recommended to set up the 

systems in well ventilated areas to ensure that they do not pose as a threat to 

the workers and the environment. 

 The scale-up of an experimental set-up to a large scale production is a very 

difficult process and needs significant investment. 

 The plasma process is complex as it is difficult to achieve proper interactions 

between the polymer surface and plasma. The gas flow rate, power level, 
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pressure of the gas, gas composition and sample temperature need to be all 

taken into account. 

2.3.6 Plasma treatment of textiles for water repellency 

Plasma treatment of fabrics to obtain water repellency has several advantages 

associated with it. In addition to energy savings and lack of water and minimal 

chemical usage, plasma can be used to treat thin layers of fabrics which can range 

from angstroms to nanometers in thickness. [2, 29] Plasma polymer films are pin-hole 

free, highly cross-linked and insoluble. Very thin films can be easily obtained. [5, 36] 

With the help of plasma technology, it is possible to treat the entire end product as 

well as garments with a water repellent finish. Thus, not just the textile material, but 

also the seams, zips, etc. can be treated with plasma. This increases the ability of the 

garment to protect the wearer from water exposure. [2, 3, 37]  

Often, the most common challenge faced while using plasma for water repellent 

treatments is that it degrades as well as polymerizes. The chemicals used as water 

repellents have large complex functional groups which may get destroyed during 

plasma ionization. Hence, proper refined techniques should be used to achieve a 

cured finish without damaging the functional groups. Also, the cost of plasma 

equipment is relatively higher and the line speed for plasma treatment is slower. [2] 
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2.4 Water repellent finishing 

Water repellency is the ability of a surface to resist water. It is one of the most 

important finishes applied to a fabric. It is also the oldest repellent finish. A water 

repellent finish does not allow water to spread on the fabric surface. Instead, it allows 

the formation of water droplets which stay on the fabric and easily drip off. [8, 9] Unlike 

water proof finishing, a water repellent finish allows the penetration of water vapor and 

air. It only prevents the penetration of water, thus maintaining the comfort of the fabric 

as the air permeability of the fabric is not much affected. Water repellent fabrics have 

a wide range of applications such as in medical bandages, rain coats, umbrellas, 

sportswear, tarpaulins, headliners, upholstery fabrics such as shower curtains, 

inflatable boat fabrics and so on. [38] 

A water repellent finish has both pros and cons. Sometimes, a few undesirable 

fabric properties such as poor soil removal during aqueous laundering, anti-static 

properties, stiffer fabric hand, increased flammability and greying of the fabric are 

obtained when a water repellent finish is used. Whereas properties such as durable 

press properties, increased chemical resistance and rapid drying when ironed can be 

improved by water repellency. [8] The finish can be applied to either side of the fabric 

for a single-sided treatment or to the entire bulk of the fabric.  

Water repellent finishes are obtained by depositing a hydrophobic substance 

onto the fiber surface either physically or chemically. [12] 
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2.4.1 Wetting of textile substrates 

 Wetting is the ability of a liquid to maintain contact with a fiber surface. The 

intermolecular interactions that take place when a solid surface and a liquid come 

together lead to wetting. It involves the process of immersion, capillary sorption, 

adhesion and spreading. Wettability is an important property during processes such 

dyeing and finishing. [6] The degree of wetting is determined by the adhesive forces 

between the fiber and liquid droplet and the cohesive forces within the liquid droplet. 

It is described by the contact angle at which the liquid-vapor interface meets the solid-

liquid interface. The three phases namely solid, liquid and gas are involved during 

wetting of a surface. When wetting occurs, the air in between the surfaces is removed 

as the solid-air interface is replaced by the solid-liquid interface. This process takes 

place during immersion as seen in Figure 2.20. [2, 13, 38] 

 

Figure 2.20: Immersion of a solid fiber surface in a liquid. [2] 
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 During adhesion, the solid fiber surface and the liquid come in complete 

molecular contact with each other as seen in Figure 2.21.  

 

 

Figure 2.21: Adhesion between a solid fiber surface and a liquid. [2] 

 

 Spreading occurs when the liquid flows across the fiber surface as seen in 

Figure 2.22. The adhesion forces between the liquid and solid cause the droplet to 

spread on the surface. The area between solid-liquid and liquid-air interfaces 

increases. [2] 
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Figure 2.22: Spreading of a liquid on a solid fiber surface. [2] 

 

 The cohesive forces within the liquid cause it to form a compact droplet and 

minimize contact with the surface. If the liquid drop stays on the fiber and does not 

move i.e. if the liquid does not spread, the angle formed between the liquid drop and 

the fiber surface can be measured. This angle (θ) is known as the contact angle and 

is a very important property of repellent fabrics. Figure 2.23 illustrates the contact 

angle between a fiber surface and a liquid drop. As the tendency of the liquid drop to 

spread on the surface increases, the contact angle decreases (Figure 2.24). A good 

repellent fabric lowers surface energy and hence increases the contact angle. [2] 

Thus, the contact angle provides an inverse measure of wettability. [39] 
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Figure 2.23: Contact angle between a liquid drop and a fiber surface. [2] 

 

Figure 2.24: Contact angle measurements. [13] 

 

A contact angle of less than 90° favors wetting of the surface and allows the 

liquid to spread on the surface. The contact angle must be atleast 90° for a surface to 
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be hydrophobic which indicates that wetting is not favorable. When the contact angle 

is 150° or more, the surface is said to be super-hydrophobic. [27, 38, 40] There is 

almost no contact between the liquid drop and the surface. Liquids do not adhere to 

such fabrics and tend to freely roll off the surface. This phenomenon is known as the 

“lotus effect”. [2]  

The lotus leaf comparatively has a rough surface. An SEM image of a lotus leaf 

is shown in Figure 2.25. Thus, a water droplet cannot wet the entire surface as the 

micro-structure spaces do not get wet. This allows air to remain inside the surface 

texture, causing a heterogeneous surface composed of air and solid. As a result, the 

adhesive forces between the water and surface are very low which allow the water 

droplet to roll off easily. This phenomenon is commonly used in self-cleaning textiles 

with the help of water repellent finishes. As the liquid droplet rolls off the super-

hydrophobic surface, it carries the dirt particles along with it, thus cleaning the surface 

as seen in Figure 2.26. Thus, the self-cleaning properties of many leaves and insects 

allows the removal of dust and other particles. These properties may be due to the 

hydrophobic nature of the surface or the micro and/or nano-structure of the surface. 

[41] 
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Figure 2.25: SEM image of a lotus leaf. [13] 

 

 

Figure 2.26: Lotus effect removing the dirt particles from super-hydrophobic surface. 

[13] 
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 The sessile drop method is an optical contact angle technique which is used to 

estimate the wetting properties of a localized region on a solid surface. This method 

measures the angle between the base of the droplet and the tangent formed at the 

boundary of the droplet. The drop is usually viewed from the edge of an optical 

microscope in order to measure the contact angle, the height of the drop and its radius. 

The wetting behavior of a surface can be enhanced by improving the roughness or 

surface texture of the fabric. [13]   

2.4.2 Mechanism of water repellent fabric finishes 

The chemical nature of a repellent finish can be determined based on surface 

energy and contact angle measurements. [2] Repellent finishes act by reducing the 

free energy at the fiber surfaces. When the adhesive interactions between a fiber 

surface and a liquid droplet are higher than that of the cohesive interactions within the 

liquid droplet, the droplet tends to spread on the fiber surface. Whereas, if the 

adhesive interactions are lower than the cohesive interactions, the liquid droplet does 

not spread and remains on the surface. [5, 8] 

For a liquid to wet the surface of a textile, it should have a surface tension (γL) 

lower than the critical surface tension (γC) of the repellent finish. [5, 8] Thus, the critical 

surface tension is important in determining the wettability of a fiber surface. The other 

properties that determine the ability of a fabric surface to repel a liquid are surface 

roughness and chemical composition. The fabric should have a tight woven structure, 

should be free of residual impurities and the finish should be evenly applied on it. [2] 
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The surface tension of water (72 mN m-1) is two to three times higher than that 

of oils (about 20-35 mN m-1). Fluorocarbon compounds and organo-silicates help in 

reducing the critical surface tension of textile fabric materials. Fluorine containing 

repellent finishes have γC = 10-20 mN m-1 and hence tend to provide oil as well as 

water repellency. But, fluorine free compounds such as organo-silicates have γC = 24-

30 mN m-1 and hence they cannot provide oil repellency. Hence, polymers with high 

fluorocarbon content are used in water and oil repellent finishing. [2, 5, 8] 

On a nano-scale, rough surfaces tend to be more hydrophobic than smooth 

surfaces because of the reduced contact area between the water and solid. [10] Low 

energy surfaces are those which show low interactions with liquids. Such surfaces can 

be obtained on textiles using a variety of techniques. An impermeable barrier can be 

created or a hydrophobic surface can be provided to obtain a repellent finish. [2] For 

instance, paraffin emulsions can be mechanically incorporated in or on the fiber and 

fabric surface, fiber pores or in the spacing between the yarn and fibers. Fatty acids 

can be chemically reacted with the fiber surface to obtain a low energy surface. 

Silicone and fluorocarbon compounds can be applied by forming a repellent film on 

the fiber surface. Another method is by using special modified fabric constructions 

such as stretched PTFE films (Goretex) or hydrophobic polyester films (Sympatex). 

[8] Thus, any of the above approaches can be used to obtain a water repellent finish 

depending on the end use of the product.  
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2.4.3 Use of fluorocarbons as water repellents 

 Water repellency achieved by using fluorocarbon repellent finishes is more 

effective as they have the lowest surface energy. The surface energy obtained is low 

enough to repel both oils and water. A very high repellency is achieved by using a 

very low percentage add-on (usually lesser than 1%). [5] A fluorocarbon repellent 

finish can be obtained by using a perfluoro alkyl group to modify a urethane or acrylic 

monomer. The monomer then either reacts with cross-linking extenders to form a 

polymer network or with itself to polymerize. Sometimes, it may even react with the 

polymer surface. An example of polymerization of a fluorocarbon repellent is shown 

in Figure 2.27. [2] The parameters that determine repellency by fluorocarbons are 

structure and length of the fluorocarbon chains segments, packing, orientation and 

uniform distribution, amount of fluorocarbon applied onto the fabric and the 

composition of the fabric. [7, 8, 42, 43, 55] 

 

 

Figure 2.27: Polymerization of a fluorocarbon water repellent. [2] 
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 Generally, the length of a perfluoro alkyl chain ranges from 6 carbons to 12 

carbons. These chains provide repellency and are extremely hydrophobic and 

oleophobic. A fluorocarbon finish is applied using the traditional pad-dry-cure method 

where it is in the form of an emulsified polymer. During curing, the heat causes the 

polymer film to become oriented so that the CF chains are crystallized in such a way 

as to provide maximum repellency. Sometimes, this orientation is disrupted during 

laundering which requires a new heat treatment to regain high repellency. However, 

tumbler drying or just ironing can fulfill this requirement. New laundry-air-dry (LAD) 

fluorocarbon repellent treatments have recently been established which do not require 

to be re-heated after laundering. [2, 44, 45, 55]  

 Compared to siloxane based water repellents, fluorocarbon repellents are more 

expensive and also, the fluorocarbon derivatives pose a potential threat to the 

environment. [38] Release of hazardous aerosols during drying and curing processes 

and fabric greying during laundering are major concerns with the usage of 

flurorocarbon chemicals. The fluorocarbon finishes consisting of perfluoro carbon 

chains which contain eight carbons can degrade to form perfluorooctanoic acid 

(PFOA). PFOAs have unique chemical, molecular properties, and thermal stability 

making their water and oil repellent properties suitable for treatment of various 

substrates such textiles, ceramics, polymers and so on. [10, 46] PFOA can resist 

degradation, thus bio-accumulating in the human and animal tissues thereby posing 

long biological threats to human life and the environment. [9, 10, 37, 44]  
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Measures have been taken by the Environmental Protection Agency (EPA) to 

limit the use of PFOA and its precursors in the industry. Research also indicates that 

exposure to PFOA cause potential harmful effects. One research conducted on mice 

showed that on exposure to PFOA they exhibited adverse neurobehavioral responses. 

Hence, current research is being focused on finding different alternatives such as 

perfluoro alkyl chains with only six carbons or aromatic based fluorocarbons which 

have similar or better water repellent characteristics. [2, 5, 7] 

2.4.4 Siloxane chemistry for repellent fabric surfaces 

Polydimethylsiloxanes (PDMS) act as very good water repellents by forming a 

hydrophobic layer around fibers. The basic structure of a polysiloxane can be seen in 

Figure 2.28. The R groups can be hydroxyl, alkyl or simply hydrogen atoms. The 

unique structure of PDMS enables the formation of hydrogen bonds with fibers as well 

as a hydrophobic outer surface as can be seen in Figure 2.29. The methyl groups that 

are oriented outwards generate water repellency.  

Silicones usually consist of three components, namely; silane, silanol and a 

metal catalyst as seen in Figure 2.30. Metal catalysts such as tin octoate are generally 

used. They help in promoting orientation of the silicone film on the fiber surface. During 

drying, the silane and silanol react to form a three dimensional cross-linked sheath 

around the fiber thus providing repellency. The Si-H groups of the silane generate 

further cross-linking by getting hydrolyzed by water to form hydroxyl groups. This 

reaction is illustrated in Figure 2.31. But, if too many of them remain unreacted, the 

water repellency will be reduced due to their hydrophilicity. [2, 8, 37, 38]  
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Figure 2.28: Basic structure of a polysiloxane. [2] 

 

 

Figure 2.29: Polydimethylsiloxane on a fiber surface. A: Hydrophobic surface, B: 

Hydrogen bonds to polar surface, C: Fiber surface. [8] 

 



70 
 

 

Figure 2.20: Components of a silicone water repellent. [8] 

 

 At present, these are one of the most widely used water repellent chemistries. 

They are chemically incorporated onto fabric surfaces giving a durable water repellent 

finish. [9, 38] 
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Figure 2.31: Silanol- silane reaction. A: Removal of H2, B: Si-O-Si cross-linked 

polymer. [8] 

 

2.4.5 Advantages and disadvantages of siloxane chemistry 

Following are the advantages of silicone water repellents [2, 8, 38]: 

 High degree of water repellency at relatively low on weight of fabric 

concentrations (0.5- 1% owf). 

 Improved sewing performance of the fabric 

 Very soft fabric hand 

 Improved shape retention 

 Improved appearance 

 Improved feel of pile fabrics 
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 More durable than waxes or melamines 

The disadvantages are as follows [2, 8, 9, 38]:  

 Increased pilling 

 Increased seam slippage 

 No oil and soil repellency 

 Poor abrasion resistance 

 If excess amounts are used, the repellency is reduced. 

 The silicone finish may sometimes attract hydrophobic dirt particles, thus 

spoiling the appearance of the fabrics. 

 The waste water produced during the application of these finishes is toxic. 

2.4.6 Evaluation of water repellent treatments 

 The tests used for evaluation of water repellency are simple and easy. Usually, 

the water drop test (standardized by TEGAWA) and the spray test are used. The 

distance between the sample and nozzle plays a major role in determining the results 

in the water drop test method. If there is no proper differentiation, the resistance of 

water should be checked using the hydrostatic pressure test. Some other important 

test methods for water repellency can be seen in Table 2.3. [8] 
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Table 2.3: Test methods for fabrics treated with repellent finishes. [8]
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3. METHODOLOGY AND EXPERIMENTAL SURVEY 
 

As the surface modification techniques have improvised, similarly, the 

techniques used to measure surface analysis too have improved in order to meet the 

increasing demand for performance-enhanced materials. It is very important to use 

proper methods to measure the surface analysis of different materials. Surface 

analysis methods help us to understand the various changes that take place in the 

physical and chemical structures of surfaces, to correlate and compare the surface 

properties with the performance of materials as well as to verify the effects of a surface 

modification technology. Thus, the surface analysis and characterization methods 

help to provide a better understanding and relationship between the surface 

characteristics and material properties of fibers and materials. [13] 

 

3.1 Polyester  

Polyester is a man-made synthetic fiber. It is a long chain polymer derived from 

petroleum, coal, air and water. According to the Federal Trade Commission, the 

definition for polyester fiber is “a manufactured fiber in which the fiber forming 

substance is any long-chain synthetic polymer composed of at least 85% by weight of 

an ester of a substituted aromatic carboxylic acid, including but not restricted to 

substituted terephthalic units, p(-R-O-CO- C6H4-CO-O-)x and para-substituted 

hydroxy-benzoate units, p(-R-O-CO-C6H4-O-)x.” [5]  
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The polyester fabric used in this study was obtained from Cirrus Fabrics. 150 

(ends per inch) x 95 (picks per inch) and 8 tex multifilament PET yarn was used to 

weave the fabric with Rips-top weave of 90 GSM and the thickness of the fabric was 

0.18 mm. 

 

 

Figure 3.1: Chemical structure of polyester. 

  

3.2 Siloxanes 

 The basic chemical structure of a siloxane can be seen in Figure 3.2. The 

chemistry of siloxanes has been explained in section 2.4.4.  
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Figure 3.2: Basic chemical structure of a siloxane. 

 

The following siloxanes were purchased from Sigma-Aldrich: 

1. M1- Hexamethyldisiloxane (HMDSO, CAS No. 107-46-0) 

2. M2- Divinyltetramethyldisiloxane (DVTMDSO, CAS No. 2627-95-4) 

3. M3- Octamethylcyclotetrasiloxane (OMCTSO, CAS No. 556-67-2) 

4. M4- Polydimethylsiloxane (PDMS, CAS No. 107-51-7) 

 

 

Figure 3.3: Chemical structure of Hexamethyldisiloxane (HMDSO). 
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Figure 3.4: Chemical structure of 1, 3-divinyltetramethyldisiloxane. 

 

 

Figure 3.5: Chemical structure of octamethylcyclotetrasiloxane. 
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Figure 3.6: Chemical structure of polydimethylsiloxane. 

 

3.3 Machinery 

 The two main machines used in this study were the Nordson Asymtek C 341 

system and the e-RioTM atmospheric pressure plasma system APPR-300-13 from 

APJeT Inc. (Santa Fe, New Mexico) (Figure 3.7) that were available in the College of 

Textiles, NC State University. 
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Figure 3.7: Schematic representation of the APPR reactor. [34] 

 

3.3.1 Atmospheric Pressure Plasma Reactor (APPR)  

 The plasma treatment experiments were carried out using the e-RioTM 

Atmospheric Pressure System Model APPR-D300-13 from APJet® Inc. This 

technology was developed at the Los Alamos National Laboratories in collaboration 

with the University of California, Los Angeles. It is an atmospheric pressure glow 

discharge reactor powered by radio frequency (RF) (13.56 MHz). [19] The machine 
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can be operated in either in-situ or downstream mode. In in-situ mode of operation, 

the sample stage is grounded and the plasma is generated in the same field as that 

of the substrate (Figure 3.8). This can sometimes cause arcing that may damage the 

substrate as well as the equipment. In the downstream mode, the plasma is generated 

above the stage at a certain distance which can be adjusted with the help of a 

synchronized adjustment screw. The life-time of the active species generated in this 

mode is short-lived and can be increased with the addition of a small amount of 

ammonia gas.  

 The plasma assembly consists of two parallel plate electrodes that allows a 

large surface area to be treated. One electrode is grounded while the other is supplied 

with RF power. An electromagnetic field is created in the gap between the electrodes 

which causes the gas to break down, ionize and create a stable plasma. The electron 

density is very high. The active species then react with the chemical species on the 

surface of the substrate, thus creating the desired chemical reactions. The standard 

feed gas is helium (He) which can be mixed with nitrogen (N2), oxygen (O2) or argon 

(Ar). The process parameters for the APPR include monomer and gas flow rates, 

electrode gap, input electric power and plasma exposure time which may vary 

depending on the thickness of the fabric. [2, 22, 34] 
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Figure 3.8: Schematic diagram of in-situ (top) configuration in APPR-D300-13 

atmospheric pressure plasma jet viewed in perspective angle from below. [22, 34] 
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3.3.2 Asymtek Coater 

Asymtek coater (available in room #3124 College of Textiles) was used to spray 

the solution uniformly across the PET samples. The use of this coater found to 

dispense monomer uniformly. It is an automated bench-top system for applying 

materials onto substrates with the help of a nozzle. Substrate to nozzle distance 

(heights), patterns, air assist pressure and fluid air pressure can be varied to maximize 

the dispense area. Neat siloxanes were sprayed in the initial experiments, and a 

hydrophobic fabric finish was obtained after exposing the sprayed PET under plasma. 

Asymtek coater parameters used are shown in Table 3.1. After the siloxane 

application, samples were air-dried and plasma treated for variable time intervals (xx 

to yy min) to graft the deposited siloxane. 

Table 3.1: Asymtek coater parameters. 

Fluid air pressure 14 psi 

Air assist pressure 24 psi 

Nozzle diameter 0.36 mm 

Substrate to nozzle head distance 45 mm 
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3.4 Soxhlet extraction 

 Soxhlet extraction is a technique used for leaching purposes. The basic 

function is to remove and separate compounds of interest from insoluble, high 

molecular weight fractions. Conventional soxhlet extraction is a very simple method 

which extracts more sample mass than most of the latest techniques such as 

microwave-assisted extraction and so on. In this method, the sample is placed in a 

thimble-holder which is gradually filled with fresh solvent from the distillation flask as 

seen in Figure 3.9. As the liquid reaches the overflow level, the siphon aspirates the 

solute back to the bulk liquid in the distillation flask. This process continues until 

extraction is complete. The system is maintained at a constant high temperature as 

heating is carried out continuously and no filtration of the solute is required after 

leaching. Thus, soxhlet extraction is a batch process which occurs in a continuous 

manner. But, this process is time consuming and a lot of solvent is wasted leading to 

environmental problems. [47, 48] 
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Figure 3.9: Conventional Soxhlet Extractor. [47, 48] 

  

In this study, soxhlet extraction was performed on the coated samples after 

plasma treatment using the conventional soxhlet extractor in the College of Textiles 

at NC State University. Acetone was used to remove any trace of unreacted monomer/ 

homopolymer during soxhlet extraction of HMDSO, DVTMDSO and OMCTSO while 

dichloromethane (DCM) was used in soxhlet extraction of PDMS.  

 

 



85 
 

3.5 Static contact angle measurement 

 Static contact angle measurement of the plasma grafted samples was carried 

out using the Goniometer instrument at the Nonwovens Institute (NWI). A calibrated 

syringe was used to place a drop of 50 μL of distilled water on the fabric and the angle 

was recorded in the system. Contact angles were measured at five different spots on 

the fabric surface and the mean values were calculated. Figure 3.10 shows an image 

of the static contact angle instrument. 

 

 

Figure 3.10: Static Contact Angle Analyzer for measuring surface wettability of the 

fabrics. [49] 
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3.6 AATCC 193 test method 

 Hydrophobicity of the treated samples was characterized on a qualitative basis. 

Water/alcohol repellent properties of the samples were measured using AATCC 

(American Association of Textile Chemists and Colorists) 193-2012 test method 

(Table 3.2). The resistance of the treated fabric sample to wetting is evaluated using 

this method with the help of a selected series of twelve water/isopropyl alcohol 

solutions of different surface tensions (59 to 21.8 dyne/cm). Drops of the standard test 

liquids are placed on the fabric surface in order of decreasing surface tension and 

observed for wetting or wicking. The aqueous repellency is the highest numbered test 

liquid from 1 to 12 that does not wet the fabric within 30 seconds. The test was 

repeated three to five times and the rating which was obtained the most number of 

times was noted considering statistical significance. [22, 50] 
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Table 3.2: Modified AATCC 193-2012 standard test liquids. [34] 
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3.7 Characterization techniques 

 Characterization techniques allow the imaging and analysis of structures and 

compositions of various materials on very small scales ranging from centimeters to 

angstroms. They give an understanding as to why different materials show different 

properties and behaviors. X-ray Photoelectron Microscopy, Time of Flight- Secondary 

Ion Mass Spectroscopy and Scanning Electron Microscopy are the characterization 

techniques that are used in this study. 

3.7.1 X-ray Photoelectron Spectroscopy (XPS) 

 X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique that 

provides elemental and chemical bonding information from the very top surface of a 

specimen. XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA) 

identifies the atoms comprising the top few nanometers of a specimen surface. The 

specimen is bombarded with X-rays which then emits electrons. The kinetic energy 

and intensity of the emitted electrons is then measured as shown schematically in 

Figure 3.11. XPS has a very high surface sensitivity. It not only provides elemental 

identification of atoms at the surface but also their chemical states. It can thus help in 

identification of the bonds generated by plasma treatment. [39, 51] 

In this study, XPS was performed on the Riber LAS-300 System with PHOIBOS 

150 Analyzer at the Analytical Instrumentations Facility (AIF) at NCSU. The system 

uses non-monochromatic Mg-Ka X-rays with excitation energy of 1 253.6 eV. Energy 

calibration was established by referencing to adventitious carbon (C 1s line at 284.5 
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eV binding energy). The takeoff angle is 75 from the surface with X-ray incidence 

angle at 20, while the angle of X-ray source to the analysis is 55. 

 

 

Figure 3.11: Schematic representation of the emission of a photoelectron from an 

atom irradiated with an X-ray photon. [51] 

  

3.7.2 Time of Flight- Secondary Ion Mass Spectroscopy (ToF-SIMS) 

 Time of Flight- Secondary Ion Mass Spectroscopy (ToF-SIMS) is a highly 

sensitive surface analysis technique which is capable of providing detailed elemental 

and molecular information about the surface, thin layers, interfaces of the sample, and 

gives a full three dimensional analysis. It is capable of analyzing higher mass 

resolutions and larger mass ranges. [52] In this technique, a pulsed beam of primary 

ions are focused onto a specimen surface which produces secondary ions in a 
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sputtering process. On analyzing these secondary ions, information about the 

molecular and elemental species present on the surface is obtained. ToF-SIMS is 

based on the fact that ions with the same energy but different masses travel with 

different velocities. An electrostatic field accelerates the generated ions which travel 

over a drift path towards the detector. The lighter ions fly with higher velocities and 

arrive at the detector before the heavier ions. Mass is determined by measuring the 

flight time of each ion. [53] Data can be collected in a “static” mode with minimal 

damage to the sample surface or in depth profile mode for in-depth elemental and 

molecular analysis. Retrospective analysis allows showing images of ions of interest 

and spectra of areas of interest (Figure 3.12). The information depth can be as low as 

10 Å. Such extreme sensitivity can be affected severely by the presence of 

contaminants on the surface of the fabric. [52] 

 ToF-SIMS can more accurately identify presence of functional groups on 

plasma grafted samples than XPS. Since ToF-SIMS uses the mass of molecular 

groups to give a more accurate count of the different groups for a particular element, 

it can be accurately used to identify grafted chemicals. [39] 

 

http://www.aif.ncsu.edu/equipment/time-of-flight-secondary-ion-mass-spectrometry/
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Figure 3.12: ToF-SIMS using retrospective analysis. 

In this study, ToF-SIMS was performed on the ToF-SIMS instrument by ION 

TOF, Inc. at the NCSU Analytical Instrumentations Facility (AIF). It is equipped with a 

Bismuth Binm+ (n = 1-5, m = 1, 2) liquid metal ion gun with a beam energy of 25 kV.  

3.7.3 Scanning Electron Microscopy (SEM) 

 Scanning Electron Microscopy (SEM) is one of the most powerful and second 

most widely used microscopy technique for surface structural analysis. It provides an 

enormous magnification range of 10X to 500,000X and can achieve resolution better 

than 1 nm in size. With the help of SEM analysis, information about the surface 

topography and chemical elements present near or on the surface is obtained. In 

SEM, a primary electron beam is focused on and scanned across the solid material 

which is placed in vacuum. This generates signals that reveal the surface structure 

and elemental identity. The electron beam is generally scanned using a raster scan 
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pattern and the beam’s position is combined with the detected signal to produce an 

image. The type of signals produced by SEM include secondary and Auger electrons, 

back-scattered electrons, characteristic X-rays and continuum X-rays (Figure 3.13). 

SEM images can be observed in different temperatures and conditions such as dry or 

wet conditions or in vacuum, etc. [51]  

 

 

Figure 3.13: Schematic representation of a Scanning Electron Microscope (SEM) 

[via Google images] 
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 In this study, SEM was performed on a PhenomTM scanning electron 

microscope. It has a magnification range of 120X to 24,000X and a lateral resolution 

of up to 30 nm. Image processing was done using PicasaTM image processor.  

3.7.4 Silicone Analysis  

The plasma grafted samples were sent to Galbraith Laboratories, Inc. 

(Knoxville, TN) for silicone analysis. Since silicone was present in the form of siloxane, 

it had to be dissolved or extracted in an organic solvent and then read by Flame Atomic 

Absorption Spectroscopy (Flame AAS). In this method, the solvent used was Methyl 

Iso-butyl Ketone (MIBK) which is very efficient in transferring organic silicone into the 

solution. However, due to poor results, another method had to be used to detect the 

amount of silicone present in the plasma polymerized samples.  

In the second method of testing, organic silicone was digested by fusing the 

samples with sodium peroxide and sucrose in a Parr bomb. The sample is weighed 

into a gelatin capsule and a small amount of dibutyl ether is added. The bomb is sealed 

and heated over a Burner Blast until the sample is fused. It is then cooled, unsealed 

and the bomb cup is immersed in deionized water on a hot plate to dissolve the melt. 

The solution is neutralized with hydrochloric acid, and quantitatively transferred into a 

plastic volumetric flask. The solution is brought to volume and the sample is ready for 

analysis. It is also a well-used method for the determination of organic silicone. [56] 
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4. RESULTS AND DISCUSSIONS 
 

4.1 Preliminary analysis 

 Initial experiments were carried out using M1, M2, M3 and M4 in order to study 

plasma grafting using the atmospheric pressure plasma reactor (APPR from ApJET 

Inc.). The siloxanes were deposited onto PET fabric using the Asymtek coater. The 

following parameters were varied to obtain conformal deposition of siloxanes prior to 

plasma exposure (Table 4.1). 

Table 4.1: Asymtek coater parameters. 

Fluid air pressure 10 KPa 

Air assist pressure 70 KPa 

Nozzle diameter 0.36 mm 

Substrate to nozzle head distance 45 mm 

 

Plasma treatments: 

4.1.1 Experiment #1 

 Polyester fabric samples were first coated with three monomers M1, M2 and 

M3. They were then treated with atmospheric pressure He plasma under the following 

conditions (Table 4.2):  
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Table 4.2: APPR system parameters for experiment #1. 

Applied plasma power 200 W 

He flow rate 40 L/min 

N2 flow rate - 

Substrate to plasma source distance 3 mm 

Plasma exposure time 
1, 2 and 3 passes (stage speed of 

30s per pass) 

 

 Soxhlet extractions were carried on for the plasma treated samples using 

acetone to remove unreacted monomer and impurities. The hydrophobicity of the 

samples was tested using standard AATCC 193 Test Method (water-alcohol 

repellency). It was observed that hydrophobicity improved only slightly after plasma 

treatment and even after soxhlet extraction (AATCC 193 Rating of ~1). 

4.1.2 Experiment #2 

 Since the results obtained in experiment #1 were not good enough, an attempt 

was made to study one monomer at a time. Experiments were carried out using both 

neat and 50% HMDSO (M1). The following Asymtek coater parameters were varied 

(Table 4.3): 

Table 4.3: Asymtek coater parameters for experiment #2. 

Speed of the nozzle head 100 mm/s and 150 mm/s 

No. of passes Single pass and double pass 

Concentration of monomer Neat HMDSO and 50% HMDSO (in ethanol) 
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 The fluid and air assist pressure of the Asymtek coater were the same as in 

experiment #1. APPR system conditions were varied as seen in Table 4.4. 

Table 4.4: APPR system parameters for experiment #2. 

Applied plasma power 300 W 

He flow rate 40 L/min 

N2 flow rate 200 ml/min 

Substrate to plasma source distance 3 mm 

Plasma exposure time 
1, 2 and 3 passes (stage speed of 

56s per pass) 

 

Soxhlet extraction was carried out for the plasma treated samples using 

acetone. The AATCC 193 ratings of the extracted samples are seen in Table 4.5. 
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Table 4.5: AATCC 193 ratings of the soxhlet extracted samples in experiment #2. 

 

Note: H= Hydrophilic 

It was observed that the diluted monomer showed better repellency than the 

neat monomer because it had a lower viscosity as compared to the neat monomer 

and hence spread out more evenly covering a larger surface on the fabric. Speed of 

nozzle head and number of passes of monomer spray didn’t show any significant 

difference in terms of repellency. As the number of passes increased from 1 to 4 

passes, AATCC 193 Rating found to increase and with further passes, there was no 

improvement in repellency because the surface had already reacted and no further 

reaction was possible. 

 

 

No. of 
passes 
through 
plasma 

HMDSO 50% HMDSO 

150 
mm/s, 

SINGLE 
PASS 

150 
mm/s, 

DOUBLE 
PASS 

100 
mm/s, 

SINGLE 
PASS 

150 
mm/s, 

SINGLE 
PASS 

150 
mm/s, 

DOUBLE 
PASS 

100 
mm/s, 

SINGLE 
PASS 

100 
mm/s, 

DOUBLE 
PASS 

As-
deposited 

H H H H H H - 

1 0.5 0.5 1 1 0.5 0.5 - 

2 1 0.5 1 0.5 0.5 0.5 - 

3 0.5 0.5 0.5 0.5 2 2 - 

4 - - - - 2.5 2 2.5 

6 - - - - 2 2 2 

8 - - - - 0.5 1 0.5 

10 - - - - 0.5 0.5 H 
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4.1.3 Experiment #3 

 This experiment was carried out on DVTMDSO (M2), OMCTSO (M3) and 

PDMS (M4). The parameters of the Asymtek coater were as shown in Table 4.6. 

Table 4.6: Asymtek coater parameters for experiment #3. 

Speed of the nozzle head 100 mm/sec 

No. of passes Double pass 

Concentration of monomer 
Neat DVTMDSO, neat OMCTSO and 10% 

PDMS 

 

The fluid air pressure and assist air pressure of the Asymtek coater were 

maintained the same as in experiment #1. APPR conditions were as seen in Table 

4.7. 

Table 4.7: APPR system parameters for experiment #3. 

Applied plasma power 300 W 

He flow rate 40 L/min 

N2 flow rate 200 ml/min 

Substrate to plasma source distance 3 mm 

Plasma exposure time 
1, 2,3 and 4 passes (stage speed 

of 56s per pass) 
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Soxhlet extractions were carried out on the plasma treated samples M2 and 

M3 using acetone and 10% M4 using Dimethylchloride (DCM). AATCC 193 rating was 

checked on both plasma grafted and soxhlet extracted samples and the results are as 

seen in Table 4.8. 

Table 4.8: AATCC 193 rating of the samples for experiment #3. 

Plasma 

treatment 

time 

(min) 

DVTMDSO OMCTSO 10% PDMS in DCM 

As- 

deposited 

Soxhlet 

extracted 

As- 

deposited 

Soxhlet 

extracted 

As- 

deposited 

Soxhlet 

extracted 

Control H 1 H 0.5 H 2 

1 0.5 2 0.5 2 6 6 

2 0.5 2 0.5 2 6 6 

3 0.5 2 0.5 2 6 6 

4 0.5 2 0.5 2 6 6 

 

Note: H= Hydrophilic 

 It was observed that the AATCC 193 rating was not affected by the number of 

passes and remained the same for all passes probably because the reaction had 

already taken place after one pass. Both plasma treated and soxhlet extracted 10% 

PDMS samples showed a very good AATCC 193 rating of 6.This was because PDMS 

is a polymer and thus forms a cross-link network covering a large surface area of the 

fabric. The remaining siloxanes are monomers which cannot react with each other and 

hence the reaction sites cover only small portions of the surface area of the fabric. 

Soxhlet extracted DVTMDSO and OMCTSO showed a better AATCC 193 rating as 
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compared to the plasma treated samples which were not soxhlet extracted proving 

that unreacted monomer and impurities had been removed after soxhlet extraction. 

4.1.4 Experiment #4 

 The below experiment was carried out on 30% HMDSO (M1), 30% DVTMDSO 

(M2), 30% OMCTSO (M3) and 30% PDMS (M4) in DCM. The Asymtek coater 

parameters are shown in Table 4.9. 

Table 4.9: Asymtek coater parameters in experiment #4. 

Speed of the nozzle head 100 mm/sec 

No. of passes Double pass 

Concentration of monomer 30% 

 

 The fluid and air assist pressure of the Asymtek coater for 30% HMDSO, 30% 

DVTMDSO and 30% OMCTSO were 10kPa and 70kPa respectively while for 30% 

PDMS, they were 100kPa and 140Kpa respectively. The APPR system parameters 

used can be seen in Table 4.10. 
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Table 4.10: APPR system parameters for experiment #4. 

Applied plasma power 300 W 

He flow rate 40 L/min 

N2 flow rate 200 L/min 

O2 flow rate 144 L/min 

Substrate to plasma source 

distance 
1mm, 3mm 

Plasma exposure time 
1, 2 and 3 passes (stage speed of 56s per 

pass) 

   

Table 4.11: AATCC 193 rating of soxhlet extracted samples in experiment #4. 

Plasma 
time 
(min) 

30% HMDSO in 
ethanol 

30% DVTMDSO 
in ethanol 

30% 
OMCTSO in 

ethanol 

30% PDMS in 
DCM 

AD SE AD SE AD SE AD SE 

Control H 1 H 1.5 H 1 0.5 1.5 

1 0.5 1.5 H 2.5 0.5 2 2.5 2.5 

1 -  O2 H 1.5 H 1 H 1 2 3 

1 - 
1mm 

0.5 2 0.5 3 0.5 2.5 3 5 

2 1 2.5 0.5 2.5 0.5 2 3 5 

3 2 3 0.5 2.5 0.5 2 3 5 

  

 Note: H= Hydrophilic, AD= As-deposited and SE= Soxhlet Extracted 

In this experiment, variations were made in the type of gas fed and the distance 

between the sample stage and plasma exposure. From the results seen in Table 4.11, 

it can be seen that varying the type of gas did not show much difference in the results 

although it gave better results for PDMS as compared to the other siloxanes. 
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Decreasing the substrate to plasma source distance gave very good and comparable 

results for 30% PDMS after soxhlet extraction, but gave poor results for the remaining 

samples. 

 The AATCC 193 ratings increased as the number of passes were increased for 

all samples and remained constant after two passes showing that the reaction had 

already taken place. Also, the soxhlet extracted PDMS samples showed better results 

than the non-soxhlet extracted samples. This shows that the grafted polymer was 

stable for dichloromethane washings and the atmospheric pressure plasma aided 

complete graft polymerization of the deposited polymer. 

4.1.5 Experiment #5 

 In this experiment, the concentration of PDMS was varied and the results were 

compared. The Asymtek coater parameters can be seen in Table 4.12 while the APPR 

system parameters used are shown in Table 4.13. 

Table 4.12: Asymtek coater parameters for experiment #5. 

Speed of the nozzle head 100 mm/sec 

No. of passes Double pass 

Concentration of monomer 
5% and 15% PDMS 

(in DCM) 

Fluid pressure 40kPa 

Air assist pressure 70kPa 
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Table 4.13: APPR system parameters for experiment #5. 

Applied plasma power 300 W 

He flow rate 40 L/min 

N2 flow rate 200 L/min 

Substrate to plasma source 

distance 
3mm 

Plasma exposure time 
1, 2,3 and 4 passes (stage speed of 

56s per pass) 

 

Table 4.14: AATCC 193 rating of the soxhlet extracted samples in experiment #5. 

Plasma 

treatment 

time (min) 

5% PDMS 15% PDMS 

As- 

deposited 

Soxhlet 

extracted 

As- 

deposited 

Soxhlet 

extracted 

Control 0.5 1.5 0.5 1 

1 3 3 3.5 4 

2 3.5 4 3.5 4 

3 3.5 4 3.5 4 

4 4 4 3.5 4 

 

As can be observed from Table 4.14, the AATCC 193 rating was not much 

affected by change in concentration of PDMS. The rating for control PET showed poor 

results as compared to the plasma grafted and soxhlet extracted samples proving that 

plasma treatment was successful in providing water repellency. The rating remained 

constant and there was no improvement in repellency after 1 pass for all the samples 

since the reaction had already taken place. Also, the soxhlet extracted samples 
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showed slightly better rating as compared to the non-soxhlet extracted samples 

proving that the surface needs to be cleaned of impurities. 

 

4.2 Static contact angle measurements 

 The static contact angle measurements of the plasma grafted and soxhlet 

extracted samples can be seen in Table 4.15. On comparing the results, it can be 

seen that the plasma grafted PDMS PET sample gave the best contact angle of 137.7 

which is close to 150 i.e. super-hydrophobicity. The sample was exposed to plasma 

for less than 1 sec. 50% HMDSO sample gave a contact angle of 134.4 and was 

exposed to plasma for less than 4 sec. When a droplet of water was placed on the 

control PET sample, it was immediately absorbed by it which showed that the sample 

was hydrophilic. Thus, on comparing with the control PET sample, the plasma grafted 

samples gave very good results proving that they were hydrophobic in nature and that 

the plasma treatment was successful in providing a water repellent finish. 
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Table 4.15: Static contact angle measurements of the plasma polymerized samples. 

SAMPLE 

SPEED OF 

NOZZLE HEAD 

(in mm/s) 

NO. OF 

PASSES 

PLASMA 

EXPOSURE TIME 

(stage speed of 

56s per pass) 

CONTACT 

ANGLE (in 

degrees) 

Control PET - - - Hydrophilic 

50% HMDSO 150 Double 3 116 

50% HMDSO 100 Double 4 134.4 

DVTMDSO 

(Soxhlet 

extracted) 

100 Double 1 127 

OMCTSO 100 Double 1 129.1 

10% PDMS 100 Double 1 137.7 

 

4.3 X-ray Photoelectron Microscopy (XPS) 

 The elemental composition on the surface of the treated samples was studied 

using X-ray Photoelectron Spectroscopy (XPS) technique. The atomic % of the 

elements present on the surfaces of the control and plasma treated samples can be 

seen Table 4.16. Presence of silicone after plasma grafting was proved with the help 

of XPS as seen in Table 4.16. Small traces of silicone were also detected on control 

PET which could be attributed to contamination (any amount below 2% is attributed 

to contamination). The survey spectrum graphs of Control PET and plasma treated 

samples can be seen Figures 4.1- 4.5. 



106 
 

Table 4.16: Surface elemental composition of Control PET and plasma treated 

samples measured using XPS. 

Elements 
Atomic % 

Control PET M1 M2 M3 M4 

C 76.8 70.3 80.1 63.4 50.8 

O 20.8 19.5 14.5 25 27.2 

N -  4.7 2.2 4.9 1.2 

Si 1.2* 5.6 3.2 6.7 20.8 

F  1.1  - -  -  -  

 



107 
 

 

Figure 4.1: XPS survey scan spectrum for Control PET. 
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Figure 4.2: XPS survey scan spectrum for HMDSO treated sample. 
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Figure 4.3: XPS survey scan spectrum for DVTMDSO treated sample. 
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Figure 4.4: XPS survey scan spectrum for OMCTSO treated sample. 

 



111 
 

 

Figure 4.5: XPS survey scan spectrum for PDMS treated sample. 

 

4.4 Time of Flight-Secondary Ion Mass Spectroscopy (ToF-SIMS) 

 Figures 4.6 to 4.17 show the spectra and mapping obtained with the help of 

ToF-SIMS analysis. It can be inferred from these results that there is not much 

difference as the distribution of the silicon compounds seems to be similar in nature. 

Brighter the shade of mapping, more is the concentration of the compound on that 
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part of the fabric. In some cases, this may be an error occurred due to improper 

placement of the fabric. Overall, the presence of silicone and its compounds is 

confirmed from ToF-SIMS analysis as it gives a qualitative analysis of the surface of 

the fabrics. 

 

 

Figure 4.6: ToF-SIMS analysis for control PET sample. 
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Figure 4.7: ToF-SIMS spectra of control PET sample. 
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Figure 4.8: ToF-SIMS analysis for plasma grafted HMDSO (M1). 
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Figure 4.9: ToF-SIMS spectra of plasma grafted HMDSO sample. 
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Figure 4.10: ToF-SIMS analysis for plasma grafted DVTMDSO (M2). 
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Figure 4.11: ToF-SIMS spectra of plasma grafted DVTMDSO sample. 
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Figure 4.12: ToF-SIMS analysis for plasma grafted OMCTSO (M3). 
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Figure 4.13: ToF-SIMS spectra of plasma grafted OMCTSO sample. 
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Figure 4.14: ToF-SIMS analysis for plasma grafted PDMS (M4). 
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Figure 4.15: ToF-SIMS spectra of plasma grafted PDMS sample. 
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Figure 4.16: ToF-SIMS analysis of plasma grafted PDMS followed by soxhlet 

extraction. 
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Figure 4.17: ToF-SIMS Spectra of soxhlet extracted plasma grafted PDMS sample. 

4.5 Scanning Electron Microscopy (SEM) 

 The surface of the control PET and plasma grafted samples were compared 

and studied using Scanning Electron Microscopy (SEM). The SEM images examined 

at the magnification of 2500X were used for comparison. The surface of the plasma 

grafted siloxane samples appeared to be smoother than the surface of the control PET 

sample (Figure 4.18). The surfaces are modified due to the chemical layer present on 

top of them. The surface of grafted PDMS PET sample appeared to be much smoother 

than those plasma grafted by the other monomers because of the cross-link network 

formed by PDMS on the fabric surface. PET grafted by PDMS was durable to soxhlet 

extraction (using DCM) which can be seen from the SEM image (Figure 4.18 (f)). This 

confirms its durability. 
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Figure 4.18: SEM images of (a) Control PET, (b) PET plasma grafted by HMDSO, 

(c) PET plasma grafted by DVTMDSO, (d) PET plasma grafted by OMCTSO, 

(e)PET plasma grafted by PDMS and (f) Soxhlet extracted PET-PDMS. 

(a) (b) 

(c) (d) 

(e) (f) 
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4.6 Silicone Analysis  

 Silicone analysis of the plasma grafted samples was carried out by fusing the 

samples with sodium peroxide in a Parr bomb. Table 4.17 shows the amount of 

silicone present in the samples. We can conclude from the results that the amount of 

silicone present on the samples was not higher than approximately 0.2%, except that 

on PDMS, which was about 0.589%.  

Table 4.17: Amount of silicon present on the plasma grafted samples. 

SAMPLE SILICON CONTENT 

Control PET 0.18% 

HMDSO 0.118% 

DVTMDSO 0.16% 

OMCTSO 0.159% 

PDMS 0.589% 

PDMS (Soxhlet extracted) 0.159% 
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5. CONCLUSIONS  

 

Plasma grafting was successfully carried out on PET samples to provide a 

durable water repellent finish. The polyester samples were first coated with the 

monomers using the Asymtek coater. They were then plasma treated using the 

Atmospheric Pressure Plasma treatment with the help of APJeT technology. Soxhlet 

extraction of the treated samples was carried out in order to remove the remaining 

impurities. It was demonstrated that the water repellent finish was durable to soxhlet 

extraction proving that the siloxanes were graft co-polymerized completely on the 

surface. The samples which were not soxhlet extracted showed poor AATCC rating 

for water/ alcohol repellency which meant that they had unreacted monomer/ 

homopolymer present on them. 

Parameters such as speed of nozzle head, concentration of monomer and 

number of passes were varied during coating of the monomers while plasma exposure 

time, substrate to plasma source distance and types of gases used were varied during 

plasma treatment. It was observed that after a certain number of passes, the rating 

for water and alcohol repellency remained unchanged indicating that there was no 

improvement in water repellency. This was because the reaction had already taken 

place and no further reaction was possible. 

Overall best results were obtained for the plasma grafted sample coated with 

PDMS. A rating of 6 was obtained for AATCC Test Method 193 for the plasma grafted 
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as well as soxhlet extracted sample coated with PDMS. This indicates that the fabric 

is capable of repelling fluids with surface tensions as low as 25.4 dynes/cm. A high 

contact angle of 137 was obtained by the static contact angle measurement method. 

PDMS is a polymer and hence forms a crosslink network covering the entire surface 

area of the fabric, thus giving the best results for water repellency. The others were 

monomers which do not react with each other and hence the reaction sites cover only 

small portions of the fabric surface; therefore giving poor repellency rating. Diluted 

siloxanes gave better water repellency rating since they had lesser viscosity due to 

which they spread more evenly and uniformly on the surface. 

The surface chemistry and morphology of the treated fabrics was characterized 

using XPS, ToF-SIMS and SEM. These techniques proved the grafting of polymer 

onto the fabric samples. XPS showed a high amount of silicone content (20.4%) 

present on the surface of plasma grafted fabric treated with PDMS. The grafting of 

monomer was confirmed with the help of SEM. The plasma grafted samples appeared 

smoother than the control PET sample while Figure 4.18 (f) shows that the plasma 

grafted sample was durable to soxhlet extraction. ToF-SIMS showed the presence of 

silicone and silicone compounds on the plasma polymerized samples. Silicone 

analysis supported the study by proving the presence of approximately 0.2% silicone 

content on PDMS sample. 

Thus, the study devised an alternative method to provide durable water 

repellent finishing using fluorine-free chemistries with the help of atmospheric 

pressure plasma treatment. It was proved that polydimethylsiloxane was a better 
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siloxane that gave better water repellency and characteristics as compared to the 

other siloxane monomers. 
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6. FUTURE RECOMMENDATIONS 

 

Future work should be focused on durability of the fabric to washing. Light 

fastness and wash fastness of the fabrics should be tested since the end product will 

be apparels, shoes, etc. Use of cross-linkers or binders can be used to improve 

durability and water repellency. Higher molecular weight PDMS which are made up of 

longer chains should be studied in order to get better water repellency. Fluorocarbon 

and siloxane-fluorocarbon chemistry should be explored.   

The major concerns of the textile finishing industry are utilization of energy, 

generation of toxic chemicals harming the environment, large wastage of water and 

huge costs. Thus, energy conservation and reduction of costs can be done by 

optimization of textile finishing operations, selection of sustainable and appropriate 

finishing and manufacturing systems and development of eco-functional chemicals. 

The aim is to reduce the cost of the manufacturing processes and the final products, 

maintain high performance and improve the effectiveness of the fabric properties 

without affecting or causing any undesirable side effects, find out alternative and 

sustainable methods for conventional wet processing of textiles and to create energy 

efficient products. Recycling waste water and fibers and reusing the chemicals and 

their by-products is one efficient solution. Proper effluent treatment can reduce the 

threat to the environment. Thus, the application of durable, eco-friendly functional 

finishes by minimizing the above disadvantages is a big challenge for future research 

and development. 
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