
ABSTRACT 

WIDODO, MOHAMAD. Plasma Surface Modification of Polyaramid Fibers for Protective 

Clothing. (Under the direction of Dr. Peter J. Hauser and Dr. Ahmed El-Shafei).  

 

The purpose of this research was to develop a novel process that would achieve 

biocidal properties on Kevlar fabric via atmospheric pressure plasma jet (APPJ) induced-

graft polymerization of monomers. In the course of the study, experiments were carried out 

to understand plasma-monomer-substrate interactions, particularly, how each of the main 

parameters in the plasma processing affects the formation of surface radicals and eventually 

the degree of graft polymerization of monomers. The study also served to explore the 

possibility of developing plasma-initiated and plasma-controlled graft polymerization for 

continuous operation. In this regards, three methods of processing were studied, which 

included two-step plasma graft-polymerization with immersion, two-step and one-step 

plasma graft-polymerization with pad-dry. 

In general, plasma treatment did not cause visible damage to the surface of Kevlar 

fibers, except for the appearance of tiny globules distributed almost uniformly indicating a 

minor effect of plasma treatment to the surface morphology of the polymer. From the 

examination of SEM images, however, it was found that a very localized surface etching 

seemed to have taken place, especially at high RF power (800 W) and long time of exposure 

(60 s), even in plasma downstream mode of operation. It was suggested that a small amount 

of charged particles might have escaped and reached the substrate surface. High density of 

surface radicals, which is the prerequisite for high graft density and high antimicrobial 

activity, was achieved by the combination of high RF power and short exposure time or low 

RF power and long time of exposure. This was a clear indication that the formation of 

surface radicals is a function of amount of the dissipated energy, which also explained the 

two-factor interaction between the two process parameters.  

XPS results showed that hydrolysis of the anilide bond of PPTA chains took place to 

some extent on the surface of Kevlar, leading to the formation carboxylic and phenyl amine 

groups, which may provide additional active sites for grafting by way of hydrogen 

abstraction from the latter. Further analysis of XPS data, however, showed that macroradicals 

and active sites of grafting were formed at least at one of the carbon atoms in the aromatic 

ring.   



 A reduction of microbial activity up to 3-log reduction was achieved by plasma 

treated Kevlar grafted by either diallyl diammonium chloride (DADMAC) or 3-

((trimethoxysilyl)-propyl) dimethylammonium chloride (TMS), with the latter being the one 

with better performance. It was found that high antimicrobial activity was obtained by the 

combination of high RF power, short time of exposure, and low concentration of monomer. 

Of the three processing methods studied, the one with immersion method produced higher 

graft yield. However, one-step plasma graft-polymerization with pad-dry method has proven 

itself more interesting due to its potential for an open continuous process.  

This research has been successful in producing effective antimicrobial properties on 

Kevlar fabric by plasma-initiated and plasma-controlled graft polymerization, which is 

unprecedented. The design of experiments showed that better results with higher order of log 

reduction can be obtained by process optimization, e.g. by using response surface methods. It 

would also be very beneficial to continue the research for the development of plasma graft-

polymerization process with more rigorous design, which involves the use of crosslinker and 

antimicrobial monomers with different chemistry. A study that involves the development of a 

robust design for processes that perform consistently as intended under a wide range of user's 

conditions and yet produce high-level performance with high reliability would also be 

advantageous.  

The major implication of the findings from this research for the finishing of Kevlar is 

that a wide array of different surface functionalities may become more readily available now 

than ever. Plasma technology has made surface chemistry functionalization of Kevlar more 

straightforward and easier to perform, which opens new avenues for achieving functional and 

multifunctional Kevlar fabrics using a fast, more economic and environmentally friendly 

continuous process for niche market such as military applications and protective clothing for 

emergency responders.  
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C H AP T E R 1   

INTRODUCTION 

1.1 Context and Background  

Contamination by microorganisms is of great concern in a variety of areas, such as 

medical devices, healthcare products, water purification systems, hospitals, dental office 

equipments, food packaging and storage, household sanitation, and still many more
1-3

. 

Bacterial contamination on permanent catheters or implants, for example, can be a major 

problem. The use of long-term catheters can lead to serious implant-associated infections. In 

fact, medical implants account for nearly one-half of all nosocomial infections or healthcare-

associated infections
4
. Resolutions of these infections usually require removal of the implant. 

Because the success of the treatment in these cases is poor, emphasis has been shifted and 

placed on ways to prevent catheter-related infections
1
, which in most cases means some kind 

of antimicrobial pre-treatment. In the United States, approximately 2 million nosocomial 

infections cost nearly $11 billion annually.  

The food processing industry in the US accounts for nearly 26% of worldwide food 

processing output 
5
. There are more than 17,000 food-manufacturing factories around the US. 

During storage and distribution, food products undergo numerous physical, chemical, and 

microbial changes, which may lead to spoilage of foods. Stricter requirements regarding 

consumer health and safety, among other factors, have created an ever-increasing demand for 

innovation in food packaging. This is particularly important in the area of fresh and extended 

shelf-life foods. In this regard, antimicrobial packaging has been identified as one of the 

promising approaches toward the so-called active-packaging system
6,7

.  

The rate of cross-contamination of pathogen in hospitals is higher than that in any 

other places because they house large number of people who are in various conditions of 

illness from many different types of diseases. The transmission takes place airborne and more 
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importantly via hands of healthcare workers, who are responsible for most of the nosocomial 

infection cases
8
. This has created a critical problem affecting the quality of healthcare. 

Preventive measures including hand washing and the use of antimicrobial agent have been 

considered vital to combat hospital-related infections. In fact, this is equally true and 

important for hotels and other environments where hygiene is required. 

In medical textiles and protective clothing and textiles, the problems with 

contamination by microorganisms are even more crucial. Some of the examples of medical 

textiles include babies‘ diapers, wipes, adult sanitary and incontinence products, as well as 

operating gowns and drapes, and wound dressings. Included in the second category are 

personal protective clothing and masks. According to a report
9
 published by Rand 

Corporation in 2002, ―Protecting Emergency Responders: Lessons Learned from Terrorist 

Attacks‖, the available garments for emergency responders working in Ground Zero in the 

aftermath of September 11 (2001) did not provide sufficient protection against biological and 

infectious hazard. A recent study on the safety, health risks and personal protection needs of 

emergency workers reports that firefighters have an increased risk of exposure to biological 

pathogens because 75% of departments serving populations of 25,000 or more also provide 

emergency medical service response
10

. Clearly, medical emergency is also an important area 

that needs special attention in relation to microbial infections.  

A great number of studies have been done on antimicrobial agents in the last two 

decades (1978-2008). Figure 1 shows the search result from Scifinder for studies on 

―antimicrobial or antibacterial‖ that were published within that period. The number of 

publications, which reflects the level of scientific activity as well as interest in the area, is 

growing exponentially. Consequently, that also strongly suggests that new developments are 

still arriving on the scene and may be even heightened, which include new chemicals, more 

efficient routes of synthesis, novel approaches in their applications to a wider variety of 

materials, and new characterization methods. Recently there has been a great interest in the 

development of polymeric antimicrobial or antimicrobial polymers. The most recent reviews 

dealing extensively with this topic are that of Kenawy, Worley and Broughton‘s
1
, and  



 

 

 

3 

 

Figure 1. Number of journal publications on antimicrobials published between 1978-2008. 

 

Tashiro‘s
11

. They focused on the syntheses and preparation of polymeric antimicrobials, 

especially those based on quaternary onium compounds. A brief survey on their 

immobilization on surfaces, however, was also given. Lately, much interest has been given to 

the development of non-leaching self-sterilizing surface. Successful covalent attachment of 

polymeric antimicrobial materials on glass
12-14

, polymer
15-22

, paper
14

, and metal
23

 have been 

reported recently. One of the early works in this area is the study by Isquith et al.
24,25

 in 

1970‘s who used alkoxysilane quaternary ammonium compound to produce durable 

antimicrobial activity on glass surfaces and cotton cloth. 

Irradiation by plasma has become a convenient and versatile technology for surface 

modification and coating of polymers. Unlike -rays, which pass through the polymer 

materials and affect the bulk properties of the polymer, the chemical reactions and 
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modification initiated by non-equilibrium cold-plasma are confined to the outermost layer, 

ideally monolayer, of polymer surface. From this viewpoint, UV light may also be 

considered as source of input energy for surface modification. However, its effectiveness is 

hindered by the fact that light cannot always access areas that are hidden in the small crevices 

or interstices
26

. Thus, transmission of energy does not take place in these parts of polymer. 

The energy of plasma, on the other hand, is transmitted not only to the open parts but also to 

the shaded parts. This is the reason why plasma is an even more attractive source of energy 

than UV light or -rays for modifying polymer surfaces, and even more so for textiles.  

In the textile field, non-thermal plasma has been used mostly to modify wetting 

characteristics (hydrophilicity
27-36

, hydrophobicity
37-44

 and oleophobicity
43,45

) and adhesion 

properties of fibers
46-53

. Other areas of interest with lesser degree of activity include dyeing 

and printing, surface cleaning (desizing), inactivation of microorganisms (sterilization), 

modification of physical properties of fibers (optical, mechanical and electrical properties), 

and shrink-proofing of wool
54

. The last decade has witnessed a significant interest in using 

plasma for surface bonded antimicrobial textiles, mostly by employing low-pressure plasma 

under vacuum conditions
15,16,55-57

. Following the development of the technology, atmospheric 

pressure plasma has also been used recently for biocidal finishing of textiles
58,59

.  

1.2 Problem Statement 

Multiple protections against fire and heat exposure, as well as against the chemical 

and biological hazards, including the infection of bacteria, would be a highly desirable 

quality standard of protective clothing for the emergency responders, particularly the fire 

fighters. One of the most widely used materials for protective clothing is Kevlar (poly-(p-

phenylene terephthalamide) fiber. The chemical inertness and the exceedingly high 

crystallinity of the fiber make surface functionalization by classic organic reactions, under 

the conditions that would not impair the mechanical properties of the fiber, a complex and 

difficult task.  
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Promising results have been reported of the use of plasma treatments and plasma graft 

polymerization for the improvement of adhesion properties of Kevlar fibers for applications 

in composites. Up until now, however, there has not been any report on the use of plasma, 

particularly that under atmospheric conditions, for biocidal Kevlar. Therefore, it is important 

that a study must be conducted to demonstrate and determine the potential of plasma graft 

polymerization for imparting antimicrobial properties to the surface of Kevlar fibers. 

1.3 Research Goal and Study Objectives 

The overall goal of this research is to develop a novel plasma process for biocidal 

aramid fabrics (Kevlar) via graft-polymerization of polycationic antimicrobials using 

atmospheric pressure plasma jet (APPJ). The requirement for efficiency of antimicrobial 

activity in this research is 3-log reduction of bacterial activity.  

Fundamental to the realization of this goal is the understanding of how plasma 

treatments affect the surface chemical properties and consequently the graft-polymerization 

reaction. The following questions were asked not only to provide ways to obtain the 

fundamental understanding about the process, but also of equal importance, a direction for 

the research to focus on. Therefore, they also serve as secondary objectives: 

1. What are the effects of atmospheric pressure He plasma treatment on the surface 

morphology and surface chemical properties of PPTA fiber and film?  

2. What species are involved in the modification of PPTA surface properties, especially 

under the downstream (remote plasma) mode? 

3. What reaction occurs at the surface of PPTA fiber and where in the PPTA molecular 

structure are the radicals generated?  

4. How do RF power and time of exposure affect the generation of surface radicals and 

charge density on PPTA fiber surface? How does this correlate to antimicrobial activity? 

Additionally, on a more practical level, the answers to these questions would also provide 

better understanding of how to control and optimize the formation of surface radicals and 

grafting, hence surface functionalities, including antimicrobial properties. 
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1.4 Methodological Background 

The use of plasma to modify surface properties of polymer substrates by graft-

polymerization has long been extensively studied. So far, however, only a few have reported 

the use of atmospheric pressure plasma. Even for low-pressure plasma, none of them used it 

directly for graft-polymerization. In most cases, it was used only to activate the surface while 

grafting was still carried out separately by conventional wet chemical reaction, thermal 

curing, or UV irradiation.  

In this research, the study was carried out not only to look into the use of plasma for 

surface activation, but also to test its potential and capability to initiate and control the 

surface graft-polymerization reactions. This led to the development of two processing 

methods, in which graft polymerization was carried out by exposing previously monomer-

saturated substrate to plasma: one-step and two-step plasma graft-polymerization. This is 

different from the technique that is widely adopted and practiced in the plasma graft 

polymerization. In the latter, the conventional grafting reaction was carried out by heating the 

plasma-preactivated substrate in the monomer solution.  

The effects of plasma processing parameters (RF power and time of exposure) and 

monomer concentration on the formation of surface radicals, graft yield, surface charge 

density, and antimicrobial activity in each of the above said methods were studied by using 

factorial design of experiments (DOE).  

1.5 Organization of the Dissertation 

This dissertation has seven chapters, including the introduction (Chapter 1) and 

conclusions (Chapter 7). Chapters 2 and 3 are review of literature, which provide an 

overview of quaternary ammonium antimicrobial polymers and plasma technology 

respectively. Chapter 2 begins with the definition of antimicrobial and then discusses some of 

the related terms that are often used in the literature, such as biocides and antibiotics. It goes 

on by looking at their classifications and mechanisms of action and then expands the 

discussion by exploring the structure-activity relationship and factors that affect the 
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antimicrobial activity. In the first part of the review, it deals with free antimicrobial polymers 

in solution. Thereafter, in the second part, the focus shifts towards surface-immobilized 

antimicrobial polymers and their methods of immobilization.  

Chapter 3 describes the plasma technology as a tool for surface modification of 

polymers with special consideration being given to the atmospheric pressure plasma. The 

review sets out with the basic concepts of plasma covering its generation, properties and 

basic reactions. This is followed with a survey of its use in the last two decades for the 

modification of surface properties of polymers in general. The viability of plasma-induced 

grafting technique by atmospheric pressure plasma for antimicrobial surfaces deserves a 

special attention that separate treatment was given. This is followed by a survey of past and 

recent studies in plasma surface modification of aramids, which marks the end of the review. 

Chapter 4 explains the hypothesis and approaches used in the development of design 

of experiments. It also explains the development of different modes of plasma processes and 

the identification of factors and response variables involved. In this regard, readers would 

find the schematic diagrams shown in Figure 63 – Figure 64 particularly useful. Chapter 5 

contains the explanation about experimental procedures and apparatus used in the 

experiments and analysis. This is followed by discussion and analysis of experimental results 

in Chapter 6. It looks not only at how the response variables (surface radicals, charge density, 

and antimicrobial activity) were affected by the process parameters (RF power, exposure 

time, and monomer concentration) but also at the correlation among them.  
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C H AP T E R 2   

STRUCTURE-ACTIVITY RELATIONSHIPS AND 
SURFACE IMMOBILIZATION OF POLYCATIONIC 

ANTIMICROBIALS 

2.1 Definitions of Antimicrobial Agents 

A number of terms pertaining to the use of agents having the capability to handle 

microorganisms have been used in the literature. Sometimes they are used interchangeably 

and inconsistently which may cause confusion to the readers. It is therefore useful to define 

these terms before going any further.  

The term antimicrobial agents has been used in the literature to refer to and defined as 

those materials that kill or inhibit the growth of pathogenic microorganisms
1,60

. The term is 

indeed a generic one. According to ―Oxford Dictionary of Biochemistry and Molecular 

Biology‖
61

, the term antimicrobial is ―describing a drug, antibiotic agent, physical process, 

radiation, etc. that is inimical to microbes‖. Microbe is a common term for a pathogenic 

microorganism. 

Antimicrobials can be divided into two main categories: biocides and biostats. A 

biocide is a chemical that kills microorganisms, while a biostat is a chemical that inhibits the 

growth of microorganisms
61

. While biocide must be registered with the EPA as a pesticide 

and labeled with a public health claim, a biostat, however, does not need to be registered nor 

does it require special labeling
62

.  

The term ―biocide‖ has been widely used in the literature, especially when authors 

have the need to emphasize the killing power of the agents they are referring to. While it may 

be impressive to the reader, it could be misleading, especially when the agents are not really 

meant to kill everything. Technically, the term refers to any chemical substance that kills 

living cells or organisms
61

, both pathogenic and nonpathogenic, which does not limit it to 

micro only. It is a generic term, which comprises among others, microbicides, insecticides, 
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herbicides, and rodenticides
62

. On the other hand, microbicides is a generic term that includes 

bactericides, fungicides, and algicides to name a few. The same distinction should be used 

for ―biostat‖ and ―microbiostat‖.  

Although distinction is often made between ―static‖ and ―cidal‖ compounds, the 

division is by no means clear-cut. Many compounds are static at low concentrations and cidal 

at higher concentrations while the effect may also depend on the condition of the culture. 

According to Franklin and Snow
63

, at low concentrations certain biochemical function 

associated with the microbial membrane may be inhibited but may not necessarily lead to cell 

death, hence antimicrobial is biostatic.   

Antibiotics are natural, semi- or wholly-synthetic antimicrobial agents that are able to 

selectively destroy or inhibit the growth of other microorganisms at low concentrations
61,62,64

. 

Some of the common examples are penicillin, neomycin, gentamycin, and quinolone. They 

are used mostly as chemotherapeutic agents to treat infectious diseases and do not normally 

find applications in technical systems. However, successful insolubilization of antibiotics 

have been reported on cellulose
65

, polyamide (Nylon 6)
66

, poly(methyl methacrylate-co-

maleic anhydride) and poly(styrene-co-maleic anhydride)
67,68

. 

2.2 Classification of Antimicrobial Agents 

Antimicrobial agents can be classified and organized based on their chemical 

structure and parent compound. In this regard, the work by Paulus
62

 deserves particular 

attention and appreciation. It is a directory of antimicrobial agents with quite extensive 

examples provided in each of the categories. Although it is intended for the protection of 

materials, the same principles in understanding structure-property relationship apply to other 

areas as well. Another source that is also worth of looking at is that of Moore and Payne‘s
69

, 

in which numerous types of antimicrobial agents are discussed systematically based on their 

chemical structure with extensive references to the original works. 

Antimicrobial agents may also be divided based on their mechanisms of action. 

Paulus
62

 divided them into two broad categories, i.e. those that are electrophilically active 
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and membrane-active. Chapman
70

 divided each of the groups further into two sub-categories, 

which makes four broad categories of antimicrobials and includes oxidants, electrophiles, 

lytic, and protonophores  (Figure 2). The oxidants include rapid speed killing agents such as  

chlorine
71-76

  and peroxides
77-80

 that work directly via radical-mediated reactions to oxidize 

organic material. The electrophilic agents include inorganic ions such as silver, copper, and 

mercury, and organic biocides such as formaldehyde and isothiazolones. The antimicrobial 

effectiveness of these substances results from the fact that they are in search of substrates 

with electron density rich centers such as nucleophilic components of the microbial cell (e.g. 

amino, thiol, and amide groups of amino acids and proteins). The corresponding result of this 

contact is an electrophilic addition or substitution that leads to inactivation of enzymes. 

Cationic membrane active biocides such as chlorhexidine and quaternary ammonium 

compounds, and alcohols such as phenoxyethanol destabilize membranes leading to rapid 

cell lysis. Weak acids such as sorbic and benzoic acids, which belongs to protonophores, 

interfere with the ability of the cell membrane to maintain a proper  pH balance, resulting in 

acidification of the cell interior and widespread disruption of metabolism. 

 

Figure 2. Biocide mechanisms of action
70

 

 

A more general classification of antimicrobial products is based on their mode of 

actions. They can function through one of two different mechanisms, known as leaching and 

non-leaching. The former operates by slowly releasing an active component from a chemical 
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reservoir on either the surface or interior of a substrate. It is considered very effective against 

microbes on the surface as well as in the surrounding environment, but the effectiveness will 

decrease with time as the reservoir is depleted. The halamine-based antimicrobial developed 

by Sun and co-workers
81

 is one good example of this type of antimicrobial and deserves 

special attention because it demonstrates the ingenuity in circumventing the limitations 

inherent in the conventional system. With this novel approach, the once depleted active 

component, which in this case is chlorine, can be recharged by regular laundry exposure to 

chlorine bleach and hence it represents a regenerable system. However, in textile 

applications, the use of high concentrations of chloramine may cause some problems, which 

include yellowing with heat (for example ironing) and cellulose fiber damage, especially 

significant strength loss, caused by the formation of oxy- and hydrocellulose 
82(p170)

. In the 

non-leaching type antimicrobial products, the active component remains at the surface so that 

their effectiveness, despite being permanent, is limited only upon contact and adsorption. 

2.3 Factors Affecting the Efficacy and Activity of Antimicrobial Polymers 

Ideally, any given antimicrobial polymer should possess the following 

characteristics
1,82

: (1) easily and inexpensively synthesized, (2) stable in long-term usage and 

storage at the temperature of its intended application, (3) not soluble in water for water-

disinfection application, (4) does not decompose to and/or emit toxic products, (5) should not 

be toxic or irritating to those who are handling it, (6) can be regenerated upon loss of activity, 

(7) no adverse effect on the substrate it is applied to, and (8) effective against a broad 

spectrum of pathogenic microorganisms in (9) brief times of contact.  

Many factors can affect the performance of antimicrobial agents. According to 

Russel
83

, the activity of microbicides depends on the external physical environment; the 

nature, structure, composition and condition of the organism; and the ability of the organism 

to degrade or inactivate the particular substance that converts it to an inactive form 

(resistance). These are the external as opposed to the internal factors, which are inherent in 

the antimicrobial polymer and are identified by Kenawy et al.
1
 as molecular weight, spacer 
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length between the active site and polymer, hydrophilic-lipophilic balance (HLB), and the 

nature of counterion (for ―onium‖-based antimicrobials). Additionally, the location of the 

active component relative to the polymer backbone (in-chain or side chain) is also important. 

 

Figure 3. Poly[trialkyl(vinylbenzyl)ammonium chloride]
84,85

 

2.3.1 Molecular weight 

Molecular weight obviously has significant influence on the efficacy of antimicrobial 

polymer. The general observation and most significant finding from early studies on 

molecular weight dependence of antimicrobial activity is that polymeric antimicrobials are 

much more active than their corresponding monomers. The minimum inhibitory 

concentration (MIC) of poly[trialkyl(vinylbenzyl)ammonium chloride] (Figure 3), as shown 

by Ikeda and co-workers
84,85

, for example, is much lower than its monomeric species by two-

orders of magnitude. Further investigation by Ikeda and co-workers
86

 showed not only 

marked dependence of activity on molecular weight, but also the existence of an optimum 

region (Figure 4), which in this particular example is between 5 10
4
 and 10 10

4
 Da. Later 

studies, including those with different systems such as quaternary phosphonium salts (Figure 

5) and chitosan, show similar trends in which antimicrobial activity increases with molecular 

weight
87-90

. 

The observed molecular weight dependence of the antibacterial activity in the above-

cited works may be interpreted based on the contribution of the polymers to each of the 

elementary steps in their mode of action. The generally accepted mechanism of action for 

cationic microbicides in killing bacteria involves the following processes
11,89,91

: 
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(1) Adsorption onto the bacterial cell surface 

(2) Diffusion through the cell wall 

(3) Binding to the cytoplasmic membrane 

(4) Disruption of the cytoplasmic membrane. 

The latter leads to the release of cytoplasmic constituents such as K
+
 ions, RNA and DNA, 

which will eventually lead to the cell death.  

 

 

Figure 4. Effect of MW on antibacterial activity against S. aureus.  poly 3, 23 M;  poly 4, 2.0 M;  plot 

for microgel of poly 3.
86

 

The bacterial cell surface is negatively charged at physiological pH, whereas cationic 

microbicides are positively charged. The microbicides are adsorbed onto the surface of cell 

wall by electrostatic interaction. Consequently, polycations are adsorbed onto the negatively 

charged cell surfaces in a greater extent than monomeric cations because of the much higher 

charge density carried by them. The adsorption is also becoming more favorable for the 

binding of the polycation to the cytoplasmic membrane of bacterial cells, since there are 

many negatively charged species present in the cytoplasmic membrane, such as acidic 

phospholipid and some membrane proteins. The enhanced adsorption at the two levels of 
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activity (step 1 and 3) generates higher stress to the cell membrane that induces more of their 

disruption, which eventually results in higher number of cell death. While processes 1, 3, and 

4 are expected to enhance with higher molecular weight, it should be noted that process 2 is 

depressed, in which diffusion of still higher molecular weight is hindered due to size effect. 

That explains the sharp decrease in activity at much higher molecular weight (Figure 5). 

 

Figure 5. Plots of log (survivors) versus exposure time of S. aureus to tributyl(4-vinylbenzyl) phosphonium 

chloride (2.8 M) of various MW:  blank;  94,000;  36,900;  32,000;  16,000. X = Cl. 

 

Quite interestingly, on the contrary to the above finding, Panarin and co-workers
92

 

reported that antimicrobial activity is independent of molecular weight within the molecular 

weight range investigated (Table 1). They used water-soluble copolymers of N-

vinylpyrrolidone with aminoalkyl methacrylate and their quaternary ammonium salts (Figure 

6) against S. aureus, a Gram-positive bacteria. According to Chen et al.
93

 and Kenawy et al.
1
 

the discrepancy may be explained by taking into account the bacteria structure, which may be 

divided into two classes, Gram-positive and Gram-negative. Gram-positive bacteria tend to 

have a loose cell wall, while Gram-negative bacteria have an outer membrane structure in the 

cell wall providing an additional barrier to foreign molecules. Type of microorganisms is also 

important, because different organisms show varying responses to biocides
94(pp111-115)

. It is 
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also true that the type of microorganism may significantly affect the mechanism of action and 

hence the performance of antimicrobial agents
90,95

. However, these cannot be the complete 

explanation, since the two differently reported behaviors actually came from the same class 

and type of bacteria, S. aureus.  

Table 1. Effect of molecular weight (denoted by intrinsic viscosity) on antimicrobial activity of cationic 

polyelectrolyte.92 

 

 

 

(a) 

 

 

(b) 

 

Figure 6. Copolymer N-vinylpyrrolidone with aminoalkyl  and methacrylate
92

. 
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Molecular weight dependence of antimicrobial activity was also found in dendrimer, 

in which the relationship assumes an interesting parabolic form. Dendrimers are novel highly 

branched 3-dimensional macromolecules that emanate from a central core (Figure 7). They 

have a very compact structure and many end groups at their outer surface, which can be 

functionalized for many different purposes, and thus have attracted attention as well as 

created an upsurge of interest especially from the material science community. Chen and co-

workers
93

 synthesized quaternary ammonium-functionalized poly-(propyleneimine) 

dendrimers for use as an antimicrobial biocide. They used a series of dendrimers with the 

same length of alkyl chain but different generation or number of monomer layers. From 

Figure 7, it is obvious that a dendrimer with higher generation would have a higher number 

of quaternary groups, so that it is expected to be more potent because its interaction with cell 

surfaces is more enhanced, which gives rise to a more enhanced adsorption. However, when 

permeability through cell wall and cell membrane is taken into account, the trend should be 

the opposite, in which larger molecule would experience more difficulty in penetrating the 

barriers. 

 

Figure 7. Schematic representation of a dendrimer structure and architecture
96

 

Figure 8a shows how the combination of the two opposing effects affects the 

antimicrobial activity of dendritic biocide. As generation increases, the size of the molecule 
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and number of functional groups grow exponentially. The antimicrobial activity decreases 

through a minimum (that is maximum relative bioluminescence) and then increases as 

electrostatic interaction overwhelms the size effect. This is quite opposite to the conventional 

polymeric biocides, in which antimicrobial activity of smaller molecules increases 

monotonically with molecular weight to a maximum and then decreases sharply at higher  

 

 

 

Figure 8. Effect of generation number (MW) (a) and chain length (b) of quaternary ammonium-functionalized 

dendrimer antimicrobial activity (E. coli) (adapted from Ref. 93) 
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molecular weight. In this case (conventional polymeric biocides), electrostatic interaction is 

predominant in the low molecular weight regime. As the molecules grow larger, size effect 

takes over. 

Apparently, with dendritic biocides, permeation occurs predominantly for low 

molecular weight biocides, which is gradually suppressed, as dendrimer size grows larger 

with generation number. However, the fact that larger molecules with more functional groups 

are more potent implies that charge density plays a more important role than permeation. 

That explains the difference in the nature of relationship between polymeric biocides and 

bacteria on one side and dendritic biocide and bacteria on the other side. A very interesting 

comparison of dendrimer, polymer, and monomer biocides, based mostly on the analysis of 

their size and mode of interactions with bacteria, is qualitatively summarized by Chen et al
93

 

and is presented in Figure 9. 

In summary, antimicrobial activity of polymeric biocides and dendritic biocides is 

affected by molecular weight, especially when the latter is accompanied by increase in 

charge density of the polymer. The two classes of biocides respond differently to the change 

  

 

Figure 9. Comparison among small molecule biocides, polymer biocides and dendrimer biocides in terms of 

their interactions with bacteria. 1 = low/weak, 2 = medium, 3 = high/strong.
93
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of molecular weight. Due to its higher charge density on its surface, dendritic antimicrobials 

are generally more potent than polymeric and monomeric biocides. 

2.3.2 Counterions 

It was found that antibacterial activity is affected by the type of counter anion
93,89,97,98

 

(Figure 10). The activity, according to the work reported by Kanazawa and co-workers
87

, is 

correlated very well with the solubility products of the polymers (KSP) or dissociation 

constant; it is high for those that dissociate more readily and become free ions, so that the 

active species, which is cation on the host polymer, is more readily available for the action. It 

is clear that KSP affects the antibacterial activity. The order of activity in their study was Cl > 

BF4 > ClO4 > PF6. 

 

Figure 10. Effect of counterion composition to antimicrobial activity for tributyl(4-vinylbenzyl) phosphonium 

salts at 2.8 mM against S. aureus, and its relationship with solubility product constant of polymer KSP.
87

 

 

Chen et al.
93

 found that biocides with bromide anion are more potent than those with 

chloride anion. Keszczynska et al.
97

, in their study to investigate the role of counterions in 

the interaction of cationic surfactants with model membranes, arrived at the same result; 

benzyltrimethylammonium (BTA) bromide-induced hemolysis was found slightly greater 
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than that induced by BTA chlorides. The fact that it was only slightly greater supports the 

remark made by Chen et al. on their own results that the difference was not expected, as both 

ions are in fact tend to dissociate freely in water. 

In this context, Panarin et al.
92

 reported a linear dependence of the logarithm of MIC 

of S. aureus on the content of counterion in the copolymers they studied (Figure 6b). This 

relationship was construed as a proof for electrostatic interaction between polyelectrolyte and 

bacterial cell surface. They also pointed out that the nature of counterion between Cl
-
, Br

-
 and 

I
-
 does not affect the activity level and linear dependence. Unfortunately, supporting data for 

the latter is nowhere to be found in their paper. It is very likely that the slight difference in 

the dissociating power between these ions as mentioned above is the reason why Panarin et 

al. did not observe any difference in antibacterial activity of their samples. 

2.3.3 Effect of Spacer Length and Alkyl Chain 

It is quite reasonable to assume that spacer length has an effect to the activity of 

antimicrobial polymer due to the change in conformation, which consequently affects the 

level as well as mode of interaction with the cell membranes. A series of studies carried out 

by Kanazawa et al.
88,99

 showed that spacer length indeed affects the antimicrobial activity of 

polymeric biocides. In the case where phosphonium (or ammonium) salts are located in the 

main chain, the antibacterial activity increased with spacer length. This finding suggests that 

the long spacer is favorable for strong interaction with cytoplasmic membrane owing to the 

thrusting effect of the long alkyl chain inserted into the hydrophobic parts in the bilayer 

membranes of bacteria. Quite the opposite, antibacterial activity of polymeric phosphonium 

salts decreased as side-chain length increased.  

The explanation for this observation lies not on the size of polymer coil because the 

polymers have nearly the same molecular size due to the approximately identical molecular 

weight and composition. In order to explain the contradicting behaviors, Kanazawa
99

  

proposed that both polymers might form aggregates in aqueous solution to a different extent 

and of different sizes depending upon the length of hydrophobic chains in the polymers. This 
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aggregation results from the hydrophobic interactions that occur between hydrophobic 

chains, and somehow it is very likely that the interaction is more pronounced for polymers 

with side-chains. Those with longer side-chain would form aggregates large enough to be 

excluded at the cell walls of bacteria, resulting in the suppression of the activity. Further 

studies by the same group on the effect of morphology on mode of action and antibacterial 

activity support the above proposition that antibacterial activity of cationic biocides could be 

affected by the state of aggregation
100

. 

Chen et al. also investigated the effect of hydrophobic chain length in dendritic 

biocides on biocidal activity and found a parabolic relationship as shown in Figure 8b. This is 

a general phenomenon often found in long-chain surface-active substances; the activity 

increases progressively with increasing chain length up to a critical point, beyond which the 

activity decreases. This behavior is called the cut-off effect and was observed in the 

antimicrobial activity of homologous series of quaternary ammonium salts for the first time 

more than 70 years ago
101

. Dendritic-QAC biocides with C10 (ten carbon atoms) chains tend 

to be the most effective, followed by C8 and C12 chains. Chen et al. pointed out that this 

behavior may be attributed to (1) dual binding sites on the surface for which the relative 

binding affinities at each site differ for long and short alkyl substituents or (2) different 

aggregational behavior for long and short hydrophobic chains
93

. Since the concentration used 

was much lower than the critical micelle concentration, they concluded the former as more 

plausible for dendrimer biocides. Nakagawa et al. immobilized on porous glass a series of 

low molecular weight quaternary ammonium salt (QAS) with different alkyl chain lengths
102

, 

and found similar parabolic relationship. Quite surprisingly, polymers of QAS behave 

differently. The results from different studies are presented in Table 2. 

Ikeda et al.
84

 discovered that the activity of poly[trialkyl(vinylbenzyl) ammonium 

chloride] against S. aureus increased with the number of carbon atoms in the hydrophobic 

chain (tail) and reached the highest with the longest substituent, C12. Similar trend was also 

found in a more recent study by Nonaka et al. with copolymer of N-isopropylacrylamide 

with methacryloyloxyethyl trialkylphosphonium chlorides
103

. Kanazawa et al.
104

, however, 
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found the contrary. They observed the activity of polymeric phosphonium salts decreased 

with hydrophobicity and suggested that it could be interpreted based on size of polymer 

assembly in solution. The critical micelle concentration of surfactants with same hydrophilic 

groups decreases with the increase of the alkyl chain length. As a result, the aggregation 

number and micelle size should increase accordingly. For antimicrobial polymers, this would 

make the diffusion through the cell wall more difficult, resulting in lower antimicrobial 

activity. It is not clear why they should be different, but it was possibly due to the difference 

in critical micelle concentration of each of the polymers and the concentration used in each 

of the corresponding antimicrobial tests. By contrast, the activity of chemically similar low 

molecular weight model compounds used in the same study increased with hydrophobicity. 

Much earlier on, Panarin et al.
92

 showed that antimicrobial activity of polymers is 

independent on the length of the substituent, whereas for the monomers it increases by 

several orders of magnitude when the alkyl chain length is increased from C1 to C16. They 

suggested that this is most probably due to conformational changes of the polymer because of 

hydrophobic interactions between alkyl substituent along the chain. The conformation is such 

that hydrophobic chains are inside the coil, whereas the ionogenic (QAC) groups are outside. 

When they come into contact with bacterials cells they interact with the cell surface only 

electrostatically. Since the numbers of charges for the investigated macromolecules are 

equal, in the absence of hydrophobic interactions, their activities are also equal. It is 

interesting to note at this point that recently Lewis and Klibanov
105

 suggested how 

hydrophobic interaction may interfere with antimicrobial activity and stressed that the 

polymeric chains on substrate surface must be in the form of individual entities rather than 

entangled agglomerates in order to perform effectively. 

Studies with cationic antimicrobial peptide
106,107

 showed that agents with longer 

spacer exhibit higher activity than those with shorter spacer. According to the authors, longer 

spacer gives more flexibility and better penetration into the cell wall of bacteria. An effective 

antimicrobial must have a spacer long enough to span through the thickness of cell wall and  
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Table 2. Effects of spacer length (1, 2) and alkyl chain (hydrophobic tail) length (3, 4, 5) on antimicrobial activity. 

No. Chemical Structure Observations Refs. 

1 

 

 

Plots of log (survivors) of S. aureus versus time : (A) polymer 3, (B) polymer 4, (C) polymer 5, (D) 

polymer 6, (E) polymer 8. Concentrations: (circle) blank, (triangle) 100 ug/mL, (square) 10 ug/mL, 

(filled circle) 1 ug/mL.  

88 
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Table 2. Continued 

No. Chemical Structure Observations Refs. 

2 

 

  

99 

Plots of log (survivors) of S. aureus versus time: (A) 1, (B) 2. Concentrations: (circle) blank, (triangle) 

280 ug/mL, (square) 28 ug/mL, (filled circle) 2.8 ug/mL, based on the phosphonium monomer units. 
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Table 2. Continued 

No. Chemical Structure Observations Refs. 

3 

 

 

 

84,85 

 

4 

 

 

104 

 

Plots of log (survivors) of S. aureus versus 

time: (A) 1, (B) 2, (C) 3. Concentrations: 

(circle) blank, (triangle) 280 uM, (filled square) 

28 uM, (filled circle) 2.8 uM, (square) 0.28 uM. 
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Table 2. Continued 

No. Chemical Structure Observations Refs. 

5 

 

 

 

Number of viable E. coli after contact with copolymer of different alkyl chain length: (circle) blank, 

(triangle) C8, (filled square) C4, (filled circle) C2. 

103 
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interact with cytoplasmic membrane. Increasing surface density of antimicrobial peptide does 

not improve the activity of antimicrobials with short spacer. 

2.3.4 Conclusion 

Polycationic antimicrobials with higher molecular weight have in general higher 

activity, especially when increasing molecular weight is accompanied by increase in charge 

density as in dendrimers. It reaches maximum and then decreases as diffusion controlled 

process takes effect. The effect of counterion to antimicrobial activity depends on how easily 

it dissociates in solution. It follows that antimicrobial polymers with counterions that 

dissociate more readily are more active. That is why in many cases quaternization was 

performed with bromide or chloride, both of which are well known to dissociate freely in 

water. 

The effect of alkyl chain length to antimicrobial activity is rather complex. When the 

active species is in and part of the main chain, the antibacterial activity of the polymers 

increases with increasing spacer length. However, for polymeric biocides with cationic 

charge on the side-chain, the activity decreases as the side-chain length increases, which is 

due to stronger hydrophobic interaction between chains. Lastly, below the critical micelle 

concentration, the activity increases with the number of carbon atoms in the hydrophobic tail 

due to stronger interlocking with the hydrophobic membrane core of bacterial cells. 

The conclusion that can be made at this point, for polymeric biocides in solution, is 

that chain length is critical for the design of an effective antimicrobial polymer. The 

importance of charge density has also been alluded to and will be discussed further for 

surface-bound antimicrobial polymers.  

2.4 Surface Bound Antimicrobial Polymers  

In the past decade, due to the ever-growing demand for healthy living, considerable 

research efforts were performed in the development of non-leaching surfaces capable of 

killing microorganisms on contact. Immobilization has the advantage of long-term stability 
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and lower toxicity than that by leach- or release-based systems, which lose their capacity to 

kill over time and could contaminate the environment
1,108

. Additionally, the gradual 

decreasing level of released substance could provide a condition for the development of 

antimicrobial resistance
105

. One of the first examples of such a surface was described in the 

early 1970s by a group of researchers at Dow Corning Corporation
24,109

. They treated 28 

substrates, which includes many different natural and synthetic fibers, with 3-

(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride and reported that all the 

treated surfaces exhibited antimicrobial properties. Twenty-six microorganisms were used in 

the test. They also asserted that these surfaces could withstand repeated washing, indicating 

the durability of the treatment. Some relevant examples of antimicrobial polycations immobi- 

 

 

Abbreviations: 

CW = cell wall 

PM = plasma membrane 

OM = outer membrane 

PG = peptidoglycan 

IWZ = internal wall zone 

OWZ = outer wall zone 

Figure 11. Cross-sections of frozen-hydrated B. subtilis 168 (left) and E. coli K-12 (right) obtained by cryo-

TEM showing the structure of cell envelope
110,111

.  
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Table 3. Various antimicrobial polycations immobilized on different surfaces. 

Chemical entity Substrate Method of Immobilization Microorganisms Microorganism loading 

and Antimicrobial activity 

Refs. 

(Year) 

 

3-(trimethoxysilyl)-propyldimethyl-
octadecyl ammonium chloride 

28 different 

substrates 

Wet chemical. Glass surfaces 

and cotton cloth were 

immersed at room 

temperature in 0.1% Si-QAC 

for 10 min and then dried at 
70° C for 30 min. 

26 different types 

of microorganisms 

N/A, 95%, 30 min. 24,109 

(1972) 

 

Quaternary ammonium of 3-

chloropropyltrimethoxysilane 

Porous glass Wet chemical. Porous glass 

was reacted with 3-chloro-

propyltrimethoxysilane 

under toluene refluxing at 

110° C and then quaternized 

with N,N-dimethyl-n-

alkylamines 

E. coli ca. 50 cells/cm2, 100%,  

10 s.  

102 

(1984) 

 

Phosphonium salt 

Polypropylene 

film 

Radiation grafting by light 

(photografting). PP was 

photografted with 4-chloro-

methylstyrene and then 

reacted with trialkylphos-

phine in n-hexane 

S. aureus 

 

1.4 x 105 cells/cm2, 99.9%,  

2 hrs 

 

112 

(1993) 

E. coli 8.4 x 104 cells/cm2, 100%,  

30 min. 
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Table 3. Continued 

Chemical entity Substrate Method of Immobilization Microorganisms Microorganism loading 

and Antimicrobial 

activity 

Refs. 

(Year) 

 

Poly(4-vinyl-N-alkylpyridinium bromide) 

Glass Surface graft copolymeriza-

tion with 4VP, quaternized 

with alkyl bromide. 

S. aureus, S. 

epidermidis, P. 

aeroginusa, E. coli 

94-99.8%, 24 h 12 

(2001) 

 

N-hexyl bromide poly(4-vinylpyridine) 

PET film, paper Plasma treatment with argon 

–exposed to air – UV 

irradiated in 4VP – quaterni-

zation with hexyl bromide.  

E. coli N/A 17 

(2003) 
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Table 3. Continued 

Chemical entity Substrate Method of Immobilization Microorganisms Microorganism loading 

and Antimicrobial 

activity 

Refs. 

(Year) 

 (1) 

(2) 

N-alkylated polyethylene imine 

PE film, PP, 

cotton, nylon, 

wool, PET fabric 

(1) Acylation with 4-bromo-

butyryl chloride, covalent 

attachment of PEI, followed 

by N-alkylation and methy-
lation of PEI. (2) Free radical 

grafting of PEI with maleic 

anhydride, followed by the 

same N-alkylation and 

methylation 

S. aureus, S. 

epidermidis, P. 

aeruginosa, E. coli, 

C. albicans 

N/A, 80-99%, 2 days 

 

19,20 

(2003) 

 

Poly-(diallyl dimethyl ammonium chloride) 

and Copolymer-DADMAC 

Polyethylene film Oxygen plasma – immersed 

in copolymer of DADMAC 

and N-methyl-ethylenamine 

(crosslinker) at 20° C. 

S. aureus, E. coli N/A, 99.9%, N/A 15,16 

(2003) 

 

 

 



 

 

 

32 

Table 3. Continued 

Chemical entity Substrate Method of Immobilization Microorganisms Microorganism loading 

and Antimicrobial 

activity 

Refs. 

(Year) 

 

Poly-(dimethyl aminoethyl methacrylate) 

Glass Substrates were treated with 

alkoxysilane and then 

covered with a monomer 

solution of DMAEMA and 
HMTETA, followed by 

quaternization with 

bromoethane. 

E. coli 2.0 x 105 cells/cm2, 100%, 

1 hour 

113,114 

(2007) 

 

Poly[trialkyl(vinylbenzyl)ammonium 

chloride] 

Glass, cotton 

fiber, paper, 

PDMS 

Impregnation-cure. Substrate 

was impregnated with water 

soluble copolymer of poly-

[trialkyl(vinylbenzyl)ammo-

nium chloride] with alkoxy-

silane anchor groups, and 

cured at 120° C for 1 hour. 

E. coli, B. subtilis, 

S. epidermidis, S. 

mutans 

99.5-100%, 30 min. 115 

(2008) 

 

 

 



 

 

 

33 

Table 3. Continued 

Chemical entity Substrate Method of Immobilization Microorganisms Microorganism loading 

and Antimicrobial 

activity 

Refs. 

(Year) 

 

Poly(2-(dimethylamino)ethyl methacrylate)-

co-poly(3-trimethoxysilyl) propyl 

methavrylate) 

Glass Glass slides were activated 

with piranha solution, and 

then immersed in solution of 

copolymers and quaternized 
with ethyl bromide. 

E. coli 100%, 1 h. 108 

(2008) 

 

Poly(butylmethacrylate)-co-poly(Boc-

aminoethyl methacrylate) 

Silicon wafer, 

glass 

Substrates were activated 

with oxygen plasma, follow-

ed by immobilization of 

ATRP initiator, and then 

treated with solution contain-
ing the monomers: 

butylmethacrylate and 

butoxycarbonylaminoethyl-

methacrylate. Removing 

Boc-protecting group by HCl 

leads to the formation of 

active polymer. 

S. aureus, E. coli N/A, 100%, 5 min. 116 

(2009) 
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lized on different surfaces are presented in Table 3. While soluble compounds may be able to 

penetrate the cell envelope, surface-bound molecules are constrained by their molecular 

length and could only penetrate the cell membrane if they extended far enough away from 

the surface. In their study of cationic antimicrobial peptide, Bagheri et al.
107

 and Haynie et 

al.
106

 found that immobilization reduces peptide activity by two orders of magnitude. 

It has been reported recently that for Gram-negative bacteria E. coli the thickness of 

cell envelope is 46 nm, which include plasma membrane, periplasmic space, peptidoglycan, 

and outer membrane from inside out
110

 (see Figure 11). For Gram-positive bacteria B. subtilis 

the thickness was found to be 45-55 nm
111

; it lacks an outer membrane but has thicker 

peptidoglycan. In order to effectively penetrate the cytoplasmic membrane and kill the cells, 

one possible solution would be to link the antimicrobial agent to a long, flexible polymeric 

chain anchored covalently to the surface of material
105

. In this regard, Tiller et al.
12

 found 

that shorter polymer chains of poly(vinyl- N-alkylpyridinium bromide) (PVP) immobilized 

on NH2-glass slide are significantly less effective than those with higher molecular weight 

(62% as opposed to 94% for 60,000 and 160,000 g/mol respectively).  

 

Table 4. Bactericidal activity of polyethyleneimine immobilized on cotton as a function of molecular weight.
18
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Figure 12. Polyethyleneimine 

 

 

This is further substantiated by Lin et al.
18

 with different unrelated polycation, 

polyethyleneimine (PEI) (sixth row in Table 3, Figure 12), confiming the generality of the 

conception. In order to reach a potency of 98% against airborne S. aureus, 750 kDa PEI was 

necessary (Table 4), which was estimated to be approximately 6 m in length when fully 

extended
18

. It was more than enough to penetrate even the whole bacterial cell, which is 

typically in the order of 1 – 2 m. The 25, 2, and 0.8 kDa PEI in Table 4 is approximately 

0.2, 0.02, and 0.007 m in length respectively. The activity dropped significantly from 98% 

to 83% even when the polymer is believed to be long enough to penetrate the membrane (0.2 

m = 200 nm). It is not yet clear if there is any upper limit of molecular weight just as the 

case with antimicrobial polymers in solution (for example see Refs 86 and 93). 

Furthermore, Tiller et al.
12

 also showed that the efficacy of biocidal action was 

greatly affected by the number of carbons in the fatty alkyl chain attached to the N atom in 

the pyridinium groups. As seen in Figure 13 (left), propylated (C3), butylated (C4), hexylated 

(C6), and octylated (C8) immobilized PVP chains were noticeably effective in reducing the 

number of viable bacterial cells (S. aureus), with hexyl-PVP being the most effective. In 

contrast, the immobilized PVP N-alkylated by decyl (C10) through hexadecyl (C16) bromides, 

as well as the non-alkylated chains, were totally ineffective. For non-alkylated bound PVP  
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Figure 13. Effect of N-alkylation to antimicrobial activity of polyvinyl pyridine against S. aureus (106 

cells/mL). 
12

 

 

and those modified with longer alkyl moieties, hydrophobic interactions were apparently 

predominant and caused the bound polymer chains to adhere to each other creating hindrance 

for the adsorption of cationic species on the bacterial cell surface. However, for those with 

shorter alkyl chain (C3-C8), the hydrophobic interactions were not strong enough to 

overcome the electrostatic repulsion so that the chains were separated from each other giving 

more access to the quaternary pyridinium groups in the polymer. This is illustrated in the 

schematic depiction of the end-grafted polyelectrolyte on a substrate shown in Figure 13 on 

the right. The extent of chains separation, and thus their conformation, apparently depends on 

the interplay between hydrophobic interactions and electrostatic repulsion. In order that the 

chains extend as individual entities, there must be an optimum balance between the two 

forces. This can be accomplished by fine-tuning of the length of hydrophobic chains with 

respect to charge and hydrophobicity
22

. 

The same observation was reported by Lin et al.
20

 with PEI: bactericidal activity of 

N-alkylated PEI increased with the number of carbon atoms in hydrophobic chains and 
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reached its maximum with hexyl (Table 5 and Figure 14). Interestingly, when the positive 

charge of ammonium groups in the polymer was raised by subsequent methylation, and thus 

increased the electronic repulsion between chains bearing cationic groups, the activity pattern 

changed from the familiar bell-shaped curve to an S-curve (compare with Figure 4 on p.13). 

Bactericidal activity still slowly increased even for dodecyl (C12) and octadecyl (C18). 

 

Table 5. Effect of alkyl chain length and degree of positive charge to antimicrobial activity of N-alkylated-PEI 

immobilized on glass surface against S. aureus. 
20

 

 

 

 

An elegant experiment conducted by Lin gave further highlight on the importance of 

positive charge. In addition to N-alkylation, immobilized PEI was either acylated or 

carboxyalkylated (the last two routes in Figure 15) to give neutral charge or zwitter-ionic 

polymer while keeping the hydrophobicity roughly the same. As expected, the two polymers 

were reported non-bactericidal. In the absence of positive charge, there is no electrostatic 

repulsion between the polymer chains so that they collapse or become entangled to each 

other, hence reducing their ability to penetrate the cell membrane. Moreover, in neutral and 

zwitter-ionic polymers, there is no electrostatic interaction with negatively charged bacterial  
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Figure 14. Bactericidal efficiency ( = alkylated-PEI,  = alkylated-methylated-PEI) against S. aureus and 

density of quaternary ammonium group ( = alkylated-PEI,  = alkylated-methylated-PEI) of PEI 
immobilized on glass. From Table 5.  

 

 

Figure 15. PEI was alkylated with hexyl bromide to produce cationic charges in the polymer, hexanoyl chloride 

and N-alkylated with 6-bromohexanoic acid to give neutral and zwitter-ionic materials respectively. 
20
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cells. A general strategy for creating an effective antimicrobial surface by means of 

immobilized polycation may thus far be concluded as follows: (1) long polymer chains (high 

enough molecular weight), (2) optimum length of hydrophobic chains, and (3) positive 

charge. 

From the understanding of the roles played by each of the above three elements and 

their interrelationship, it becomes clear that an effective biocidal cationic surface must 

require high graft density and charge density. Recently, Kugler et al.
13

 and Murata et al.
114

, in 

their study with PVP and poly-2-(dimethylammonium) ethyl methacrylate bromide 

respectively, showed the existence of a charge density threshold that is required to induce 

quick bacterial death upon adsorption (Figure 16). They have both come to an interestingly 

concurrent result that the most effective biocidal surfaces have charge densities in the 

proximity of 10
15

 N
+
/cm

2
, which is remarkably in accord with the surface charge of bacterial 

cells. The measurements for E. coli, according to Murata
114

, are between 5 10
14

 and 5 

10
15

/cm
2
 depending on their growth stage. Similar observation, interestingly, was also 

reported by Bagheri et al.
107

 with cationic antimicrobial peptide and E. coli.  

High charge density can be accomplished on a substrate by having high grafting 

density of polymer bearing cationic groups. When high grafting density cannot be attained, it 

can be realized also by using very long chains because longer polymer chains carry more 

cationic species. In this regard, Murata pointed out that short chains with high grafting 

density and long chains with low grafting density were equally effective as long as they have 

accessible charge density higher than 5  10
15

 N
+
/cm

2
. However, it must be remembered that 

hydrophobic interactions between polymer chains and the propensity of the chains to coil 

may hinder the access. Unless the chains are extended and free from entanglement, the 

positive charge in the polymer would still be less accessible. Without any external force, this 

would require that grafting is sufficiently dense that the polymer chains are crowded and 

forced to stretch away from the surface in extended fashion to avoid overlapping
117

.  
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Figure 16. The effect of surface charge density to the antimicrobial activity of end-grafted poly-2-

(dimethylammonium) ethyl methacrylate bromide against E. coli showing the existence of charge density 

threshold. The substrate surface was incubated with 2.0 x 105 cells/cm2. (Adapted from Ref. 114). 

 

The above-cited finding not only strengthens the importance of charge density, but 

also indicates the existence of alternative mechanism. As shown previously by Tiller et al.
12

 

and Lin et al.
18

, a long polymer is required for an effective polycationic antimicrobial so that 

it penetrates bacterial cells and thereby disrupts the membrane much as like a needle bursting 

a balloon. However, based on the observation on the existence of charge density threshold, 

which coincides with the value of surface charge of bacterial cells, Kugler
13

 proposed that 

alternative mechanism based on electrostatic interaction, i.e. charge-transfer mechanism, 

might take place. Upon adsorption on a cationic solid substrate, the electrostatic 

compensation of the negative charges of the bacterial envelope is taken over by the cationic 

charges of the substrate, hence releasing the natural counterions of the bacteria (Mg
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Ca
2+

). These divalent counterions serve to stabilize the outer membrane by neutralizing and 

bridging the phosphate groups of the lipopolysaccharide molecules, which otherwise would 

repel each other. Their removal from the bacteria during adsorption on charged surface 

destabilizes the outer membrane leading to disruption of the bacterial envelope and non-

viability. That may also explain, as pointed out by Murata
114

, why surface bound 3-

(trimethoxysilyl)-propyldimethyl-octadecyl ammonium chloride, for example, is highly 

effective, despite the fact that it is only a monolayer thick.  

According to Ravikumar et al.
118

, the mechanism by which antimicrobial polymers 

kill cells is much more likely dependent upon the physical form that they take. By comparing 

antimicrobial activity of soluble and insoluble derivatives of poly(2-dimethylaminoethyl 

methacrylate), they hypothesized that soluble polymers are more likely to be able to penetrate 

cell walls and membranes, whereas surface bound ones are more likely limited to a charge-

transfer mechanism
118

.  

In conclusion, based on the above discussion and the available data presented in 

literature cited in this review, the general approach for creating effective biocidal cationic 

surfaces that kill bacteria on contact can be outlined as follows: (1) long polymer chains 

(high enough molecular weight), (3) optimum length of hydrophobic chains, and (3) high 

charge density. In light of the works done by Kugler, Murata and Ravikumar 
13,114,118

 it can 

be added that the surface charge density is the critical element. 

For a concluding remark, it is important to distinguish between killing and cleaning, 

because killing by biocides does not always mean cleaning afterwards. Dead bacterial cells 

that accumulate on the cationic surfaces not only block the antimicrobial functional 

groups
119

, but also provide nutrients for cells that enter the system later leading to a rapid 

growth of biomass
62

. Thus, adsorption of bacteria on biocidal cationic surfaces might reduce 

their potency over time. Recently, an interesting study
119

 reported a switchable polycation, 

poly(N,N-dimethyl-N-(ethoxycarbonylethyl)-N-[2'-(methacryloyl-oxy)ethyl]-ammonium 

bromide) (Figure 17), that integrates antimicrobial and nonfouling properties. After killing 

bacteria, the polymer switches to a zwitterionic (see Figure 15 on p.38) imparting nonfouling 
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surface that releases dead bacterial cells upon hydrolysis. Much earlier on, Kanazawa
112

 

described that the inactivated cationic surface of a phosphonium salt, which was due to 

accumulation of dead cells, can be regenerated by a simple washing with ethanol and sodium 

hydroxide solution. In the light of these studies, it seems that a new platform in the 

development of cationic biocidal surfaces must be considered, that is, antimicrobial and self-

removal of dead cells. 

 

Figure 17. Switchable antimicrobial - nonfouling polymer, poly(N,N-dimethyl-N-(ethoxycarbonylethyl)-N-[2'-

(methacryloyl-oxy)ethyl]-ammonium bromide)
119

. 
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C H AP T E R 3   

NONTHERMAL PLASMA TECHNOLOGY: A VERSATILE 

TOOL FOR SURFACE MODICATION OF POLYMERS 

3.1 Introduction 

Polymers have been applied successfully in fields such as adhesion, biomaterials, 

protective coatings, friction and wear, composites, microelectronic devices, and thin-film 

technology
120

. In general, special surface properties with regard to chemical composition, 

hydrophilicity, roughness, crystallinity, conductivity, lubricity, and cross-linking density are 

required for the success of these applications
120

. Polymers very often do not possess the 

surface properties needed for these applications. However, they have excellent bulk physical 

and chemical properties, are inexpensive, and are easy to process. For these reasons, surface 

modification techniques, which can regulate the polymer surface interaction with other 

substances and transform these inexpensive materials into highly valuable finished products, 

have been of prime importance in polymer applications. 

In recent years, many advances have been made in developing surface treatments to 

alter the chemical and physical properties of polymer surfaces without affecting bulk 

properties. Hoffman divided surface modification technologies into those based on physico-

chemical, mechanical, and biological methods
121

. Common surface modification techniques 

by physical method include treatments by flame, corona, plasmas, photons, electron beams, 

ion beams, X-rays, and -rays. Plasma treatment is probably the most versatile surface 

treatment technique. Different types of gases such as argon, oxygen, nitrogen, fluorine, 

carbon dioxide, and water can produce the unique surface properties required by various 

applications. For example, oxygen-plasma treatment would increase the surface energy of 

polymers, whereas fluorine-plasma treatment would decrease the surface energy significantly 

and improve the chemical inertness. Cross-linking at a polymer surface can be introduced by 
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inert-gas plasma. Modification by plasma treatment is usually confined to the top several 

hundred Ångströms of surface and it does not affect the bulk properties of the polymer.  

The advantages of a plasma process for the modification of polymer surface include 

the following
120

:  

1. Modification is confined to the topmost surface layer, typically several hundred 

Ångströms, without modifying the bulk properties of the polymer and is fairly uniform 

over the whole surface.  

2. It is applicable to the surface of all polymers, regardless of their structures and chemical 

reactivity. 

3. The type of chemical modification can be varied by choice of the gas used. 

4. The use of gas plasma can avoid the problems encountered in wet chemical techniques 

such as residual solvent on the surface and swelling of the substrate, and is more 

environmentally benign. 

The disadvantages are as follows:  

1. Process parameters are highly system-dependent; the optimal parameters developed for 

one system are not necessarily valid and equally applicable for another system.  

2. The scale-up of an experimental set-up to a large production reactor is not a simple 

process.  

3. There are many process parameters to control (Figure 18), making plasma processes 

extremely complex, such as power level, gas flow rate, gas composition, gas pressure, 

sample temperature, and reactor geometry.  

4. It is also very difficult to control precisely the amount of a particular functional group 

formed on a surface, which has significant impact on reproducibility.  

The potential of plasma for advancing future technologies, however, has outweighed the 

drawbacks, which leads to continuing interests in achieving controlled surface modification 

of polymers under plasma conditions. 

Excellent reviews on plasma surface modification of polymers in general
120,122

 and 

biomaterials for biomedical use
123-125

 are available in the literature. Recently, a 
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comprehensive review that covers all type of non-thermal plasma treatment of textiles and is 

organized based on the treatmjjent effects has also appeared in the literature
125

. A pioneering 

book
126

 written specifically for the application of plasma treatment for textiles, published in 

2007, has also proven a very useful and an invaluable reference. An overview of different 

types and development of industrial and laboratory scale plasma systems for polymer and 

textiles can be found elsewhere
127

. 

 

 

Figure 18. Plasma parameters
123

 

In this chapter, a review of non-thermal plasma technology with particular emphasis 

on atmospheric pressure plasma (APP) is presented as a tool in achieving controlled surface 

modification to confer durable antimicrobial functionality to polymers and high performance 

textiles in particular. Manipulation of surface properties of materials not only requires 

knowledge about the material under study, but also of equal importance, a good 

understanding of the technology. Therefore, an overview of basic concepts in plasma is given 

along with a brief survey of atmospheric plasma systems and a discussion on their 

operational parameters in the processing of materials. These and a subject on plasma 
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interactions with polymers form the first part of this chapter. The second part, which is the 

main body part of the review, focuses on plasma surface modification of para-type aromatic 

polyamide, seeking to establish the ground for approaches that can be employed to produce 

polymer brush on the substrate via plasma-induced graft-polymerization. This is followed by 

a survey of antimicrobial functionalisation of textiles by plasma processes, with particular 

interest in grafting rather than thin film coating of the polymer.  

3.2 Basic Concepts: Plasma Physics and Chemistry 

Plasma is a partially ionized gas, a distinct fourth state of matter as described by Sir 

William Crookes in 1879. It is a multi-component system highly reactive due to the presence 

of large concentrations of charged particles (electrons, negative and positive ions), excited 

atoms and molecules (electronic and vibrational excitation make a major contribution), active 

atoms and radicals, and UV photons
26,126,128,129

. Ionized gas is usually called plasma when it 

is electrically neutral
128

, i.e. electron density is balanced by that of positive ions. However, 

plasmas, in fact, do not contain exactly equal numbers of negatively charged particles 

(electrons and negative ions) and positively charged particles (positive ions). The difference 

is relatively small compared to the number of charges, so that it may be approximated that ne 

= ni
130

. In this respect, the term quasi-neutrality should be more correct.  

The word ―plasma‖ was introduced by Langmuir in 1922 because the electrons, ions, 

and neutrals species in an ionized gas apparently reminded him of corpuscular materials in 

blood, which after their removal leaves a clear fluid denoted as plasma by Czech physiologist 

Jan Evangelista Purkinje half a century before
131

. However, unlike blood, there is actually no 

fluid medium embodying the species in an ionized gas. 

Apart from the advantages mentioned previously, plasma has three major features that 

make it attractive for application in chemistry and related disciplines
128

: 

1. The temperatures of at least some plasma components and energy density can 

significantly exceed those in conventional chemical technologies. 
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2. Plasmas are able to produce very high concentrations of energetic and chemically active 

species (e.g. electrons, ions, atoms and radicals, excited states, and different wavelength 

photons).  

3. Plasma systems can essentially be far from thermodynamic equilibrium, providing 

extremely high concentrations of the chemically active species while keeping bulk 

temperature as low as room temperature. 

3.2.1 Properties of Plasma 

In most plasmas of practical significance, the average electron temperature ranges 

between 1–10 eV (typically 1–2 eV for polymer surface modification; 1 eV approximately 

equals 11,600 K), with electron density and degree of ionization in the range of 10
9 

– 10
12

 

cm
-3

 and 10
-7

–10
-4

 respectively
120,128

. Not all ionized gases, however, can be classified as 

plasmas. There are certain criteria that must be met for an ionized gas to exhibit phenomena 

associated with plasma‘s collective behavior
134

. A plasma must have a dimension longer than 

the Debye length (Lp >> d), which is a typical length over which significant charge 

separation can occur, to maintain neutrality. Within the sphere with the radius of the Debye 

length, a great number of charged particles must exist, that is Nd >> 1. In many cases, d is a 

relatively small number. Except in some special cases, the electric discharge in a reactor of 

relatively large size can be safely assumed plasma. Typically, d is estimated to be between 

3.33 10
-4

 – 1.05 10
-4

 m and Nd between 1.50 10
5
 – 4.85 10

5
.
26

  Lastly, the electron 

collision frequency with gas molecules must be less than plasma frequency,  vm < pe. While 

low-pressure plasmas easily comply with this requirement, Graham
134

 noted that collision 

frequency at atmospheric pressure is much higher than plasma frequency in which case 

deviations from plasma behavior might be expected and the ionized gas may not be plasma. 

One particular property of plasma that is crucial for its use in processing of materials 

is its temperature. As multi-component systems, plasmas are able to exhibit multiple 
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temperatures, which reflect the energy level of each of the components as a function of its 

mass (Table 6). In this respect, plasmas can be divided into two main categories: thermal and 

non-thermal plasmas. Thermal plasmas are hot plasmas characterized by a condition of 

thermal equilibrium between electrons, ions and neutral species composing the plasma. 

When gas density is sufficiently high, the frequency of collisions between the components in 

plasma is such that an efficient exchange of energy is possible leading to the equilibration of 

temperature. Temperatures of several thousand degrees may be reached in hot plasmas, 

which is obviously destructive for polymers and textiles.  

Table 6. Temperature of electron, ions and neutral species in argon plasma.
26

 

Species Mass (g) Temperature 
Average Velocity 

(cm/s) 

Neutrals 6.6 10
-23 293 K = 1/40 eV 4.0 10

4 

Ions 6.6 10
-23 500 K = 0.04 eV 5.2 10

4 

Electrons 9.1 10
-28 23,200 K = 2 eV 9.5 10

7 

 

Non-thermal or cold plasmas, on the contrary, are composed of low temperature 

particles and relatively high temperature electrons. In low-density gas, collisions between 

electrons and other species are rare, producing only additional electrons and ions, and do not 

lead to thermal equilibrium. As a result, the bulk temperature of the gas is that of neutrals‘ 

and ions‘ and is comparable to the room temperature, hence the term cold plasma. Because of 

its non-destructive character, cold or non-thermal plasmas obviously have become the choice 

for plasma surface modification of soft materials like polymers in general, as well as textiles. 

Henceforth, any discussion about plasma is restricted and refers to non-thermal plasma. 

3.2.2 Generation of Plasma 

Plasma is a partially ionized gas that contains positively and negatively charged 

particles. In order to reach the plasma state, energy for the ionization must be input into the 
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atoms and molecules by an external energy source. As shown in Figure 19, the latter could be 

in the form of mechanical (close to adiabatic compression), thermal (electrical heated 

furnaces), chemical (exothermic reactions, e.g. flames), radiant (high energy electromagnetic 

and particle radiations, e.g. electron beams), nuclear (controlled nuclear reactions), and 

electrical energies (arcs, coronas, DC and RF discharges)
122,132

. In order to sustain the plasma  

 

 

Figure 19. Principles and source of energy for plasma generation.
 134

 

 

state, energy must be supplied continuously into the system. It was found that electrical 

energy is the most convenient to handle
26

 and offers the easiest way to inject energy in a 

continuous manner
122

, which is why it has been used to produce most common plasmas. 

Direct current (DC) and commercial alternating current (AC) of a frequency of 50 or 60 Hz, 

AC with a high frequency of more than 60 Hz, for example, 10 or 20 kHz (audio frequency), 

13.56 MHz (radio frequency), or 2.45 GHz (microwave frequency), are applicable for the 
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electric energy. Depending on the size of the reactor and the desired treatment, a power 

ranging from 10 to 5000 W may be required
126

. 

Figure 20 depicts a typical plasma reactor that is common to all technological 

plasmas, a capacitively-coupled, parallel-plates plasma reactor. The device consists of two 

parallel metal electrodes separated by a few centimeters and mounted in a closed chamber. 

One electrode is grounded, while the other (powered electrode) is coupled through a blocking 

capacitor to a RF power supply. After the chamber is evacuated and the working gas is 

flowed in, plasma is generated by applying a voltage between the two electrodes, which can 

range between several hundred to the order of thousands volts.  

 

 

Figure 20. A schematic diagram of a capacitively coupled, parallel-plate plasma reactor.
133

 

 

If the applied voltage is sufficiently high, the ambient electrons produced by cosmic 

rays or residual radioactivity (seed electrons) 
133,134

 will be accelerated in the electric field 

and gain sufficient energy to ionize the gas molecules by collisions. Such an event generates 

positive ions and free electrons. These electrons are then accelerated by the electric field and 

thus picking up energy, so that the next collisions with gas atoms/molecules will generate yet 

blocking capacitor
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another set of free electrons. This process continues, resulting in a cascading of electrons 

(Figure 21), until the density of charged species in the inter-electrode gap is high enough for 

the gas to change state to plasma. In a review paper that appeared in the year 2000, Conrads 

and Schmidt gave an excellent overview of a wide range of diverse plasma generation 

methods and plasma sources with particular emphasis on non-thermal, low-pressure 

plasmas
134

. 

 

Figure 21. Cascade process of ionization leading to electron avalanche. 

 

3.2.3 Basic Reactions and Constituent Species in Plasma 

As mentioned previously, plasma contains a dynamic mixture of many different 

active species that include charged particles (electrons, positive and negative ions), radicals, 

excited atoms and molecules, as well as UV photons. Ionization is the key and first 

elementary process to be considered in the generation of plasma, but a large number of other 

processes can take place following the initial ionization, producing the many different kinds 

of constituent species that lead to unique plasma chemistry.  

When a primary electron collides with an atom (or molecule), a portion of the energy 

carried by the electron (picked up during its acceleration in an electric field) may be 

transferred to an electron in the atom or transformed into kinetic energy of the atom. The 

effect of the collision can be categorized based on the level of energy that is transferred, 

denoted in this text as K
129,130

.  
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For K > qVi, where q is the charge of the electron and Vi the ionization potential of the 

atom, the energy gain is more than the ionization potential so that electron is expelled from 

its orbital in its parent atom or molecule, yielding a new free electron while the atom (or 

molecule) becomes a positive ion: 

 

The positive ion AB
+
 is often unstable and dissociated into its constituents: 

 

where A and B are either free radical fragments or stable molecules. When ionization and 

dissociation occurs almost simultaneously, dissociative ionization occurs: 

 

where B is usually a free radical. 

When the transferred energy is less than the ionization potential it may still be large 

enough to lift the electron from its ground state to an excited state (qVi > K > 0): 

 

It stays in the excited state for a very short period (10
-8

 – 10
-9

 s) before returning to the 

ground state, releasing the excess energy as photons. This light emission ranges from infrared 

to the vacuum ultraviolet. 

When K = 0, there is no transfer of energy so that electrons in the atom remain in the 

ground state. There is no change in the structure of the atom. The first two events, in which K 

> 0 and lead to ionization and excitation, are called inelastic collisions, whereas the last one 

is an elastic collision. The ionization potentials of some gases frequently used in plasma 

processing of material are summarized in Table 7
135

. Helium has the highest ionization 

potential (24.5 eV), whereas oxygen is the lowest (12.3 eV). Hydrogen, nitrogen, and argon 

come second in the middle (15.4–15.7 eV). 

AB AB+ + e-
ionization

AB+ A+ + B 
dissociation

AB A+ + B + e-

Dissociative

ionization 

AB AB*  
excitation
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Because molecules consist of atoms, excitation can also take place at the vibrational 

and rotational levels of energy of the atoms, that is, internal energy for the vibration and 

rotation of atoms along the axis of a molecule. These energy levels are generally much lower 

than the energy levels of electrons in an atom. Accordingly, a low-energy electron, which 

cannot excite an atom electronically, can still excite a molecule by this energy transfer, 

giving rise to vibro-rotationally excited molecules. 

  

Table 7. Ionization potential of various gases.
135

 

Gas Ionization potential (eV) 

He 24.5 

H2 15.4 

Ar 15.7 

N2 15.6 

O2 12.3 

 

 

Some excited states have much higher stability than others and live longer (10
-4

 s), 

the so-called meta-stable state atoms
26,129

. These meta-stable states represent an energy 

storage within an atom (or molecule) and play an important role in an indirect method of 

ionization such as that observed in the ionization of gas mixtures (Penning effect)
129

. 

Additionally, some atoms and molecules, depending on their electron affinities, can capture 

the electrons during the collisions, and thus creating negative atomic and molecular ions. 

Other types of collisions in plasma are between ions and atoms or molecules, between 

molecules, and between charged species. The number of collisions between ions and 

molecules, however, is much less than that between electrons and molecules, so that their 

effects in ionization process can be virtually disregarded, except for a phenomenon known as  



 

 

 

54 

Table 8. Some of possible reactions of constituent species in plasma volume
130

. 

 

 

 

Figure 22. Schematic overview of processes in glow discharge with argon plasma
136

. 
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charge transfer. In non-equilibrium plasma, ionization of molecules by molecule-molecule 

collisions does not take place because it requires extremely high temperature. The effects of 

collisions between charged species in weakly ionized gas, i.e. non-equilibrium plasma, can 

be considered small, because the number of neutral species is predominant. Table 8
130

 and 

Figure 22
136

 summarize some of the most important reactions that occur in plasmas. 

3.3 Surface Modification of Polymeric Materials and Textiles by Their 

Interaction with Plasma 

Plasma contains both electronically and chemically activated species that are able to 

initiate chemical and physical reactions at the solid surface of polymers when they are in 

contact. These reactions lead to the alteration of surface properties and surface morphology 

of the polymer. The extent and type of these reactions depend on the nature of the gas (type, 

composition, and flow rate) and the operating conditions (e.g. power input and time of 

exposure). Figure 23 depicts the processes occurring within the plasma and on the substrate 

surface between active species and the treated material. The processes within the plasma,  

 

 

Figure 23. Processes in cold plasma and on the substrate surface.
137
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which include ionization, dissociation and excitation, have been described and discussed in 

the previous section  3.2.3, p.51) .   

The interactions between polymer materials and the energetic particles and photons 

generated in plasma give rise to four major processes on the substrate surface: etching, 

implantation (or surface functionalization), activation, and deposition
26,137

. These processes 

may take place simultaneously but at different levels, depending on the substrate, gas 

chemistry, reactor design, and operating parameters as well as mode of operation. For a 

better understanding and thus better control of these surface processes, thorough knowledge 

of plasma-surface interaction is of prime importance. What are the plasma conditions that 

lead predominantly to one and only one of the four plasma processes? What are the species 

responsible for each of those processes? How are active sites created on the substrate 

surface? These fundamental questions are addressed in the following sections. Table 9 lists 

some of the reactions of plasma constituents with a surface
130

. 

3.3.1 Etching  

Etching in this context is a chemical degradation reaction of polymer materials taking 

place at the topmost layer of polymer surface. It occurs when charged particles (ions and 

electrons) in plasma bombard and dislodge the hydrogen atoms directly from the polymer  

Table 9. Reactions of plasma constituents with surface
130

. 
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chains in the surface region, causing C–C bond scission and the formation of carbon radicals 

at the end of the broken polymer chains
26

. The formed radicals then initiate the degradation 

reaction, leading to fragmentation and detachment of low molecular weight species from the 

substrate and hence loss of weight.  

Typically, inert gases such as argon and helium, and nitrogen or oxygen plasmas are 

used. Inagaki pointed out that polymers containing oxygen functionalities such as ethers, 

carboxylic acid, and ester groups are more susceptible to plasma etching, while polyolefins 

having no substituents show low plasma susceptibility
26

. Because the reaction is restricted to 

the topmost layer, the chemical and physical properties (e.g. elemental composition, 

chemical structure, degree of polymerization, and crystallinity) of bulk polymer subjected to 

plasma etching are practically unaltered. 

 

 
(a) 

 
(b) 

Figure 24. Etching of PET film by O2 plasma exposure as a function power input and exposure time
138

. 

 

Figure 24 shows the weight loss results of PET film caused by exposure to five 

different plasma gas (Ar, O2, N2, H2, and NH3) as a function of exposure time (a) and RF 

power (b)
138

. It is clear that etching reaction, represented by the weight loss, is linear with 
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respect to exposure time. Similar relationship applies to RF power, in which degradation 

reactions are accelerated linearly at higher RF power.   

Table 10 summarizes the etching rate of the five plasmas, where large differences 

between them can be clearly seen. The etching rate was in the order of O2 > Ar > H2 > N2 > 

NH3. Inagaki et al.
138

 suggested that the high etching rate of O2 plasma was most likely due 

to the oxidation reactions with activated oxygen atoms, which can lead to degradation of the 

polymer chain, in addition to the contribution of the electron and ion bombardment. In this 

regard, it is particularly interesting to note that a linear relationship between etching rates and 

either O atom concentration in the plasma
139

 or the amount of O atoms reacted during 

polymer etching
140

 exists. Furthermore, it was also found that a high etching rate did not 

always produce a rough surface, which was in the order of NH3 > N2 > H2 > Ar > O2
138

. 

Except for Ar, it is noteworthy that the order of etching rate is exactly the reverse for surface 

roughness. Detailed topographical analysis with AFM by Inagaki et al.
138

 strongly suggested 

that O2 plasma homogeneously etched the entire surface of the film and, as a result, produced 

less topographical changes on the surface. On the other hand, NH3 and N2 did not 

homogeneously etch the film surface, resulting in a rough surface. 

Table 10. Etching rate of PET film by five different plasmas at various RF power
138

. 

 

 

Etching is always accompanied by re-deposition of the degradation products on the 

substrate surface. This can be burdensome because these degradation products form a weak 

boundary layer, which stands in the way and hinders the modification or improvement of 
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surface properties. Therefore, generally, etching must be minimized in the surface 

functionalization and grafting of polymers. 

3.3.2 Implantation 

Implantation reaction, or surface functionalization, involves the formation of active 

sites on the polymer surface because of a recombination reaction between the radical 

generated at the polymer surface and the radical activated from gas molecules. Depending on 

the nature of the gas, special functional groups such as hydroxyl, carbonyl, carboxyl, amino, 

and amido groups are formed on the surface of the polymers.  

 

Figure 25. Schematic diagram of radical beam generator
26

. 

 

In his investigation to identify species responsible for this reaction, Inagaki
26

 devised 

an interesting experiment using a specially designed reactor as shown in Figure 25. In this 

reactor, radicals can be isolated from plasma deliberately. When the two mesh electrodes are 

biased negatively and positively against the cylindrical electrode, charged particles generated 

in the plasma are trapped on the mesh electrodes while radicals (as well as other neutrals and 

meta-stables) pass through and stream into the reaction chamber. Table 11 compares the 

activation reaction with the nitrogen plasma and nitrogen radical. The results show that the 

reactivity of nitrogen radicals is equivalent to that of nitrogen plasma. Similar observation 
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from XPS analysis was also reported with oxygen plasma and oxygen radical, which led to a 

conclusion that radical species, not ions and electrons, were the critical elements in the 

implantation of polymers. In this reaction, hydrogen atoms in the polymer chains are 

abstracted by the radicals in the plasma to form carbon radicals in the chains. Surface 

functionalization occurs when these radical sites undergo recombination with radical species 

(e.g. oxygen or nitrogen radicals) in the plasma.  

Implantation is considered the most important reaction. By introducing new 

functional groups to surface polymer chains, it elevates and expands the capability of the 

materials to engage in a variety of useful surface chemical reactions and/or better 

environmental adaptability
52,53,141-154

, hence better materials with better performance and 

potential for new applications.  

Table 11. Surface energies of PE films exposed to plasma and radical source
26

. 

 

 

3.3.3 Grafting 

Generation of radicals on the polymer surface may occur due to hydrogen abstraction 

from polymer chain by radicals and electrons in the plasma and/or carbon-carbon chain 

scission by ion or electron bombardment. As shown previously by electron trapping 

experiment
26

, radicals are the critical element in plasma that generates surface radicals on the 

substrate.   
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The free radicals formed on the surface can be used to initiate graft-polymerization. 

The reaction, normally taking placing after plasma exposure, can be realized by (1) direct 

addition of monomer, or via (2) the formation of peroxide, a thermal initiator, which upon 

heating decomposes to radicals and in the presence of monomer leads to graft-

polymerization
129

. The last two decades has seen a growing interest in the plasma-induced 

graft-polymerization as a versatile and potentially powerful technique for surface 

modification of polymers and textiles
54,122,125

. In fact, this is going to be the focus of the 

review in the sections that follow.  

3.3.4 Deposition 

Polymer deposition takes place when organic gases are introduced into the plasma, 

leading to the formation of thin film coatings on the treated substrate. The process is referred 

to as plasma polymerization. It is noteworthy that plasma polymers and polymers obtained 

via conventional radical or ionic polymerization would have different chemical 

compositions, even if the same monomers were used in the two processes
129

. 

While it occurs primarily in plasma polymerization, the formation of polymer 

(frequently referred to as homopolymers) and its deposition on the substrate surface may also 

take place in the plasma grafting process. It occurs when the radicals formed in the polymer 

chains are chain transferred to monomer molecules
26

. The deposited polymer contaminates 

the surface and obstructs further chemical reaction in the modification of surface properties. 

Therefore, it must be removed thoroughly by cleaning. It is also a general practice to add 

chemical substance, e.g. Mohr‘s salt, that can suppress the formation of homopolymer during 

graft-polymerization. 

In addition to the four processes described above, it has been shown that cross-linking 

may also take place on polymer surfaces upon treatment with plasma
155,156

, especially with an 

inert gas such as helium. The cross-linking proceeds by a reaction chain that involves 

recombination of aryl/alkyl radicals formed by hydrogen abstraction from benzene ring or 

alkyl chains. 
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3.3.5 Concluding Remarks 

From the above discussion, a conclusion can be made that the most important species 

in plasma that participate in the four major surface processes are ions, electrons, and free 

radicals. In all cases, surface radicals are formed during the interaction of substrate with 

plasma. The formation of surface radicals by ions and electrons takes place via C–C bond 

scission, leading to the degradation reactions and etching of the material. The etching process 

is not desirable in surface modification (surface functionalization and graft-polymerization), 

because the surface becomes contaminated with deposited degraded products. Therefore, it 

must be minimized if not eliminated. On the other hand, the creation of surface radicals by 

free radicals in plasma takes place via hydrogen abstraction; there is no chain degradation, 

and hence better retention of material integrity. 

 

Figure 26. Schematic representation of ESR probe used for locating the radicals generated by plasma 

exposure
157

. 

 

Plasma exposure not only creates radicals on the surface, but also deep in the bulk. 

By using a PE-coated glass rod exposed to nitrogen plasma (Figure 26), Yasuda
157

 

demonstrated that even when the PE film was wiped off there is still a significant amount of 

radicals in the bulk of glass rod. Obviously, that is a strong indication that species other than 

electrons or free radicals must have created the radicals in the glass rod (representing the 
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bulk of material). It is most likely that the active species is ultraviolet light (photons) 

generated in the plasma because it is known to have deep penetration capability. It may seem 

irrelevant with respect to surface modification, but it is important when one considers the 

possible effects it has on the bulk properties of polymers, especially those that are known to 

be prone to damage by ultraviolet photons.  

3.4 Atmospheric Pressure Plasma  

The interest in non-thermal atmospheric discharges for processing of polymeric 

materials has been growing since 1980s. One of the early reports on stable glow discharge at 

atmospheric pressure is the work of Kanazawa et al.
158

. The motivation behind it was both of 

technical and cost concerns. A plasma reactor capable of operating under atmospheric 

pressure would certainly be much more advantageous from the viewpoint of the cost of the 

apparatus and the construction of a large-scale system because no vacuum is required. 

Handling of materials and chemicals would also be easier and faster. Besides, being able to 

operate in an open perimeter mode, atmospheric plasmas can be interfaced to a conventional 

production line allowing for continuous and on-line processing of materials, which means 

versatility and higher throughput. On the other hand, low-pressure plasma requires a closed 

system under vacuum, which allows the generation of a large volume of plasma and better 

control of the process chemistry. More specifically, low-pressure plasmas have a number of 

distinct advantages159, which include (1) low breakdown voltages, (2) a stable operating 

window between spark ignition and arcing, (3) an electron capable of dissociating molecules 

(1-5 eV), but at low neutral temperature, and (4) relatively high concentrations of ions and 

radicals essential for etching and deposition reactions. 

Certainly, neither one is clearly superior to the other. It all depends on the defined 

product performance, manufacturability, and financial criteria. However, in the matter of 

throughput, obviously atmospheric plasma has significant comparative advantages over low-

pressure plasma. A detailed, more technical comparison between the two systems along with 
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a brief review on the development of non-thermal atmospheric plasma can be found 

elsewhere
160-162

.  

A discharge at atmospheric pressure has been known to translate to thermal plasma. 

When the pressure becomes higher, collisions between electrons and neutrals intensify, and 

so does the energy exchange between them. As a result, the electron temperature decreases 

while neutral temperature increases, until they finally merge (Figure 27). In other words, as 

pressure rises, plasma transforms from cool non-thermal to hot thermal discharge. This is one 

of the reasons why low-pressure plasma has advanced significantly faster than atmospheric 

pressure plasma; it is technologically easier to generate large volume of non-thermal plasma 

at reduced pressure than at atmosphere
160

. 

 

Figure 27. The influence of pressure on the transition from a glow discharge (Te > Tg) to an arc discharge.
163

 

 

Additionally, there are three other physical phenomena that constrain and thus direct 

the course of the development of non-thermal atmospheric pressure plasmas, particularly for 

the treatment of textile materials
160

:  

1. Dependency of gas electrical breakdown on pressure  

2. Inverse scaling of plasma size with pressure 

3. Glow-to-arc transition.  

Electrical breakdown potential (Vb) is the potential threshold that must be exceeded in order 

to strike or ignite plasma from a volume of gas. This value depends on the product of gas 
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pressure (p) and inter-electrode spacing (d) according to a relationship called Paschen‘s 

Law
164,159

 (Figure 28). The technological consequence of this relationship is that d becomes 

so small, which could reach the order of mm, when p becomes as high as atmospheric 

pressure, that thick slabs of materials would not be able to pass through the narrow plasma 

region. This led to the development of the ingenious downstream (or remote) mode as 

opposed to in situ or direct plasma, in which plasma is blown outside the inter-electrode gap 

by gas flow directly onto the material being processed (e.g. ApJet
165

 and Plasmatreat 

GmbH
160

, see Figure 30 Figure 31). 

 

Figure 28. Breakdown potential of various gases as a function of pressure
159

 

 

The physical relation states that current density in the plasma increases with the 

square of the pressure (J  p
2
). At constant current, this means that the plasma must shrink in 

its cross-sectional area to keep up with the increased current density dictated by the pressure, 

and hence inverse scaling of plasma size with pressure. The glow-to-arc transition refers to 

the instability of atmospheric pressure plasma due to the existence of a current density 

threshold above which well-behaved plasma changes its behavior: (1) the discharge 

dramatically constricts, shrinking to a fraction of the glow volume, and (2) the plasma moves 

from cold non-thermal to hot thermal discharge. Consequently, this puts constraints to the 

current density and limits the power that can be coupled into the plasma. 
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Corona discharge, dielectric barrier discharge (DBD or silent discharge), and glow 

discharge are the most common forms of atmospheric pressure plasma (Figure 29). Corona 

discharge or ―corona‖ is a low current discharge caused by partial or local breakdown of a 

gas in a gap with a strongly inhomogeneous electric field at atmospheric pressure. A non- 

uniform electric field distribution is created when the characteristic size of one of the 

electrodes is much smaller than the inter-electrode distance, e.g. a pointed electrode and a 

plane or a thin wire and a cylinder. In its pure form, unmodified corona is considered 

unsuitable for textile processing because the discharge is too narrow, not allowing for a 

sufficient residence time for the treated material
160

. In DBD, a symmetrical electrode 

arrangement is set up comprising two parallel conducting plates being separated by a gap of 

approximately 10 mm. When a high voltage (approximately 10 kV) is applied, the gas in the 

gap is broken down and a discharge plasma is generated. The essential part of the discharge 

is the presence of dielectric layer(s), such as quartz, glass or ceramic, between the electrodes. 

This layer has two functions. It limits the amount of charge transported by a single 

microdischarge and distributes the microdischarges over the entire area of the electrode
125,160

. 

 
(a) Corona discharge 

 
(b) Glow discharge 

 
(c) Basic electrode configurations in dielectric barrier discharge: (1) AC high-voltage source, (2) high-voltage 
electrode, (3) ground electrode, (4) discharge gap, (5) dielectric barrier. 

Figure 29. Schematic of different modes of plasma generation at atmospheric pressure: (a) corona discharge, (b) 

glow discharge. (c) dielectric barrier discharge. 
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Atmospheric pressure glow discharge (APGD) is analogous to low-pressure glow 

discharge plasma. The generation of stable, non-thermal large volume plasma with this 

configuration has been made possible by control of inter-electrode gap and the frequency of 

the driving voltage, and most importantly, the use of pure helium. This gas has several 

characteristics that, in combination, make it well suited for the generation of such plasma at 

atmospheric pressure
140

:  

1. Helium has a very large ionization cross-section, that is, high probability that each 

collision produces ionization. Thus, without having to supply high energy (by high 

applied voltage) to overcome its high ionization potential (see Table 7), gas breakdown 

can be realized relatively easy at low applied voltage to form plasma;  

2. It has long-lived, high-energy metastables states, which help maintain the plasma by 

absorbing the energy from the applied electric field and acting as source of charged 

species. 

3. Helium‘s excellent heat conduction helps quench instability due to localized hotspots, 

and hence a homogeneous discharge.  

4. It is chemically inert.  

Laimer et al.
166

 pointed out that there is a certain critical value of pd  (p is pressure and d 

inter-electrode gap), beyond which the discharge becomes instable and cannot be sustained. 

This value varies according to the feeding gas, and is the highest for helium. 

Many parameters are used to describe plasmas; some are operational such as power 

and pressure, whereas others are diagnostic and may include breakdown voltage, the density 

and temperature of electrons in the system. Table 12 summarized the comparison between 

different sources of plasma. It can be seen that APGD and plasma jet has characteristics that 

are comparable to the advantages of low-pressure plasma: low breakdown voltage and high 

plasma density. 
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Table 12. Comparison of plasma sources159 

Source 

Breakdown 

voltage (kV) 

Plasma 

density (cm
-3

) 

Electron 

temperature 

(eV) 

Density (cm
-3

) 

O
+
, O2

+
, O

- 
O O3 

Low-pressure 

discharge 0.2 – 0.8 108 – 1013 1 – 10 1010 1014 <1010 

Corona 10 – 50 109 – 1013 10 1010 1012 1018 

DBD 5 – 25 1012 – 1015 2 – 5 1010 1012 1018 

APGD 0.2 1011 – 1012 1 – 2 - - - 

Plasma Jet 0.05 – 0.2 1011 – 1012 1 – 2 1012 1016 1016 

 

 

3.4.1 Atmopsheric Pressure Plasma Jet (APPJ) 

Atmospheric pressure plasma jet (APPJ) or ―plasma jet‖ represents the latest 

development in non-thermal atmospheric pressure glow discharge for surface modification of 

materials, especially polymers and textiles. The discharge was invented by Selwyn in 1998 

(US Patent 5961772) and was introduced to the scientific community by Jeong et al. shortly 

afterward by a report paper on its design and operation in the etching of materials
167,168

. A 

series of studies and development activities have been reported since then, and are the subject 

of a recent review paper by Laimer and Störi166. This section highlights some of the subjects 

while adding those not covered by the review. 

APPJ operates in a capacitive configuration using RF power and produces a stable, 

uniform glow discharge between two bare metal electrodes, without any dielectric between 

them. The stable discharge in APPJ is realized by cooling both electrodes, appropriately 

restricting the current density and mostly with the use of a large volume (high flow rate) of 

helium gas. As has been mentioned earlier, a small fraction (0.5-3%) of reactive gas such 

oxygen, carbon tetrafluoride, nitrogen or water vapor may be added to the feeding gas to 

create chemically active species in the plasma. Figure 30 shows the three basic electrode 

configurations of APPJ. Concentric and solid plate parallel electrodes APPJ are 
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commercially available by ApJet, Inc.
165

, whereas perforated plate electrodes plasma 

technology is available by Surfx Technologies
169

. 

 

Figure 30. Schematic illustration of three different configurations of APPJ: (a) concentric electrodes or zero-

dimensional plasma, (b) solid plate parallel electrodes or large area one-dimensional plasma, (c) perforated plate 

parallel electrodes.166 

As far as plasma jet is concerned, the system from Plasmatreat GmbH (Steinhagen, 

Germany)
170

 is also worth to mention here, although it must be noted that this is not a glow 

discharge, but a DBD. It has seven nozzles mounted in parallel fashion and covering a 

treatment width of approximately 36 mm. The plasma is generated inside each nozzle by a 

non-equilibrium discharge using kHz excitation and expelled through a circular orifice onto 

the substrate surface (Figure 31). Thus, the substrate remains essentially free from the 

electric field of the discharge zone. This is particularly interesting to note because it allows 

for the treatment of metals and electrically sensitive products in addition to non-conductive 

materials
171

. As can be seen from Figure 29 and Figure 31, this is a concentric dielectric 

barrier discharge. Thus, it can be operated with other carrier gas than helium. Noeske et al.
171
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reported the use of dry air as the process gas in the treatment of PET, PVDF, PA-6, HDPE, 

and PP polymers to improve their adhesive bonding properties. 

 

 

Figure 31. Schematic of plasma nozzle in plasma jet system by Plasmatreat GmbH. 

 

3.4.2 Process Parameters in APPJ 

Operational parameters that control plasma processing of materials can be divided 

into two major categories
129

: (1) characteristic parameters of a reactor, which can be altered 

but which in most cases are not variable except for design considerations, and (2) parameters 

that require adjustment before each run and often during a run. Falling into the first category 

are size of electrodes, distance between electrodes, and frequency of electric power. 

Monomer flow rate, discharge power, gas carrier and flowrate, and duration, are examples of 

operational parameters of the second category that apply to APPJ. 

From the viewpoint of plasma operation, parameters of the first category in most 

cases can be considered fixed, whereas those of second category, which are relatively more 

accessible to the operator, are varied to obtain the desired effects and results (Figure 32). As 

in any other processes, proper understanding and knowledge of how operational parameters 

affect the chemistry of plasma is critical in controlling the process and the outcomes. Some 
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of the most important operational parameters that are applicable for APPJ are described in 

the following sections. 

 

Figure 32. Plasma parameters and flow process in controlling the surface engineering of polymers.
162

 

 

3.4.2.1 Gas type, composition, and flow rate  

Gas type and composition is one of the process parameters that can be varied at the 

disposal of the operator in plasma process. However, in the current state of development, 

there is not much of a choice for APPJ because it can only use noble gases such as helium or 

argon with only a small fraction of admixture of reactive gas allowed in order to sustain a 

stable discharge. The effects of gas type and composition on plasma properties has been the 

subject of investigation by quite a few workers
172-179

. These studies were motivated by the 

need to use an alternative gas that is comparably effective but less expensive than 

helium
178,179

, although recycle has also been envisaged as a solution to reduce the cost of 

using the latter
160,180

.  

Argon has been the subject of many of these studies because it is less expensive and 

relatively easier to produce large volume of plasmas. Generally, Ar has a higher breakdown 

voltage than He
176,178,179

. Figure 33(a) shows the effect of using pure He and Ar and their  
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Figure 33. Breakdown voltage and discharge current temperature at various Ar-He mixing ratios.
178

 

 

mixtures on the breakdown voltage. An effective voltage of more than 400 V is required to 

ignite a discharge from pure Ar, and it decreases monotonously with He mixing. For 1:1 

mixture of He/Ar, less than 300 V is already sufficient. This is consistent with the large 

cross-section (leading to higher collision frequency) of He mentioned previously. Moon
178

 

pointed out that low breakdown voltage is beneficial because it helps preventing the arc 

generation and system overloading. In Figure 33(b), it can be observed that He mixing 

lowered the gas temperature (Trot  Tgas), which is consistent with the high thermal 

conductivity of the gas. A similar observation was reported by Wang et al.
174

 from the 

temperature measurements of jet effluent from He/O2 and Ar/O2 discharge. The importance 

of low gas temperature is obvious in the context of treating materials such as polymers and 

textiles.  

It must be noted, however, that lower breakdown voltage and lower gas temperature 

mentioned above were accompanied by a decrease in spatial uniformity of the discharge, 

which progresses at a higher rate after a certain ratio of mixing (Figure 34). Moon et al. 

suggested that there is an optimum He/Ar ratio, where breakdown voltage and gas 

temperature are low while spatial uniformity is close to unity. In their experiments, the 

optimum He/Ar ratio is between 0.3 – 0.4. They further suggested that mixing of process 
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gases could be a useful method in controlling plasma characteristics to suit a particular 

application. 

 

Figure 34. Spatial uniformity of plasma from different ratio of He/Ar mixture
178

. 

 

It was also found that argon produces a higher density of electrons than helium in 

plasma 
177,179

. It follows that, for He/Ar mixtures, the density increases with argon 

concentration (Figure 35). Statistically, a higher density of electrons can be interpreted as a 

greater number of collisions. Although that would also mean reduced mean free path of  

 

Figure 35. Effect of gas type and composition in He/Ar mixture to electron density of plasma.
177
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electrons, and less energy being picked up by electrons between collisions, the total effect 

due to greater number of inelastic collisions can lead to the generation of more active species 

in the plasma. 

 
(a) 

 
(b) 

Figure 36. (a) Breakdown voltage of different gas composition with the addition of argon, oxygen, and nitrogen 

to pure helium.
176

 (b) Oxygen dependence of electron density and electron temperature of He/O2 and Ar/O2.
173

 

 

It has been a general practice to add a small fraction (0.5–3%) of a reactive molecular 

gas like O2, N2, or H2O to the noble gas in order to create active species in the plasma. A 

substantial increase in breakdown voltage was reported with the addition of O2 and N2 to 

pure helium176, which may be explained by the loss of electron energy due to the collisions of 
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electrons with vibrationally as well as rotationally excited states in molecular gases such as 

O2 and N2
129,176

. Above 4%, the discharge turns into a filamentary arc for both gases. 

Furthermore, as it can be seen in Figure 36, the addition of oxygen, even only for a small 

fraction, significantly affects the electron density and electron temperature of the gas mixture 

for both He/O2 and Ar/O2
173. In both mixtures, electron density is monotonously decreasing 

with the fraction of oxygen. Interestingly, electron temperature initially decreases (although 

only a little) with the addition of oxygen up to 1%, and then sharply increases with further 

addition. In other words, the electron temperature is at its lowest value at oxygen 

concentration of 1%. Adding oxygen was also found to expand the operating range of power  

input that can sustain stable plasma
181

. However, if the oxygen flow rate is too high, the 

breakdown voltage will be significantly increased giving rise to the formation of filamentary 

arcs as soon as gas breakdown occurs. 

In Figure 37a, the rotational temperature (Trot) is decreasing with the increase in the 

gas flow rate, which is due to more significant cooling by the introduction of a larger number 

of new cold gas particles. Rotational temperature can be considered equal to gas temperature, 

which is due to frequent collisions among heavy particles at atmospheric pressure
182

. 

Moreover, slow flow rates result in longer transit times, which favor the recombination or 

loss of active chemical species
180

. 

(a) 

 

(b) 

 

Figure 37. Rotational temperature (  gas temperature) as a function of (a) gas flow rate and (b) power input.
182

 



 

 

 

76 

3.4.2.2 Discharge Power 

From Figure 38, it can be readily seen that electron density increases with increasing 

RF power P (in Watt) for pure He and Ar, and their mixture. Similar observation was 

reported for gas mixtures of He/O2 and Ar/O2, whereas electron temperature decreases and 

then increases through a minimum with increasing power input (Figure 38). In both cases, the 

reactive oxygen species (ozones, atomic oxygens, and meta-stable states) density also 

increases with power, and those in Ar/O2 are higher than those in He/O2. These active species  

  

  

Figure 38. Effect of power input to plasma properties: (a) ozone, (b) atomic oxygen, (c) meta-stable states 

density, and (d) electron temperature in He/O2 and Ar/O2.
173
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play a significant role in the surface modification of materials. Moon et al. (Figure 37b) 

showed that the increase in the power input caused the gas temperature to increase 

significantly. 

3.4.3 Modes of Operation 

Based on the location of material relative to the discharge, there are at least two 

modes of operation in APPJ. In in situ operation or direct plasma, substrate is passed through 

the volume of discharge between the two electrodes, so that it is immersed in it where it 

undergoes various direct interactions with many different types of dynamically active species 

entrained in the discharge. While it may be desirable to have such a rich interaction, certain 

particular applications require a restricted and selective interaction with only certain types of 

chemically active species. Downstream or remote plasma processing was developed with this 

particular purpose in mind. In this mode of operation, the substrate is passed through at a 

certain distance from the effluent of discharge blown out of the source toward the substrate 

(Figure 39). In this way, the substrate is mostly exposed to active neutrals and radicals, rather 

than ions, resulting in increased chemical selectivity and reduced surface damage due to ion 

bombardment
180

. It seems that downstream or remote plasma has become the preferred way 

of processing textiles and polymers in general. Few studies have been conducted on the 

characterization of the jet effluent in APPJ, which includes measurements of temperature 

distribution and chemically active species in the plasma jet stream
174,183,184

. This is important 

because it provides valuable information on the generation of active species responsible for 

material processing in downstream mode of operation. Information on the spatial distribution 

of temperature and active species helps in the adjustment of optimum distance between 

substrate and electrodes. 

From Figure 40, one can observe that the effluent temperature close to the nozzle exit 

is in the range between 65-70
o
C, whereas atomic oxygen density is in the vicinity of 

10
16

/cm
3
. At a distance about 4 cm from the nozzle, the temperature drops to 50

o
C while 

atomic oxygen density decreases to 10
15

/cm
3
, which is 10% of the initial density. The fact 
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(a) 

(b)  

Figure 39. (a) Schematic illustration of discharge dynamic and energy transport mechanisms in APPJ
183

, and 

(b) schematic representation of a perspective view of APPJ for downstream processing developed and patented 

by APJet, Inc.
185

: (12) RF electrodes, (14) liquid cooling ducts for RF electrodes, (22) a series of tubular 

grounded electrodes adapted for liquid cooling, (28) substrate, (32) moving stage for substrate, (34) gas inlet 
tubes. Note that material to be processed is disposed outside of the plasma in the proximity of ground electrode.  

 

that 1% of atomic oxygen density can still be detected 10 cm from the nozzle exit is an 

indication of energy transport from the discharge zone into the effluent. According to Reuter 

et al.
184

, vacuum ultraviolet radiation (VUV) is the energy responsible for the generation of 
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atomic oxygen outside the discharge. This radiation energy is emitted from the discharge 

zone into the effluent, and not created in the effluent, and is still present far outside the APPJ 

discharge region, as shown by the optical emission spectroscopy measurements below 

(Figure 41)
184

. 

 

 

 

(b)  

(c)  

 

Figure 40. Map of temperature distribution and atomic oxygen density of APPJ operating at RF power of 150 

W, He flow rate 2 m3h-1, and 0.5 vol% of O2 admixture.
184
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Figure 41. Relative intensity of VUV emission of the APPJ as a function of distance from the nozzle exit. The 

differing progressions of the two emission peaks intensities result from the difference in absorption by the 

molecular ( 181 nm) and atomic oxygen ( 130 nm).
184

 

3.5 Plasma-Induced Graft-polymerization  

Plasma-induced graft-polymerization may be looked upon as a hybrid between 

plasma and conventional polymer chemistry. It is an alternative surface modification 

approach in which plasma is used to activate the surface and a monomer in the liquid or 

vapor phase is deposited and sequentially grafted to the active sites via a free-radical 

polymerization reaction (Figure 42). Several review papers on the surface modification of 

polymers by grafting, in which plasma-induced graft-polymerization was also included, have 

appeared in the literature
125,186-192

.  

Grafting technology has been long known in polymer chemistry, but its application 

for the modification of the polymer surface is relatively new in the time-scale of polymer 

technology. In principle, there are two methods for producing grafted polymer surfaces, as 

illustrated in Figure 43: (1) direct coupling of existing polymer molecules onto the surface, 

which is also referred to as ―polymer grafting‖ or ―grafting to‖ technique, and (2) graft- 
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Figure 42. Schematic illustration of (post-irradiation) plasma-induced graft-polymerization. 

 

polymerization of monomers from the surface, or ―grafting from‖ technique. Each has its 

own advantages and disadvantages. R1 and R2 are reactive groups on the polymer and 

substrate surface respectively; M refers to a monomer, whereas -R*, -O*, and -OOH are 

alkyl radical, atomic oxygen radical, and carboxylic acid groups capable of engaging in a 

reaction with the monomer. Obviously, surface chain density that can be achieved by 

polymer grafting is limited by steric hindrance. In contrast, graft-polymerization, which is the 

focus of this review, has the advantage of overcoming steric hindrance limitation, giving rise 

to higher surface chain density. 

3.5.1 Grafting Strategies 

Plasma graft-polymerization is in general carried out by a two-step process where the 

creation of radicals and the polymerization reaction are done separately. There are at least 

three approaches
193

. In the first approach, the substrate is immediately transferred to a 

monomer solution after being treated with plasma and reaction is carried out conventionally 

in solution 
43,49,58,59,194,195

. This is the most common method in plasma graft polymerization. 

In the second strategy, the plasma-activated substrate is brought into direct contact with 
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monomers in gas or vapor phase
193,196

. The third involves a two-step reaction. After being 

exposed to plasma, the activated substrate is allowed to react with oxygen from ambient 

atmosphere or with pure oxygen in order to create peroxides and hydroperoxides on the 

surface
15,17,50,197-201

. These peroxides are subsequently used as initiators, which decompose 

upon heating or UV-irradiation into active species and initiate the polymerization reactions.  

 

Figure 43. Direct coupling (left) and graft-polymerization (right) in the creation of grafted polymer surface. 

Each of the above approaches has its own limitations
125,193

. The first strategy might be 

affected by the short lifetime of free radicals and side reactions during transport of plasma-

treated polymer from plasma reactor to the monomer solution. The overall result is lowered 

yield of grafting. The second strategy is restricted to monomers with a sufficiently high vapor 

pressure. Nevertheless, Vasilets
196

 pointed out that, in comparison with grafting from 

solution, vapor phase grafting tends to have less homopolymer formed during the reaction 

and leads mainly to polymerization initiated by surface active sites. Because it is a two-step 

reaction, the third strategy bears the risk of loss of yield even more. It also introduces more 

parameters, affecting the overall complexity of this approach. The selection of the strategy 

may be dictated by the plasma system, type of polymers, the desired effects and end-results, 

and physicochemical properties of the monomers. A brief survey of plasma graft-polymeri- 
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Table 13. Representatives of post-irradiation plasma-induced graft-polymerization. 

Substrates Plasma 

System 

Plasma 

Medium 

Monomer Modified Surface 

Properties 

Year Refs. 

PE Low-pressure Ar/Air, 

N2/Air, 

H2/Air, Air 

Acrylic acid Hydrophilicity 1986 202 

PPTA Low-pressure Ar/Air GMA, Acrylamide Hydrophilicity 1994 50 

PPTA Low-pressure N2 Acrylic acid Hydrophilicity 1994 194 

Polyimide Low-pressure Ar/Air Vinylimidazole Antimicrobial  1995 141 

PPTA Low-pressure Ar GMA 

Acrylamide 

Hydrophilicity 1996 49 

PTFE Low-pressure CO2 Acrylic acid Hydrophilicity 1997 196 

PPTA Low-pressure Ar/Air GMA Hydrophilicity 1998 198 

PP Low-pressure CO2 Azobenzene Antimicrobial  2001 203 

PET Low-pressure Ar/Air PVP Antimicrobial  2003 17 

PAN Low-pressure Ar Tetrahydroperfluoro

decyl acrylate 

Hydrophobicity 2003 43 

PE Low-pressure He/Air DADMAC Antimicrobial  2003 15 

PU APP O2/Air Acrylic acid Hydrophilicity 2004 199 

PU APP Ar/Air Poly(acrylic acid) Hydrophilicity 2005 200 

PP APP He GMA Antimicrobial 2007 58 

PP APP He+O2 GMA Antimicrobial 2007 59 

PTFE APP Ar/Air Acrylic acid Hydrophilicity 2007 201 

PTFE APP Ar Acrylic acid Hydrophilicity 2009 195 

Ar/Air = exposed to Ar plasma then to ambient air; N2/Air, H2/Air, O2/Air = exposed to N2, H2, and O2 

plasma respectively, then to ambient air. He+O2 = mixture of He and O2 gas. GMA = glycidyl methacrylic 

acid. DADMAC = diallyl dimethyl ammonium chloride. 
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zation, which spans for a little more than two decades, is summarized in Table 13. It can be 

seen that most of the processes used He and Ar as the feed gas. As for the monomers, the 

extensive literature seems to have been dominated by acrylic acid and GMA. 

In relation to the aforementioned strategies of grafting, the systems developed by 

ApJet Inc.
167,168,180,185,204

 and Pearl Kogyo Co. Ltd. (dielectric barrier discharge) (Figure 

44)
205

 deserve special attention here. Instead of dosing the reactor chamber with monomer 

vapor
193

, the two systems use special applicators, which ApJet called an 

evaporator/applicator deposition approach, to inject and continuously deposit the monomer 

vapor directly on the substrate. This device is located downstream from the plasma chamber 

so that the substrate is immediately subjected to the monomer deposition immediately after 

being treated with the plasma. In the ApJet design, argon gas is injected into the evaporator, 

which operates at a temperature slightly higher than the boiling point of the monomer, to turn 

the liquid monomer into vapor, but Pearl Kogyo uses only pressurized nitrogen to produce 

monomer mist, eliminating the need for the evaporization step, which makes it advantageous 

for monomers with low vapor pressure.  

 

Figure 44. Atmospheric Pressure Non-Thermal Plasma (APNTP) unit from Pearl Kogyo Ltd.
205
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A recent report demonstrated the application of APNTP in the development of 

functional sportswear by using plasma for imparting hydrophilicity on one side of 

hydrophobic PET fabric
205

. The process was successful in creating dual properties of 

hydrophilic and hydrophobic on opposite sides of the fabric, which is beneficial for 

controlling the lateral transport of moisture across the material. In this process, one side of 

PET cloth was irradiated with plasma jet obtained from a mixture of helium and argon, and 

subsequently sprayed with a mist of acrylic acid monomer. The grafted poly(acrylic acid) 

improved the wettability of the surface. The process conditions are summarized below: 

Speed : 10 mm/min 

Plasma gas : He:Ar 10:2 L/min 

Discharge power : 770 W and 1500 W 

Monomer flowrate : 100 mL/h 

A similar attempt has also been reported by Mittal
206

 in 2009. The ApJet system was used to 

obtain the dual functionalities on PET/polyurethane blend and cellulose fabric using 1,1,2,2-

tetrahydroperfluorodecyl acrylate and 1,1,2,2-tetrahydroperfluorododecyl acrylate. Both 

studies are considered important and deserve special attention here because they highlight the 

application of most recent technology in atmospheric pressure plasma, that is, APPJ, for 

plasma-induced graft-polymerization. 

3.5.2 Monomer Structure Retention 

In addition to the two-step method described above, graft-polymerization is also 

possible to achieve in plasma via the direct or one-step method. In this method, the creation 

of radicals in the polymer chains and graft-polymerization occurs simultaneously. Both 

methods may suffer from the formation of homopolymer when radicals formed in the 

polymer chains by active species in plasma are chain transferred to the monomer. However, 

according to Inagaki
26

, the reactions are more predominant in the one-step method. 

Additionally, the interaction of the monomers with energetically active species in plasma 

creates at least two other problems: (1) the formation of plasma polymer, which eventually 
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deposits on the substrate surface, and (2) change in monomer structure, which would affect 

its functionality. The latter has been the subject of study by Oehr et al.
193

.  

IR spectra in Figure 45 show that the relative intensity of the characteristic peak of 

carbonyl in acrylic acid and vinyl in allyl alcohol decreases with power, which indicates a 

change in the monomer structure. This change could be due to fragmentation of monomer 

and/or formation of plasma polymer. It is known that plasma polymer has a chemical 

structure that is less of a resemblance of the monomers it is made of, because fragmentation 

and rearrangement of the monomers occur in the plasma.
26

 At lower powers, which are also 

equivalently represented by pulsed plasmas, the monomers are able to retain their structures. 

This is evidently clear by comparing their spectra with that of the untreated monomer. 

The main parameters that are involved in retaining the monomer structure in direct 

plasma processing, and thus the functionality of the grafted polymer, are low power input, 

high working pressure (low mean free path), short residence time of the molecules in the 

plasma, minimized ionic bombardment of the surface and substrate cooling.
193

 The 

possibility of structure retention was described by Yasuda by using the relation W/FM, where 

W, F, and M are RF power in J/s, the monomer flow rate in mol/s, and the molecular weight 

of the monomer in kg/mol, which is known later as the so-called Yasuda factor. This is a 

measure of apparent input of energy per unit of monomer molecule in J/kg, and is considered 

proportional to the concentration of active species in the plasma
26

. It is an expression of 

plasma energy density. A smaller Yasuda factor corresponds to less fragmentation, which 

explains why higher RF power changed the structure of the monomer as shown in Figure 45. 

From this relation, the effect of monomer flow rate can also be easily deduced; higher flow 

rate should yield less fragmentation and hence better retention of monomer structure.  

As far as structure retention and plasma polymer are concerned, post-plasma graft 

polymerization or two-step process, which is also frequently referred to as indirect method, is 

obviously better than the direct method. While apply more to the latter, the above findings 

seem to be equally important to the two-step process where grafting is initiated by plasma 

exposure
206

, the so-called plasma grafting in this review. The exposure of the monomer 
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present on the pre-activated surface may lead to the fragmentation of monomer as well as 

grafted polymer and the formation of plasma polymer, unless care is taken to minimize them.  

 

 

 

Figure 45. FT-IR spectra of plasma treated KBr with (a) acrylic acid, and (b) allyl alcohol at various power and 

modes (continuous versus pulse mode). Spectra at the bottom is the control sample (untreated KBr) for 

comparison
193

. 
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3.6 Atmospheric Plasma Treatment for Antimicrobial Functionality on 

Polymers and Textiles 

Plasma treatments of textiles, in the last ten years, have been extensively studied. A 

large number of papers have been published and patents registered on this subject, in which 

all focusing on different aspects of plasma processing such as gas composition, types of 

textiles, plasma treatments for textile finishing and product innovation.  

In textiles, non-thermal plasma has been used mostly to modify wetting 

characteristics (hydrophilicity
27-36

, hydrophobicity
37-44

 and oleophobicity
43,45

) and adhesion 

properties of fibers
46-53

. Other areas of interest with lesser degree of activity include dyeing 

and printing, surface cleaning (desizing), inactivation of microorganisms (sterilization), 

modification of physical properties of fibers (optical, mechanical and electrical properties), 

and shrink-proofing of wool
54

.  

The last decade has witnessed a significant interest in using plasma for surface 

bonded antimicrobial textiles, mostly by employing low-pressure plasma under vacuum 

conditions
15,16,55-57

. Following the development of the technology, atmospheric pressure 

plasma has also been used recently for biocidal finishing of textiles
58,59

. A comprehensive 

review paper on plasma processing of textiles has recently appeared in the literature (2008) 

with extensive discussion on the wide areas of textile surface modification and 

processing/finishing
54

. By comparing the extent and depth of discussion of every subject area 

relative to others, one may have an idea about the importance and achievement that has been 

accomplished in that subject, through the eyes of the authors. From this review and extensive 

literature search, it is obvious there is much to be done in the area of plasma application for 

antimicrobial polymers and textiles. It must be noted that, however, inactivation of 

microorganism by plasma sterilization (Morent
54

 Refs 186-189) is beyond the scope of this 

review.  

Table 14 lists the activities in the development of antimicrobial polymers and textiles 

aided by non-thermal plasma, which was used either to create functional groups or active 

sites for grafting on the substrate surface. A literature search for plasma-aided antimicrobial  
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Table 14. Antimicrobial plasma treatment of polymers and textiles in chronological order. 

Substrates Plasma 

System 

Plasma 

Medium 

Monomer/Active  

Substance 

Year Authors Refs. 

PE, PP, 

PET, PU, 

PTFE 

Low-

pressure 

CO2+ C2H4,  

CO2+C4F8 

(plasma polym.); 

O2 (PIGP) 

Acrylic acid, butyl 

acrylate, methyl 

vinyl acetamide. 

AgNO3 

1995 Jansen & Kohnen 207 

PET 

nonwoven 

Low-

pressure 

Ar Acrylamide, 

itaconic acid. 
AgNO3, chitosan, 

VQAS 

2002 Yang et al. 208 

PE film Low-

pressure 

He/Air DADMAC 2003 Thome et al. 15 

PET film, 

cellulose 

nonwoven 

Low-

pressure 

Ar/Air 4-vinylpyridine 2003 Cen et al. 17 

PA fabric Low-

pressure 

O2 AgNO3 2003 Yuranova et al. 57 

PET film Low-

pressure 

Ar/Air Viologen 2005 Shi et al. 209 

PVDF mesh Low-

pressure 

Ar Acrylic acid, 

Gentamicin 

2005 Junge et al. 210 

Cellulose 

nonwoven 

Low-

pressure 

O2 HMDSO, QAS, 

ethylene diamine 

2006 Jampala et al. 211 

PET 

nonwoven 

Low-

pressure 

Ar N-vinyl-2-

pyrrolidone 

2006 Chen et al. 55 

Cotton 

fabric 

Low-

pressure 

O2 Neem extract 

(Azadirachtin) 

2007 Vaideki et al. 56 

PP 
nonwoven 

APP He GMA, chitosan 2007 Gawish et al. 58 

PP 

nonwoven 

APP He+O2 GMA, chitosan 2007 Wafa et al. 59 

Wool  Low-

pressure 

Ar SiO2(Ag)-NH2 2007 Wang et al. 212 
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Table 14. Continued 

Substrates Plasma 

System 

Plasma 

Medium 

Monomer/Active  

Substance 

Year Authors Refs. 

PET, PA 

fabric 

Corona Air Nano silver 2008 Radetic et al. 213 

PET fabric APP Ar+O2/Air Chitosan 2008 Chang et al. 214 

Nylon fabric APP Air Chitosan 2009 Tseng et al. 215 

Polyimide Low-

pressure 

Ar/Air Vinyl-viologen, 

AgNO3 

2009 Cui et al. 216 

PET, PA 

fabric 

Corona Air Nano silver 2009 Ilic et al. 217 

PET fabric Corona Air Nano silver 2010 Gorensek et al. 218 

APP = atmospheric pressure plasma, PET = poly(ethylene terephthalate), PA = polyamide, GMA = 
glycidyl methacrylate, PE = polyethyelene, PU = polyurethane, PVDF = polyvinylidene fluoride, PTFE = 

polytetrafluoroethylene, DADMAC = diallyl dimethyl ammonium chloride. 

 

functionalization beyond the year of 2000 only yielded one report paper, that is, Jansen and 

Kohnen‘s
207

, who attempted to develop anti-fouling and anti-infective polymers for implants. 

Two approaches were investigated to achieve the goals: (1) increasing the hydrophobicity of 

the polymers by depositing hydrophobic plasma polymer from C2H4 and C4F8, and (2) 

grafting negative-charge bearing monomers, which repel the negatively-charged bacteria and 

create reaction sites for the incorporation of the antimicrobial substance (AgNO3), onto the 

polymer surface. The authors reported that the modification of polymers with subsequent 

bonding of antimicrobial agent significantly reduced the adherence of bacteria and hence the 

viability of the strategy to prevent bacterial colonization and biofilm formation. 

It must be noted that the studies done by Yuranova et al.
57

, Radetic et al.
213

, 

Gorensek
218

, and Ilic et al.217 do not actually fit within the scope of the topic discussed in this 

review. However, they are worthwhile to mention here because they demonstrated the 

versatility of plasma technology for the surface modification of textile materials with 
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inorganic substances and in combination with other technique of deposition, i.e. sol-gel 

coating. In these processes, plasma (corona or glow discharge) was utilized to create oxygen 

functionalities, and then the activated fabrics were subsequently immersed in a colloidal 

solution of AgNO3 for the creation of antimicrobial properties on the materials. 

It is interesting to note that even within the period of 2000 – 2010 the studies cited 

above are dominated by low-pressure plasmas, even though the APP system has existed since 

the late 1990‘s. Studies by the latter only appeared in the second half of the period. In all 

cases, plasma had been utilized to create reactive sites, in the form of oxygen functionalities 

or radical sites, for graft-polymerization to take place via either grafting from or grafting to 

method. None of them used plasma to induce the grafting reaction; plasma was employed as 

means for surface activation only. Graft polymerization, on the other hand, was carried out 

by the conventional wet chemical reaction
15,56,58,59,207,212,215

, pad-cure
214

 or UV 

irradiation
17,55,208,209,216

 (e.g. Figure 46). In this case, plasma-aided or plasma-assisted graft- 

polymerization
58

 would be the more appropriate term. An example of the real plasma-

induced graft-polymerization can be found in Mittal‘s study
206

 (Figure 47), in which plasma 

activated substrates were exposed to plasma for the second time after the deposition of 

monomer on the substrate surface. While the first exposure is referred to as plasma-

activation, the purpose of the second exposure was to facilitate the grafting reaction and 

polymerization of monomer from the surface, and hence plasma-induced graft-

polymerization. It is technically as well as economically interesting; for one thing, it 

increases the economic utility of the plasma process.  

 Theoretically, if fragmentation of monomer, which could lead to plasma 

polymerization and the formation of homopolymers, can be minimized during the second 

pass, e.g., by lower Yasuda factor (W/FM), grafting from should be achievable and 

predominant. Even with the best (optimum) process conditions, the formation of 

homopolymer cannot be totally excluded, which also occurs in wet chemical process and 

UV-induced graft-polymerization. A cleaning procedure is always necessary in all cases.  
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Figure 46. Plasma-assisted UV-induced graft-polymerization for antimicrobial functionality on PET film and 

cellulose nonwoven surface using 4-vinylpyrridine. Substrates were activated by Ar plasma, and then exposed 

to ambient air to generate surface peroxides, which decomposed into free radicals during the subsequent UV-
irradiation. The formed radicals were used as the reaction sites and to initiate the graft-polymerization of 

monomers from the surface. The table under the diagram shows the effect of monomer concentration to graft 

and surface charge density
17

. 

 

The study by Jampala et al.
211

 is interesting because it exemplified a different strategy 

in plasma processing to confer on a given material antimicrobial functionalities. The authors 

reported a bottom-up chemical synthesis of quaternary ammonium groups exhibiting 

antibacterial properties on stainless steel and cellulose filter paper (nonwoven) via ―low-

pressure plasma-enhanced functionalization‖. The stainless steel was first pretreated with O2 

plasma to create oxygen functionalities on the otherwise inert surface, and then subsequently 

exposed to hexamethyldisiloxane (HMDSO) plasma (this reactive gas was also used in the  
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Figure 47. Plasma activation and plasma-induced graft polymerization.
206

 

 

surface modification of poly(p-phenylene terephthalate) fiber by Wertheimer and Schreiber 

three decades earlier
47

) and ethylene diamine plasma consecutively. The authors reported that 

ethylene diamine plasma deposited directly on stainless steel without HMDSO layer 

delaminated significantly in water. Amination of cellulose was carried out directly with 

ethylene diamine plasma; that was possible because the substrate has hydroxyl groups on its 

polymer backbone. The plasma-activated substrates were then subjected to quaternization 

with hexyl bromide and methyl iodide. Figure 48 shows the schematic illustration of the 

process. Similar strategy was also adopted by de Jesus Martinez-Gomes et al.
219

 for surface 

functionalisation to immobilize an enzyme on a cellulose substrate.  

A brief review of antimicrobial plasma treatment for polymers and textiles has been 

presented. It can be concluded that there is an ample room for investigation and further 

development, especially those involving the application of atmospheric pressure plasma and 

the true plasma-induced graft-polymerization.  
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Figure 48. Schematic illustration of plasma-enhanced surface (antimicrobial) functionalization of stainless steel 

and cellulose materials.
211

 

3.7 Surface Chemical Modification of Aromatic Polyamide by Plasma 

3.7.1 Aromatic Polyamide: Historical Developments, Properties, and Applications 

The high modulus aramid organic fibers were first introduced commercially in 1971 

by DuPont. Initially referred to as Fiber B and PRD-49, these fibers are now produced and 

sold by DuPont under the trade name Kevlar
220

. It was preceded by Nomex, a high thermal 

aramid fibers introduced a few years earlier by the same company. The generic title of 

aramid fiber was defined as ―fibers in which the fiber-forming substance is a long-chain 

synthetic polyamide in which at least 85% of the amide linkages are attached directly to two 

aromatic rings‖
221

. 
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Aromatic polyamides are prepared by the generic reaction between a diamine and a 

diacid chloride
222,221

. The polymerization is carried out in solution at temperatures less than 

100
o
C with a tertiary base present to react with the liberated hydrogen chloride. The resulting 

polymer solutions from these polymerizations are often used directly to spin fibers. 

Depending on the position of the substituents in diamine and diacid chloride, the reaction 

gives result to poly(m-phenylene isophthalamide) and poly(p-phenylene terephthalamide) for 

meta- and para-substitute respectively. The former is known commercially as Nomex, 

whereas the latter is Kevlar. 

The excellent properties of these fibers, which include exceptional heat and flame 

resistance, very high melting points, ultra high strength, and high resistance to solvents and 

chemicals, come from the entirely aromatic structure of the polymer. The para structure 

gives a rod-like extended chain structure that forms liquid crystal solutions. Polymerization 

from liquid crystal solution results in a highly oriented, extended-chain morphology in the 

bulk polymer, resulting in high strength and high modulus. That is why Kevlar has higher 

strength and modulus than Nomex. Table 15 compares the physical and mechanical 

properties of aramids with other various fibers.
220

 

Table 15. Physical and mechanical properties of aramids and other fibers.
220
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Table 16. Elemental surface analysis of Kevlar by XPS (in %). 

Element Kevlar-29 Kevlar-49 Theoretical 

O 24.0 18.0 7.14 

N 6.8 12.0 7.14 

C 66.5 68.0 50.0 

O/C 36.1 26.5 14.3 

N/C 10.2 17.6 14.3 

 

There are at least three types of Kevlar fibers depending on spinning and drawing 

conditions, and thus their tensile strength and modulus
220

, Kevlar, Kevlar-29, and Kevlar-49. 

Kevlar is used for reinforcement in rubber applications such as tires and high-pressure hoses. 

Kevlar-29 has approximately half the modulus and double the elongation-at-break of Kevlar-

49 and is used in high strength textiles. It is especially designed for use in areas where high-

impact resistance is of primary importance: aircraft decelerators, safety harnesses, and where 

slash and cut resistance is desired, such as ropes, cables, and coated fabrics for inflatable and 

architectural fabrics. Kevlar-49 is most suitable for use in rigid reinforced materials and other 

uses where light weight, high strength and stiffness, vibration damping, and resistance to 

damage, fatigue, and stress rupture are key properties. 

Surface analysis of Kevlar-29 and Kevlar-49 by x-ray photoelectron spectroscopy 

(XPS) reveals that there is about one and a half times as much carbon and three times as 

much oxygen as calculated for bulk PPTA (poly(p-phenylene terephthalamide)) (Table 

16)
223

. The difference between measurements and theoretical calculations, according to Penn 

and Larsen
223

, is most likely due to surface oxidation and contamination by carbon from the 

atmosphere. Table 17 lists the results of peak deconvolution of C1s, O1s, and N1s core level 

spectra of untreated and as-received PPTA with their corresponding atom position in the 

structure
26,224,225

. 
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Table 17. Peak deconvolution of C1s, O1s, and N1s from XPS spectra of PPTA (Kevlar). 

Atom 

No. 
Structure 

Wang
222

 Inagaki
221

 
(Pj/ Pi)theory 

BE (eV) (Pj/ Pi)exp  BE (eV) (Pj/ Pi)exp  

       

C1 –C–C–C– 285.0 0.677 285.0 0.73 0.714 

C2 –C–C–N–, –C–O– 286.1 0.142 286.0 – 2 86.2 0.13 0.143 

C3 –CONH– 288.1 0.132 287.7 – 288.0 0.13 0.143 
C4 –COOH 289.0 0.049 289.0 – 289.2 0.03 0 

       

O1 –CONH– 531.8 0.592 531.4 – 531.8 0.81 1-2xb 

O2 O=C–OH 533.0 0.209   x 

O3
a –C–OH - - - - 0 

O4 O=C–OH 534.2 0.199 533.2 – 533.6 0.19 x 

       

       

N1 –CONH– 400.5 0.922   1-x 

N2 PhNH2 401.5 0.078   x 

       
 

a Appears upon oxygen plasma treatment 
b x = 1/n = 1/(DP-2) if the chain was entirely visible by XPS; DP is degree of polymerization 

 

 

 

Figure 49. Chemical structure of PPTA with indication of C and O referred to in Table 17. 



 

 

 

98 

From Table 17, it can be seen there are slight differences between the two sources (Wang and 

Inagaki), particularly in terms of relative concentration of the components. As it has been 

pointed out earlier, these differences are not significant and may have been caused by 

differences in the source of PPTA substrate investigated. The point that is of more 

importance to note is the presence of –COOH. Theoretically, according to the chemical 

structure, this component is not supposed to exist in the C1s spectrum. The fact that it does 

exist indicates that a part of the amide groups in the PPTA substrates investigated has 

undergone hydrolysis and split into carboxylic acid and amino groups
221

 (Figure 49). 

 

 

Figure 50. FTIR spectrum of PPTA (Kevlar 49 yarn). 

 

  

 

Figure 51. XRD pattern and crystallographic data of Kevlar
220,223

. 
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The infrared spectrum of PPTA (Kevlar 49 yarn) obtained with a KBr powder pellet 

is shown in Figure 50
223

. The characteristics bands of the material: amide I, II, III, and IV are 

labeled. In Figure 51 and Figure 52, the crystal structure (XRD pattern) and crystal 

dimensions of Kevlar are shown. The absence of halo patterns normally found in 

semicrystalline polymers suggests exceedingly high crystallinity of aramid fibers.   

 

 

Figure 52. Crystal structure of Kevlar
220

. 

 

It is worthwhile to note that FT-IR spectroscopy has also been used for the 

determination of the orientation and reactivity of the surface functional groups of Kevlar-49 

fibers
220

. It was found that there is a difference in the chain orientation between the skin and 

the core. The polymer chains in the fiber skin are preferentially oriented parallel to the 

surface, in contrast to the radial sheet structure of the core. The tangential orientation of the 

polymer chains on the fiber surface and the strong tendency of the amide groups of 
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neighboring molecules to hydrogen bond with each other may increase the energy barrier that 

one has to overcome in targeting these groups for conventional chemical reactions. 

Despite their excellent physical and mechanical properties, PPTA fibers are known to 

be susceptible to photochemical degradation by exposure to sunlight and UV light. This 

severe drawback limits their applications (and perhaps, also their processing) because not 

only must they be protected from UV light, they also must not be exposed to sunlight. This is 

due to their strong spectral absorption in the UV region of 250 nm, and 300-400 nm from 

sunlight
226,223

. Numerous studies have been done in the past to investigate the deterioration of 

physical and mechanical properties of aramid fiber by UV exposure and the mechanism of its 

photodegradation
227,226

. Figure 53 are SEM images taken by Zhang et al. 
226

 showing the 

effect of prolonged exposure to UV irradiation to the surface of Kevlar filaments. It can be 

seen that the surface was severely etched by the irradiation, becoming rough and corrugated. 

  

Figure 53. SEM of the surfaces of Kevlar filament before (a) and after (b) UV irradiation for 144 hours.
226

 

3.7.2 Plasma Treatment of Aramid Fibers 

The interest in surface modification of Kevlar fibers stems from one of the most 

explored applications of this fiber, that is, filament-reinforced composites. In this case, 

interphase quality between the filaments and resin matrix is crucial in determining the 

structural integrity of the composites. As such, adequate filament-matrix adhesion is a 

necessary ingredient in useful composite systems. Many studies that attempted to improve 
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this quality have been done using chemical in the past, covering conventional chemical 

methods
228-232

 and surface modification by plasma exposure
46,47,50,141,142,194

. Even so, it is still 

an active area of research at present time
53,233

. Plasma has enjoyed an important role in this 

endeavor since at least 1980s; the work of Wertheimer and Schreiber
47

 and Allred
46

 are 

notable representative examples from the early days.  

The literature search showed that plasma surface modification of aramids (Kevlar) is 

all about improving the adhesion properties of the fiber for its use in composites. In other 

words, composite use is the major area of application of plasma in surface modification of 

Kevlar. However, the principles and techniques developed in these studies can be well 

applied for any other applications that require generation of surface active sites and graft-

polymerization. For a survey on the application of plasma technology for improving adhesion 

properties of polymers, a review from Liston et al. is a valuable source of references
234

.  

The high reactivity of plasma species makes surface functionalization reactions of 

even the most inert polymeric substrates conveniently achievable
122

. That explains why this 

technique has been very attractive for surface modification of para-aramid fibers. 

Wertheimer and Schreiber
47

 exposed Kevlar-29 fabrics to a wide variety of plasma gases in a 

large-volume microwave plasma apparatus. A number of oxidizing/etching or non-

polymerizable reactive gases were used, which included Ar, air, N2, and NH3. In each case, 

they noted 10 to 85% increase in the peel strength of Kevlar 29/triazine laminates due to the 

plasma treatment. The increased adhesion, however, was accompanied by a 35% decrease in 

filament tensile strength and rather extensive surface roughening with Ar plasma. 

Additionally, Wertheimer and Schreiber also noted a decay of bond strength as the time 

interval between plasma treatment and resin impregnation was increased, and suggested 

surface radical recombination and/or surface oxidation by atmospheric oxidation as the most 

probable cause of the phenomenon. It is also interesting to note that mixing Ar with allyl 

amine (CH2=CHCH2NH2) produced better adhesion properties of the fiber than that treated 

with Ar alone. It is supposedly due to the introduction of amine functional groups on the 

substrate surface capable of reacting with the resin, which also applied to N2 plasma 
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treatment. Increased peel strength from treatment with air plasma is most likely due to the 

creation of oxygen functionalities on the fiber surface. 

In addition to allyl amine, the authors
47

 also used hexamethyldisiloxane (HMDSO) as 

the working plasma gas. It produced almost twice of the peel strength of untreated fiber, 

indicating a promising potential for the use of the chemical as ―coupling agent‖ in plasma 

surface modification. This is particularly interesting because it can be used as a model in 

using plasma to confer antimicrobial functionality on textiles by using organosilicon based 

quaternary ammonium antimicrobial agent such as 3-trimethoxysilyl propyldimethyl 

octadecylammonium chloride. 

Allred
46

 used ammonia and monomethyl amine RF (13.56 MHz) glow discharge 

plasmas in vacuum to introduce amine functionality to Kevlar-49 to improve its adhesion 

with epoxy resin matrix. Allred noted that most filaments treated with ammonia plasma are 

smooth with very little surface texture even after long exposure up to 300 sec. Furthermore, 

elevated and rough regions were seen to be diminished and smoothed showing an indication 

of ablation. Texture, however, was observed to develop on monomethyl amine-treated 

filaments. This is due the grafting of polymethylenimine to the PPTA surface, which was 

verified with IR analysis and acid-wash treatment. No significant strength reduction was 

observed with amine-treated filaments, whereas monomethyl amine-treated filaments 

suffered a considerable decrease. A significant numbers of amine groups were reported to be 

incorporated onto PPTA filament surface. Allred further noted that oxygen considerably 

slowed the amination rate by ammonia plasma. This observation raises a concern on the 

efficacy of the process in atmospheric pressure. On the contrary, monomethyl amine was 

found much less sensitive to oxygen making it more attractive for use in continuous process. 

The treatments significantly improved the interlaminar properties of aramid composites. The 

amine groups from both ammonia and monomethyl amine are stable for extended period 

(after 18 months). Surface functionalization of Kevlar with amine groups was also 

investigated by Penn et al.
142

 using monomethyl amine. 

The decomposition of ammonia in plasma was described by Allred as follows
46

: 
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Reactions (1), (2), and (4) are obviously nonequilibrium processes that occur through 

collisions between electrons and vibrationally excited molecules. According to Allred, 

reaction (5) occurs at a very high rate leading to the quick disappearance of NH radicals. It 

follows that the *NH2 radical is the most likely active species available for recombination 

with surface radical on the substrate (PPTA). As indicated in Figure 54, Allred also proposed 

that radicals are created on the aromatic rings, which become the reaction sites with *NH2 

radicals from plasma.  

 

Figure 54. PPTA amination reaction by ammonia plasma
46

. 

 

More recently, a similar study was carried out by Brown et al.
48

. They mixed N2 with 

ammonia to increase the degree of reaction between the fiber surface and epoxy resin matrix 
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in the composite. According to Poncin-Epaillard et al.
194

, nitrogen plasma has a low 

degrading effect to the substrate but high radical density creation. They used it to activate the 

surface of PPTA fibers and films with surface radicals, to which vinyl monomers (acrylic 

acid) was reacted and grafted in the post-treatment. This work represents one of the early 

 

 
 

  

Figure 55. The dependence of radical generation on nitrogen plasma treatment conditions.
194

 

 

records on plasma-aided graft-polymerization of aramid fibers. From surface analysis (ATR-

FTIR and ESCA), they noted plausibility of chain scission on the CO-NH bond and increased 

number of nitrogen and oxygen functionalities due to the treatment. Wettability with various 

solvents of different polarities was also increased, indicating the effectiveness of the 

treatment. It is very interesting to observe how plasma treatment conditions (time of 

exposure, RF power, gas flowrate, and even the distance from plasma source) affect the 
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activation and surface properties of aramid fibers (Figure 55 – Figure 56). Surface radicals 

were detected and measured by using DPPH (diphenylpicryl hydrazyl) titration technique. 

This is interesting because it provided information for more in-depth analysis of the process. 

Overall, the work showed that mild plasma conditions led to high grafting yield. 

 

 
 

 

 

Figure 56. The dependence of surface energies on nitrogen plasma treatment conditions
194

. 

 

Yamada et al.
49

, following the same line of approach as described above, used 

glycidyl methacrylate (GMA) and acrylamide (AAm) to enable the formation of covalent 

bond between Kevlar yarn and resin matrix. The yarn was irradiated for 1 min with Ar 

plasma generated at 100 W at 13.56 MHz under low pressure, and then immediately 

immersed in the monomer solution for a prescribed time at room temperature. It was found 

that polymerization rate of acrylamide was much higher than that of GMA (Figure 57). The 
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authors noted that acrylamide polymerized much faster in water than in methanol, suggesting 

that water enhances the rate of polymerization of acrylamide. They do not provide any 

supporting data, except for direct comparison with GMA in methanol/water mixture. In both 

cases, however, the pull-out force of grafted yarns is obviously higher than the ungrafted 

yarns, and it increases with degree of grafting. The authors suggested the formation of 

covalent bonds as accountable for the increase of force in the graft layer. Still another  

 

   

Figure 57. (Left) Degree of grafting as a function of graft-polymerization time for (a) glycidyl methacrylate and 

(b) acrylamide. (Right) Pull-out force as a function of degree of grafting: (a) GMA, (b) AAm. 
49

 

 

  

 

Figure 58. Schematic illustration of graft-polymerization of GMA onto the surface of Kevlar fibers. 

 

interesting result is that the pull-out force of the yarn grafted by polyacrylamide was always 

higher than that grafted by poly-(glycidyl methacrylate) at the same degree of grafting. It was 
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postulated by the authors that this is due to the higher density of the functional group in 

polyacrylamide, taking into account the MW of the monomeric units in the polymers. A 

schematic illustration of graft-polymerization of GMA is shown in Figure 58. 

In a study, which was apparently a follow up to Yamada‘s work, Inagaki et al
198

 

carried out the graft-polymerization of GMA in a two-step reaction before treating the 

substrate in the monomer solution. First, the PPTA film surface was exposed to argon plasma 

according to a prescribed time and process conditions to generate radicals on the substrate 

surface. Then, in the second step, the plasma-activated film was exposed to air to convert the 

newly formed surface radicals into the corresponding hydroperoxides, which are able to 

initiate the graft-polymerization upon contact with monomer. This technique was introduced 

by Suzuki et al.
202

 (1986) in the graft copolymerization of acrylamide onto a polyethylene 

surface with a glow discharge plasma. This is interesting, particularly in the view of 

atmospheric pressure plasma, where oxygen and other gases in the atmosphere are not 

excluded from the process and thus are always in contact with substrate and plasma 

(especially the afterglow). So far, no one has ever pointed out the resemblance between this 

technique and APP surface modification. Detection and determination of surface peroxides 

can be carried out by using DPPH (diphenylpicryl hydrazyl) titration method or iodine 

titration
235-237

. The main results from Inagaki‘s study are summarized as follows (see Figure 

59): (1) a combination of argon plasma irradiation and air exposure generates peroxides on 

the PPTA film surface; the concentration of peroxide groups increases with power and 

irradiation time, which agrees and in linear relationship with surface radical generation (see 

Figure 55); (2) GMA was successfully grafted onto the PPTA film from the peroxide groups, 

which in turn improved the adhesion PPTA film with epoxy adhesive.  

A slightly different approach was demonstrated by Mori et al.
50

 by using UV 

irradiation to initiate the grafting reaction. The argon plasma-treated Kevlar fibers, after 

being exposed to air, were placed in a tube containing a mixture of riboflavin and the 

monomer, i.e. aqueous AAm solution or 1,4-dioxane GMA solution, and were subsequently  
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Figure 59. Radical generation and peroxide concentration as a function of plasma irradiation time and RF power 

(left), and C1s and O1s XPS spectra from untreated and GMA-grafted PPTA films (right). 
198

 

 

subjected to UV irradiation. Riboflavin not only serves to cleave the peroxide bond and thus 

creates radicals, which initiates the graft-polymerization, but also to remove any dissolved 

oxygen in the monomer solution. According to the authors, it undergoes photo-induced 

reactions and consumes oxygen molecules under the influence of UV light. Uchida et al. used  

Table 18. Atomic surface concentration based on XPS analysis of AAm- and GMA-treated Kevlar fibers.
50
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a small amount of sodium periodate for the same purpose in UV graft-polymerization of PET 

without degassing
238-241

. From Table 18, the introduction of poly(acrylamide) increased the 

concentration of oxygen and nitrogen in AAm-grafted samples, whereas only oxygen that 

increased in the GMA-grafted samples. 

Oxygen and oxygen-containing plasmas are also commonly employed to improve 

polymer surface properties. A detailed study on the effects of oxygen plasma on surface 

properties of PPTA fibers has been reported by Inagaki et al.
141

. The investigation was 

directed to answer two fundamental questions. (1) What reactions occur at the surface of 

PPTA fiber? (2) What functional groups are generated at the surface of the PPTA fiber? 

Details of chemical reactions and the effect of aromatic ring were also investigated. Plasma 

treatment was performed at a low pressure with bell jar type reactor. From surface analysis 

and depth profiling, the authors came to the following conclusions: 

1. The oxygen plasma treatment increases the ratio of O/C and N/C. Increase of O/C is 

predominant. 

2. A main oxygen functionality formed by the oxygen plasma treatment is the carboxylic 

acid group, and the main nitrogen functionality is the protonated amino group. 

3. The oxygen and nitrogen functionalities formed by the oxygen plasma treatment are not 

restricted to the surface of the PPTA film, but are distributed within at least 35 Å from 

the surface. 

4. The formation of oxygen and nitrogen functionalities in the PPTA film may be due to 

interaction with photons rather than with electrons and activated oxygen atoms. Aromatic 

rings in the PPTA contribute to the formation of oxygen functionalities. 

5. A part of the aromatic rings in the PPTA film is degraded during the oxygen plasma 

treatment. 

Inagaki et al
141

. explained that in the oxygen plasma treatment of the nylon film 

(Figure 60), hydrogen atoms would be abstracted predominantly from aliphatic carbons by 

electrons and oxygen atoms to form C-O groups. In the oxygen plasma treatment of the 

PPTA film, carbonyl groups conjugated with aromatic rings would absorb quanta of UV light 
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and are subsequently activated to undergo photooxidation. In this process, aromatic rings 

would act as an absorber of UV light generated in the plasma. 

 

Figure 60. Reactions taking place in the oxygen plasma treatment of Nylon and PPTA showing the effect of 

aromatic rings to the formation of radicals and degradation of PPTA.
141
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In all the above cases and examples of plasma treatment of Kevlar, low-pressure 

plasma was unvaryingly used. Little has been reported on the use of atmospheric pressure 

plasma. The only report on the use of APP in the surface modification of Kevlar was found 

from the recent work by Hwang et al. (2003)
53

. They reported an investigation on the effects 

of He/O2 plasma to the surface properties, mechanical properties, and interfacial bond 

strength of the fibers to epoxy resin. They found no obvious surface morphology change due 

to the treatment. The plasma treated fibers showed significant increase in tensile strength, 

which was assumed by the authors due to improvement in interfibrillar bond strength. 

Oxygen functionalities and hydrophilic groups (-COOH, -OH, and –NH2) were increased by 

the plasma treatment. 

In addition to XPS and FTIR, SEM has been one of the primary surface analytical 

techniques used in the investigation of surface modification of polymer with plasma. The 

technique provides visualization on a microscopic scale of the effects of plasma treatment to 

the surface of polymer. For the purpose of reference and comparison, some of the results 

from past studies, especially those that are relevant with the present study and of good quality 

images, are presented in the following Table 19.  

3.7.3 Summary 

A brief survey of plasma surface modification of aramids (mostly Kevlar) has been 

presented. Most of the published reports used low-pressure plasma, while there is only one 

report to date that worked with atmospheric pressure plasma. Plasma treatment for surface 

modification of Kevlar concerns mostly with improvement of adhesion properties and its 

application in fiber-reinforced composites. The treatment can be divided into those 

attempting to create reactive functional groups on the surface, by using reactive gases (O2, 

N2, NH3 and air), and those that target graft-polymerization onto the polymer surface. 

Reasonably good results were obtained from each group in terms of the bonding strength 

between the fiber and matrix resin, while retaining within an acceptable level the excellent 

physical and mechanical properties of the fibers. 
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Table 19. SEM micrographs of plasma treated Kevlar fibers. 

No. SEM Images Remarks Refs. 

1 

  

Low-pressure plasma, operating freq. 
2.45 GHz (MW). Power: 100 – 700 

W. (1) Untreated fiber, 5000X. (2) 30 

s air plasma. 

47 

2 

   

Bell-jar-type low-pressure plasma, 5 
kHz. Fiber was exposed to air prior 

graft polymerization. (a) Untreated 

fiber, (b) PAAm-grafted fiber (30 s 
plasma exposure, 10 wt% AAm 

solution, 30
o
C and 50 min UV 

irradiation), (c) PGMA-grafted fiber 

(30 s plasma exposure, 10 vol% 
GMA solution, 30

o
C and 2 h UV 

irradiation). 

50 

 



 

 

 

113 

Table 19. Continued 

No. SEM Images Remarks Refs. 

3 

  

Plasma jet, Corotec Plasma-Jet® (PJ-
1), at a sample moving speed of 4.3 

mm/s. The excitation frequency was 

50 Hz and the output power was 720 
W. SEM micrographs of the surfaces 

of aramid fibers from different layers 

of the treated fabric and the control: 
(1) first layer, (2) second layer, (3) 

third layer, (4) control. 

242 
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Table 19. Continued 

No. SEM Images Remarks Refs. 

4 

 

 

 

Low pressure, air plasma. (a) 
control, (b) plasma treated fiber 

50 w 15 min, (c) plasma treated 

50 W 25 min. 

243 

5 

   

Plasma treatment: 100 W (27.1 

MHz), 2-5 minutes, low 

pressure 10-3 torr. From left to 
right: control, monomethyl 

amine plasma, monomethyl 

amine plasma + 

diisocyanatohexane.  

142 
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Plasma graft-polymerization of Kevlar can be achieved by the same strategy as for 

plasma-aided graft-polymerization of polymers described in Section  3.5.1 (p. 81):  

1. Plasma activation followed by graft-polymerization in solution, which is the most 

common strategy. 

2. Plasma activation followed by UV-induced graft-polymerization. However, it must be 

noted that exposure to UV might cause damage to Kevlar, which is known to be 

susceptible to photodegradation. 

3. Plasma activation and air exposure to generate peroxides, and subsequently followed by 

either UV-induced graft-polymerization or wet chemical reaction in solution.  

In this regard, it would be very interesting to see the possibility of introducing the ―true‖ 

plasma-induced graft-polymerization, in which grafting reaction is carried out in or under the 

direct influence of plasma. 

3.8 Biocidal Aramids  

Kevlar (poly[p-phenylene terephthalamide]) is one of the most technologically and 

commercially important high performance fibers with excellent mechanical properties, fire 

resistance, and exceptional thermal stabilities. It has been used in fiber-reinforced 

composites, protective clothing, tires, life protection, ropes and cables
221

, and has been 

studied for implants
244

 as well. Lately, their applications in carpets, upholstery fabrics, and 

some medical purposes have also attracted increasing attention
245

.  

Recently, Sun and co-workers reported the functionalization of aramid fabrics with 

antimicrobial properties, furthering its protective functions beyond fire/thermal 

protection
246,245,247,248

. In one approach, Nomex fabrics were directly chlorinated by simple 

chlorine bleaching treatment to produce stable N-halamine in its polymer structure
247,248

. In 

another approach, bifunctional comonomer, poly(ethylene glycol)-diacrylate, was used as a 

coupling agent in the grafting of 3-allyl-5,5-dimethylhydantoin to Nomex, PBI/Kevlar, and 

Kermel (poly(aromatic imide amide)) fabrics
245

 using a pad-dry-cure method. Still another 

approach was the formation of a thin polymeric film coating on the fabrics as demonstrated 
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by Luo and Sun
246

. They used methyl methacrylamide and a cross-linking agent to form a 

thin film coating of poly(methyl methacrylamide) (PMMAm) on Kevlar fabric with a pad-

dry-cure process. The antibacterial N-halamine structure was obtained via the chlorination of 

amide groups in PMMAm. In all cases, the authors reported that the fabrics exhibited potent, 

durable, and refreshable antibacterial efficiency against both Gram-negative and Gram-

positive bacteria without compromising the original fire protection functions and mechanical 

properties. The chlorinated PMMAm-coated Kevlar fabric was also reported to demonstrate 

biocidal functions against virus, fungi, and spores
246

.   

 

Figure 61. Molecular structure of 5,5-dimethyl 3-(triethoxysilylpropyl)hydantoin (upper) and its chlorination by 

sodium hypochlorite. 

 

Most interestingly, N-chloramides modified Nomex fabric has been tested for use as 

self-decontaminating military textiles against chemical warfare agents
249

. Nomex was 

derivatized with 1-chloro-5,5-dimethyl 3-(triethoxysilylpropyl) hydantoin (Figure 61) and 

chlorinated with sodium hypochlorite to transform the hydantoin amide groups to N-

halamines (N-chloramides). The tests against 2-chloroethyl ethyl sulfide (2-CEES) and 

Demeton-S, simulants for mustard and VX (nerve agent) respectively, showed the agents 

were substantially degraded by the presence of N-chloramide groups on the fabrics. 2-CEES 

was neutralized via the formation of sulfoxide, whereas oxidation of Demeton-S yielded a 

vinyl product, whose toxicity was not known but was believed to be less persistent and less 

stable in the body. 
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In all the above processes, chlorination is always required during the life cycle of the 

product to replenish the antibacterial N-halamine structure. While this is a safe treatment for 

Nomex, chlorination leads to serious decomposition of Kevlar, which is most likely due to 

hydrolysis at the amide structure
250,248

. Luo and Sun
246

 were successful in preventing Kevlar 

from decomposition by coating it with PMMAm, which served to protect the fiber from 

contact with chlorine and at the same time a source of amide groups for the formation of N-

halamine structure. Except for the chlorination, all the above cited processes require the use 

of initiators (e.g. benzoyl peroxide or azobisisobutyronitrile), which are generally highly 

toxic and flammable, if not explosive, to promote the grafting and/or polymerization 

reaction. 

 So far, there has not been any study that uses plasma technology to confer aramids 

with biocidal functions. Surface modification of Kevlar, in particular, has been directed 

mostly toward the improvement of its bonding properties with resin matrix for use in fiber-

reinforced composites. This is the area where plasma has been studied extensively (Section 

 3.7.2 on p.100) and a wealth of information is available for use to develop processes for other 

applications, especially those that are still less explored like graft-polymerization of 

antimicrobial polymers from/onto Kevlar. 



 

 

 

118 

 

C H AP T E R 4   

RESEARCH METHODS AND DESIGN OF EXPERIMENTS 

4.1 Introduction 

The goal of this research is to achieve on PPTA (Kevlar) fabric a high antimicrobial 

activity, which is characterised by at least 3-log reduction of bacterial activity
251

. A recent 

report by Kugler et al.
13

 showed the existence of a charge density threshold at approximately 

5 10
15

 charge/cm
2 

for effective antimicrobial surfaces bearing tethered quaternary 

ammonium groups. Such a high charge density can be realized by either having short chains 

with high grafting density or long chains with low grafting density
13,114

. Thus, if plasma can 

create high concentration of surface reactive sites from which graft-polymerization should 

emanate, then it must be possible to obtain high grafting density
252

, which in turn should 

translate to high antimicrobial activity accordingly and expectedly bring the bacterial activity 

down by 3-log reduction. 

It has been shown in the past studies
194,199,202,253-256

 that the maximum number of 

macro-radicals formed on the surface of different type of materials from different discharge 

systems, most of which were low pressure plasma, was in the region of 10
-10

 – 10
-8

 mol 

eq./cm
2
. This is equivalent to 10

14
 – 10

16
 radicals/cm

2
 and a clear indication of the 

plausibility of achieving surface charge density threshold mentioned previously and hence 

the target for the process development in this research. 

The antimicrobials used in this research were diallyl dimethylammonium chloride 

(DADMAC) and 3-(trimethoxysilyl)propyl-dimethyloctadecyl ammonium chloride (TMS) 

(Figure 62). Both chemicals are monomers bearing quaternary ammonium groups able to 

polymerize to form polymeric antimicrobial. DADMAC has been widely used in textile 

processing and textile production as antistatic agent, color fastness improver, and 
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antimicrobial agent
15,257

. Plasma-aided graft copolymerization of DADMAC on polyethylene 

film to render it antimicrobial has also been reported
15

. TMS was shown to have excellent 

antimicrobial efficiency against many different bacteria on many different substrates
24,109,258

. 

The two quaternary ammonium compounds were selected to exemplify the use of 

polycationic antimicrobial and a combination of plasma treatment and organosilicon 

chemistry respectively. Additionally, each represents different mechanism of polymerization, 

that is, free-radical polymerization and polycondensation reaction respectively. It would be 

interesting to see if plasma graft polymerization is equally applicable to non-vinyl monomers 

such as TMS. 

 

  
Diallyl dimethylammonium chloride 

(DADMAC) 
3-((trimethoxysilyl)-propyl) dimethylammonium 

chloride (TMS) 

 

Figure 62. Quaternary ammonium antimicrobials 

4.2 Identification of Factors and Response Variables 

Parameters that are generally of interest in the study of plasma graft-polymerization are RF 

power, time of plasma exposure, gap between electrodes, type and composition of feed gas, 

gas flow rate, and concentration of monomer. The APPJ system used in this research (e
-

Rio
TM

 Atmospheric Pressure Plasma System Model APPR-D300-13 by APJeT, Inc. Santa 

Fe, New Mexico) was designed to work exclusively with helium as the feed gas, while the 

flow rate must be maintained at a certain level in order to obtain stable and sustainable 

plasma. Although admixture with a reactive gas like nitrogen or oxygen may be used (0.3-

1.0%), it was decided that this study would use only pure helium. The gap between 

electrodes was also kept constant at a minimum distance that allows the passing through of 

samples free from arcing. That leaves RF power and exposure time the primary variables of 
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plasma processing parameters. In fact, these are the most studied variables in plasma 

processing researches
199,202,259,260

. Because of possible effects it may have on graft-

polymerization
260

, concentration of monomer was included as the determining factor in the 

subsequent liquid phase graft-polymerization. 

 

 

 

Figure 63. Schematic diagram of plasma graft-polymerization process. 

 

There are two possible modes of operation in plasma graft-polymerization. One-step 

plasma graft-polymerization (Process 2 in Figure 63 – Figure 64) is a mode where the 

creation of radicals in the polymer chains and graft-polymerization occurs simultaneously. In  
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Figure 64. Schematic diagram of different processes for plasma-induced graft-polymerization of quaternary 

ammonium antimicrobials on Kevlar fabric.  
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this mode of operation, substrate is exposed to plasma in the presence of monomer without 

prior surface activation. In the two-step plasma graft-polymerization (Process 1 and 3), the 

creation of radicals and the polymerization reaction from the radicals are done separately. 

The surface is first activated by exposing the substrate to plasma, and then, the activated 

surface is contacted with monomer, and graft-polymerization initiates from the radical sites. 

It is suggested that second plasma exposure in Process 3 enhances the grafting reaction and 

polymerization. Homopolymer is formed in both reaction systems. However, it is likely that 

its formation is more predominant in one-step process.  

In summary, there are three response variables of interest in this study: concentration 

of surface radicals (Y1), surface charge density (Y2), and antimicrobial activity (Y3). Three 

independent variables included in the experiments are RF power (X1), exposure time (X2), 

and concentration of monomer (X3). Additionally, investigation was also made to study the 

effects of different mode of operation to graft-polymerization and the effect of excluding 

degassing from liquid phase graft polymerization to the efficiency of graft polymerization.  

4.3 Design and Analysis of Experiments 

The usual approach or strategy of experimentation that is used extensively in practice 

is the one-factor-at-a-time approach. This method consists of selecting a starting point for 

each factor, and then successively varying each factor over its range with the other factors 

held constant. While it gives some ideas of how the response variable is affected by each of 

the factors, it has one major disadvantage in that it treats the factors separately and hence 

fails to consider any possible interaction between the factors.  

The best approach in dealing with several factors is by using factorial design of 

experiments (DOE). It allows one to investigate the individual effects of each factor and to 

determine whether the factors interact. Ideally, this would be followed by process 

optimization, which is a systematic sequence of experiments to determine a set of factors or 

parameters values that gives the best result. However, due to the time constraint, the study 
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was focused on the model building and understanding the effects of parameters and their 

interactions to the performance.  

Design of experiments and statistical analysis of the experimental data were done by 

JMP version 8.0.2 software package (SAS Institute, Inc., North Carolina, USA). The 

statistical analysis includes the estimation of parameters effect and analysis of variance 

(ANOVA), which are usually done by means of Fisher‘s ‗F‘ test and Student‘s ‗t‘ test. The 

Student‘s ‗t‘ test was used to determine the significance of the regression coefficients of the 

parameters, obtainable from the parameter effect estimates. The P-values were used as a tool 

to check the significance of each of the interaction among the variables. In general, the larger 

the magnitude of t and smaller the value of P, the more significant is the corresponding 

coefficient term
261

. Using the results from these analyses, the regression equations relating 

the response and process parameters were developed. A large F-value implied that the 

empirical model obtained from the analyses is significant, while values of Prob > F less than 

0.05 indicate that the model terms are significant. 

Depending on whether or not there is any interaction between main effects, the model 

may take the form of Eq. 1 or Eq. 2.  

𝑌 = 𝑏0 +  𝑏𝑖𝑋𝑖

𝑘

𝑖=1

 (Eq. 1) 

𝑌 = 𝑏0 +  𝑏𝑖𝑋𝑖 +   𝑏𝑖𝑗

𝑘

𝑗=i+1

𝑘−1

𝑖=1

𝑋𝑖𝑋𝑗

𝑘

𝑖=1

 
(Eq. 2) 

where Y is the predicted response, b0 the constant coefficient, bi the linear coefficients, bij the 

interaction coefficients, and xi, xj are the coded values of the process variables. In the case 

where curvature is more prevalent and interactions among the factors may no longer be 

negligible, a second-order model is required (Eq. 3): 
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𝑌 = 𝑏0 +  𝑏𝑖𝑋𝑖 +   𝑏𝑖𝑖

𝑘

𝑖=1

𝑋𝑖 

2

+   𝑏𝑖𝑗𝑋𝑖𝑋𝑗

𝑘

𝑗=𝑖+1

𝑘−1

𝑖=1

𝑘

𝑖=1

 
(Eq. 3) 

 

 

4.3.1 Experiment-1: Effects of Downstream Helium Plasma Treatment on Surface 

Morphology and Surface Chemical Properties of PPTA Fibers and Film 

As has been mentioned earlier (see p. 54) five processes may take place 

simultaneously on the polymer surface due to its interaction with plasma active species: 

etching, implantation, activation, deposition, and cross-linking. This experiment was 

designed and conducted to obtain information about these processes, based on the 

observation of the change in surface morphology and surface chemical properties of PPTA 

fibers and film (Mictron
®

, Toray) upon treatment with helium plasma.  

Etching and deposition can normally be observed as pits and debris or fragments on 

polymer surface under SEM (scanning electron microscope) examination, while implantation 

(surface functionalization) and cross-linking may be shown by deconvolution of component 

peaks in XPS (X-ray photoelectron spectroscopy) analysis
156

. Knowledge obtained from the 

observation of these surface processes was expected to provide answers to the questions 

regarding the active species and reactions involved in the surface modification of PPTA 

fibers and film by atmospheric pressure plasma treatments. 

4.3.2 Experiment-2: Effects of RF Power and Exposure Time in Downstream Plasma 

Treatment to the Formation of Surface Radicals, Charge Density, and Graft 

Yield 

The purpose of this experiment was to investigate the effect of RF power and 

exposure time to the formation of surface radicals and to determine the optimum plasma 

conditions that give surface radical density of at least 10
14

 – 10
16

/cm
2
. The radicals formed by 

surface activation, which most likely convert to peroxides when in contact with oxygen in 

air, were measured as the amount of diphenylpicryl hydrazyl (DPPH, Figure 65) consumed 
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when the peroxides decomposed upon heating
194,202,255,256

. DPPH is a stable free radical 

having an intense violet color ( max = 516 nm), which turns to orange-yellow ( max = 327 nm) 

when reduced to its stable non-radical form (diphenylpicryl hydrazine) by hydrogen atom 

donor. The extent of the color change, or more precisely the change of its absorbance, 

corresponds to the concentration of hydrogen atom donor present.  

 

 

Figure 65. 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

 

A single replicate 2
2
 full factorial design with three center points was used to 

investigate the effects of RF power (x1) and time of exposure (x2) on the formation of macro-

radicals (Y1) on the surface of PPTA fibers and film as well as to build an empirical 

mathematical model. These center points were used to determine the experimental error and 

reproducibility of data, as well as in anticipation for the possibility of having curvature in the 

response, which would be an indication of a second-order model. The experimental sequence 

was randomized in order to minimize the effects of uncontrolled factors. 

4.3.3 Experiment-3: Antimicrobial Activity of Plasma Grafted Kevlar and the 

Significance of Surface Preactivation in Plasma Graft Polymerization  

This experiment was designed to investigate the effect of RF power, exposure time, 

and concentration of monomer (DADMAC and TMS) on grafting and to determine the 

optimum process conditions that produce maximum surface charge density of at least 10
14

 – 

10
16

/cm
2
. A single replicate experiment with 2

3
 full factorial design having four center points 
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was used in this experiment. The formation of a polymer layer due to the grafting process 

was assessed qualitatively by SEM examination, ATR-FTIR, and XPS. 

 

 

Figure 66. Molecular structure of C.I. Acid Red 1 

 

The charge density was determined by a labeling technique using acid dye
12,13,46,114

 

(C.I. Acid Red 1 in Figure 66), which is essentially an anionic species capable of making 

ionic bond with positively charged quaternary ammonium group. The amount of dye bound 

per unit area provides the measure of surface charge density.  
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C H AP T E R 5   

EXPERIMENTAL 

5.1 Materials 

One lot of 1.6 m wide scoured fabric made of Kevlar yarns (Figure 67: Twill 2  2; 

Warp:  Type 970 Kevlar 2.25 denier 30‘s 2-ply Ringspun; Filling:  Type 970 Kevlar 2.25 

denier 30‘s single ply Ringspun) was used for all experimental procedures. The fabric was 

provided by TenCate Southern Mills, Inc. (Georgia, USA) and identified with product No. 

614-0063-X. Swatches of 25  15 cm fabric were ultrasonicated in acetone for about 30 

minutes prior to plasma experiments to remove any possible contaminants and dust particles 

from the surface of the fabrics. 

 

 

Figure 67. Weave structure of Kevlar Fabric No. 614-0063-X (Twill 2  2; Warp:  Type 970 Kevlar 2.25 denier 

30‘s 2-ply Ringspun; Filling:  Type 970 Kevlar 2.25 denier 30‘s single ply Ringspun) as acquired by Nikon 

SMZ800 and QImaging Micropublisher 3.3 CCD camera. 
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Para-aramid film, Mictron
®
, used in this research was kindly donated by Toray. It is a 

yellowish transparent film 12 m thick, developed by Toray mainly for electronics and 

information materials. It was used as-received without any prior treatment. 

Diallyldimethylammonium chloride (DADMAC, CAS No. 7398-69-8), (3-

(trimethoxysilyl)propyl) octadecyldimethylammonium chloride (TMS, CAS No. 27668-52-

6), 2,2-diphenyl-1-picrylhydrazil (DPPH, CAS No. 1898-66-4) were all purchased from 

Sigma-Aldrich and used as-received. High purity (99.99%) helium gas used for plasma 

treatment was supplied by Machine and Welding Supply Co. (Dunn, NC).  

5.2 Apparatus 

Plasma treatments were conducted with e
-
Rio

TM
 Atmospheric Pressure Plasma 

System Model APPR-D300-13 (APJeT, Inc. Santa Fe, New Mexico) (Figure 68). It is a 

glow-discharge plasma reactor having dimensions of 33 cm by 12.5 cm powered by a RF 

(13.56 MHz) power supply and matching network. It can operate in in-situ or down-stream 

mode depending on the configuration of the electrodes. In in-situ mode of operation, the 

sample stage is grounded so that it becomes the ground electrode and forms parallel plate 

electrodes with the RF-powered electrode. The substrate, with maximum sample size of 31 

cm by 31 cm, is passed through the plasma volume, which is generated and sustained 

between the two electrodes (Figure 69). In downstream mode, the substrate is passed under 

the plasma volume at a certain distance that can be adjusted externally with the use of a 

synchronized adjustment screw. All plasma experiments in this study were carried out in the 

downstream mode. The standard feed gas is He, which may be mixed with a small amount of 

NH3 gas (0.1-0.3%) to increase the lifetime of active species created in the plasma. 

Impregnation of fabric samples with antimicrobial monomer solution was done by using a 

laboratory scale padder type HVF 24489 from Werner-Mathis, AG. 
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Figure 68. Atmospheric pressure plasma jet APPR-D300-13 at College of Textiles, NCSU. 
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Figure 69. Schematic diagram of in-situ (top) and downstream (bottom) configuration in APPR-D300-13 

atmospheric pressure plasma jet viewed in perspective angle from below. 
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X-ray photoelectron spectroscopy (XPS) analyses were obtained with the Riber LAS-

300 system at the Analytical Instrument Facilities (AIF) at NCSU. The system uses non-

monochromatic Mg K-  X-rays with excitation energy of 1253.6 eV. Energy calibration was 

established by referencing to adventitious carbon (C1s line at 284.5 eV binding energy). The 

takeoff angle is  75
o
 from the surface with X-ray incidence angle at 20

o
, while the angle of 

X-ray source to the analysis is 55
o
. The base pressure in the analysis chamber is in 10

-10
 Torr 

range. Percent atom concentrations of surface elements in the survey scan were determined 

by using CASA XPS software that comes with the instrument. Peak synthesis (line fitting) of 

high-resolution spectra was performed by using Fityk, a free stand-alone program developed 

by Wojdyr
262,263

 for nonlinear least squares curve fitting. Sensitivity factors of elements used 

in the measurements were C1s = 1.0, O1s = 2.85, N1s = 1.77, Si2p = 0.865.  

Nexus 470 ESP FT-IR (Thermo Scientific), which is equipped with an Avatar Omni 

sampler, was used for infrared spectroscopy. A germanium prism (single bounce internal 

reflection element) was used with a 45
o
 incidence angle. The instrument uses DTGS 

(deuterated triglycine sulfate) detector, KBr beamsplitter (375 – 7000 cm
-1

), and Globar 

source of radiation with a frequency range of 400 – 5000 cm
-1

. UV-VIS spectrophotometric 

analysis was performed on a Cary 300 UV-VIS spectrophotometer and the accompanying 

software Cary Win UV v.3.00 (182) (Varian). The spectrophotometer is a dual beam type 

with a spectral bandwidth of 0.2 nm and is equipped with a pre-monochromator, which 

extends its working range up to 5.0 absorbance units. 

Surface morphology of fibers was examined on a Phenom
TM

 scanning electron 

microscope (SEM), which is equipped with an optical microscope for ease of navigation 

across the sample surface. It has a magnification range of 120 – 24,000  with lateral 

resolution of up to 30 nm and allows a sample size of up to 25 mm (diameter)  30 mm 

(height). Image processing was performed by ImageJ v.1.43 (Wayne Rasband, NIH, USA)
264

 

for better visualization and analysis.  
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5.3 Procedure 

5.3.1 Experiment-1: Effects of Downstream Helium Plasma Treatment on Surface 

Morphology and Surface Chemical Properties of PPTA Fibers and Film 

RF power was varied at intervals between 200 and 800 W while time of exposure was 

held constant at 30 s for fabric and varied at 30 s and 60 s for film (Table 20). Swatches of 

fabric 25  15 cm and Mictron film measured 4  4 cm were placed and secured on the 

sample stage by using masking tape. The flow rate of helium was set at 48 SLPM, while gap 

between electrodes was set at 5.0 mm and 3.00 mm for fabric and film respectively. After the 

treatment, all the samples were exposed to air for about 5 minutes and then stored in 

envelopes to reduce potential adverse environmental interactions with UV radiation and 

moisture. 

Table 20. Matrix of design of experiment for Experiment-1 

Run 

Order 

Fabric Film 

X1 X2 X1 X2 

1 200 30 200 30 

2 - - 200 60 

3 400 30 400 30 

4 - - 400 60 

5 600 30 600 30 

6 - - 600 60 

7 800 30 800 30 

8 - - 800 60 

 

The treated samples were then subjected to SEM examination and XPS analysis (only 

the film). The latter was necessary to determine if the treatment caused any considerable 

change in the surface chemical properties of the treated substrate. Tests with DPPH method, 

following the procedure described in the literature
194,202,255,256

, were also carried out to obtain 

a first glimpse on the formation of surface radicals. The detail and calculation is described in 

Appendix 1.  
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5.3.2 Experiment-2: Effects of RF Power and Exposure Time in Downstream Plasma 

Treatment to the Formation of Surface Radicals, Charge Density, and Graft 

Yield 

The purpose of this experiment was to investigate further on how RF power and 

exposure time affect the formation of surface radicals and interact with each other. It was 

also designed to investigate how the surface radical formation may correlate with surface 

charge density and graft yield. In this experiment, design of experiment (DOE) was 

employed to build an empirical mathematical model that can be used to predict the response 

of the system and to determine the set of conditions that gives the optimum result. 

Table 21. The single replicate 22 full factorial design with three center points for the investigation of surface 

radical formation. 

Run 

Order Pattern X1 X2 

1 00 0 0 

2 +− 1 -1 

3 −+ -1 1 

4 ++ 1 1 

5 00 0 0 

6 −− -1 -1 

7 00 0 0 

 

Independent Variables 
Range & Level 

-1 0 1 

RF power (X1), W 200 500 800 

Exposure time (X2), s 5 25 45 

 

Presented in Table 21 is the DOE for the investigation of surface radical formation. 

The plasma treatment followed the same procedure as that in Experiment-1, except that the 

two process parameters were varied together. It is a single replicate 2
2
 full factorial design of 

experiment with three center points, which allows one to anticipate two-factor interaction as 

well as curvature in response surface. Each of the samples from fabric swatch and film, 

numbered 1 to 7, was plasma treated, exposed to air for about 5 minutes and then was 
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subjected to the determination of surface radical by DPPH method (Appendix 2), SEM 

examination, and XPS analysis.  

A second set of experiments designed to was designed to generate information of how 

the surface radical formation may correlate and affect the graft yield and surface charge 

density is presented in the following table: 

Table 22. 23 full factorial design with four center points for surface charge density. 

Run 

Order Pattern X1 X2 X3 

1 ++− 1 1 -1 

2 000 0 0 0 

3 −−+ -1 -1 1 

4 −−− -1 -1 -1 

5 −+− -1 1 -1 

6 +−− 1 -1 -1 

7 000 0 0 0 

8 +++ 1 1 1 

9 000 0 0 0 

10 −++ -1 1 1 

11 +−+ 1 -1 1 

 

Independent Variables 
Range & Level 

-1 0 1 

X1 RF power (W) 200 500 800 

X2 Exposure time (s) 5 25 45 

X3 DADMAC concentration (%) 10 20 30 

 TMS concentration (%) 1 - - 

 

After being surface activated with plasma, all the samples were exposed to air for 

about 5 minutes and immediately immersed in a solution of monomer, and then were heated 

at 70
o
C in a thermostatic water-shaker bath for 1 hour (Process 1). At the end of the reaction, 

the sample was removed from the solution and washed successively with running cold water 

and Soxhlet extraction in acetone to remove the unreacted monomers and homopolymers 
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adhered on the fiber surface, and then dried in an atmospheric oven. The treated samples 

were then evaluated for their surface radical concentration, surface charge density, and graft 

yield.  

The determination of surface charge density followed the procedure described in the 

literature
12,13,114

 using anionic dye (CI Acid Red 1) with slight modification. The number of 

dye molecules on the substrate surface is directly proportional to the number of charges and 

hence, for quaternary ammonium based monomers, the number of monomer units. Instead of 

measuring the concentration of dye extracted from the substrate surface, the measurement in 

this experiment was conducted directly on the concentration of dye solution at the end of 

dyeing. The number of surface charges was calculated based on the difference between the 

initial and final concentration of dye solution (Appendix 2). 

The graft yield was evaluated by comparing the IR spectra obtained from ATR-FTIR 

measurements. The latter requires special techniques, which involves the use of curve fitting 

software (Fityk) and band ratio technique. Additionally, SEM examination and XPS analysis 

were also performed to complete the picture. 

5.3.3 Experiment-3: Antimicrobial Activity of Plasma Grafted Kevlar and the 

Significance of Surface Preactivation in Plasma Graft Polymerization 

The experiment in Table 23 was designed and carried out to investigate the 

plausibility of running the process in a continuous mode by using pad-dry method (Process 2 

and 3, see Figure 63). It was also designed to examine the significance of surface 

preactivation and second plasma exposure. Fabric swatches were passed through a padder 

and impregnated with a solution of DADMAC 10% and 30% with 100% wet pick-up 

(WPU), dried slowly in an oven at a temperature between 40 – 50
o
C in order to prevent pre-

polymerization due to high temperature, then were passed through the plasma treatment. 

Those with surface pre-activation, as indicated by X4 = Y, were plasma treated in 

downstream mode prior to the application of monomer at RF power of 800 W and exposure 

time of 30 s (He flowrate 53 SLPM and electrodes gap 5.0 mm).    
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Table 23. Single replicate 24 full factorial design of experiment. 

Run Order Pattern X1 X2 X3 X4 

1 −++− 200 60 30 N 

2 +++− 800 60 30 N 

3 −−−− 200 30 10 N 

4 +−−− 800 30 10 N 

5 +−+− 800 30 30 N 

6 −−+− 200 30 30 N 

7 ++−− 800 60 10 N 

8 −+−− 200 60 10 N 

9 −+−+ 200 60 10 Y 

10 −−++ 200 30 30 Y 

11 ++−+ 800 60 10 Y 

12 −−−+ 200 30 10 Y 

13 ++++ 800 60 30 Y 

14 +−−+ 800 30 10 Y 

15 +−++ 800 30 30 Y 

16 −+++ 200 60 30 Y 

X4 = N, Process 2, No surface preactivation; X4 = Y, Process 3, 
Surface preactivation prior the application of monomer. 

Preactivation: 800 W, 30 s, He 53 SLPM, gap = 5.0 mm 

 

The tests for antimicrobial activity were performed based on the standard test method 

AATCC TM 100. Samples were obtained from Experiment-2 in Table 22 and were selected 

based on 2
3-1

 fractional factorial with two center points. The list of the tested samples and 

their results is presented in Table 36 on p.197.   
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C H AP T E R 6   

RESULTS AND DISCUSSION 

6.1 Effects of Plasma Treatment and Graft Polymerization to the Surface 

Morphology of PPTA Fibers and Film  

Scanning electron microscopy (SEM) images of untreated Kevlar fabric are shown in 

Figure 70 – Figure 72. In general, most Kevlar filaments are quite smooth as seen in Figure 

70-4 and Figure 71-3. However, numerous randomly oriented fibrils and particle-like 

structures are also evident on some filaments and within the filament bundles. The fibrils are 

bundles of PPTA chains that have been torn from the filament most likely by mechanical 

action during the processing of the fibers, leaving grooves on the fiber surface. Closer 

examination showed that the particle shapes are dust particles that are electrostatically 

attracted to the surface of the filament. Further examination also showed pits and cracks on 

some filaments in as-received Kevlar fabric (Figure 70-1 and Figure 70-3). Scales, which are 

most probably due to tension and bending, are apparent in both as-received and washed 

Kevlar fabric. Additionally, examination at higher magnification with contrast enhancement 

revealed the presence of flakes uniformly distributed on what seems to be smooth surface 

(Figure 72). It is most likely that the flakes came from the redeposition of contaminants that 

were removed from the surface during acetone washing. Despite the presence of a variety of 

loose materials, the filaments in both as-received and washed Kevlar fabrics show little 

surface texture. These results are in good agreement with those of Allred
46

, Penn et al.
142

, and 

Wertheimer and Schreiber
47

. 

The effect of plasma exposure to the surface of PPTA fibers and films from 

Experiment-1 (Table 20) is shown in Figure 73 – Figure 75. Comparison of the untreated and 

treated film (Figure 73) shows that plasma produced apparent surface roughening due to the 

appearance of small protrusions, which are uniformly distributed across the surface. Their 
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Figure 70. Surface appearance and texture of Kevlar fibers as-received. 

 

intensity increases with higher RF power. Although they are not as obvious as those on film 

are, the same surface features are also evident on the surface of plasma treated Kevlar fibers, 

particularly those treated at higher RF power. It is also interesting to note that these globular-

like microstructures are about the same size. Comparison with SEM micrographs from pre- 
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Figure 71. Kevlar fibers after washing with acetone but untreated. 

vious studies
46,47,142

, except with those of Hwang
53,127

,  is rather difficult due to the quality of 

the recorded images, and nothing was mentioned either in regard to this observation. In the 

latter, the tiny spots are evident on both untreated and treated PPTA fibers. The appearance 

of small protrusions on both film and fiber surface, and change in fiber surface texture, may 

be due to surface cross-linking induced by interactions of surface polymer chains with 

plasma species.  
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Figure 72. Surface appearance of Kevlar fibers after washing with acetone. Image (2) and (4) is the enlargement 

of the area in the box with contrast enhancement by ImageJ. 

Closer examination at higher magnification and longer exposure time reveals what 

seems to be surface etching (Figure 75-6) and redeposition of polymeric material on Kevlar 

fibers. It looks like the fiber surface has been bombarded with high-energy species (e.g. ions, 

neutral and metastable particles). During this process, the structure of the fiber skin was  
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Figure 73. SEM images of Plasma Treated PPTA Film (Mictron®) 
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Figure 74. SEM Images of PPTA (Kevlar) Fibers Treated with Plasma Prior to the Graft Polymerization (10,000 X) 
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Figure 75. SEM Images of PPTA (Kevlar) Fibers Treated with Plasma Prior to the Graft Polymerization. 
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etched out and some of the fragments precipitated on the fiber surface, which explains the 

observation of numerous loose materials that are evident in other frames in Figure 75, 

particularly Figure 75-4. Studies (see  0) have shown that in the downstream or remote 

plasma, the substrate is mostly exposed to active neutrals and radicals, which results in 

increased chemical selectivity and reduced surface damage due to ion bombardment. The fact 

that it is evident in this case seems to be more of an exception than a rule. It seems probable 

that a small number of heavy particles escaped from the plasma volume and reached the 

substrate surface. 

At this point, from the examination of SEM micrographs, it can be concluded that 

atmospheric pressure plasma treatment using APPJ with He produced observable changes in 

the surface morphology of both fiber and film, especially at high RF power and long 

exposure time, which most likely correspond to surface cross-linking, surface etching and 

redeposition. Cross-linking may be confirmed by XPS analysis by looking at the creation of 

new C – C bonds
156

. It supports the notion about generation of macro-radicals on polymer 

chains during plasma processing. 

Figure 76 – Figure 78 show the surface of Mictron film and Kevlar fibers after 

surface activation and graft polymerization. While both sides were in full contact with 

monomer solution (DADMAC 30%), only one side of the film was exposed to plasma. Even 

at low magnification, it is apparent that the plasma treated side has observable surface texture 

throughout, which is not seen on the plasma-treated-only. Particle-like microstructures with 

irregular shape are evident on the treated side. This is in obvious contrast to the untreated 

side of the film, which is smooth and comparable to the untreated film in Figure 73-1 and 

Figure 73-4, even at a magnification as high as 20,000 . Comparison of the two surfaces of 

the film shows strong indication that a polymer layer may have formed on the treated side.  

Further closer examination reveals the appearance of apparent surface texture even on 

what seems to be a smooth surface when looked at under low magnification (5000 ). The 

roughness seen on plasma-treated-only is no longer visible. Grooves, which result from  
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Figure 76. SEM Images of PPTA Film (Mictron®), Surface Activated by Plasma and Treated with DADMAC 30%. 
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Figure 77. SEM Images of PPTA (Kevlar) Fibers Treated with Low Power Plasma and After Graft Polymerization with DADMAC. 
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Figure 78. SEM Images of PPTA (Kevlar) Fibers Treated with High Power Plasma and After Graft Polymerization with DADMAC. 
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fibrillation, become less apparent (Figure 77-5). These surface features may have been 

smoothed by the polymer layer presumably formed during post-plasma graft polymerization. 

In some areas, there is apparent partial thickening of the surface (Figure 77-4) and some kind 

of granulation (Figure 77-6), which may be taken as further indication of the presence of 

grafted polymer. Comparison of low (Figure 77) and high power plasma graft polymerization 

(Figure 78) shows only little difference and the effects are not discernible. SEM only cannot 

differentiate the effect of low and high power plasma graft-polymerization. However, cross 

section examination may be used to determine the polymer layer thickness, hence the effect 

of RF power on polymerization. 

6.2 Formation of Surface Radicals by Plasma Treatment 

In addition to the surface morphological changes, one of the surface processes taking 

place during plasma treatment of polymeric material is the formation of surface radicals. Past 

studies have shown that the concentration of surface radicals is dependent upon power and 

exposure time
194,202,201,253,259

. In general, higher power and longer exposure time produce 

higher concentrations of surface radicals. Figure 79, obtained from Experiment-1 (Table 20) 

shows the radical density, measured as surface peroxides (DPPH method), on the surface of 

plasma-treated Kevlar fabric and PPTA film as a function of power. This is in good 

agreement particularly with Poncin-Epaillard and Wang, who saw the radical density grew 

exponentially with power. 

It is also interesting to note that the film in Figure 79 contains a radical density that is 

two orders of magnitude higher than that of the fabric. This is mostly due to the difference in 

the configuration of the two substrates. It is obvious that film is a non-porous substrate and 

has a relatively flat surface. On the other hand, fabric is a porous substrate, with interstices 

between the interwoven yarns and fibers, hence more available surface area per unit of 

projected area. Therefore, the number of plasma active species that strikes the surface of 

fabric per unit of accessible area will always be less than that of film. The measurement was 

indeed carried out based on the accessible area. 
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Figure 79. Surface radical density of Kevlar fabric and PPTA film as a function of plasma power, measured as 

surface peroxides by DPPH method (Experiment-1). 

 

Table 24. Surface radical density of plasma treated Kevlar fabric measured by DPPH method from 22 factorial 

design of experiments with three center points (Experiment-2). 

Run 

Order Pattern X1 X2 

Radical Density 

10
-9

 mol eq./cm
2 

10
15

 radicals/cm
2 

1 −+ -1 1 4.49 2.71 

2 00 0 0 3.47 2.09 

3 ++ 1 1 4.23 2.55 

4 00 0 0 3.32 1.99 

5 +− 1 -1 4.38 2.64 

6 −− -1 -1 4.04 2.43 

7 00 0 0 3.47 2.09 

Factors 
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Suzuki
202

, Ito
253

, and Poncin-Epaillard (Figure 55)
194

 showed that radical density 

increased with time and then decreased after a critical period. It was suggested that the 

maximum point corresponds to a critical radical concentration for which recombinations 

overcome the creations of radical and are, therefore, no longer negligible. The same 

competitive effect was reported to be present also in the treatment at higher power. This is an 

interesting observation because it demonstrated the dynamic nature of surface radicals. 

However, assuming that interaction between power and time exists, it was unclear as to how 

the two factors interact in the formation of macro-radicals. The results from DPPH 

measurements of 2
2
 factorial experiments from Experiment-2 are summarized in Table 24. 

The statistical analysis is presented in Figure 80 and Table 25. 

JMP uses Lent‘s method and half-normal probability plot to determine the significant 

effects. In the first method, effect estimate or contrast is compared to the margin of error 

(ME)
265,266

 or simultaneous margin of error (SME) for group of contrasts: 

𝑀𝐸 = 𝑡0.975;𝑑 × 𝑃𝑆𝐸 

𝑆𝑀𝐸 = 𝑡𝛾 ;𝑑 × 𝑃𝑆𝐸 

𝑃𝑆𝐸 = 1.5 × 𝑚𝑒𝑑𝑖𝑎𝑛(|𝑐𝑗 |: |𝑐𝑗 | < 2.5𝑠0) 

𝑠0 = 1.5 × 𝑚𝑒𝑑𝑖𝑎𝑛(|𝑐𝑗 |) 

 

 where PSE = pseudo standard error,  = (1 + 0.95
1/m

)/2 and d = m/3 (for unreplicated 2
k
 

factorial design m = 2
k
 – 1 factor estimates). The comparison is usually displayed in the form 

of a bar chart showing the (signed) contrasts, and reference lines at ME and at SME. A 

contrast whose bar extends beyond the SME lines is significant, one which does not extend 

beyond the ME lines cannot be deemed significant, and one in between is in a zone of 

uncertainty
265

.  

Half-normal plot is a plot of the absolute value of the effect estimates against their 

cumulative normal probabilities. Unlike normal probability plot, the straight line on the half-

normal plot always passes through the origin and should also pass close the fiftieth percentile 
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data value. The negligible effects are normally distributed, with mean zero and variance 
2
, 

and will tend to fall along the straight line on the plot, whereas significant effects will have 

nonzero means and will not lie along the straight line. 

 

 

 

  
 

Figure 80. Significant effects, model prediction, and interaction profiles obtained by JMP from 22 factorial 

experiments for the formation of surface radicals (Experiment-2). 

 

From the Lent‘s bar chart in Figure 80, it is evidently clear that a strong quadratic 

effect of exposure time and two-factor interaction between power and time exist in the 
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and time must be included in the model development. A regression model, which contains 

the linear, interaction and quadratic effects, was developed and tested for its adequacy in the 

prediction of response. The regression coefficients were obtainable from the estimate of 

effects of each term included in the model. From Table 25, the empirical model in terms of 

uncoded factors is: 

Table 25. The analysis of variance (ANOVA) and estimate of effects in the 22 factorial experiments for the 

effect of RF power and exposure time in the formation surface radicals 

Source DF Sum of Squares Mean Square F-value Prob > F 

Model 4 0.51189 0.12797 47.39683 0.02077 

Error 2 0.00540 0.00270 - - 

C. Total 6 0.51729 - - - 

 

Term Estimate Std Error t-value Prob > |t| 

Intercept 2.60349 0.08827 29.49367 0.00115 

X2*X2 0.00131 0.00010 13.16576 0.00572 

X2*X1 -0.00002 0.00000 -3.56033 0.07063 

X1 0.00043 0.00014 3.08070 0.09118 
X2 -0.05523 0.00557 -9.92195 0.01001 

 

Eq. 4 Y1 = 2.60349 + 0.000427X1 – 0.055229X2 – 0.000015X1X2 + 0.001306X2
2 
  

 

The positive sign in front of the terms indicate synergistic effect, whereas negative 

sign indicates antagonistic effect. The quality of the model developed was evaluated based on 

the coefficient of determination value R
2
. The R

2
 value for the above model was 0.99 (Figure 

80), indicating that 99.0% of the total variation in the surface radical density was attributed to 

the experimental variables studied. The standard deviation for the model, which is equal to 

the root mean square of error (RMSE) was 0.052. The closer the R
2 

value to unity and the 

smaller the standard deviation, the better the model will be, as it will give a predicted value 

that is closer to the actual value for the response. The adequacy of the model was further 
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justified by the analysis of variance (ANOVA) as shown in Table 25. The F-value and Prob > 

F of 47.39 and 0.0208, respectively, implied that the model is significant. Values Prob > |t| 

less than 0.05 indicate that the model terms are significant. As it can be seen, exposure time 

(X2) and its quadratic effect (X2
2
) were strongly significant, whereas power (X1) and power-

time interaction effect (X1X2) were only mildly significant. The latter can be better 

appreciated by looking at the interaction profiles in Figure 80 or the response surface 

depicted in Figure 81 (generated by Gnuplot
267

) based on the empirical model in Eq. (4).  

 

Figure 81. Interaction effect of power and exposure time in the formation of surface radicals (surface peroxides 

as measured by DPPH method) in the atmospheric pressure plasma treatment of Kevlar fabric. Plasma power 

was 200 – 800 W with time of exposure 5 – 45 s. X = RF power, Y = exposure time. 

From the shape of the surface profile, it is clear that this is opposed to the observation 

made earlier by other workers, in which a maximum was observed instead of a minimum. It 

seems that recombination of radicals is more dominant in the shorter time of exposure than it 

is in the longer exposure time. The APPJ used in the present work uses much higher power 

than the low-pressure plasma used in the above-cited works, hence the creation of plasma 
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species that are more active but having shorter lifetime due to the higher energy. The effect 

of RF power, in this case, is not as strong as that of time. With shorter time of exposure, the 

radical density increases with higher RF power, and it decreases with increase in RF power 

with longer time of exposure. Examination of contour plot in Figure 81 shows that high 

density of surface radicals may be obtained by a combination of high RF power and short 

time of exposure (bottom right) or low RF power and long time of exposure (upper left). It 

validates the notion held by many regarding the combined effect of RF power and exposure 

time in the radical formation. 

Despite the graphical visualization, the density of surface radicals in the present work, 

regardless of power and time of exposure, reached the order of 10
-9

 mol.eq/cm
2
, which is 

equivalent to 10
15

 radical sites/cm
2
 (after multiplied by Avogadro No. 6.023  10

23
 mol

-1
). 

This number represents the available surface active sites for graft polymerization, and is 

comparable to the charge density threshold required for effective antimicrobial activity. As 

will be shown later, it all means that surface pre-activation may not be critical for the 

subsequent graft polymerization. The results shown in Figure 81 are not in any way in 

conflict with that of Figure 79. The latter can actually be looked upon as a ―survey scan‖, 

while the first looked deeper in a particular region of interest and provided information in 

greater depth and thus can be considered as a ―high resolution scan‖ of the region.     

6.3 Effects of Plasma Process Parameters to the Graft Yield and Surface 

Charge Density 

From the examination of SEM micrographs (Figure 76 – Figure 78) it is evidently 

clear that a polymer layer formed on the surface of fabric and film following the surface 

activation with plasma and liquid phase graft polymerization. Spectral analysis with infrared 

(IR) and x-ray photoelectron spectroscopy (XPS) has been widely used in the surface 

analysis of polymer surface modified by graft polymerization. IR spectroscopy is a useful 

tool to provide qualitative evidence for the presence of certain functional groups. With ATR-

FTIR (attenuated total reflectance Fourier transform infrared) spectroscopy, depending on the 
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choice of internal reflection material (i.e. the crystal) the sampling depth is typically about 1 

m. However, by using a technique of spectral subtraction, the detection of very thin layers 

may be attained
268,269

. Mori et al. used the absorbance ratio of characteristic peaks of 

substrate and sample to follow quantitatively the effect of plasma treatments on graft 

polymerization
50

. In their study, the relative absorbance of the carbonyl peak of glycidyl 

methacrylate (GMA) at 1730 cm
-1

 against the amide peak of Kevlar at 1645 cm
-1

 was 

employed as an internal standard to measure the amount of grafting. 

XPS can provide quantitative information about the chemical composition of a 

polymer layer and give insight into the chemical structure of the analyzed material.  

Depending on the sample that is investigated, the penetration depth of the X-ray beam varies 

from 2 nm to 10 nm
270

. It has been extensively used in the surface analysis of PPTA fibers 

and films modified by plasma treatment and plasma induced graft 

polymerization
46,49,50,52,53,141,194,198,271,224,243

. However, the lack of unique elements in the 

monomer used in this study, which is particularly true for DADMAC, makes the direct 

analysis of surface layer difficult if not impossible. The ultimate quantitative analysis for 

graft polymerization, particularly for the surface charge density, however, was carried out by 

using a labeling technique with anionic dye. The number of dye molecules, which are 

ionically bound onto the surface, is proportional to the number of positive charges from the 

quaternary ammonium groups in the grafted polymer.  

6.3.1 Infrared Spectra of Untreated Kevlar Fabric and Monomers 

The ATR-FTIR absorption spectrum of untreated Kevlar is shown in  

Figure 82 along with the table of band assignments for its characteristic peaks. The peaks at 

2920 cm
-1

 and 2850 cm
-1

, which are usually attributed  to alkyl chain (-CH2-), are most likely 

due to traces of hydrocarbon contaminants from surface finishes or processing residues on 

the fabric surface. The ATR-FTIR spectra of DADMAC, poly-DADMAC, and TMS are 

shown in Figure 83 and Figure 84. The characteristic peaks due to the Si-O and Si-C 

stretching at 1085 cm
-1

 and 820 cm
-1

 are evident in the spectrum of TMS (Figure 84). Peaks 
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that are associated with the presence of alkyl at 2923 cm
-1

 and 2853 cm
-1

 are also shown in 

this spectrum. The strong peaks are attributed to the stretching of alkyl in the long 

hydrocarbon chain of the hydrophobic tail of TMS. The same peaks are also evident in the 

spectrum of poly-DADMAC, but they are not as strong as that of TMS for two reasons. The 

O-H asymmetric stretching vibration due to adsorbed water created a broad peak centered at  

 

 

 

Wavenumber (cm
-1

) Band assignments 

3325 N-H stretching vibrations in secondary
 
amide 

3101 C-H stretching vibrations in aromatic ring 

1641 Amide C=O stretching in primary amide (amide I band) 

1514, 1518 N-H in-plane bending and C-N stretching coupled mode of C-N-
H group (amide II band) 

1311 Aromatic C-N stretching 

1254 C-N stretching, N-H in-plane bending, C-C stretching (amide III) 

823 Out-of-plane C-H vibrations in p-disubstituted aromatic ring 
727 N-H out-of-plane bending (amide V) 

 

Figure 82. ATR-FTIR spectrum of untreated Kevlar fabric. 
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Wavenumber (cm
-1

) Band assignments 

3385, 3399 O-H asymmetric stretching vibrations due to adsorbed water 

3088 = C-H stretch in allyl groups (DADMAC) 

3022, 2885 C-H asymmetric and symmetric stretch of N-CH3 (DADMAC) 
3022 C-H asymmetric stretch of N

+
-CH3

 
(poly-DADMAC) 

2937, 2867 C-H asymmetric, symmetric stretch of N
+
-CH2 (poly-DADMAC) 

1642 O-H symmetric deformation 

1480 C-H bending vibration of N
+
-CH3  

1136 N
+
-C symmetric stretch 

960 O-H deformation 

 
Figure 83. ATR-FTIR spectra of diallyldimethylammonium chloride (DADMAC) and poly-DADMAC. 
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, which overflowed and obscured the adjacent peaks, including those of alkyl. 

Additionally, the alkyl in poly-DADMAC is not as long as that of TMS. 

Since plasma-induced modification processes usually involve only the topmost 10 nm 

surface while the depth of penetration of FTIR is approximately 1 m, IR signatures are most 

likely dominated by the information from the unmodified bulk of polymer. The lack of 

identifiable peaks that are unique to the material under study and the very low surface 

concentration, assuming that graft polymerization takes place on the surface, make the 

5001000150020002500300035004000

A
b
s
o
rb

a
n
c
e
 

Wavenumber (1/cm)

3399

2982

1642 1480 1136

3088

1423

960

3385

3022 2937

2867

DADMAC

poly-DADMAC



 

 

 

158 

 

identification and quantitative assessment by FTIR is difficult to achieve. In this case, 

identification must be inferred from the observation of indirect evidence. Spectral subtraction 

may be used to reveal minute differences between the untreated and treated substrate
268

 on a 

condition that the ATR measurements are sufficiently reproducible
269

, which is not always 

the case. Despite the progress in ATR-FTIR instrumentation and all the precautions taken 

during the measurement, unusual and irreproducible spectra are still occasionally obtained.  

 

Wavenumber (cm
-1

) Band assignments 

3381 O-H stretching vibrations due to  adsorbed water 

2923, 2853 C-H asymmetric and symmetric stretching vibrations of –CH2-  
1467 C-H bending vibration of –CH3 in the >N

+
(CH3)2 cation 

1085 Si-O stretching 

820 Si-C stretching 

 

Figure 84. Infrared spectra of (3-(trimethoxysilyl)propyl) octadecyldimethylammonium chloride obtained by 
ATR-FTIR. 
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two absorbances
50,272,273

, which provides a sort of quantitative measure. Polymers are 

especially amenable to this type of analysis since the ―backbone‖ chain of a polymer 

molecule can often be considered a constant environment to which small changes, such as 

branching or modifying groups, are attached
273

. 

The symmetric and asymmetric stretching vibrations of –CH2– at approximately 2920 

cm
-1

 and 2850 cm
-1

 in poly-DADMAC and TMS spectrum can be used as the identifier for 

the presence of the corresponding quaternary ammonium polymer on the substrate. Closer 

examination of DADMAC and poly-DADMAC spectra reveals that the two peaks only 

appear in the latter and seem to replace the peak at 3088 cm
-1

 attributed to =C-H stretch in 

allyl groups of DADMAC. It provides a strong indication of how identification and 

measurement may be made on the quaternary-ammonium based polymer layer on a surface. 

It is hypothesized that their relative intensity of IR absorption increases with degree of 

grafting and polymerization. Since there is no reason for any change in the carbonyl (C=O) 

content of the primary amide in Kevlar, the absorption peak of this group at 1641 cm
-1

 was 

taken as the internal standard in band ratio analysis. In the polymerization of TMS, it must be 

noted that the stretching vibrations of –CH2–originate from the alkyl chains in the polymer 

backbone as well as from those in the hydrophobic tail attached to the quaternary ammonium 

groups. 

6.3.2 Analysis of Grafting in the Two-Step Plasma Graft Polymerization by 

Immersion Method 

Figure 85 shows some of the results from ATR-FTIR measurements of plasma treated 

Kevlar. The spectra are typical for the plasma treated and graft polymerized samples obtained 

in this study. The fabric was treated according to Process 1 (Figure 63, p. 120). After plasma 

surface activation, all the samples were subsequently immersed into a degassed aqueous 

monomer solution for one hour at a temperature of 70
o
C. After the graft polymerization, the 

fabric samples were washed with running hot water for about 15 minutes to remove any non- 
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Figure 85. Kevlar fabric exposed to He plasma at different powers, followed by graft polymerization in aqueous 

solution of DADMAC 10 vol% under argon atmosphere at a temperature of 70oC for an hour: (A) no plasma 

treatment, (B) plasma treated at 800 W for 5 s, (C) 200 W, 5 s. Dotted line is the spectrum of untreated Kevlar. 

The inset shows alkyl and carbonyl peaks after background removal (dots) and their curve fitting by Fityk 

software (line). 

covalently bonded polymers and monomers, which is sufficient for water-soluble monomers 

such as DADMAC or TMS and their homopolymers. 

As mentioned earlier, it was very difficult to evaluate the effects of the treatment only 

by looking at the spectra because they seemed to be identical. However, on closer 

examination of the spectra, a small peak at 1743 cm
-1

 (indicated by the arrow) was found to 

be interesting. Based on the examination of spectral database
274

 for possible band 

assignment, it was realized that the peak could be due to ammonium chloride (1745 cm
-1

) or 

carboxylic groups (–O–C=O, 1700 cm
-1

), although the latter seems to be less probable. 

Figure 86 shows the specific region of the spectra, and it becomes apparent that it cannot be 
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used to follow the graft polymerization of DADMAC due the absence of an identifiable peak 

in most of the spectra, except for those indicated in the legend. As will be shown later, the 

same peak will appear in some of the experiments that follow. 

  

Figure 86. Magnification of absorbance peak at 1743 cm-1. The number in the legend denotes the combination 

of processing parameters: RF power/Exposure time/Monomer concentration. 

Because direct evidence cannot be obtained, the relative absorbance of the alkyl peak 

at 2920 cm
-1

 against the carbonyl peak of Kevlar at 1641 cm
-1

 (used as the internal standard) 

was employed as a measure of graft yield. After background removal and curve fitting using 

Fityk software, the results for DADMAC and TMS are presented in Table 26. 

The Lenth‘s chart in Figure 87 show that RF power (X1) and initial concentration of 

monomer (X3) are statistically significant, as is the concentration-power (X3X1) interaction. 

While exposure time (X2) is not shown to be statistically significant by itself, the 

concentration-time (X3X2) interaction is, and it is even stronger than the concentration-power 

(X3X1) interaction, which gives an indication that time may well be worth considering in the 

model development. It is also observable that the three-factor interaction (X1X2X3) is 

evidently significant. However, since two-order interaction is in most cases sufficient to 

model the system, higher-order interactions can be ignored. 
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Table 26. Graft yield, expressed as relative absorbance of alkyl and carbonyl peak, and surface charge density 

measured as surface bound acid dye molecules (Experiment-3). aDADMAC only. 

Run 

Order 

 

X1 X2 X3 

Relative Abs (A2920/A1641) # Charge
a
 /cm

2
 # Radicals

a
 /cm

2
 

Pattern DADMAC TMS 

1 +++ 1 1 1 1.771 - 2.37 10
17

 2.55 10
15

 

2 +−+ 1 -1 1 2.821 - 1.49 10
17

 2.64 10
15

 

3 000 0 0 0 3.212 - 1.72 10
14

 2.09 10
15

 

4 −++ -1 1 1 1.612 - 2.38 10
17

 2.71 10
15

 

5 000 0 0 0 3.240 - 1.59 10
14

 1.99 10
15

 

6 −−− -1 -1 -1 3.637 1.446 3.02 10
17

 2.43 10
15

 

7 ++− 1 1 -1 3.437 1.237 2.41 10
17

 2.55 10
15

 

8 −−+ -1 -1 1 3.254 - 6.11 10
16

 2.43 10
15

 

9 000 0 0 0 3.242 - 2.40 10
13

 2.09 10
15

 

10 −+− -1 1 -1 5.333 1.410 1.49 10
17

 2.71 10
15

 

11 +−− 1 -1 -1 2.900 1.897 1.58 10
17

 2.64 10
15

 

 

Independent Variables 
Range & Level 

-1 0 1 

X1 RF power (W) 200 500 800 

X2 Exposure time (s) 5 25 45 
X3 DADMAC concentration (%) 10 20 30 

 TMS concentration (%) 1 - - 

 

The coefficient of determination R
2
 and P-value (Prob >F) shown in Figure 87 and 

Table 27, which are 0.95 and 0.00268 respectively, indicate that the empirical model (Eq. 5), 

with a standard deviation of 0.3047, gives a good prediction for the response and is 

significant. It is also observable from the table that all terms, except concentration of 

monomer (X3), are strongly significant. From the interaction profiles in Figure 87 and 

response surface shown in Figure 89 (obtained from Eq. 5; Y in this equation denotes the 

relative absorbance of alkyl), it can be readily seen that increasing RF power during plasma  
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Figure 87. Significant effects, model prediction, and interaction profiles obtained by JMP from 23 factorial 

experiments for graft yield measured as relative absorbance of alkyl.  

 

 

Table 27. Test of significance for relative absorbance of plasma graft polymerization with DADMAC in Table 

26. 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 5 9.08658 1.81732 19.57551 0.00268 

Error 5 0.46418 0.09284 - - 

C. Total 10 9.55076 - - - 
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Table 28. Continued 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 4.71608 0.55380 8.51590 0.00037 

X3 -0.04531 0.02489 -1.81992 0.12842 

X1 -0.00318 0.00080 -3.95686 0.01078 

X3*X1 0.00010 0.00004 2.73731 0.04092 

X3*X2 -0.00308 0.00054 -5.71482 0.00229 
X2 0.05869 0.01204 4.87330 0.00458 

 

 

Eq. 5 Y = 4.71608 – 0.00318X1 + 0.05869X2 – 0.04531X3 + 0.0001X1X3 – 0.00308X2X3  

 

surface activation or using higher monomer concentration in the subsequent graft 

polymerization produces less grafted polymer. It seems probable that using higher power 

increases the recombination rate of free radicals, hence less available surface active sites for 

the initiation of graft polymerization. It is also very likely that the higher energy environment 

created by the use of higher RF power increased the rate of radical transfer and more surface 

free radicals were transferred from substrate to the solution leading to the formation of 

homopolymer. 

The effect of monomer concentration (X3) can be better appreciated by looking at 

Figure 88. It is shown that graft polymerization with lower concentration of monomer gave 

result to higher graft yield, which is surprisingly contrary to what was originally expected. It 

is likely that competition for surface active sites exists between monomer molecules. 

Increasing the monomer concentration, in this case, caused the competition to increase and 

the rate of reaction to decrease, hence less grafted polymer. Obviously, for efficiency and 

economical reasons, the choice would be to run the process at lower RF power using lower 

concentration of monomer. From the interaction between the concentration and exposure 

time (X3X2), it is also clear that the low concentration requires longer time of exposure (45 s)  
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Figure 88. Response surface of graft yield (relative absorbance) from 23 factorial experiments showing (a) the 

effect of power (X1) and time (X2) at two different levels of monomer concentration, DADMAC 10% (upper) 

and 30% (lower) 
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in order to achieve high graft yield. However, increasing time of exposure with high 

monomer concentration resulted in lowering the graft yield. Therefore, the best combination 

of plasma parameters and graft polymerization reaction for DADMAC within the boundaries 

outlined in this study is low RF power (–), long exposure time (+), and low concentration of 

monomer (–). This is an interesting observation because it is in good agreement with the 

conclusions from the surface radical density experiment discussed in the previous section, in 

which high surface radical was obtained with low power (–) and long exposure time (+) 

(Section  6.2, p. 148), indicating a good correlation between the two processes. As shown in 

Figure 90, the same observation applies equally well with TMS. 

 

 

Figure 89. Response surface of graft yield (relative absorbance) from 23 factorial experiments showing the 

effect of interaction between monomer concentration (X3) and time (X2) at RF power of 200 W 

 

In the graft polymerization of TMS, a strong power-time (X1X2) interaction, which is 

not observable in DADMAC treated samples, is evident. Increasing the power, while running 

the process with shorter time of pre-activation, increased the graft yield. However, when pre-

activation was run in longer time, increasing the plasma power decreased the yield. Despite 
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the differences, the data show good correlation with surface radical density as well. In this 

case, higher graft yield was obtained with a combination of high (+) power and short (–) 

exposure time, which fits one of the two alternative requirements for high radical density and 

is in opposite to that shown by DADMAC.  

 

  

  

Figure 90. Graft yield, measured by FTIR as relative absorbance of alkyl and carbonyl peaks, of plasma graft 
polymerization of Kevlar fabric with TMS 1%. 

 

At this point, interesting conclusions can be drawn from the above discussion. (1) 

Power input, exposure time, and concentration of monomer are indeed the main factors in 

plasma graft polymerization with immersion method. (2) Increasing plasma power has 

different effects on the yield of DADMAC and TMS graft polymerizations. (3) High graft 

yield was obtained by a combination of low power, long exposure time, and low monomer 

concentration of DADMAC (– + –) or high power, short exposure time, and low monomer 

concentration of TMS (+ – –). (4) There is a good correlation between the formation of 

surface radical and graft polymerization, indicating the potential of plasma controlled graft 

polymerization with this process. 

The summary of surface charge density of plasma treated Kevlar fabric as measured 

by dyeing with acid dye (CI Acid Red 1) is presented in Table 26. As indicated in the 
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caption, the fabric was processed by two-step plasma graft polymerization with immersion 

method in DADMAC at different concentrations (10-30%). The experiment was carried out 

by 2
3
 factorial design with 3 center points. In general, the data show promising results since 

all the treatment combinations gave rise to surface charge density higher than 10
15

-10
16

/cm
2
, 

which was reported as the threshold for effective antimicrobial activity
13

. The fact that it is 

larger than the number of available surface radicals (the last column) strongly suggests the 

propagation of polymer, which can be approximated to be in the range of n = 100.  

Table 29. ANOVA and estimation of parameters from surface charge density measurements. 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 4 10.2849 2.571225 8.380726 0.012401 

Error 6 1.840813 0.306802 

  C. Total 10 12.12571 

    

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 4.160315 0.76092 5.467481 0.001562 

X2*X2 0.004805 0.000937 5.12579 0.002166 

X2 -0.27011 0.051735 -5.22093 0.001974 

X3 -0.07307 0.031348 -2.33081 0.058576 

X2*X3 0.002101 0.000979 2.14534 0.075591 

 

From the analysis of variance and estimation of parameters effect summarized in 

Table 29, it was found that RF power does not play a significant role in the graft 

polymerization of DADMAC, hence not included in the model. This is consistent with the 

conclusion drawn from previous experiments with surface radicals and FTIR measurements 

of graft yield, indicating good correlation between radical formation on one side and graft 

polymerization and charge density on another. The final empirical model in terms of the 

actual factors after excluding RF power (X1) is shown in Eq. 6: 
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(a) 

 

(b) 

 

Figure 91. The response surface profile of surface charge density (upper) and surface radical concentration as 

summarized in Table 26. 
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Eq. 6 Y = 4.16 + 0.0048*X2
2 
– 0.2701*X2 – 0.0731*X3 + 0.0021*X2*X3 

 

The R
2
 value of the model was found to be 0.85, which indicates that 85% of the total 

variation in the surface charge density was attributed to the experimental variables studied. 

With R = 0.92 there is a good agreement between the experimental and the predicted values. 

The adequacy of the model can be further justified by the small standard deviation (RMSE = 

0.5539) and Prob > F smaller than 0.05. The latter is an indication that the model is 

significant.  

From the response surface profile obtained from the model, a high charge density is 

obtainable with a combination of either low monomer concentration- short exposure time 

(X2X3 = -1 -1) or high monomer concentration-long exposure time (X2X3 = +1 +1). The 

similarity of the quadratic effect shown by exposure time in this case and in the formation of 

surface radical (Figure 91a and b) indicates the direct effect of radical formation to the graft 

polymerization and surface charge density. However, it is yet to be seen if the high level of 

surface charge density shown above produces effective antimicrobial activity.  

6.3.3 One-Step and Two-Step Plasma Graft Polymerization by Pad-Dry Method 

The spectra shown in Figure 92 were obtained from Kevlar fabric treated with 

Process 3, that is, two-step plasma graft-polymerization with subsequent pad-dry method. 

Initially, all Kevlar fabric samples were exposed to plasma treatment for surface activation at 

different levels of power, and then were subsequently padded with DADMAC or TMS (WPU 

100%, speed 1.5 m/min, 27
o
C), followed by an overnight drying in an atmospheric oven at 

low temperature (40 – 50
o
C) in order to prevent thermal polymerization of monomer. At this 

stage, the substrate surface presumably contains active sites generated by previous plasma 

treatment and deposit of monomer solid. All the treated samples were subsequently exposed 

for the second time to the plasma treatment for the so-called plasma-curing or plasma-

grafting, in which graft polymerization was hypothesized to occur via interaction of 

monomer and surface active species with plasma. The inset in Figure 92 shows the peaks at 
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2920 cm
-1

, assigned to symmetrical stretching vibration of alkyl, after background removal 

and curve fitting, in which the effect of the treatment is more discernible than in the original 

spectra. The absorbance ratios of peak at 2920 cm
-1

 and that of carbonyl at 1641 cm
-1

 (used 

as the internal standard) for the treated samples relative to the same ratio for the untreated 

Kevlar are presented in Figure 93. As has been shown previously, this ratio can be used as an 

indirect measure of graft yield. Compared to those treated with Process 1 (Section  6.3.2, p. 

159), the graft yield from this process is generally lower, which could be taken as an 

indication of possible adverse effect of second plasma exposure to graft polymerization. 

 

 

Figure 92. ATR-FTIR spectra of plasma graft polymerization of DADMAC with pad-dry method (two-step). 

Plasma-grafting was carried out at 600 W for 30 s. Other plasma parameters are the same for both surface 

activation and grafting: He flowrate 50 SLPM, gap 4.00 mm) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 93. Effects of power and exposure time in one- and two-step plasma graft polymerization of DADMAC 

to the grafting yield on Kevlar fabric. 
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Figure 94. FTIR spectra from one-step plasma graft polymerization of DADMAC and TMS by pad-dry method. 
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ce smaller than unity, indicating the possibility of mild surface etching (see also Figure 75, p. 

143).  

In order to examine the effect and role of second plasma exposure, a group of samples 

that has been pre-activated and padded with monomer solution was left to dry without further 

plasma exposure. Regardless of the plasma power used during surface activation, these half-

treated samples have relative absorbance of alkyl close to unity, which means no significant 

graft polymerization took place on the substrate surface. This is as expected and in consistent 

with the idea of two-step process, which consists of separate surface pre-activation and graft 

polymerization, and that mere contact of monomer with pre-activated surface does not 

necessarily lead by itself to graft polymerization. It was expected that further exposure to 

plasma treatment would promote graft polymerization on the substrate surface. However, as 

shown in Figure 93 (a and b), the relative absorbance of fully treated samples does not seem 

to be significantly any higher than that of the half-treated samples, which makes the 

efficiency of Process 3 questionable.  

Interestingly, on the contrary to the hypothesis put forward previously, the one-step 

process (Process 2 in Figure 63, p. 120) produced significantly higher amount of grafted 

polymer (Figure 93 c and d). In this process, the substrate was impregnated with monomer 

solution, dried slowly at low temperature, and was subsequently exposed to plasma treatment 

for surface activation and graft polymerization, which presumably took place simultaneously. 

The only difference from the two-step process is the absence of surface pre-activation. The 

evidence shows that excluding pre-activation from the process improved the yield. The FTIR 

spectra are shown in Figure 94. It is probable that the improvement is due to the interaction 

of monomer with the freshly generated macro-radicals. In the two-step process described in 

this study, it is highly likely that the generated surface radicals have undergone reaction with 

moisture and oxygen in the air giving result to surface peroxides, which can be regenerated 

back into radicals by thermal or plasma treatment. In this case, it seems that the regeneration 

of surface radicals by plasma is not as effective as the thermal treatment (two-step process 

with immersion in Process 1). It is also probable that for some reasons that are likely related 
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to the kinetics of the reaction, the formation of homopolymer was more predominant in 

Process 3. 

Table 30.The graft yield, measured as relative absorbance of alkyl, of two-step process plasma graft 

polymerization with pad-dry method (Process 3) from 24 full factorial design of experiment. 

Run Pattern X1 X2 X3 X4 

Relative 

Absorbance 

1 ++−− 1 1 -1 -1 0.542 

2 +−−− 1 -1 -1 -1 1.196 

3 −−−− -1 -1 -1 -1 1.294 

4 ++−+ 1 1 -1 1 0.341 

5 +−+− 1 -1 1 -1 0.988 

6 −−+− -1 -1 1 -1 1.079 

7 ++++ 1 1 1 1 0.412 

8 +−−+ 1 -1 -1 1 0.843 

9 +++− 1 1 1 -1 1.108 

10 −+−− -1 1 -1 -1 1.043 

11 −++− -1 1 1 -1 1.054 

12 −+++ -1 1 1 1 0.412 

13 −−−+ -1 -1 -1 1 0.476 

14 +−++ 1 -1 1 1 0.394 

15 −−++ -1 -1 1 1 0.195 

16 −+−+ -1 1 -1 1 0.395 

 

Independent Variables 
Range & Level 

-1 1 

X1 RF power (W) 200 800 

X2 Exposure time (s) 30 60 

X3 DADMAC concentration (%) 10 30 

X4 Pre-activation (N) No (Y) Yes 

 

 

To put this into perspective and in order to obtain more insight about the process, a 

set of 2
4
 factorial experiments was carried out according to the scheme summarized in Table 
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30. Based on the results from surface radical experiment (see p. 154), pre-activation was 

carried out at 800 W for 30 s in the hope that it would generate maximum surface radicals on 

the substrates in short time. The results are presented in Table 30 and Table 31. 

Table 31. Estimation of parameter effects and analysis of variance (ANOVA) for relative absorbance in the 24 

design of experiment in Table 30. 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 0.73563 0.03214 22.88860 0.00000 

X1(200,800) -0.00777 0.03214 -0.24161 0.81868 

X2(30,60) -0.07232 0.03214 -2.25015 0.07426 

X3(10,30) -0.03045 0.03214 -0.94733 0.38697 

X4[N] 0.30215 0.03214 9.40113 0.00023 

X1*X2 -0.05485 0.03214 -1.70647 0.14863 

X1*X3 0.02803 0.03214 0.87219 0.42300 

X1*X4[N] -0.07176 0.03214 -2.23266 0.07591 

X2*X3 0.11355 0.03214 3.53302 0.01669 

X2*X4[N] -0.02902 0.03214 -0.90306 0.40789 

X3*X4[N] 0.04977 0.03214 1.54867 0.18214 

Source DF Sum of Squares Mean Square F Ratio Prob>F 

Model 10 1.96268 0.19627 11.87538 0.00685 

Error 5 0.08264 0.01653 - - 

C. Total 15 2.04531 - - - 

 

It can be seen that pre-activation (X4) is indeed a significant factor. It must be noted, 

though, that the positive value is for NO pre-activation (X4 = N), which means that the 

elimination of surface pre-activation from the process has a positive effect on the graft 

polymerization, that is, increases the graft yield. Furthermore, although not shown as 

significant, similar trends were observed with the other factors as well, confirming the 

graphical observation made previously. Prolonged exposure to plasma, the use of higher 

concentration of monomer, or higher RF power, decreases the graft yield. Additionally, a 

strong two-factor interaction between exposure time (X2) and monomer concentration (X3) is 

also evident.  
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Using the results in Table 31, empirical models were developed. The empirical model 

that includes the significant factors only (P-value < 0.05) and the one that includes all the 

main and interaction effects are shown in Eqs. 7 and 8 respectively. 

Eq. 7 Y = 0.73563+0.30215+((X2-45)/15)*(((X3-20)/10)*0.11354)-0.07232*((X2-45)/15)-

0.03045*((X3-20/10) 

Eq. 8 Y = 0.736+0.302+((X2-45)/15)*(((X3-20)/10)*0.114)-0.008*((X1-500)/300)-

0.072*((X2-45)/15)-0.03*((X3-20)/10)-(((X1-500)/300)*0.072)-(((X2-

45)/15)*0.029)+(((X3-20)/10)*0.049)-((X2-45)/15)*(((X1-500)/300)*0.055)+((X3-

20)/10)*(((X1-500)/300)*0.028) 

 

The R
2
 value for Eq. 7 and Eq. 8 is 0.86 and 0.96, while the standard deviations are 0.1595 

and 0.1286 respectively (Figure 95). This indicates that the predicted value of Eq. 8 would be 

more accurate and closer to the actual value, compared to Eq. 7. It must be noted that the 

above two equations are for Process 2, that is, one-step plasma graft-polymerization (no 

preactivation). The empirical model for two-step plasma graft-polymerization (Process 3, 

with preactivation) has similar form as Eq. 8 except for the sign of some of its numerical 

terms: 

 

Eq. 9 Y = 0.736-0.302+((X2-45)/15)*(((X3-20)/10)*0.114)-0.008*(( X1-500)/300)-

0.072*((X2-45)/15)-0.03*((X3-20)/10)+((( X1-500)/300)*0.072)+(((X2-45)/15)*0.029)-

(((X3-20)/10)*0.049)-((X2-45)/15)*((( X1-500)/300)*0.055)+((X3-20)/10)*(((X1-

500)/300)*0.028) 

 

By using the two empirical models (Eqs. 8 and 9), the surface profiles of the two 

corresponding processes were plotted and presented in Figure 96. It can be clearly seen from 

the comparison of the two models that a process without prior surface activation (Process 2) 

produced higher graft yield, which is consistent with the results shown in Figure 93. Due to 

the strong interaction between monomer concentration (X3) and exposure time (X2) in Process 
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2, using higher or lower concentration of monomer has different effects on the graft yield 

depending on the plasma exposure time. With longer exposure time, increasing the 

concentration of monomer resulted in a slight increase of graft yield, whereas considerable 

decrease was observed in the case of shorter exposure time. Apparently, as shown by the 

analysis of variance in Table 31 and mentioned briefly in the conclusion for surface radical 

experiment (see p. 154), plasma power does not seem to be a critical factor for graft 

polymerization in both Process 2 and 3 (Figure 96). Note that the plasma power that is being 

referred to for Process 3 is the second plasma exposure, or the so-called plasma grafting in 

this study, and not the one for surface activation, which was set at a fixed value of 800 W. 

 

 
(a) 

  
(b) 

Figure 95. The actual versus predicted plot from models represented by Eq. 4 (a) and Eq. 5 (b). 

 

For both economical and technical reasons, as also shown by the contour plot and 

maximization of desirability function using JMP software, the choice for higher graft yield 

for the two processes would be a combination of low power (–), shorter time of plasma 

exposure (–), and lower monomer concentration (–). At this point, it must be noted that the 

response surface from Process 3 is actually under Y = 1 (Figure 96), which suggests that the 

process did not produce any significant and detectable grafted polymer. This has been hinted 

previously in earlier observation made in Figure 93. Although it may not be worth of further  
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Figure 96. The surface profile and contour plot of relative absorbance (graft yield) as a function of monomer 

concentration and exposure time at a fixed lower power (X1 = 200 W) with preactivation (Process 3, X4 = Y, 

lower) and without pre-activation (Process 2, X4 = N, upper). Process without pre-activation produced better 

result (higher graft yield). The regression equation was developed based on the ANOVA of data shown in Table 
30.  
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consideration, the final conclusion must wait for further verification by other methods of 

surface analysis, which in this case is the measurement of surface charge density.  

 

 

 

 

 

Figure 97. Contour plot of Process 2 (one-step plasma graft polymerization, no preactivation), obtained from the 

model in Eq. 8, showing the effect of reducing RF power, exposure time, and monomer concentration to the 

graft yield. 

It is also worth of noting that the two-step processes (Process 1 and Process 3) differ 

in their responses to the pre-activation time. Plasma graft-polymerization with immersion 
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method (Process 1, Figure 88 - Figure 89) requires longer exposure time in order to achieve 

higher graft polymerization, whereas the one with pad-dry method (Process 3, Figure 96) 

requires shorter exposure time. From the response surface in Figure 96, it can be seen that 

reducing exposure time and monomer concentration further should increase the yield of 

Process 3. Figure 97 shows the contour plots generated by using the statistical model in Eq. 8 

for Process 2. The relative absorbance value increases greatly with shorter exposure time and 

lower concentration at both high and low RF power. It requires a series of sequential 

experiments to prove if that would really be the case. The procedure is known as process 

optimization by response surface method, which involves a series of model developments 

and stepwise experiments following the direction that gives maximum improvement (steepest 

ascent/descent method)
261

. Due to time constraint, that part of the study is reserved for future 

work. 

6.4 XPS Analysis of Plasma Treated Kevlar Fabric 

X-ray photoelectron spectroscopy (XPS), which has an effective sampling depth of 

about 2 – 10 nm, is more surface sensitive compared to ATR-FTIR and is thus able to obtain 

both qualitative and quantitative information about the outermost layers of the surface. In 

addition to surface elemental analysis, XPS can also give an estimate of their atomic 

percentages and, through the small shifts in the binding energy, information about their 

chemical environments
275

. For example, the substitution of a hydrogen atom in polyethylene 

(–CH2–) by an oxygen atom increases the binding energy of the C1s electrons from 285.0 to 

286.0–286.2 eV. The binding energy and chemical shift increases further when the carbon 

atoms are doubly bonded and/or more than one hydrogen atoms are substituted. The C1s 

level for the carbonyl group (C=O), for example, is 287.8–288.0 eV, which corresponds to a 

chemical shift of 2.8 eV. That is approximately twice that of a carbon singly bonded to an 

oxygen atom. For carboxylate (O–C=O), the level is 289.0–289.2 eV. This corresponds to a 

chemical shift of 4.0 eV, which approximately equals the sum of the chemical shifts caused 

by a carbonyl group (2.8 eV) and an ether group (1.2 eV).  
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Figure 98. XPS spectrum from the survey scan of untreated polyaramid fabric and film. Note the appearance of 

Cl peak at 200.5 eV in the film spectra. It may be the residual diacid chloride from the polymerization process 

or a dopant intentionally added to suit its use in the electromagnetic applications. 
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Shifts in binding energy provide a ready means for the identification of polymer 

functional groups
276

. However, the range of these shifts is small. Therefore, when the same 

atom in a polymer structure is in more than one chemical environment, the resulting 

chemically shifted peaks will most probably overlap and produce a complex envelope
277

. 

Peak synthesis, often referred to as curve fitting, is a commonly used technique for resolving 

the overlapping peaks. The intensities or areas under the resolved peaks provide the relative 

concentrations of the corresponding functionalities. 

Figure 98 shows the survey photoelectron spectrum of untreated Kevlar fabric and 

polyaramid film (Mictron), with peaks at 285, 399, 532 eV assigned to C1s, O1s, and N1s, 

respectively. The concentration of different elements on a surface can be determined by 

measuring the relative photoelectron peak intensities (or peak areas) corrected with 

appropriate sensitivity factors
276,277

: 

 

Eq. 10 𝐶𝑖 =
𝐴𝑖 𝑆𝑖 

 𝐴𝑗 𝑆𝑗 𝑚
𝑗

  

 

where Ci, Ai and Si are is the atomic concentration, the peak area and the sensitivity factor for 

element i, respectively, and m is the number of elements in the sample. The atomic sensitivity 

factors of elements must be determined from the experiment and are valid only for the 

spectrometer with which they are obtained.  

Studies have concluded that accuracy is low when published values are used. The 

sensitivity factors for C, O, and N in the XPS analysis carried out in this study are 1.00, 2.85, 

and 1.77, respectively. The CASA XPS software that comes with the instrument can easily 

give the percent atomic concentrations of elements. The following is only an example of how 

 Eq. 10 can be used to calculate and determine the atom concentrations following the 

background removal and determination of the corresponding peak areas. The areas of C1s, 

O1s, and N1s peaks from sample No. 6 in Table 32 are 6979.2, 6428.9, and 1077.4, 

respectively, and thus: 
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CC = (6979.2/1.00)/[(6979.2/1.00)+(6428.9/2.71)+(1077.4/1.62)] 

CO = (6428.9/2.71)/[(6979.2/1.00)+(6428.9/2.71)+(1077.4/1.62)] 

CN  = (1077.4/1.62)/[(6979.2/1.00)+(6428.9/2.71)+(1077.4/1.62)] 

 

 

C O N 

Si 1.0000 2.8500 1.7700 

Ai
 

6979.20 6428.90 1077.40 

Ai/Si 6979.20 2255.75 608.70 

 𝐴𝑗 /𝑆𝑗
𝑗

𝑗
 9843.65 9843.65 9843.65 

Ci (%At) 70.90 22.92 6.18 

6.4.1 Surface Cleanliness   

For an aromatic amide such as PPTA, only carbon, oxygen, and nitrogen should be 

observed by XPS. Most foreign contaminants and surface finishes are compounds containing 

mainly carbon and oxygen. Therefore, the overall surface cleanliness for Kevlar should be 

given by the nitrogen content
275

. As shown in Table 32, all the commercially scoured, no 

solvent-extracted samples have small nitrogen concentrations. After solvent extraction in 

acetone, the atomic concentration of nitrogen increased significantly, indicating that some 

carbon and oxygen must have been removed from the surface by the solvent giving result to 

proportional increase of nitrogen.  

These data give a clear and strong indication that even after scouring, the samples still 

contain detectable traces of adventitious contaminants and/or surface finishes, which may 

explain the appearance of alkyl peaks in the FTIR spectrum of untreated Kevlar fabric 

(Figure 82), even after ultrasonication in acetone. It is also interesting to note that atomic 

concentrations of oxygen on Kevlar fabric used in this study (sample No. 5 and 6), are 

notably higher than what is expected. The O/C atomic ratio of these samples is twice the 

theoretically calculated ratio. It seems likely that surface oxidation or hydrolysis has taken 
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place on the sample during the storage
141

. The latter gives rise to the formation of carboxylic 

acid and amine groups through the breakage of amide bond. As will be shown later, peak 

component assigned to carboxylic groups (–O–C=O) is evident in the C1s and O1s spectra. 

Table 32. Atomic percentages of C, O, and N of the non-extracted and soxhlet extracted Kevlar fabric with 

acetone. 

No. Sample %C %O %N O/C N/C 

1 Theoretical 77.80 11.10 11.10 14.27 14.27 

2 Kevlar 29, Style 755 Cloth, 3000 

denier, commercially scoured
a 

83.50 16.10 0.30 19.28 0.36 

3 Kevlar 29, Style 755 Cloth, 3000 
denier, commercially scoured, 

solvent extracted in acetone
a 

82.10 11.10 6.80 13.52 8.28 

4 Kevlar 49, Style 352 Cloth, 1150 
denier, commercially scoured

a
 

76.50 18.40 5.20 24.05 6.79 

5 Kevlar Fabric No. 614-0063-X, 

commercially scoured, 
ultrasonicated in acetone

b 

76.23 20.95 2.83 27.48 3.71 

6 Kevlar Fabric No. 614-0063-X, 

commercially scoured, solvent 

extracted in acetone
b
 

70.69 24.12 5.20 34.12 7.35 

a) Chappel et al.
275

 

b) Experiments  

 

6.4.2 Surface Chemical Composition of Plasma Treated PPTA Film and Fabric 

Table 33 lists the results from XPS analysis showing the atomic composition of the 

untreated and plasma treated (no graft polymerization) polyaramid film (Mictron, 

Experiment-1 in Table 20). The film was treated by plasma at different levels of RF power 

for different lengths of exposure time. It was suggested that atmospheric oxygen and nitrogen 

might be introduced to the surface chemistry of the surface during the atmospheric plasma  
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Table 33. Atomic composition of untreated and plasma treated aramid film (Mictron) obtained by XPS analysis. 

Treatment C N O Cl N/C O/C Cl/C 

Untreated 60.74 8.55 23.87 6.84 14.08 39.30 11.26 

200 W/30 s 63.57 7.96 22.42 6.05 12.52 35.27 9.52 

200 W/60 s 58.55 10.54 23.85 7.05 18.00 40.73 12.04 

400 W/30 s 59.99 8.55 24.4 7.06 14.25 40.67 11.77 

400 W/60 s 63.57 7.96 22.42 6.05 12.52 35.27 9.52 

600 W/30 s 59.53 8.29 24.72 7.46 13.93 41.53 12.53 

600 W/60 s 58.16 7.78 27.26 6.81 13.38 46.87 11.71 

 

processing. Statistical analysis (ANOVA) of the N/C and O/C ratio showed that the change 

in surface atomic composition due to the treatment effect is not significant, indicating that it 

might not be the case. However, as shown in Figure 100 – Figure 101, there is an increase of 

carboxyl group concentration on the film surface, which suggests that the treatment may 

involve the hydrolysis of amide bond in the polymer structure of the substrate. The same 

observation was found with the plasma treatment of Kevlar fabric (Figure 102). 

Table 34 shows the atom composition (O/C, N/C, and Si/C) from the samples that 

have been activated by plasma followed by graft polymerization with DADMAC and TMS. 

The atom ratios were determined from the relative intensities (peak areas) of each of the O1s, 

N1s, or Si2p and C1s core level spectra obtained from the survey XPS spectra shown in 

Figure 99. The O/C and N/C atom ratios for the original, that is, untreated PPTA or Kevlar 

fabric were determined to be 27.48 and 3.7%, respectively, compared to the theoretical 

calculation of 14.27% for each of the corresponding ratios. 

As mentioned earlier, amide bond hydrolysis may have been the cause for the already 

high O/C atom ratio in the untreated sample. The formation of carboxylic acid during the 

hydrolysis introduces new oxygen atoms to the polymer structure, hence increased O/C atom 

ratio and consequently lower the ratio of N/C. On further observation, it can be seen that the 

O/C atom ratio increases further with plasma treatment, indicating that hydrolysis may have 

taken place during the process. Interestingly, the increase is even higher at lower plasma 
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power, which suggests a possible correlation with the effects of plasma power in the 

formation of surface radicals discussed previously. It is suggested that the increase in N/C 

atom ratio from 3.7% in untreated sample to 5.21% in the treated sample (600 W + 

DADMAC) corresponds to the graft-polymerization of DADMAC on the fabric surface.  

 

Figure 99. XPS survey scan from untreated and plasma-treated Kevlar fabric. 

 

Table 34. Atomic composition of Kevlar fabric surface modified by plasma and graft polymerization. 

 Treatment 
C 

284.5 eV 

O 

531 eV 

N 

399 eV 

Si 

103 eV 
O/C N/C (O+N)/C 

Theoretical 77.80 11.10 11.10 - 14.27 14.27 28.54 

Untreated 76.23 20.95 2.83 - 27.48 3.70 31.19 

600 W + DADMAC 72.73 25.38 3.79 - 34.89 5.21 40.11 

800 W + DADMAC 75.37 23.45 2.36 - 31.11 3.13 34.24 

800 W + TMS 82.53 15.62 - 1.85 18.93 - 18.93 
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Figure 100. XPS spectra of C1s and O1s obtained from the untreated and plasma treated polyaramid film 

(Mictron). Substrate was exposed to plasma at different levels of RF power for different lengths of exposure 

time as indicated in each spectrum. No graft polymerization was performed on the samples.  
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Even when it is smaller than the original, as in the case of (800 W + DADMAC) sample, the 

fact that it is not depleted by the large increase in O/C atom ratio (3.63%) suggests the 

presence of an additional amount of nitrogen. The graft polymerization of TMS is evident 

from the appearance of Si2p (1.85%) peak at 103 eV, which is accompanied by a large 

increase in the percent atom concentration of carbons (82.53%). The absence of N1s peak in 

the TMS spectrum, albeit unusual, may be understood as an indirect result of the large 

increase in carbon atoms due to the presence of long hydrocarbon chains (C18) in the grafted 

TMS, which diluted the nitrogen atoms on the surface. 

 

Figure 101. The effect of RF power to the formation of COOH based on the XPS analysis of C 1s and O 1s core 
level spectra of plasma treated PPTA film. It indicates the extent of hydrolysis as a function RF power. 

6.4.3 Peak Analysis 

Figure 102 shows the high-resolution C1s, O1s and N1s spectra of poly-(p-phenylene 

terephthalamide) (PPTA, see Scheme 1). The spectra were obtained from untreated and 

plasma-treated Kevlar fabric. PPTA contains three types of carbon: the aromatic carbon (C1), 

the carbon attached by a double bond to oxygen atom in the carbonyl group (C2), the carbon 

attached to nitrogen in the amine group of the amide (C3). From the literature (as shown 

earlier in Table 17 on p. 97)
141,225,275

, C1, C2, and C3 can be assigned a position at 285.0,  
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Scheme 1 

287.8–288.0 eV, and 286.0–286.2, respectively. When the substrate undergoes hydrolysis, 

the amide splits into carboxylic acid and amine groups. The carbon atoms in these carboxylic 

groups can be assigned a position at 289.0–289.2 eV. As shown in Figure 102, carboxylic 

does appear at the higher end of C1s high-resolution peak. 

The results of peak analysis of spectra shown in Figure 102 are presented in Table 35. 

At this point, it must be noted that the energy calibration in XPS measurements performed in 

this study was established with the C1s line at 284.5 eV binding energy. The unsubstituted 

aromatic carbon atoms, according to Briggs
277

, have a slightly lower binding energy with an 

average shift of approximately –0.3 eV. This explains why the binding energy of C-C in this 

experiment is slightly lower than the one frequently cited in the literature. Further 

observation shows that the binding energy of carbonyl group is also lower than expected by 

approximately 1.3 eV, which was partly caused by the lower binding energy of the reference 

line (C1s = 284.5 eV, i.e. 0.5 eV lower) and the conjugation of C=O group and aromatic ring. 

The latter, as pointed out by Briggs
277

 based on his observation on PPEK 

(poly(etheretherketone)), contributed to a negative chemical shift of about 0.7 eV, which 

adds to total shift of –1.2 eV. 

Theoretically, the O1s core level should only contain one peak component arising 

from the oxygen of the carbonyl group of the amide. However, as can be seen, the spectrum 

was resolved into two peaks: one peak at 531.6 eV for CONH and another at 532.8 eV for 

C(O)OH, which supports previous observation from the survey scan profiles in Figure 99 and 

Table 34 regarding hydrolysis of amide bond. As suggested by Inagaki
141

, the bond scission, 

which produced carboxylic acid and amino groups, was a result of photocatalytic oxidation  

NH2 NH
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NH NH

n
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Figure 102. XPS spectra of C1s, O1s, and N1s from Kevlar fabric, untreated (left) and plasma-treated with graft 

polymerization (DADMAC 20%) (right). Substrate was padded with monomer solution, dried and was 

subsequently exposed to plasma for simultaneous activation and graft polymerization (one-step plasma graft 

polymerization). 
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by Norrish type I reaction due to the absorption of UV photons in the presence of oxygen and 

moisture (Figure 103). In this reaction, the aromatic ring would act as an absorber of UV 

light. The carbonyl groups, which are in conjugation with the rings, would serve as the gate 

for the absorption and undergo photon excitation leading to the breaking of C-N and/or C-C 

bonds and formation of macroradicals as indicated by reaction (1) and (2) in Figure 103, 

respectively. The formation of amino groups following the amide bond breaking may provide 

the explanation for the uptake of acid dyes and antimicrobial activity shown by the untreated 

Kevlar fabric. In plasma treatment, the reaction was initiated by the presence of UV photons 

generated by the plasma. 

Table 35. Relative concentrations (in %) of peak components in C1s, O1s and N1s core level spectra for the 

untreated and plasma treated Kevlar fabric. 

Peaks B.E (eV) Exp 

Untreated 
Plasma 600 W 

+DADMAC 

Plasma 800 W 

+DADMAC 
Exp Inagaki* Wang* 

C1s C-C 284.45  0.13 72.71 73 67.7 70.80 65.48 

 

C-N 285.26  0.04 11.80 13 14.2 15.01 19.53 

 

CONH 286.33  0.01 13.23 11 13.2 11.84 11.66 

 

C(O)OH 288.26  0.46 2.25 3 4.9 2.35 3.33 

N1s CONH 399.54  0.41 85.79 N/A 92.2 66.43 67.05 

 

Ph-NH2 400.35  0.12 14.20 N/A 7.8 33.57 32.95 

O1s CONH 531.60  0.07 85.95 N/A 80.1 83.01 77.60 

 

C(O)OH 532.79  0.10 14.05 N/A 19.9 16.99 22.40 

*After Inagaki
141

 and Wang
225

. 

 

On further observation, it is also apparent that the N1s core level spectrum was 

decomposed into two components that appeared at 399.5 and 400.4 eV. While the first is due 
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to the nitrogen atom in the amide group (CONH), the second peak can be assigned to a 

positively charged nitrogen atom attached to the aromatic ring, Ph-N
+
H3.

141
 It was postulated 

that the appearance of the protonated nitrogen atom might be due to an interaction between 

carboxylic acid groups and amino groups (Scheme 2). Indeed, this argument was based on 

the assumption that hydrolysis occurs on the polymer structure of Kevlar fibers, which may 

have been the only explanation for the appearance of peak component at 400.4 eV in the 

untreated samples. According to Briggs
277

, the localized positive charge in quaternary nitro- 

 

 

Figure 103. The splitting of amide bond in PPTA fiber by combined effects of UV and atmosphere conditions 

(After Inagaki
141

). 

 

gen, coupled with the effect of alkyl substituents and counter ion, can lead to a range of 

binding energies of 401.5–402.5 eV. Therefore, it is highly probable that the peak at higher 

binding energy in N1s core level spectra could also be due to the presence of quaternary 

ammonium, introduced by graft polymerization of DADMAC on the substrate surface. If that 
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was the case, how can the two sources of nitrogen atom, i.e. the protonated amino groups and 

quaternary ammonium groups (the latter has a permanent positive charge), be differentiated? 

For the sake of clarity and in order to prevent any possible confusion, protonated amino 

groups produced by amide bond hydrolysis will be denoted in this discussion as Ph-N
+
H3, 

whereas quaternary ammonium of poly-DADMAC presumably attached to the aromatic ring 

will be referred to as Ph-N
+
(CH3)2R, while Ph-NH2 is preserved for the sum of the two 

groups. 

 

Scheme 2 

 As shown in Figure 103 and Scheme 2, in the splitting of amide bond, the formation 

of protonated amino groups Ph-N
+
H3 must always be accompanied by the production of 

C(O)O
-
 in a ratio of 1:1. If this was the only reaction that accounts for the concentration of 

Ph-NH2, the relative concentration of Ph-NH2 must be comparable to that of C(O)OH, which 

really is the case for the untreated Kevlar, as expected. This also suggests that the 

photooxidations that have taken place during storage was dominated by breaking at the 

amide bond rather than at the C-C bond connecting the carbonyl groups to the rings. 

Comparison of Ph-NH2 concentrations among the untreated and plasma treated samples was 

expected to provide clues regarding plasma graft polymerization of DADMAC on Kevlar 

fabric. 

The relative concentrations of the resolved peaks in C1s, O1s, and N1s core level 

spectra are summarized in Table 35. It can be seen that plasma treatment and graft 

polymerization of DADMAC increased the concentrations of C-N and Ph-NH2, which 

simultaneously caused the decrease of C-C and CONH in C1s and CONH in N1s, 

respectively. This is an early indication of possible hydrolysis and/or successful graft 

polymerization of DADMAC on the surface of Kevlar fabric. The former was confirmed by a 
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significant increase of C(O)OH in O1s core level spectra as shown in the last row of Table 

35. It is also evident that higher plasma power (800 W) gave a higher degree of hydrolysis. 

The identification of grafted poly-DADMAC is rather complicated because the 

binding energy of quaternary nitrogen (Ph-N
+
(CH3)2R) is in the same range as that of 

protonated amino groups (Ph-N
+
H3) produced by hydrolysis of amide bonds. It may be an 

oversimplification of the case, but the comparison of C(O)OH and Ph-NH2 concentrations 

shows there are more Ph-NH2 available that could be possibly produced by amide bond 

hydrolysis alone. This may suggest an additional source of nitrogen atoms that corresponds 

to the graft polymerization of DADMAC. Based on the concentration difference between 

C(O)OH and Ph-NH2, the relative concentrations of Ph-N
+
(CH3)2R are 16.58% and 10.55% 

for plasma treatment at 600 W and 800 W, respectively. These results indicate that lower 

plasma power produced higher graft yield, which are in good agreement with the previous 

results from surface radicals and FTIR measurements (Table 31, p. 175). Although not shown 

to be critical, the ANOVA of IR data showed that increasing RF power has negative effect, 

that is, decreases the graft yield. Furthermore, it is also observable that higher plasma power 

gave results to higher degree of hydrolysis, as shown by higher concentration of C(O)OH. 

The answer to the question regarding the possible sites of graft polymerization can be 

approximated by examining the reactions in Figure 54 (p. 103) and Figure 103. In the former, 

interaction between the polymer and plasma active species, particularly UV photons, causes a 

direct hydrogen abstraction from one of the carbon atoms in the aromatic ring of PPTA fiber 

leading to the formation of macroradicals from which graft polymerization emanates. In this 

case, the radicals are formed without being preceded by bond scission. In the latter case, as 

shown in reaction (1) and (2) in Figure 103, radicals are generated by bond scission taking 

place in the C-C and C-N bonds connecting the carbonyl groups to the ring and amine 

groups, respectively. In one-step plasma graft polymerization, the formation of radicals and 

graft polymerization presumably take place simultaneously. Thus, it is probable that all the 

radicals indicated in reactions (1) and (2) become the reaction sites for graft polymerization. 
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However, it is also probable that these radicals turn out to be the source of radical transfer, 

which may lead to the formation of homopolymer.  

Plasma chemistry and the reactions that occur due to the interaction of its active 

species with substrate is complex. It is highly likely that more than one reaction, taking place 

at different reactive sites, is involved in the plasma processing of material for chemical 

surface modification. The determination of reaction sites and the nature of the reactions 

require an in-depth study that is outside the scope of this study. Nonetheless, based on the 

available data, it is suggested that graft polymerization probably took place at the aromatic 

ring of PPTA via direct hydrogen abstraction following the mechanism proposed by Allred
46

. 

This is accompanied by simultaneous amide bond hydrolysis as shown by reaction (1) in 

Figure 103. In fact, the analysis of graft yield in the previous paragraph was based on the 

assumption of the two primary reactions.  

6.5 Antimicrobial Activity 

The presence of grafted polymer of DADMAC and TMS and the existence of surface 

charge on Kevlar fabric was established. It can now be correctly assumed that the fabric must 

have acquired antimicrobial property, which is the ultimate performance sought for from the 

plasma process. In order to evaluate the antimicrobial activity of the treated substrate, a series 

of tests for the ―Assessment of Antimicrobial Finishes on Textiles‖ according to the AATCC 

Test Method 100 was performed. The results from the tests are summarized in Table 36. In 

general, all the tested samples exhibited good antimicrobial activity, especially in terms of % 

reduction, most of which reached more than 99%. However, as has been stated in the 

research goal and objectives (Chapter 4), antimicrobial activity in this study was defined and 

characterized by a reduction of colony forming unit (CFU) of at least three orders of 

magnitude, that is, the so-called 3-log reduction. Except for sample No. 3 and 11, none of the 

tested samples reached this target of antimicrobial activity, despite their exceptionally high % 

reduction and surface charge density. 
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Most studies in the surface modification for antimicrobial properties used films or 

glass plates as their substrates, including the works that reported the existence of charge 

density threshold
13

 cited in this study. The choice of these substrates, other than because of 

their potential end applications, is often times due to more practical reasons. They are easy to 

handle during experiments and characterizations. These substrates have a relatively flat and 

two-dimensional surface. Thus any substance or material adhered onto their surface would be 

openly exposed to the surrounding environment. Fabrics, on the other hand, are made of  

Table 36. Antimicrobial activity against S. Aureus of Kevlar fabric treated by plasma graft polymerization with 

DADMAC and TMS in a 23 fractional factorial design of experiments. aFrom Table 26. 

Sample CFU/Sample % Reduction 
Log 

Reduction # Charge
a
 /cm

2
 

Time Zero 2.43  10
5
 N/A - - 

Control 1.45  10
4
 94.00 1.68  10 - 

DADMAC 

1  1.24  10
3
 99.49 1.96  10

2
 - 

2 000 9.00  10
3
 96.30 2.70  10 1.72 10

14
 

3 + - - 2.45  10
2
 99.90 9.92  10

2
 1.58 10

17
 

4 - + - 8.50  10
2
 99.65 2.86  10

2
 1.49 10

17
 

5 000 4.50  10
3
 98.15 5.40  10 1.59 10

14
 

6 +++ 1.24  10
5
 99.49 1.96  10

2
 2.37 10

17
 

7 - - + 8.70  10
2
 99.64 2.79  10

2
 6.11 10

16
 

 TMS 

8 + -  4.60  10
2
 99.81 5.28  10

2
 - 

9 - +   1.45  10
4
 94.03 1.68  10 - 

10 ++  1.30  10
4
 94.65 1.87  10 - 

11 - -  1.20  10
2
 99.95 2.03  10

3
 - 

 

Factors -1 0 +1 

X1 (RF power, W) 200 500 800 

X2 (Exposure time, s) 5 25 45 

X3 (Conc., %) DADMAC 10 20 30 

TMS 1 - - 
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interwoven yarns having unexposed areas hidden within the interstices between fibers. It is 

suspected that these areas are not accessible for direct contact with bacteria, which is 

typically in the order of 1–2 m, but still can be accessed by the much smaller dye 

molecules (typically 1-2 nm for small dye molecules like CI Acid Red 1). If graft 

polymerization took place in these areas, the grafted polymer and positive charges that it 

carries may also not be available for making contact with the bacteria. Furthermore, it is also 

probable that the positive charges were buried within chain entanglement and consequently 

direct contact with the surface of bacterial cells was prevented. With films or glass plates, 

any hindrance for direct contact most likely stems only from the chain entanglement. This 

analysis implies the requirement for higher surface charge density for effective antimicrobial 

on fabrics and the need to have longer polymer chains carrying more positive charges. 

Further research is required for the optimization of both plasma and graft polymerization 

processes.  

Sample No. 1 was not treated with plasma. It was only treated with DADMAC 30% 

to examine if plasma really contributed to the graft polymerization. Without plasma 

treatment, no surface radicals are generated on the sample. Therefore, no grafting should take 

place and no reduction of antimicrobial activity should be observed either. The fact that 

apparent reduction was observed on this sample might be taken to indicate that surface 

preactivation by plasma was not significant for the graft polymerization. However, a closer 

look at the experimental procedure shows that it might be due to a faulty procedure. Sample 

No. 1 was treated together with No. 6 in the same DADMAC solution, while others were 

treated individually. It is highly likely that a transfer of surface radicals took place in the 

monomer solution from the plasma treated sample (No. 6) to the untreated sample (No. 1), 

leading to the formation of polymer layer on the latter and the development of antimicrobial 

activity. Note also that the numbers of CFU on the two samples are identical. While the data 

from sample No. 1 cannot be used to substantiate the significance of plasma surface 
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preactivation, it highlighted an important aspect in the graft polymerization by wet chemical 

reaction, that is, transfer of radicals and the formation of homopolymers. 

Table 37 presents the results from analysis of variance and estimate of parameters 

effect for model development. The empirical model for plasma graft polymerization of 

Kevlar with DADMAC is shown in Eq. 8 with its plot of response surface with RF power 

(X1) at 800 W shown in Figure 104. The significance and adequacy of the model were 

confirmed by Prob > F value of 0.036 (< 0.05) and R
2
 value of 0.99, respectively. The mean 

of response is 305.67 (2-log reduction) with standard deviation of 19.1. Note that 

improvement in antimicrobial activity is achievable following the direction of low monomer 

concentration and shorter time of exposure, which is in good agreement with the formation of 

high surface charge density (based on data in Table 26), showing a reasonable correlation 

between the two surface properties. 

Table 37. Analysis of variance and estimation of parameters effect of antimicrobial activity in terms of log 

reduction obtained from plasma graft polymerization of Kevlar with DADMAC with immersion method. 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

Model 4 624804.8 156201.2 428.5356 0.036212 

Error 1 364.5 364.5 
  C. Total 5 625169.3 

    

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 40.5 13.5 3 0.204833 

X1 155.75 9.545942 16.31583 0.03897 

X2 -197.25 9.545942 -20.6632 0.030785 

X3 -200.75 9.545942 -21.0299 0.030249 

X3*X3 397.75 16.53406 24.05641 0.026448 

 

 

Eq. 11 Y = 40.5 + 155.75*((X1 – 500)/300) – 197.25*((X2-25)/20) – 200.75*((X3 – 

20)/10) + ((X3 – 20)/10)*(((X3 – 20)/10)*397.75) 
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Log Reduction of Microbial Activity Surface Charge Density 

 

Figure 104. Contour plot of log reduction of microbial activity of Kevlar fabric plasma treated with DADMAC 

as a function of exposure time (X2) and monomer concentration (X3) based on the model in Eq.11. RF power 
(X1) was set at 800 W.  

 

 

Figure 105. The Effect of RF power (X1) and exposure time (X2) in the plasma graft polymerization of Kevlar 

fabric with TMS 1%. 
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The effect of RF power and exposure time in the plasma graft polymerization of TMS 

on Kevlar fabric is shown in Figure 105. It can be seen, in good agreement with previous 

observation on DADMAC, that higher antimicrobial activity was achieved with shorter 

exposure time. However, on the contrary to DADMAC, high antimicrobial activity was 

achieved at low RF power. Of particular interest is the fact that the highest log reduction was 

achieved with the treatment with TMS, which is double the highest log reduction achievable 

with DADMAC. The reason behind this is most probably due to the long hydrocarbon chain 

(C18) attached to the quaternary ammonium group in TMS. Indeed, past studies have shown 

the significance of hydrophobic chain length in increasing the antimicrobial activity
12,18,22,105

. 
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C H AP T E R 7   

CONCLUSIONS 

7.1 Research Goal 

Surface modification of Kevlar fabric by plasma graft polymerization of DADMAC 

and TMS for the development of antimicrobial protective clothing was studied from the 

surface chemical composition viewpoint using FTIR and XPS, while surface morphological 

changes were evaluated by SEM. The effectiveness of the process was evaluated by 

measurements of surface radical and surface charge density, and the reduction of 

antimicrobial activity. Substantial reduction of antimicrobial activity up to the order of 3-log 

reduction, as set out in the research goal, was achieved by treatment with both monomers: 3-

((trimethoxysilyl)-propyl) dimethylammonium chloride (TMS) and diallyldimethyl-

ammonium chloride (DADMAC).  

For TMS, 3-log reduction was achieved by treatment at low power plasma (200 W) 

with low monomer concentration (1%) and short exposure time (5 s). For DADMAC, it was 

obtained from a combination of high power plasma (800 W), low monomer concentration 

(10%), and short exposure time (5 s), with an average reduction of two orders of magnitude. 

It can be concluded that the process was successful in producing good antimicrobial 

properties to Kevlar fabric. Improvement can be made and is achievable by looking at the 

process characteristics just established, and by making use of process optimization 

techniques such as response surface methods (RSM). 

7.2 Research Objectives 

The secondary objective of this research, and yet is fundamentally more important, 

was to gain better understanding about the process. It was represented by the research 
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questions posted in the beginning of the study. The answers to these questions provide a solid 

working ground for plasma processing of Kevlar fibers. 

To the question pertaining the effects of atmospheric He plasma treatment to the 

surface morphology of PPTA fiber and film, the SEM images have shown that observable 

changes were produced on the surface of the substrates, which is particularly true for 

treatment at high RF power and long exposure time. These morphological changes 

correspond to surface cross-linking, surface etching, and redeposition of etched materials. It 

was also found by XPS analysis that plasma caused minor hydrolysis of amide bond in the 

PPTA (Kevlar) structure, leading to the formation of C(O)OH and Ph-NH2 groups, which 

could mean improved processability but also reduced strength. 

What species are involved in the modification of PPTA surface properties under the 

downstream mode? The appearance of surface etching mentioned in the previous paragraph 

may indicate the presence of a small number of heavy particles (e.g. charged particles like 

ions) in the afterglow, in addition to the normally expected UV photons, metastables and free 

radicals. However, it is considered more of an exception than a rule. Indirect evidence from 

XPS analysis suggests that the formation of macroradicals took place primarily at one of the 

carbon atoms in the aromatic ring.   

Design of experiments (DOE) and statistical analyses show a two-factor interaction 

between RF power and time of exposure in the formation of surface radicals. High density of 

surface radicals was obtained by the combination of high RF power and short time of 

exposure or low RF power and long time of exposure. This is very well correlated with the 

graft yield of DADMAC and TMS. High surface charge density and high antimicrobial 

activity were also produced by the use of high RF power, short time of exposure, and low 

monomer concentration, which is in good agreement with the trend of the surface radical 

formation and graft yield. 

These findings show that plasma-initiated and plasma-controlled graft polymerization 

of Kevlar fibers is achievable by atmospheric pressure plasma jet (APPJ). The process can be 

controlled by adjusting the main process parameters: RF power and time of exposure, and the 
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concentration of monomer. Of the three studied processes, two-step plasma graft-

polymerization with immersion produced the highest graft yield, which translated to high 

antimicrobial activity. However, despite its lower graft yield, one-step process with pad-dry 

may be more interesting for further development due to its potential for an open continuous 

process, particularly with monomers of low vapor pressure such as DADMAC and TMS. 

7.3 Implications 

PPTA or Kevlar has already been noted for its limited solubility in organic solvents. 

While chemical inertness could be an excellent property, particularly for chemical protective 

clothing, this could also mean limited processability. Surface modification of Kevlar by 

classical organic reactions is a complex and difficult task.  

The major implication of these findings is that finishing of Kevlar and other difficult-

to-process materials becomes a more straightforward and an easier task. This could lead to 

the development of a wide array of new surface functionalities not achievable by 

conventional methods of surface modification, demonstrating the versatility of the 

technology. 

7.4 Recommendations for Future Works 

The works that have been conducted in this research, due to the limited time and 

resource at the time of the study, were only focused on the process characterization. They 

were directed to probe the effects of process parameters to the response variables and their 

trends. The experiments were not designed to find and determine the set of optimum 

conditions that will give the best results. Therefore, it will only be natural and of logical 

consequence, that the future works should aim at the process optimization and the 

development of process with robust design. Additionally, it would also be beneficial that the 

future works would include the use of different antimicrobial monomers with different 

chemistry to further test the general applicability of the process.   
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In order to have a better understanding of how to control the graft polymerization and 

consequently the effects that are sought for, it is of high importance that the growth of the 

polymer layer (thickness) on the substrate surface be included as the response variable. 

Measurements of layer thickness on flat surfaces like films or glasses can be carried out quite 

easily, but it is not an easy task to be performed on fabric. Using a film with the same 

chemical composition as a model for the fibers or fabric may not be the best approach due to 

the difference in form and configuration. Film is two-dimensional object, whereas fabric is 

three-dimensional. Therefore, considering the importance of knowing the thickness of 

polymer layer, the development of surface analysis technique capable of making direct 

measurement of polymer layer thickness could be very useful in the course of study of 

plasma graft polymerization of textile materials.  

As was mentioned previously, one-step process with pad-dry is an interesting process 

for further development due to its potential for an open continuous process, particularly with 

monomers of low vapor pressure such as DADMAC and TMS. In this case, it is going to be 

interesting to explore the use of crosslinkers to improve its low graft yield. 
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APPENDIX 1 

Procedure and Calculation for the Determination of Surface Radical Density  

by DPPH Method 

 

1. DPPH stock solution: 8 mg DPPH (MW = 394.32) was dissolved in 200 mL toluene to 

make a stock solution of 1.014 10
-4

 mol/L. The solution was kept in an aluminum-

covered bottle and after degassing it with argon for about 1 hour was stored in the dark at 

room temperature to prevent it from decomposition (2-4% per week), especially when not 

intended for immediate use. 

2. A series of diluted solutions were prepared from the stock solution to make a calibration 

curve for the determination of dye concentration from absorbance measurement. It was 

found from the calibration curve that the dye has a molar absorptivity coefficient of 1.162 

 10
4
 mol

-1
.cm

-1
.L so that the regression equation is: 

𝐴 = (1.162 × 104)𝑏𝑐 

3. where A = absorbance, b = path length in the cell = 1 cm, and c = dye concentration in the 

solution (mol/L). 

4. Approximately 0.1 g samples were cut from the fabric swatches away from the edges and 

1  1 cm
2
 samples were cut from the film. Each of the samples, including control 

(untreated) was placed in a 20 mL vial with rubber septum. The vial was degassed with 

argon for about 5 minutes, and then 10 mL (LR 1:100) DPPH solution from the stock was 

loaded into the vial by using a syringe. This is to minimize contact with air (oxygen). 

5. All samples were placed in a water-shaker bath and heated to 70
o
C for 24 hours to 

decompose the surface peroxide generated during the plasma treatment and subsequent 

contact with air.  

6. After 24 hours the vials were removed from the waterbath and cooled by flowing cold 

water.  
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7. Absorbance of the solutions were measured at max = 516 nm with Cary 300 UV-VIS 

spectrophotometer and the accompanying software Cary Win UV v.3.00 (182) (Varian). 

 

Calibration curve for DPPH 

The calculation used to obtain mol DPPH per g fabric from its concentration in solution and 

to convert it to the number of surface radicals (measured as peroxide) per cm
2
 of fiber surface 

area is shown below. Given that specific surface area (Asp) of Kevlar fiber is 0.227 m
2
/g 

(from BET measurement)
142

, the surface radical density (R) is: 

R = # surface radicals/cm
2
 = 6.023  10

23
 radicals/mol  # mol of radicals/cm

2
 

# mol of surface radicals/cm
2
 = # mol of surface peroxide/cm

2
  

# mol of surface peroxide/cm
2
 = [(# mol of DPPH/g fabric)/A (m

2
/g)]  10

-4
 cm

2
/m

2
 

# mol of DPPH/g fabric = 
 

𝑉

1000
 (𝐿)×(𝑐0−𝑐)(

𝑚𝑜𝑙

𝐿
)

𝑤  (𝑔)
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R² = 0.9984
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 𝑅 = 6.023 × 1023 ×
𝑉

1000
 𝐿 × 𝑐0−𝑐  

𝑚𝑜𝑙

𝐿
 

𝑤 𝑔 ×𝐴𝑠𝑝  
𝑚2

𝑔
 

× 10−4  
𝑐𝑚 2

𝑚2   

𝑅 = 6.023 × 1019 ×
𝑉

1000
× 𝑐0−𝑐 

𝑤×𝐴𝑠𝑝
 (charge/cm

2
) 

V = volume of DPPH solution used in the test (mL), 

Asp = specific surface area (m
2
/g)  

w = weight of fabric sample (g),  

c0 = initial concentration of DPPH in solution (mol/L),  

c = final concentration of DPPH in solution = A/(1.162  10
4
) mol/L 

 

In order to subtract the error caused by the substrate itself, the absorbance of untreated 

substrate was also checked and the radical concentration of treated samples was calculated 

from the difference between the experimental values for the treated and the untreated sample 

because virgin sample can have some radicals present. 
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APPENDIX 2 

Procedure and Calculation for the Determination of Surface Charge Density  

by Dyeing with Acid Dye 

 

1. 0.1 g CI Acid Red 1 (MW = 509.42) dye was dissolved with cold distilled water to make 

a 100 mL solution with a concentration of approximately 1.96  10
-3

 mol/L. For the 

measurement of surface charge, 5 mL solution was diluted to 500 mL to make a stock 

solution with a concentration of 1.96  10
-5

 mol/L.  

2. A series of diluted solutions were prepared from the stock solution to make a calibration 

curve for the determination of dye concentration from absorbance measurement. It was 

found from the calibration curve that the dye has a molar absorptivity coefficient (a) of 

2.152  10
4
 mol

-1
.cm

-1
.L so that the regression equation is: 

𝐴 = (2.152 × 104)𝑏𝑐 

3. Approximately 0.1 g fabric swatch was immersed in 20 mL dye solution (LR 1:200) and 

heated in a water-shaker bath to 70
o
C for 24 hours. At the end of dyeing, sample was 

removed from dye solution and washed with 20 mL distilled water for about an hour in a 

water-shaker bath at 70
o
C to remove unbound, adsorbed dye molecules from the surface. 

The dye effluent and washing effluent were combined, and more distilled water was 

added to make a standard volume of 50 mL.  

4. Absorbance measurement of each sample was carried out at max = 530 nm with Cary 300 

UV-VIS spectrophotometer and the accompanying software Cary Win UV v.3.00 (182) 

(Varian). 

5. The calculation to convert the concentration of surface bound dye to surface charge 

density is shown below. The number of charge per unit area was calculated based on the 

number of dye molecules that remain on the substrate surface after dyeing and washing. 
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The assumption was that one dye molecule is bound to one quaternary ammonium group, 

and that specific surface area of Kevlar fiber is 0.227 m
2
/g

142
.  

 

 

Calibration Curve of CI Acid Red 1 

 

G = # surface charge/cm
2
 = 6.023  10

23
 charge/mol  # mol of charge/cm

2
 

# mol of charge/cm
2
 = # mol of Df

-
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2
  

# mol of Df
-
/cm

2
 = [(# mol of Df

-
/g fabric)/A (m

2
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2
/m

2
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-
/g fabric = 
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𝐺 = 6.023 × 1019 ×
𝑉

1000
× 𝑐0−𝑐 

𝑤×𝐴
 (charge/cm

2
) 

Df
-
 = dye anions that are ionically bound to the positively charged quaternary ammonium 

(N
+
) of the grafted polymer, originated from DADMAC or TMS. 

V = volume of dye solution used in the test (mL), 

A = specific surface area (m
2
/g) = 0.227 m

2
/g 

w = weight of fabric sample (g),  

c0 = initial concentration of dye in solution (mol/L),  

c = final concentration of dye in solution = 
𝑉1

𝑉
[𝐴𝑏𝑠 (2.152 × 104)]  mol/L 

V1 = total volume of dye effluent and washing effluent (mL) 


