
 

ABSTRACT 

SARAF, RAHUL. Superhydrophobic and Superoleophobic Nonwoven Fabrics. (Under the direction 

of Dr. Hoon Joo Lee.) 

 

Superhydrophobic surfaces have developed great deal of interest among researchers because of their 

unique ability to shed water off the surface. Low- surface- energy- liquids (LSELs) such as oil are 

however difficult to repel and are absorbed almost immediately by most surfaces in the environment. 

Superoleophobicity (oil-repellency) is a rare phenomenon; it is of great importance to repel toxic 

liquids (normally LSELs) especially in military textiles and thus prevents them from coming in 

contact with the human skin that can have lethal effects. The two predomininant wetting models, the 

Wenzel and the Cassie-Baxter model were used as the guide to understand the metastable Cassie-

Baxter surface that best explains the LSEL wetting characteristics of rough surfaces.  

This research deals with creating superhydrophobic and superoleophobic nonwoven fabrics. 

Nonwoven fabric can be engineered to posses characteristics such as high tensile strength, flame 

retardancy and abrasion resistance while having textile-like feel. Most importantly for this research 

nonwoven fabrics posess micro scale roughness due to their highly porous structure.  A combination 

of low surface energy and adequate surface roughness is necessary to obtain superhydrophobic and 

superoleophobic surface. 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FS) was grafted on a nylon 

6, 6 film to understand the contribution of chemical modification towards superhydrophobicity and 

superoleophobicity. Nylon nonwoven and NyCo nonwoven fabrics, used as rough surfaces, when 

grafted with FS showed contact angles of 173° with water (
LV =72.8 mN/m), 164° with Kaydol

® 
      

(
LV =31.5 mN/m) and 156° with dodecane (

LV =25.4 mN/m). A novel method of grafting FS 

directly on fire-resistant (FR) nonwoven fabric is introduced. The process parameters of this method 

are optimized using statistical analysis to increase the liquid repellency of the fabric with minimum  

chemicals and energy. 
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Chapter 1 

Introduction 

 

Superhydrophobicity has attracted considerable attention over the past two decades in industry and 

academia. Superhydrophobic surfaces are those that exhibit apparent contact angles of 150° and 

greater with water (Barthlott and Neinhus, 1997; Wu X and Shi G, 2006; Michielsen and Lee, 2007). 

These surfaces are particularly useful in those fields where water-repellent and self-cleaning 

properties are essential (Zhang et al, 2008; Li et al 2009; Bhushan et al, 2009). Many strategies have 

been adopted to create a superhydrophobic surface (Sun et al, 2005; Callies and Quere, 2005). Most 

of these surfaces have been inspired by natural objects such as lotus leaf, lady‟s mantle leaf, and 

desert beetle‟s back. Also, duck‟s feather, water strider‟s legs or gecko‟s feet (Barthlott and Neinhus, 

1997; Gao and Jiang 2004; Parker and Lawrence, 2001; Liu et al, 2008; Autumn et al, 2000; Genzer 

and Efimenko, 2006). The two key elements that determine superhydrophobicity are surface energy 

and surface roughness (Lee and Michielsen, 2007). Mainly two techniques evolved for designing a 

superhydrophobic surface, 1) Roughening of a surface followed by hydrophobization, and 2) 

transforming low-surface-energy materials into rough surfaces (Xue et al, 2010). Different 

approaches have been attempted to realize the techniques such as sol-gel processing, wax 

solidification, lithography, vapour deposition, template reproduction, polymer reconformation, 

plasma, electrospinning, electrochemical methods, hydrothermal synthesis, layer-by-layer deposition 

and one-pot reactions (Zhang et al, 2008).  

 

Similar surface can be synthesized to repel oil, but it is difficult to repel oil and water with the same 

surface owing to low-surface-tension of oils. A surface that repels water will absorb oil in most  

cases.  
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The research for preparing superhydrophobic and superoleophobic ( contact angle > 150° for oils) 

surface is gaining momentum since the latter half of the last decade ( Tuteja et al, 2007; Joly and 

Biben, 2009). Re-entrant geometries have been incorporated on surfaces to render 

superoleophobicity (Tuteja et al, 2007; Marmur, 2008).  

 

Nonwoven fabric is a material that is directly manufactured from a web of fibers. This saves 

enormous production time and production cost compared to manufacturing a woven fabric. 

Nonwoven fabrics are now being introduced in the production of military textiles (Szczesuil and 

Narayanan, 2008). The nonwoven fabrics are better equipped to meet the requirements of a military 

uniform. Nylon nonwovens are being used because of their resiliency, ease of dyeability as also due 

to the presence of large number of reactive sites that caters to superhydrophobic and 

superoleophobic treatments (Lee, 2009). Surface roughness being a key parameter to obtain a 

superhydrophobic/superoleophobic surface is better obtained in a nonwoven fabric.  

 

The research objectives are to 1) prepare a durable superhydrophobic and superoleophobic nylon 

nonwoven and NyCo (nylon:cotton, 50:50) nonwoven fabric using a combination of low surface 

energy and adequate surface roughness; 2) prepare a durable superhydrophobic and superoleophobic 

FR nonwoven fabric by optimizing the process parameters of a novel FS grafting technique. 

 

Besides protection against toxic substances in protective gear, the research would be beneficial in 

imparting self-cleaning properties to suits, shirts and trousers, medical gear such as face-masks and 

aprons, outdoor sportswear such as ski gear, personal protective equipment (PPE) for emergency 

personnel and first responders. 
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Chapter 2 

Review of Literature 

 

As mentioned earlier a surface is hydrophobic when the water contact angle exceeds 90°. If the 

water droplet exceeds 150° it is said to be superhydrophobic. Although many authors suggest that 

the definition of superhydrophobic behavior include low roll-off angles (<5°) without specifying 

drop volumes or weights, Lee and Michielsen (2007) reported that the roll-off angle depends on the 

weight of the liquid.  When a water droplet rolls-off a superhydrophobic surface it cleans up the 

debris on the surface. This effect was first observed by Barthlott and Neinhus in 1997 which they 

termed as Lotus effect. A lotus leaf is a perfect example of a superhydrophobic surface. The water 

repellent hierarchial structure comprising of the hydrophobic cuticles and protruberances is the cause 

of self cleaning. This superhydrophobicty probably evolved on the lotus leaf to keep it free from any 

debris that could intefere photosynthesis. 

 

Figure 1. Example of superhydrophobic surface: Lotus leaf 

Senterra, (2009). Systems thinking vs Linear thinking. Retrieved from  website: 

http://trailblazerbusinessfutures.wordpress.com/2009/12/31/ 

  

http://trailblazerbusinessfutures.wordpress.com/2009/12/31/
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Similarly a water strider‟s legs are superhydrophobic which prevents it from sinking into water (Wu 

X and Shi G, 2006). Mimicking the characteristics of these naturally occurring superhydrophobic 

materials has helped researchers to design superhydrophobic surfaces. This research has developed 

greatly since superhydrophobicity was first introduced by Cassie and Baxter in 1945 while working 

for British council of wool industries. 

 

When LSELs like oils make an angle of 150° with the surface of a material, the surface is 

superoleophobic (Tuteja et al, 2007). Often low-molecular-weight alkanes are used as a substitute 

for oil in research since they are low-surface-energy liquids (LSELs), the alkanes are also well 

defined molecules whereas oils may have a large number of components. Superoleophobicity is 

difficult to achieve than superhydrophobicity because materials wet more easily by LSELs than 

water, practically all the currently known surfaces natural or artificial are oleophilic in nature (Tuteja 

et al, 2007; Steele 2008). Superoleophobic carpets and clothing are commonly desired to avoid oil 

stains. Recently Apple
® 

 introduced an oleophobic coating on their devices iphone, ipod and ipad to 

resist fingerprints
a
  

Research Review 

 

Numerous techniques were employed to obtain superhydrophobic and superoleophobic surfaces: a) 

Covalent layer by layer assembly; b) polymer film roughening; c) chemical vapour deposition; and 

d) sol-gel process 

 

a) Covalent Layer by layer assembly 

Ming, Wu, van Bentham and de With (2005) developed a procedure for preparing superhydrophobic 

films with a dual-size hierarchical structure composed of raspberry-like particles. These particles  
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were silica based with amine-functionalized surface and were chemically deposited on the epoxy 

films. Another layer of poly(dimethylsiloxane) was grafted on the raspberry-like particles, thus 

hydrophobic characteristics were achieved. Manca et al (2009) adopted sol-gel process to produce a 

double-layer coating consisting of silica nanoparticles with a trimethoxysiloxane-functionalized 

surface which were partially embedded into an organosilica binder matrix. A glass substrate was 

used and the treated surface showed superhydrophobic contact angles. 

 

b) Polymer film roughnening 

This process uses phase separation of a multicomponent mixture as a means to superhydrophobic 

polymer films. Franco, Kentish, Perera and Stevens (2008) designed a superhydrophobic 

polypropylene membrane by a solvent casting of polypropylene and utilizing the surface roughness 

and porosity developed with a nonsolvent. Levkin, Svec and Frechet (2009) used the phase 

dispersion technique where, in situ polymerization of common monomers such as butyl 

methacrylate, ethylene dimethacrylate in the presence of a porogenic solvent such as 1-decanol, 

cyclohexanol and/or tetrahydrofuran resulted in superhydrophobic surfaces with micro- and nano 

scale roughness. Yuan, Chen, Tan and Zhao (2009) prepared a stable superhydrophobic high-density 

polyethylene (HDPE) surface using ethanol in a humid atmosphere at 5 °C. Zhang et al (2008) 

created an emulsion copolymerization of acrylates with silicone oligomers. Wool fabric was treathed 

with this emulsion and it exhibited excellent water repellency. Cao et al (2009) fabricated 

superhydrophobic surfaces with anti-icing properties using a combination of organosilane-modified 

silica nanoparticles and an acrylic polymer binder. Steele, Bayer and Loth (2008) described a 

technique of spraying a superoleophobic coating of ZnO nanoparticles blended with waterborne 

perfluoroacrylic polymer emulsion on practically any surface. 
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c) Chemical vapor deposition 

In this method gaseous reactants can be deposited onto a substrate to form a nonvolatile solid film. 

Zimmerman et al (2008) used one-step gas phase coating a layer of polymethylsilsesquioxane 

nanofilaments onto individual textile fibers. Li, Xie, Zhang and Wang (2007) used a sealed chamber 

with a saturated atmosphere of trichloromethylsilane to deposit on a hydrophilic cotton fabric. 

Polymerization of Si–OH groups resulted in nanoscale silicone coating rendering 

superhydrophobicity. 

 

d) Sol-gel process 

This method synthesizes gels and nanoparticles. Sol-gel method can be easily tuned by varying the 

method and composition of the reaction mixture. Gan, Zhu, Guo and Yang (2009) created 

hydrophobic cotton and polyester fabrics using sol-gel coating and treatment with hydrolyzed 

hexadecyltrimethoxysilane. Daoud, Xin and Tao (2004) prepared transparent durable knit/woven 

cotton substrates using a modified silica sol formed by cohydrolysed and polycondensed mixture of 

hexadecyltrimethoxysilane, tetraethoxyorthosilicate and 3-glycidoxypropyltrimethoxysilane. They 

showed this treatment was persistent even after 10 cycles of washing. Yu, Gu, Meng and Qing 

(2007) used a combination of silica-sol and perfluorooctylated quaternary ammonium silane 

coupling agent and were applied to cotton fabrics using a conventional pad-dry-cure process. The 

fabrics were superhydrophobic after treatment. 

 

e) Other research  

Nakajima et al. (2000) designed superhydrophobic films by coating fluoroalkyl silane on a substrate. 

Zhu et al. (2006) prepared a superhydrophobic surface by electrospinning a hydrophilic material,  

poly(hydroxybutyrate-co-hydroxyvalerate). Zhai , Cebeci, Cohen and Rubner (2004) mimicked lotus  
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leaf behavior by creating semifluorinated silane coated polyelectrolyte multilayer surface. Gao and 

McCarthy (2006) grafted a silicone coating to a microfiber polyester fabric to render the fabric 

superhydrophobic. Michielsen and Lee (2007, 2008) designed superhydrophobic surfaces using 

woven structures and flocking process. Tuteja et al (2007) designed a superoleophobic surface using 

re-entrant curvature in combination with chemical composition and roughened texture. Brewer and 

Willis (2008) used plasma polymerization to coat a flouropolymer on dicentra and Lady‟s mantle 

leaf in an attempt to understand how a combination of hairy structures and low surface energy 

fluoropolymer coating would enhance oil repellency. Cao et al (2008) demonstrated that porous Si 

films fabricated by a convenient gold assisted electrode less etching process would produce a 

superoleophobic surface on an intrinsically oleophilic self-assembled monolayer coated Si surface. 

Hoefnagels, Wu, de with and Ming (2007) designed superhydrophobic surfaces by in situ 

introducing silica particles to cotton fibers to generate a dual-size surface roughness, followed by 

hydrophobization with polydimethylsiloxane and subsequently introducing a perfluoroalkyl chain 

into the silica particle to make it highly oleophobic. 

 

Contact Angle and Wetting Behavior 

Understanding wetting behavior of a solid material is essential to characterize the surface tensions 

between the interacting solid and liquid. It is difficult to measure the surface tension of a solid but it 

is easy to measure the contact angle of a liquid. The wetting behavior of the solid for a particular 

liquid depends on the difference between the adhesive force acting at the solid/water interface and 

cohesive force acting within the droplet. The adhesive force causes the liquid to spread across the 

surface whereas the cohesive force causes the liquid to ball up and prevent contact with the surface.  

The contact angle (θe), as seen in Figure 2, is the equilibrium angle on a smooth surface at which the 

liquid-vapor interface meets the solid-liquid interface.  
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The contact angle is determined by the resultant between adhesive and cohesive forces. The 

tendency of a drop to spread out over a flat, solid surface increases as the contact angle decreases 

(Shafrin and Zisman, 1960). Thus, the contact angle provides an inverse measure of wettability.  

From theoretical point of view, the equation formulated by Thomas Young (1805) is still the 

fundamental equation that  governs the science of wetting (Dorrer and Ruhe, 2009). Assuming an 

ideal solid surface, it relates the contact angle of a drop on a surface to the specific energies of the 

solid–gas, the liquid–gas, and the solid–liquid interfaces. Figure 3 describes the spectrum of contact 

angle that is obtained through the young equation ranging from 0° (complete wetting) to 180° 

(complete dewetting). 

 

Figure 2. Liquid droplet on a smooth surface. 

 

The relation between surface tension and contact angle is given by Young‟s equation (Pal et al, 2005) 

 cos SV SL
e

LV

 





                                                                                      (2.1)            

where γSV, γSL  and  γLV are the interfacial surface tension between solid-vapor, solid-liquid and 

liquid-vapor, respectively. Young‟s equation is only applicable to flat smooth surfaces, and the 

system should be at equilibrium.   
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Figure 3. Spectrum of contact angle and wettability. 

 

According to Fowkes (1963) and Lee (2007), when only dispersion interactions are present the 

interface tension between solid and liquid is given by the following equation: 

2( )LW LW LW

SL S L                                                  (2.2) 

For a solid surface, using surface tension component approach, 

.....d p H ind m

SV SV SV SV SV SV                            (2.3) 

Similarly for a liquid, 

.....d p H ind m

LV LV LV LV LV LV                            (2.4) 

Where d, p, H, ind, and m mean London dispersion force, permanent dipoles, hydrogen bonds, 

induced dipoles, metallic interactions respectively. The first three components in equation (2.3) and 

(2.4) are the major contributors towards the surface tension of most of the materials, Hence we 

combine the contributions as: 

d p H

SV SV SV SV                         (2.5) 

Also, Lee derived that surface tension of a material as the sum of the London dispersion, hydrogen 

bonding and permanent dipoles 

(1 cos ) (1 cos ) (1 cos ) (1 cos ) 2( . . . )d p H d d p p H H

LV LV LV LV SV LV SV LV SV LV                                
(2.6) 

The Young‟s equation is valid only for a smooth surface, but real solids are not perfectly flat.  
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Surface structure affects wettability other methods were used to describe the phenomenon of wetting 

on rough surfaces (Alberti and DeSimone, 2004; Chow 1998). Two models the Wenzel model and 

the Cassie-Baxter (CB) model are used to describe the wetting characteristics on a rough surface. 

The Wenzel model developed by Robert Wenzel in 1936 was the first model to study the resistance 

of solid surfaces to wetting by water. Wenzel argued that, unlike at liquid-gas and liquid-liquid 

interfaces where the actual surface is same as the geometrical surface, the liquid-solid interface on 

most solids has the actual area greater than the geometrical area because of the surface roughness. 

He defined the roughness factor „r‟ as the ratio of actual surface to geometrical surface. 

 

Figure 4. Wetting model for a rough surface: Wenzel model 

 

According to the Wenzel model, the liquid completely fills the grooves of a rough surface and 

completely wets the surface. The apparent contact angle ( W

r ) of the liquid on the rough surface can 

be described as:  

cos cosW

r er                                                                                          (2.7) 

Where, r as described earlier is the ratio of the total true wetted area of a rough surface to the area 

beneath the drop obtained by projecting the drop onto a plane, and
 e  is the equilibrium Young‟s 

contact angle on a smooth surface of the same material. r ≥1 because the total area of the rough 

surface is always greater than or equal to the area projected beneath the droplet. According to the 

Wenzel model there are two cases of liquid behavior on a rough surface a) 
 e < 90°, liquid sinks  
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into and contacts with the rough surface, W

r ≈ 0°. b) 
 e > 90°, liquid does not sink and the rough  

surface is dry, W

r ≈ 180°.The behavior suggests that for a hydrophilic/oleophilic rough surface (
 e

< 90°) increasing roughness, increases hydrophilicity/oleophobicity. For (
 e < 90°) that is for a 

hydrophobic rough surface increasing roughness increases hydrophobicity/oleophobicity. 

 

Cassie and Baxter extended the Wenzel theory of wetting to porous surfaces. In this model the liquid 

droplet rests on a composite surface made of air pockets and top of the rough surface. Apparent 

contact angle on a CB surface, θr
CB

, can be described as: 

1 2cos cosCB

r ef f                                                                    (2.8)     

where θe is Young‟s contact angle for a flat surface of the same composition,  f1 is the ratio of the 

surface area of the liquid in contact with solid to the total projected area, and f2 is the ratio of the 

surface area of the liquid in contact with air to the total projected area. If f2 = 0 in equation (2.8), that 

is, there are no air pockets between the liquid and the surface, then the liquid completely wets the 

surface. In this case the surface behaves as a Wenzel surface and the apparent contact angle becomes 

the apparent Wenzel contact angle, θr
W

.  

                                          

 

Figure 5. Wetting model for a rough surface: Cassie-Baxter model. 
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Also in this case, f1 would be identical to r in the Wenzel model. equation (2.8) can be modified as 

follows (Marmur, 2003): 

 

1 ff r f                                                                                                                                            (2.9) 

2 1f f                                                                                                                      (2.10) 

cos cos 1CB

r f er f f                            (2.11) 

Where f  is the fraction of the projected area of the solid surface in contact with the liquid surface 

and 
fr is defined analogous to the Wenzel model. 

fr , however in equation (2.11) is not the 

roughness ratio of the total surface but only of that in contact with the liquid. This equation is more 

useful when understanding the contributions of surface and of trapped air. According to the CB 

model, increasing surface roughness makes the surface more hydrophobic/oleophobic regardless of 

its initial behavior. This demonstrates that it is not a necessity to have a hydrophobic rough surface 

to enhance hydrophobicity/oleophobicty. Whether the material follows the Wenzel model or the CB 

model depends on which system has the lower free energy. For some systems it has been observed 

that the lowest free energy is predicted by the Wenzel model (Giovanni and DeSimone, 2004; Bico, 

Thiele and Quere, 2002) but the observed behavior follows the CB model. This condition is called 

the metastable CB state. According to Marmur‟s analysis, a surface can exhibit true superhydro-

phobicity or superoleophobicity with a particular liquid only if the contact angle between them is 

obtuse, θe > 90° (Marmur, 2003). For many liquids, θe < 90° but they still exhibit apparent contact 

angles greater than 90°. This means that these systems are in the metastable CB state. It is not yet 

clear what determines when a particular surface will exhibit metastable CB behavior, but such 

surfaces are useful for shedding oily materials. Another important result from equation (2.11) is the  
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prediction that it is much easier to make a superhydrophobic material than a superoleophobic 

material, because θe (water) > θe (oil). This implies that generally, superoleophobic materials are 

superhydrophobic, but not the converse. 

 

Contact angle hysteresis and roll-off angles 

The contact angle hysteresis defines the contact angle of liquid on a solid in a dynamic set of 

conditions. One such example would be when a liquid droplet is placed on a surface with the help of  

a syringe, ensuring that the tip of the syringe does not touch the surface, we observe that as we 

increase the volume of the droplet the contact line between the droplet and the surface begins to 

move. The angle at the instant where it just begins to move is the advancing contact angle (θA). If the 

volume is decreased by retracting the liquid back into the syringe, the angle at which the contact line 

just begins to move is defined as the receding contact angle (θR) (Patankar, 2003). Similarly if the 

droplet is placed on a surface which is titled the drop maintains different contact angles at the front 

and the back of the drop.  

 

The difference between the advancing contact angle and the receding contact angle gives the contact 

angle hysteresis (ΔθH). (Barthlott and Neihuis, 1997) explained that the difference between the 

advancing and receding contact angle on a rough surface is <5° in some cases. Thus picking up 

debris and washing the surface clean in the process (Figure 6). 
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Figure 6. Self-cleaning effect by superhydrophobicity 

Source: Barthlott, W., Neinhuis, C. (1997). Purity of the sacred lotus, or escape from contamination 

in biological surfaces. Planta, 202(1), 1–8. 

 

However this has been challenged by some of the recent literature, (Dorrer and Ruehe, 2006) proved 

the advancing contact angle on a superhydrophobic surface is not affected by the surface roughness 

and reaches 180° during advancing motion, the receding contact angle is determined by the shape, 

volume and the spacing of the protuberances of the surface. Yoshimitsu, Nakajima, Watanabe and 

Hashimoto (2002) demonstrated that the roll-off angles are in inverse proportion to the weight of 

water droplet and it is essential to have properly designed rough surface rather than increasing the 

roughness to obtain better roll-off behavior. Brandon, Haimovich, Yeger and Marmur (2003) 

showed that the contact angle hysteresis is inversely proportional to the volume of the liquid.The  

 

 



 

15 

 

roll-off angle of a droplet on a smooth surface is given by (Nakajima et al, 2004): 

sin 2mg k R                                (2.12) 

Where   is the roll-off angle, R is the radius of the contact circle, m is the mass of the droplet, g is 

the acceleration due to gravity, and k is a proportionality constant. Roura and Fort (2002) 

demonstrated the work due to the external forces on a drop in Figure 7. 

 

Figure 7. Liquid droplet roll-off on a tilted surface. 

Source: Lee, H.J. (2007). Design and development of superhydrophobic textile surfaces 

(dissertation). NC State University, Raleigh, NC. 

 

According to Lee and Michielsen (2007) the roll-off angles also depend on the weight of the droplet 

and the surface tension of the liquid since,  

mg sin α ≈ γLVD(cosθR – cosθA)                                       (2.13) 

where m is the mass of the droplet, g is the gravitational acceleration, α is the roll-off angle, γLV  is 

the liquid surface tension, and D is the contact diameter of the droplet on the surface. 
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Figure 8. Inverse relation of roll-off angles (α) and droplet volume (V). 

 

Yoshimitsu, Nakajima, Watanabe, Hashimoto (2002) explained the inverse relationship between the 

droplet volume and its roll-off angle. As the droplet size increases its mass increases as seen in 

equation 2.13, there is a indirect correlation between m and α, as for a system consisting of a 

particular liquid and rough surface the other factors are constant. Thus, when the mass of the droplet 

increases its roll-off angle decreases.  

Nonwoven technology 

According to Association of the Nonwoven Fabrics Industry (INDA), nonwoven fabrics are broadly 

defined as sheet or web structures that are bonded together by entangling fiber or filaments (and by 

perforating films) mechanically, thermally or chemically. They are flat, porous sheets that are made 

directly from separate fibers or from molten plastic or plastic film. They are not made by weaving or 

knitting and do not require converting the fibers to yarn.  

 

The development of turnkey equipment for many advanced nonwovens technologies has lowered the 

cost of investment and helped production spread beyond its original base in the United States, 

Europe and Japan over the past decade (Worldwide Outlook for nonwoven industry 2007-2012).  
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According to a collaborative report developed by INDA and European Disposables and Nonwovens  

Association  (EDANA) global production of nonwoven roll goods reached 5.75 million tonnes and 

144 billion square meters in 2007, corresponding to a value of $20.9 billion. In the decade 1997-

2007 the nonwoven production, nonwoven tonnage increased at an average annual growth rate of 

7.9% per year, rising from 2.69 million tonnes in 1997. INDA and EDANA predict that nonwovens 

will continue to grow on a global level at a rate of about 7.9% per year over the next five years, to 

reach 8.41 million tonnes by 2012, corresponding to a value of $30 billion 

 

      Advantages of nonwoven fabrics. 

 

Nonwoven fabrics are highly engineered fabrics, which are end-use oriented. They may be limited 

life, single-use or very durable fabrics. They can provide multiple specific functions, such as 

absorbency, liquid repellency, resilience, stretch, softness, strength, flame retardancy, washability, 

cushioning, filtering, bacterial barrier, and sterility. These properties are often combined to create 

fabrics suited for specific jobs while achieving a good balance between product use-life and cost. 

 They can mimic the appearance, texture and strength of a woven fabric and can be as bulky as the 

thickest padding. In combination with other materials they provide a spectrum of products with 

diverse properties, and are used alone or as components of apparel, home furnishings, health care, 

engineering, industrial and consumer goods (INDA). 

 

      Web bonding techniques. 

 

There are several bonding techniques for manufacturing nonwoven fabrics from fiber webs, such as: 

1) Needlepunching; 2) chemical bonding; 3) thermal bonding; 4) hydroentanglement or spunlace 
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1) Needlepunching 

Needlepunching also know as needle felting is the process in which fibers are mechanically 

entangled to produce a fabric by reciprocating barbed needles. These needles are clamped in a board 

which oscillates vertically between two fixed plates over a moving batt of fibers. These plates 

contain holes corresponding to the needles in the needle board (Anand, Brunnschweiler and Russel, 

2007). The needle punched nonwoven fabrics are used in many product areas like medical wound 

dressings, filter media, geosynthetics, automotive fabrics, blankets and for roofing purposes. 

 

2) Chemical bonding 

In chemical bonding an adhesive material called „binder‟ holds the fibers in the nonwoven structure 

together. The type of binder used determines the properties of the final nonwoven fabric such as 

strength, stiffness, softness, water-resistance, breathability and flammability. This method is popular 

because of the large number of binders available such as vinyl polymers, styrene, acrylate polymers, 

butadiene polymers, polyurethane and epoxy resins. These binders are applied to the fiber web using 

different techniques such as saturation, foam bonding, spray bonding and print bonding (Chapman, 

2007). These nonwoven fabrics are used in medical textiles, wipes and towels, interlinings. 

 

3) Thermal bonding 

Thermal bonding technique uses heat energy as a medium to bond fibers in a web. This technique is 

used to bond thermoplastic fibers. The heat causes the fiber to melt and fuse with the neighboring 

fibers in the web. There are different methods to apply heat energy to the web such as 1) thermal 

calendering : in which the fibers are passed continuously between the nip of two heated rollers that  
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are pressed against each other. 2) Through air: in this method the fiber web is passed over a  

perforated drum. The perforated drum is covered with a hood that supplies heat and the hot air is  

drawn through the fiber web by means of a suction fan. 3) thermal radiation: this method uses 

electromagnetic waves to transfer heat to the web. The nonwoven fabrics are used for hygiene 

products, air and water filtration media (Pourmohammadi, 2007). 

 

4) Hydroentanglement or Spunlacing 

Spunlacing is a type of mechanical bonding uses high-speed jets of water to strike a web to 

intermingle the fibers. Of the two mechanical bonding techniques, from which the majority of 

nonwoven fabrics are manufactured, hydroentangled or spunlace is the most textile-like. Spunlaced 

fabrics posess high drapability, softness and comfortable hand because increased fiber entanglement 

leads to increased strength without an increase in shear modulus. The softness of the fabric is 

explained by the fact that the entangled structures are more compressible than bonded ones as well 

as having mobility and partial alignment of fibers in the thickness direction. The absence of a binder 

is seen to result in a fabric with more textile-like appearance (Rupp, 2008).  

 

 

Figure 9. Hydroentanglement process. 
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The important requirements to be met by a fabric for military uniforms include strength, comfort, 

flame retardancy, bacterial-barrier etc. A hydroentangled nonwoven is strong, comfortable, and  

conformable and may be used as a potential option for protective gear. 

 

Nonwoven fabrics for military applications. 

The United States Marine Corps (USMC) and the U.S. Army have taken the initiative to develop 

state-of-the-art fire retardant nonwoven composite fabric technology for use mainly in Combat 

Utility Uniforms (CUUs) and coveralls. This effort is being conducted via Small Business 

Innovative Research (SBIR) contracts awarded to NanoSynTex Inc., a Tennessee-based company 

(Szczsuil and Narayanan, 2008).NanoSynTex Inc. has developed a multilayer nonwoven composite 

fabric for military garment application that can provide water absorbency on the inside and water 

repellency on the outside. Just as easily, the outside can be designed to possess flame resistance, 

chemical protection or other unique properties, while the inside, towards the skin, remains soft, 

supple and highly wickable. This reinforced nonwoven composite fabric has been engineered to 

meet all the standards that the combat uniforms should meet. It is engineered to be lighter in weight, 

significantly more breathable, and superior in tear and breaking strength as opposed to the 

conventional woven uniform fabrics (Szczsuil and Narayanan, 2008). 

According to their study, the nonwoven composite fabric is 25% lighter and stronger than the current 

woven military uniform.The nonwoven fabric is also three times more breathable while exhibiting 

higher normalized breaking, tearing and elongation characteristics compared to current woven twill 

uniform fabrics. The current utility fabrics used for military uniforms are woven fabrics consisting of 

NyCo 50% nylon and 50% cotton. Woven fabric manufacturing is a lengthy process comprises three 

main steps: spinning, weaving and finishing which in turn consist of as many as fourteen sub-steps.  
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Between these steps there may also be some deliverance time as the process machines may not be 

housed together (Satam, Lee and Wilusz, 2010). On the contrary, nonwoven fabric processes are 

brief having five steps: opening, blending, carding/web formation, bonding and finishing, and thus  

they tend to be less time consuming and inexpensive. 

 

Patent Review 

 

Reihs et al (2003) invented a method producing an ultraphobic surface on aluminium as the 

supporting material and to the resulting surface and its use. In this invention the surface of the 

aluminium support is anodized which is coated with an oleophobic coating. Olsen and Smithies 

(2007) developed a method of producing a composite article comprising of a base material laminated 

to a porous membrane and applying a coating of perfluoro alkyl acrylic copolymer on it. Lamon and 

Mcdonough (2003) presented an invention to obtain an oleophobic filtration medium including 

polymeric membranes and other substrates that are coated with polymerized substituted or 

unsubstituted para-xylene. Yamaguchi, Yamamoto and Kasumi (2006) used a water/oil repelling 

agent comprising at least one fluorine-containing compound and it also has a cationic emulsifier and 

a salt to render oleophobicity to textiles. Brennan et al (2010) used specific surface topography of 

hierarchical multi element plateau structure on polymer surface to resist bioadhesion of organisms. 

Gandon, Marzolin, Rogier and Royer (2010) patented a technique to obtain 

superhydrophobicity/superoleophobicity on a transparent substrate like glass using nano-scale 

protuberances of fluorinated chlorosilanes and fluorinated alkylsilanes. 
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Statistical Analysis: An Overview 

 

According to Ott and Longnecker, “Statistics is a set of scientific of scientific principles and 

techniques that are useful in reaching conclusions about populations and processes when the 

available information is both limited and variable” Statistical analysis involves the four fundamental  

 

steps 1) Designing the data collection process; 2) Prepare the data for analysis; 3) Analyze the data; 

4) Communicate the results of the data analysis. Statistical analysis is very useful in the textile 

industry to enhance process efficiency and keep the production cost to a minimum. Statistical 

analysis of parameters in manufacturing, dyeing, printing, finishing as also marketing and 

merchandising is essential for the optimization of process cost and profitability. Statistical design of 

experiments (DOE) has been a useful experimentation technique in a wide range of fields such as 

automobile, food, drug, textile, composites and other industries where producing high quality 

products economically is imperative (Montgomery, 1991; Raissi, 2009). The studies that include use 

of DOE methods have been in practice since the last four decades and it has been increasingly 

assisted by developments in field of computer science (Raissi, 2009). Analysis of Variance 

(ANOVA) is a technique to analyze variation in a response variable (continuous random variable) 

measured under conditions defined by discrete factors (classification variables, often with nominal 

levels) (Larson, 2008). The ANOVA is particularly useful in optimizing parameters that affect the 

outcome of the experiment. In this research the parameters that affect the contact angle of a liquid on 

a superhydrophobic/ superoleophobic rough surface are studied. 
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Use of Statistical Analysis in Nonwoven Research 

There are numerous cases where statistical analysis has been used particularly to optimize the 

parameters that affect the outcome of the research. Patra, et al (2010) used regression analysis to 

optimize four parameters such as concentration of polymer solution, feed rate, applied voltage and 

relative humidity in the manufacture of electrospun nonwoven nanotextiles. Obendorf and Lee 

(2001) studied the effect of surface tension difference, solid volume fraction, fabric thickness and 

viscosity of pesticide mixture while predicting the pesticide penetration through nonwoven chemical 

protective fabrics. Lukic and Yovanic (2003) optimized the production of abrasive composite 

materials with nonwoven matrix by optimizing the properties such as, distribution of abrasive 

particles in composite, degree of particle coverage with the adhesive, the degree of closing of pores 

in the nonwoven due to the bonding agent. 
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Chapter 3 

Experimental 
 

Materials 

 

Nylon 6,6 film (Mn: 12 kDa, Dupont Canada) was used as a smooth surface, hydroentangled nylon 

nonwoven fabric (100 g/m
2
) (The Nonwoven Institute, NC State University), NyCo (100 g/m

2
) 

(50:50 Nylon: Cotton), nonwoven fabric (Natick, MA) and FR rayon nonwoven (100g/m
2
) (Natick, 

MA) were used as the rough surfaces, 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FS) (C8F-

17CH2CH2Si(OCH3)3, Gelest), methanol (CH3OH, Aldrich),  isopropyl alcohol (C3H7OH, Fisher), 

poly(acrylic acid) (PAA) ((C3H4O2)n , Aldrich),  ethylene diamine (EDA) (H2NCH2CH2NH2, 

Aldrich),  4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, 

Aldrich) were used for further purification. Distilled water, dodecane (C12H26, Aldrich) and Kaydol
® 

 

(CBM, Research Triangle Park, NC) were used for contact angle measurements. All flat films and 

monofilaments were ultrasonic cleaned by Sonicwise SM-146H with methanol for 30 minutes at 

20°C to remove contamination on the material surfaces prior to use. 

 

Grafting of FS on Smooth and Rough Surfaces 

 

Since nylon 6,6 has few reactive groups  on the surface and since we wish to chemically graft an 

alkyl or fluoroalkyl material to the surface, PAA, was first grafted to the nylon surface to increase 

the number of reactive sites following the procedure developed by Thompson (2005). 

A 4 g/L aqueous solution of PAA was prepared with continuous stirring. A 20 cm   20 cm piece of 

nylon 6,6 film (Dupont Canada) and a 20 cm   20 cm piece of hydroentangled nylon nonwoven  
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fabric were immersed and padded,. The PAA-grafted fabric was then immersed in a 4 g/L EDA 

aqueous solution for 24 hr with continuous shaking. After 24
 
hr, 0.5 g DMTMM in 10 mL of 

methanol was added to the mixture and the reaction was allowed to proceed for 2
 
hr. The fabric was 

washed with methanol for 8 hr.  

The EDA-g-PAA-g-nylon fabrics were drawn and padded through dilute HCl solution (0.1 M) and 

dried at 100°C for 2 min. The fabrics were rinsed with tap water and dried at room temperature. 

Next, a 10% (w/w) solution of FS in methanol was prepared. The prepared fabrics were drawn and 

padded through the solution at 100% wet pick-up and dried at 100°C for 2 min. The fabrics were 

drawn and padded through the FS solution a second time. The zero-time control fabric was 

immediately cured at 150°C for 5 min while the other fabrics were allowed to cure after 2
 
hr. This 

same procedure was also repeated for the NyCo nonwoven and the FR nonwoven fabric.  

 

Figure 10. Schematic of PAA grafting on nylon. 
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As shown in the Figure 10, nylon has –COOH and –NH2 functional groups. The –COOH functional 

group  PAA covalently attaches to the amine functional group of nylon. This creates multiple 

carboxyl functional groups on the surface useful for further grafting. 

 

Figure 11. Schematic of EDA grafting onto PAA-g-nylon. 

 

Next, the PAA-g- nylon substrate is treated with EDA (Figure 11). EDA having amine functional 

group reacts with the carboxyl end groups of the grafted PAA. After EDA is grafted on the PAA 

layer the EDA-g-PAA-g-nylon is formed with -NH2 functional groups. From the figure above it can 

be observed that the -NH2 functional groups present after grafting is twice the number before, this 

demonstrates an increase in reactive sites for the subsequent FS grafting. 
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Figure 12. Schematic of FS grafting onto EDA-g-PAA-g-nylon. 

 

The treatment of FS in the presence of the catalyst DMTMM covalently bonds the –NH2 functional 

group to the Si atom in the FS molecule. This FS-g-EDA-g-PAA-g-nylon consist of three layers of 

grafting chemicals which reduce the surface energy of the fabric. 

Direct Grafting of FS on Rough Surfaces 

 

Dissolution of FS in Isopropyl Alcohol 

 

The FR nonwoven fabrics were first immersed in isopropyl alcohol and padded on a laboratory 

padder. This was done to serve the twin purpose of pre-washing the fabric and also to increase the 

reactivity. In a beaker FS was dissolved in isopropyl alcohol and sodium carbonate was added as a 

catalyst. 

FS Grafting onto the Fabric 

FS to the weight of the solution is kept at 2% , and 1 % Sodium carbonate to the weight of the 

solution are added in isopropyl alcohol was dripped on the 20 × 20 FR Rayon nonwoven fabric with  
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a pipette till it was completely soaked and kept for 2 hours. Several different concentrations of 

chemicals in the solution were tested to optimize the results. The fabrics were then padded on a 

laboratory padder and cured immediately at 170
 °
C in a curing oven. The fabric was then washed in 

methanol for 2 hours while being continuously stirred. It was then dried in a vacuum oven at 70
 °
C 

for 5 minutes. 

Characterization 

 

Scanning Electron Microscopy 

The nylon nonwoven fabric was examined using a scanning electron microscope (SEM, Hitachi S-

3200N) operated at 5 and 10 kV and magnifications from ×50 to ×50,000. Revolution
TM 

v1.60b24 

(4pi Analysis Inc.) was used for image analysis of SEM images. The fiber diameters and the 

distances between adjacent fibers were measured. Each sample was observed at five or more 

different places at random. 

 

Contact Angle Measurements  

 

The contact angles of water and dodecane on the treated surfaces were measured by the sessile drop 

method using a lab-designed goniometer at 20
 
°C. The volumes of the deposited droplets were 10 

μL. The range of contact angles was obtained from at least three individual measurements, each on a 

new spot. The image of liquid droplets on the prepared surface was obtained using a digital camera 

(Cannon EOS EF-S-18-55IS) attached to a stereo microscope (Meiji Techno EMZ-13TR). 

 

Statistical Data Analysis 

The statistical analysis of the data obtained was done with JMP
®  8.0 and SAS

®  
9.2 of SAS Institute  

Inc. These softwares were used to optimize the process parameters that affect superhydrophobicty   
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and superoleophobicity in novel FS grafting method on FR rayon.  

 

Basic statistical terminology used in this research and their explanations are as below: 

1. Design of experiments (DOE): Fisher in 1935 first introduced the importance of DOE as a 

strategy to gather empirical knowledge, i.e. knowledge based on the analysis of experimental data 

and not on theoretical models. It can be applied when investigating a phenomenon in order to gain 

understanding or improve performance.  

2. Factorial design: A factorial design is used to understand the effect of two or more 

independent variable upon a single dependent variable. 

3. Analysis of Variance (ANOVA): a statistical method for making simultaneous comparisons 

between two or more means that yields values that can be tested to determine whether a significant 

relation exists between variables being tested. 

4. Main effect: The effect of the change in level of one factor in a factorial experiment that is 

averaged over the effect of the levels of other factors in that experiment.  

5. Interaction effect: When the variation in data is not fully explained by the main effect an 

interaction effect is to be taken into consideration. 

6. Confidence Interval: It determines the extent to which a particular data is reliable. It is a 

percentage. 

7. P-value: In an ANOVA table a p-value signifies if the corresponding variable is significant or 

not for a given confidence interval. 

8. Nested sampling: Introduced by Ganguli in 1941, a nested sampling occurs when all the 

levels of one factor are „nested‟ within the levels of another factor. 
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Chapter 4 

Results and Discussion 

 

A superhydrophobic/ superoleophobic surface is characterized by low surface energy and adequate 

surface roughness. To lower the surface energy of a material, chemical modification is essential. 

This is done by chemically grafting a low-surface-energy compound such as fluoroalkylsilane on a 

material, surface energy of which is to be lowered. 

 

Chemical Modification 

 

For comparison to traditional wet processing techniques, FS was applied to nylon 6,6 film by 

immersing the film in a solution of FS that was allowed to self-condense and react with the film 

surface at room temperature. The number of reactive groups on the surface of untreated nylon is low. 

To circumvent this problem, additional sites were added by grafting PAA to the surface according to 

the process developed by Tobiesen and Michielsen (2002) and later modified by Thompson (2005). 

The carboxylic acid groups of PAA are covalently grafted to the amino group of nylon 6,6 this leads 

to a lot of reactive sites consisting of carboxylic group. This was followed by condensing EDA with 

the carboxylic acid groups in PAA. This provided a surface rich in -NH2 groups. These -NH2 groups 

act as reactive sites for FS. With the help of amidation agent DMTMM,   FS was grafted on nylon 

6,6 through condensation. As seen in figure 4.1 before treating the nylon film the Young‟s contact 

angle (
e ) on the nylon film for water was 70–74° and for dodecane was <5° After FS deposition 

on this surface (Figure 14), (
e ) for water was 120–124° and for dodecane was 64–68°. 
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Figure 13. Water and dodecane droplets on untreated nylon film. 

 

 

Figure 14. Water and dodecane droplets on FS grafted nylon film. 

 

According to equation (2.5) the components for surface tension for water are d

L = 21.8, p

L = 14 and 

H

L = 49.6 mN/m and of a smooth nylon suface are d

S = 40.8 H

S = 6.2 mN/m. It can be calculated 

from these components that the contact angle of water should be ~72°( Lee, 2007 and Kovats, 1989). 

The range obtained of 70-74° is in good agreement with the predicted value. When a water droplet is 

placed on poly(tetrafluoroethylene) (PTFE) ( d

S = 18.5 mN/m), 
e is expected to be 117°. The 

measured range of 120–124° is greater than the expected value which suggests that the surface 

tension of an FS grafted nylon film is less than 18.5 mN/m. For dodecane, the surface tension is  

defined by the London dispersion force, d

L = 25.4 mN/m. The expected 
e  for dodecane on PTFE  

is 45°, however the range obtained of 64-68° is much higher. Thus by chemically grafting FS on the  
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surface of nylon 6,6 film the surface is rendered hydrophobic and oleophobic. Although the first 

criteria for achieving superhydrophobicity and supeoleophobicity i.e. chemical modification of the 

surface is successful, the angles obtained for water 120–124° and dodecane 64–68° are much lower 

than 150° (Figure 14). This indicates that increasing the roughness of the surface is an important 

criterion for superhydrophobic and superoleophobic surface. By investigating the effect of chemical 

modification on a smooth surface it was observed that a hydrophilic surface was made hydrophobic 

and less oleophilic. 

 

Use of Nonwoven Fabric as a Rough Surface 

 

As mentioned earlier, a superhydrophobic and superoleophobic surface is obtained with appropriate 

chemical modification and adequate surface roughness. There are two methodologies to obtain this:  

1) lowering the surface energy of a rough surface 2) increasing the roughness of a low-surface-

energy material.  Brewer and Willis (2008) noted that the „hairy‟ fibrous structure present in a non-

woven fabric provides an additional submicron scale roughness that is not present in the more 

processed smoother fibers present in woven fabric. A nonwoven fabric can thus be used as a rough 

surface. The hydroentangled nylon nonwoven and NyCo nonwoven was used as the rough surface 

because it has the most textile-like feel as compared to any other nonwoven bonding technique. The 

surface energy of the nonwoven fabrics was lowered using chemical modification. As seen if Figure 

15, the nylon nonwoven and NyCo nonwoven were used as rough surfaces and each of them were 

grafted with FS to lower their surface energy.  
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Figure 15. Process flow for superhydrophobic and superoleophobic nylon nonwoven and NyCo 

nonwoven. 

 

The Figure 15 describes the procedure to lower the surface energy of two rough surfaces, nylon 

nonwoven and NyCo nonwoven which is the same as applied to the nylon 6,6 film. The –NH2 

functional group present in the EDA-g-PAA-g- nylon nonwoven and also in the EDA-g-PAA-g-

NyCo nonwoven covalently attaches to the –OH functional group of FS (Figure 12) to form the Si-

NH linkage in the structure.  
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Superhydrophobic/ superoleophobic nonwoven surface via laboratory method. 

The FS grafted nylon nonwoven and NyCo nonwoven fabric were evaluated for their 

superhydrophobic and superoleophobic properties by measuring the contact angles of water, 

Kaydol
®

 and dodecane. 

Table 1. Contact angles of water, Kaydol
®
 and dodecane on FS grafted hydroentangled nonwoven 

fabrics. 

Type of fabric Contact angle (°) 

 Water Kaydol
®
 Dodecane 

FS grafted nylon nonwoven 171–173 160–164 154–156 

FS grafted NyCo nonwoven 167–172 163–165 155–158 

 

 

 

Figure 16. Water, Kaydol
®
  and dodecane  droplet on FS grafted nylon nonwoven fabric. 
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Figure 17. Water, Kaydol
® 

and dodecane droplets on FS grafted NyCo nonwoven fabric. 

 

From the results obtained all the three test liquids, water, dodecane and Kaydol
® 

 show contact 

angles  > 150°. The contact angles of water are the greater than the contact angles of Kaydol
®
 which 

inturn is greater than the contact angle of dodecane. This can be attributed to the surface energy of 

water (72.8 mN/m)  is much higher than the surface energy of Kaydol
®
 (31.5 mN/m)  

 
 and dodecane 

(25.4 mN/m). The difference between cohesive forces acting within a liquid and adhesive forces 

acting between a liquid and a solid determines the wetting behavior of that. In case of water there are 

stronger cohesive forces than LSEL  (Kaydol
®
 and dodecane). This explains the higher contact angle 

obtained with water than Kaydol
®
 and dodecane. Figure 16 and Figure 17 show the test liquid 

droplets on the nylon nonwoven and NyCo nonwoven fabrics. This demonstrates that for a given 

surface, lower the surface tension of the test liquid lower is the contact angle obtained. To better 

understand the superoleophobic behavior of the chemically modified nonwoven fabric 

 

Modeling of a superhydrophobic/superoleophobic nonwoven surface 

For better understanding the results of the superhydrophobic and superoleophobic behavior of the 

chemically modified nonwoven fabric the fabric is studied on a  micro- scale and the surface is 

modeled.  
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Figure 18. Top view (×100) and cross sectional view (×50) of hydroentangled nylon nonwoven 

fabric. 

 

 

Figure 19. Top view (×100) and cross sectional view (×50) of hydroentangled NyCo nonwoven 

fabric. 

Figure 18 and Figure 19 illustrate the roughness present in the nonwoven fabric due to the random 

orientation of the fibers and fibers protruding off the surface. When a liquid droplet is dropped on 

the surface of the nonwoven fabric it is expected to follow the CB wetting model as the presence of 

roughness in the nonwoven fabric would provide the air pockets (Figure 5). 
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  Figure 20. Dodecane droplet sitting on a superhydrophobic/superoleophobic surface. 

Source: Lee, H.J., Willis, C.R., Stone, C.A. (2011). Modeling and preparation of super-oleophobic 

noonwoven fabric. J. Mater. Sci., In press, DOI: 10.1007/s10853-011-5314-1 

 

A structure of the hydroentangled nonwoven fabric is modeled as shown in Figure 20, which 

represents a cross-sectional view of a liquid droplet sitting on the top layer of the hydroentangled 

nonwoven fabric. Here, R is defined as the radius of the fiber and 2d is the distance between two 

adjacent fibers, α is the fraction of the circle between vertical and the liquid contact point and θe is 

Young's contact angle. 

As mentioned earlier in equation (2.11) 

cos cos 1CB

r f er f f   
  

    

Where, f is the fraction of the projected area of the solid surface in contact with the liquid and rf is 

the Wenzel roughness in contact with the liquid. (Note that this f is not the same as f1 in equation 

2.11) Following Lee and Michielsen (2007) and referring to Figure 20, f is given by  

R sin α / (R + d) while rf is α / sin α. According to Marmur, α is equal to π – θe when the free energy 

is a minimum. 

Substituting for f and rf   in Equation 1 results in: 

                                                                            (4.1) 
 

1sincoscos 






 ee

eCB

r
Rd

R

Rd

R
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If the apparent contact angle is given by equation (4.1), the drop will exhibit stable CB behavior. 

However, if the apparent contact angle is given by equation (2.11) but equation (4.1) is not satisfied, 

the drop will be in the metastable CB state. On closer examination of equation (2.9), we note that rf 

and f are both positive, rf is greater than 1 and f is less than 1. Therefore, if θe < 90°, CB

r  can be 

>150° only if f is very small (the fibers are very far apart) or if the liquid is in the metastable CB 

state. 

As seen in Figure 18 and 19, the pore ratio of the top layer of hydroentangled nonwoven fabric is 

calculated to be 93% ( f2 ≈ 0.93) using Image J program. Because f2 is equal to R sin θe/ (d +R) in 

equation (4.1), R ≈ 10 µm, and 78° θe-dodecane   81°, 130 µm ≤ d ≤ 131 µm. Therefore, substituting 

R, d, and θe to equation results in 155°  θr-dodecane   156° and θr-water ≈ 180°. As shown in Table 1, 

the measured contact angles for all the three treated fabrics are in good agreement with the predicted 

values. 

Hydrostatic pressure test 

The AATCC test method #127 is the hydrostatic pressure test also known as the Suter test measures 

the resistance of a fabric to the penetration of water under hydrostatic pressure.  It is applicable to all 

types of fabrics, including those treated with a water resistant or water repellent finish. This test is 

crucial when determining how easily a liquid penetrates a given fabric. The principle of this test is to 

measure the force required to penetrate the fabric by water. According to this test the water 

repellency of a fabric depends on the fiber and fabric construction. To evaluate the contribution of 

nonwoven fabric construction it was tested against a NyCo woven fabric.  
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Figure 21. Experimental setup for the AATCC  test method 127: Hydrostatic pressure test. 

 

As seen in Figure 21, the test fabric is securely placed between  adjustable clamps on a square 

shaped platform which is cut at its center in a circle. A mirror is placed below the platform  

reflecting the fabric on top through the circular cut. Water is pushed through the clamp into the 

fabric and the hydrostatic pressure is noted in terms of displacement in mm in a cylindrical column, 

when 2–3  drops of liquid just begin to appear through the fabric observed in the mirror. The more 

the displacement of water in the column, more is the hydrostatic pressure required to penetrate the 

fabric. Two fabrics were compared for this test the nylon nonwoven and the currently used NyCo 

woven fabric used by the military. Both these samples were FS grafted as mentioned in Chapter 3 

and the following results were obtained 
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Table 2. Hydrostatic pressure test for FS grafted fabrics.  

Type of fabric Hydrostatic pressure (mm) 

FS grafted Nyco woven 240 

FS grafted nylon nonwoven 540 

FS grafted NyCo nonwoven 543 

 

From Table 2 it is observed that the hydrostatic pressure is significantly more for a nonwoven fabric 

as compared to a woven fabric. The nonwoven fabric is more robust towards penetration of liquids 

because of its structure that has much lesser direct paths for the liquid to pass through it as compared 

to a woven structure. 

 

Laundering durability of FS grafting 

It is important to assess the laundering durability of the FS grafting as most fabrics would undergo 

repeated laundering during their lifetime. There is a possibility that the FS grafting on the nylon 

nonwoven and NyCo nonwoven be lost due to the mechanical action of laundering the fabric. To 

investigate this the nylon nonwoven and the NyCo nonwoven fabrics we laundered using the 

AATCC test method 61 test # 2A. Specimens were subjected to this standard test method for five 

cycles. Each accelerated cycle of this test is equivalent to five cycles of washing.For this test the 

laundering machine was adjusted to maintain the bath temperature at (49±2  °C). The required 

volume of wash liquor was prepared with 0.15% of AATCC standard reference detergent of the total 

volume. The solution was preheated to the prescribed temperature. The test was run in 90 × 200 mm  

(3.5  × 8.0 in.) lever lock stainless steel canisters containing 150 mL of the total liquor volume and  
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50 steel balls with specimen size of  50 ×150 mm (2.0 ×6.0 in.) for 45 min.  The contact angle for 

water and dodecane was measured after every accelerated wash cycle to measure the hydrophobicity 

and olephobicity of the fabric. 

 

Table 3. Contact angles measurements for FS grafted nonwoven fabrics for accelerated laundering 

cycles. 

# Wash cycle  Contact angle(°) 

  

Nylon nonwoven fabric 

 

NyCo nonwoven fabric 

 Water Dodecane Water Dodecane 

Before 171 154 167 155 

 After 1* 166 151 161 151 

2 160 147 156 146 

3 152 143 149 141 

4 140 138 135 136 

5 131 133 129 133 

* One accelerated cycle is equivalent to 5 washing cycles 

 

From the Table 3 it was observed that after five accelerated cycles of the test method the contact 

angle of water for both the fabrics had reduced ~ 40° whereas for dodecane it had reduced ~ 20°. 

This demonstrates that the FS grafting on the nonwoven fabric is durable after five accelerated 

cycles of washing i.e after 25 washing cycles. 
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Home laundering 

This laundering technique was employed primarily to gauge the durability of the FS grafting on 

fabrics when used on a day-to-day basis in a normal setting. Since these fabrics are to be practically 

laundered in a converntional washing machine, it is necessary to ensure that the durability survives 

when laundered by it. A Hotpoint
® 

home laundering machine model VVSR1040V3WW was used 

for the evaluation of superhydrophobicity and superoleophobicity. A normal The detergent used was 

Tide
®
 laundry detergent approx. five grams. The water temperature for laundering was maintained at 

(30 ±5)°C. A typical wash cycle was 30 min with 15 min of rinse time. The samples 20 × 20 cm 

were washed in machine with a 10 lbs load of other clothes, this was done to simulate the abrasion 

on a fabric in a normal wash cycle. After washing the fabrics were tumble dried using Roper
TM

 

tumble drier model REX5634KQ1 at ~150
 
°C for 15 min after each washing cycle. These cycles 

were repeated 25 times and contact angles of water and dodecane were measured after every five 

cycles of laundering. 

  

As shown in Table 4, After 25 identical cycles of home laundering it was observed that for both the 

fabrics the change in contact angle is very small in the range of 10–15° for both the test liquids. The 

fabrics remain superhydrophobic and near superoleophobic after 25 wash cycles in a conventional 

laundering method. This shows that that FS grafting is durable towards home laundering. Thus after 

assesing the durability of nylon nonwoven fabric and NyCo nonwoven fabric by two laundering 

methods it is demonstrated that the chemical grafting on these fabrics is durable for longer periods of 

practical use. 
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Table 4. Contact angles measurements for FS grafted nonwoven fabrics for home laundering cycles.  

# Wash cycle  Contact angle(°) 

  

Nylon nonwoven fabric 

 

NyCo nonwoven fabric 

 Water Dodecane Water Dodecane 

Before 171 154 167 155 

 After 1* 169 152 164 151 

2 166 149 161 148 

3 163 147 160 146 

4 161 144 155 142 

5 160 142 152 140 

 

In the laboratory process the superhydrophobic and superoleophobic nonwoven fabric was 

developed using successive grafting methods. Dissolution of PAA in water is a time consuming 

process. Also after grafting PAA on the nonwoven fabric it needs to be washed for atleast 24 hours 

with water to ensure that any ungrafted PAA is thoroughly cleaned. The carboxyl bonds of PAA 

provide the reactive sites for further treatment with EDA. After grafting EDA on the fabric, FS is 

grafted with the help of DMTMM a catalyst which is expensive and would not be feasible in mass-

production. This laboratory method is a prolonged grafting procedure which requires considerable 

amount of energy and capital if employed as a mass-production technique. A quicker and more 

economical process of grafting FS on a fabric is sought. 
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Wet Processing for FS Grafting on FR Nonwoven. 

The wet processing technique is is a simple three-step process of padding drying and finishing which 

is widely used in a textile maufacturing facility for finishing of nonwovens. This process is quicker 

than other finishing processes because the individual processes can be integrated together into a 

single line with output of one process directly feeding the input of the other. This facilitates in 

reducing the time and expense in manufacturing a finshed nonwoven. 

 

 

Figure 22. Padding process for cost-effective, eco-friendly, continuous production of 

superhydrophobic/superoleophobic textile fabric.  

Source : Lee H.J. (2007). Design and development of superhydrophobic textile surfaces 

[dissertation]. NC State University, Raleigh, NC. 

 

As shown in Figure 22, the nonwoven fabric that is obtained from a winding roll or directly a 

bonding methodology is introduced into a finishing bath. The constituents of the finishing bath 

depend on the type of finish to be applied on the nonowoven. After immersing the fabric in the 

finishing bath the pressure rollers  drip of the excess liquid and the fabric is introduced in the drying  
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chamber which is a tenter frame that blows dry-hot air onto the fabric .The fabric is then introduced 

in a curing chamber if the finishing involves grafting the chemicals on the fabric.This procedure can 

be adopted to graft FS on FR nonwoven fabric.  

 

Figure 23. Process flow of novel FS grafting technique on FR nonwoven. 
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 A solution consisting of 2% to the weight of solution of FS, 1% to the weight of solution of a base 

catalyst (sodium carbonate) and isopropyl alcohol is prepared. The FR nonwoven fabric, which is 

being rapidly used in manufacturing of PPE, is prewashed with isopropyl alcohol to remove any 

possible contaminants. The solution is then dripped on the fabric with the help of a pipette ensuring 

that the solution is dripped evenly on the fabric. The reaction is then allowed to carry on for atleast 2 

hours, after which the fabric is padded to remove the excess liquid. The fabric is then immediately 

cured in a curing oven at a temperature between 120°C–160°C  for 2–5 minutes. This process is  

cost-effective , ecofriendly and a continous method to manufacture superhydrophobic and 

superoleophobic nonwoven fabric.Preliminary experiments conducted by using the above technique 

showed results comparable to the previous technique of grafting FS on a nonwoven fabric 

As shown in the Figure 24. The FR  nonwoven  fabric used as a substrate in this case contains the 

alcohol functional group which forms covalent bonds with FS. This silane condensation forms 

micro- and nano-scale rough surface on the FR nonwoven fabric. The presence of both acids and 

base enhances the rate of reaction, however the treatment at low pH is avoided for the treatment of 

cotton and cellulose derivatives like rayon due to the instability of the β-acetal bonds in acidic 

solutions (Hayn, Owens, Boyer, McDonald and Lee, 2010). Base catalyzed covalent attachment of 

the colloidal particles that form the FS solution provides micro and nano-scale roughness to the 

fabric. The combination of surface roughness and low surface energy helps to prepare a 

superhydrophobic and superoleophobic fabric. 
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Figure 24. Reaction of a substrate containing alcohol, amine or thiol functional group with 

perfluroalkyltrimethoxysilane in an alkaline solution. 

Source: Lee H.J.,Owens J.R. (2010). Design of superhydrophobic and ultraoleophobic NyCo. J. 

Mater. Sci.,45, 3247–3253.       
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       Optimization of process parameters. 

 

The following are the parameters that affect the contact angles obtained on the FS grafted FR rayon 

fabric 1) FS concentration; 2) catalyst concentration; 3) curing temperature and 4) curing time. 

Through repeated trial experiments it was observed that the curing temperature between 120–160°C 

yielded the best results.The curing temperatures were set at intervals of 10°C i.e. at 120 °C, 130°C, 

140°C, 150 °C and 160°C. For each of these temperatures curing time was set between 2–5 min. The 

FS concentration was kept constant at 2% and catalyst concentration was kept constant at 1% during 

the experiments. The fabrics were tested for their superhydrophobicity and superoleophobicity by 

measuring contact angles with water, Kaydol
® 

and dodecane. It is necessary to know the effect of 

curing time on the observed contact angles for practical puposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

49 

 

Table 5. Contact angle measurements at different curing parameters. 

Curing temperature  

(°C) 

Curing time 

(min) 

Contact Angles (°) 

   

Water 

 

Kaydol
® 

 

 

Dodecane 

120 

2 158 134 136 

3 158 135 135 

4 159 135 136 

5 159 136 137 

130 

 

2 

 

160 

 

144 

 

141 

3 159 145 142 

4 162 146 142 

5 162 145 143 

140 

 

2 

 

163 

 

151 

 

148 

3 164 151 149 

4 164 152 149 

5 

 

164 152 150 

150 

2 163 141 144 

3 165 142 146 

4 163 143 144 

5 

 

163 143 143 

160 

2 162 142 140 

3 161 141 140 

4 161 140 139 

5 161 139 139 
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Figure 25. Contact angles obtained for different curing temperatures 

 

From the contact angle measurements it was observed that there is an effect of curing temperature on 

superhydrophobicity and superoleophobicity as the contact angles are changing when the curing 

temperature is changed (Table 5), however the role of curing time as an individual effect is still to be 

ascertained. In statistical terms the variation in the observations due to curing temperature and curing 

time is to be studied. ANOVA is conducted to study this variation effect of these two parameters on 

superhydrophobicity and superoleophobicity. In the ANOVA the levels of curing time (2–5 min) are 

„nested‟ in each of the levels of curing temperatures. 
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Table 6. Effect of curing parameters on superhydrophobicity and superoleophobicity. 

Parameter P-value* Effect (Yes/No) 

 

Curing Temperature [Curing time] 

 

0.0472 

 

Yes 

Curing time 0.9213 No 

*At 95% confidence interval 

 

The ANOVA confirms that the effect of curing temperature, with curing time nested in it, on 

superhydrophobicity and superoleophobicity is significant. However the individual effect of curing 

time is not significant. The curing time as a parameter that affects superhydrophobicity and 

superoleophobicity in design of experiments can be eliminated. For optimization of other factors in 

the DOE the curing time was maintained at 2 min. 

 

      Design of Experiments (DOE). 

A DOE was designed to investigate the effect of the three parameters 1) FS concentration; 2) catalyst 

concentration and 3) curing temperature on the contact angle measured on the fabric The DOE is 

designed to understand  the variation present in the data and ensure that there are no other external 

factors that effect the outcome of this experiment. To understand the variations of the parameters 

affecting the contact angles of the test liquids on the FS grafted nylon nonwoven, levels were set for 

each of these parameters  such that the effect could be understood analytically with minimum 

number of runs.  
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Table 7. DOE to optimise superhydrophobicity and superoleophobicity of FR nonwoven. 

Factor Levels # of runs 

FS concentration* 1%, 1.5%, 2% 3 

Catalyst concentration* 0.5%, 1%, 1.5% 3 

Curing temperature ( °C) 120, 140, 160 3 

* To the weight of solution 

 

The levels were set on the basis of trial experiments carried out previously. FS concentration below 

1% and catalyst concentration below 0.5% gave poor results with liquid droplets being absorbed into 

the fabric. Also, concentrations above 2% and 1.5% for FS and catalyst respectively were found to 

cause no significant improvement in superhydrophobicity/superoleophobicity. A full factorial 

randomised experimental setup was adopted to test superhydrophobicity and superoleophobicty for 

the 3
3
= 27 runs. 
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Table 8. Water contact angles at different levels of FS and catalyst concentration at 120°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

1 

 

131 

 

120 

 

2 

 

0.5 

 

163 

2 132 120 2 1 164 

3 133 120 2 1.5 164 

4 121 120 1.5 0.5 164 

5 122 120 1.5 1 166 

6 123 120 1.5 1.5 164 

7 111 120 1 0.5 162 

8 112 120 1 1 163 

9 113 120 1 1.5 162 

*For example, 131 corresponds to 1
st
 level of temperature (120 °C), 3

rd
 level of FS concentration (2%) and 1

st
 level of catalyst 

concentration (0.5%) and so on. 
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Figure 26. Graphical reperesentation of water contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 120°C.       

          

From the Table 8, it can be observed that the pattern 122 ( temperature is 120°C,  FS concentration is 

1.5% and catalyst concentration is 1%) shows the best water contact angle of 166°.  In other words, 

in wet processing of FR nonwoven not more than 1.5% of FS concentration and 1% of catalyst 

concentration is  required when the temperature is 120°C. Figure 26 shows the 3D graph of water 

contact angles at changing FS and catalyst concentration at 120°C of  curing temperature. However 

the condition of FS concentration and catalyst concentration may vary with the change in 

temperature. As per the DOE, the temperature is changed to 140°C and the conditions of FS and 

catalyst concentration that demonstrate the best contact angle is investigated 
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Figure 26.Graphical reperesentation of water contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 120°C. 
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Table 9. Water contact angles at different levels of FS and catalyst concentration at 140°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

10 

 

231 

 

140 

 

2 

 

0.5 

 

 

165 

11 232 140 2 1 167 

12 233 140 2 1.5 166 

13 221 140 1.5 0.5 165 

14 222 140 1.5 1 166 

15 223 140 1.5 1.5 166 

16 211 140 1 0.5 164 

17 212 140 1 1 164 

18 213 140 1 1.5 163 
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Figure 27. Graphical reperesentation of water contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 140°C. 

 

As per Table 9, The pattern  232 (At temperature of 140°C the FS concentration of 2% and catalyst 

concentration of 1%)  demonstrates  the best contact angle. This shows a change in the FS and 

catalyst concentration conditions (FS condition changed from 1.5% to 2% and catalyst concentration 

reduced from 1.5% to 1%) for the  best water contact angle  from the previously observed conditions 

at 120°C of curing temperature. The best contact angle obatined for this set of runs is 167° as shown 

by Figure 27. The next level of temperature in the DOE is 160°C and the FS and catalyst 

concentration condition would be-compared to the previous 18 runs of experiment.   
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Figure 27. Graphical reperesentation of water contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 140°C. 
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Table 10. Water contact angles at different levels of FS and catalyst concentration at 160°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

19 

 

331 

 

160 

 

2 

 

0.5 

 

 

164 

20 332 160 2 1 166 

21 333 160 2 1.5 165 

22 321 160 1.5 0.5 164 

23 322 160 1.5 1 165 

24 323 160 1.5 1.5 164 

25 311 160 1 0.5 164 

26 312 160 1 1 163 

27 313 160 1 1.5 164 
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The best contact angle obtained for this set of runs repeats the trend  previously observed when the 

As per Table 10. the best contact angle observed for curing temperature of 160°C was at FS 

concentration of  2% and catalyst concentration of 1%. The contact angle observed is however lower 

than obseved at  140°C  which demonstrates that the optimum condition for the water contact angle 

was observed  for the pattern 232 and the increase in curing temperature did not improve the contact 

angles. The conditions for FS  catalyst and the curing temperature  have been optimized  at  pattern 

232 for water contact angle.  Similarly, the conditions  are to be optimized for dodecane contact 

angles to evaluate the superoleophobicity. 

Figure 28. Graphical reperesentation of water contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 160°C. 
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Table 11. Dodecane contact angles at different levels of FS and catalyst concentration at 120°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

1 

 

131 

 

120 

 

2 

 

0.5 

 

 

146 

2 132 120 2 1 147 

3 133 120 2 1.5 144 

4 121 120 1.5 0.5 143 

5 122 120 1.5 1 143 

6 123 120 1.5 1.5 140 

7 111 120 1 0.5 138 

8 112 120 1 1 140 

9 113 120 1 1.5 136 
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In the Table 11, the pattern 132 (curing temperature of  120°C, the FS concentration of  2% and 

catalyst concentration of 1%) showed the best contact angle for dodecane. This follows the trend 

which produced optimised conatct angle for water in the previous runs of experiment. . The contact 

angle measured for this pattern is 147°. The graph ical representation (Figure 29)  shows a smooth 

slope for increasing contact angles as the FS concentration increases and  the contact angles increase 

when the catalyst concentration is increase from 0.5% to 1% and decreses when further increased 

from 1% to 1.5%. The next level of curing temperature is 140°C in the DOE. 

 

Figure 29. Graphical reperesentation of dodecane contact angles at different levels of FS and 

catalyst concentrations at curing temperature of 120°C. 
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Table 12. Dodecane contact angles at different levels of FS and catalyst concentration at 140°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

10 

 

231 

 

140 

 

2 

 

0.5 

 

 

146 

11 232 140 2 1 150 

12 233 140 2 1.5 149 

13 221 140 1.5 0.5 148 

14 222 140 1.5 1 148 

15 223 140 1.5 1.5 145 

16 211 140 1 0.5 143 

17 212 140 1 1 144 

18 213 140 1 1.5 142 
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In the Table 12 the pattern 232 show superoleophobic contact angle of 150°. The FS concentration 

of 2% and the catalyst concentration of 1% at 140°C of curing temperature shows the best conatct 

angle following the trend observed in previous runs. The contact angle observed is greater than that 

observed at curing temperature of 120°C (pattern 132). This demonstrates that increasing the curing 

temperature to 140°C improved the contact angle of dodecane and hence improved 

superhydrophobicity of the fabric. It is now essential to observe if the same trend is followed when 

the curing temperature is increased to 160°C. 

Figure 30. Graphical reperesentation of dodecane contact angles at different levels of FS and 

catalyst concentrations at curing temperature of 140°C. 
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Table 13. Dodecane contact angles at different levels of FS and catalyst concentration at 160°C.  

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

19 

 

331 

 

160 

 

2 

 

0.5 

 

 

142 

20 332 160 2 1 148 

21 333 160 2 1.5 147 

22 321 160 1.5 0.5 146 

23 322 160 1.5 1 147 

24 323 160 1.5 1.5 143 

25 311 160 1 0.5 141 

26 312 160 1 1 142 

27 313 160 1 1.5 137 



 

64 

 

 

136

138

140

142

144

146

148

150

0.006

0.008

0.010

0.012

0.014

0.010
0.012

0.014
0.016

0.018

D
o

d
e

c
a

n
e

 c
o

n
ta

c
t 
a
n

g
le

 (
o
)

C
at

al
ys

t c
on

ce
nt

ra
tio

n

FS concentration

136 

138 

140 

142 

144 

146 

148 

150 

 
Figure 31.  Graphical reperesentation of dodecane contact angles at different levels of FS and 

catalyst concentrations at curing temperature of 160°C. 

 

 

It was observed that the best contact angle resulted from the pattern 332, curing temperature of  160 

°C , FS concentration of  2% and catalyst concentration 1% (Table 13). The  contact angle obtained 

was 148° which  is lower than that measured in previous set of experiment runs (Table 4.12). This 

verifies that the pattern 232 showed the optimum condition for dodecane contact angle and the 

increase in temperature from 140°C to 160°C is not required to increase the superoleophobicity of 

the FR nonwoven fabric. Similar run of experiments were repeated for Kaydol
®
.
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Table 14. Kaydol
®
  contact angles at different levels of FS and catalyst concentration at 120°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

1 

 

131 

 

120 

 

2 

 

0.5 

 

 

154 

2 132 120 2 1 155 

3 133 120 2 1.5 154 

4 121 120 1.5 0.5 153 

5 122 120 1.5 1 151 

6 123 120 1.5 1.5 151 

7 111 120 1 0.5 149 

8 112 120 1 1 147 

9 113 120 1 1.5 150 
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From Table 14, the pattern 132 (curing temperature of 120°C, the FS level of 2% concentration and 

catalyst level of 1%) shows the best contact angle of 155°. For Kaydol
® 

at 120°C not more than 1% 

of catalyst concentration is required to optimise the reaction. The FS concentration and the catalyst 

concentration follow the trend observed when evaluating supeoleophobicity. The conditions for FS 

and catalyst concentration are to be studied for the next level of curing temperature (140°C.) A 

contact angle greater than 155° is  required to further optimise for superoleophobicity to Kaydol
®
.

Figure 32. Graphical reperesentation of Kaydol
® 

 contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 120°C. 
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Table 15. Kaydol
® 

 contact angles at different levels of FS and catalyst concentration at 140°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

10 

 

231 

 

140 

 

2 

 

0.5 

 

 

154 

11 232 140 2 1 156 

12 233 140 2 1.5 155 

13 221 140 1.5 0.5 154 

14 222 140 1.5 1 155 

15 223 140 1.5 1.5 150 

16 211 140 1 0.5 152 

17 212 140 1 1 151 

18 213 140 1 1.5 149 
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Figure 33. Graphical representation of Kaydol
® 

 contact angles at different levels of FS and catalyst 

concentrations at curing temperature of 140°C. 

 

From the Table 15, the pattern 232 shows the best result for this particular set of runs. At curing 

temperature 140°C the FS concentration of 2% and catalyst concentration of 1% shows thebest 

contact angle of 156° for Kaydol
®
. The conditions for FS concentration and catalyst concentration 

are further optimized at curing temperature of 140°C. It is therefore necessary to futrther increase the 

curing temperature to 160°C to estimate if the trend of incresing contact angle.  
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Table 16. Kaydol
®
  contact angles at different levels of FS and catalyst concentration at 160°C. 

# of run Pattern* Curing Temperature 

( °C) 

FS concentration (% 

weight of solution) 

Catalyst concentration 

(%weight of solution) 

Water contact  angles 

(°) 

 

19 

 

331 

 

160 

 

2 

 

0.5 

 

 

154 

20 332 160 2 1 154 

21 333 160 2 1.5 153 

22 321 160 1.5 0.5 152 

23 322 160 1.5 1 152 

24 323 160 1.5 1.5 151 

25 311 160 1 0.5 149 

26 312 160 1 1 153 

27 313 160 1 1.5 150 
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As  observed in Table 16 for the curing temperature of 160°C, the best contact angles for Kaydol
® 

are obtained with the pattern 322 (when the FS concentration is  2% and the catalyst concnetration is 

1%). The contact angle obtained at this curing temperature is 154° which has reduced from the 

contact angle obtained in pattern 232. The conditions for FS concentration ( 2%) , catalyst 

concentration ( 1%) and curing temperature (140°C)  are optimised. 
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Figure 34. Graphical reperesentation of Kaydol
®
  contact angles at different levels of FS and 

catalyst concentrations at curing temperature of 160°C. 
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In summary, contact angles measured for each test liquid i.e. water, dodecane and Kaydol
® 

 on the 

FS grafted FR nonwoven in Table 8–16  demonstrates a general trend 1) The contact angle of all the 

three test liquids increases with increase in FS concentration from 1% to 2%; 2) The contact angle of 

all the liquids increases when catalyst concentration is incresed from 0.5% to 1% however it 

decreases when the concentration is increased further to 1.5% a 3) At almost all curing temperatures 

FS concentration of 2% and catalyst concentration of 1% shows greater contact angles. 4) All the 

three test liquids show the best contact angles when the curing temperature is 140°C.  

 

The reason for such trends could be  several. The contact angle increases with increase in FS 

concentration from 1–2% indicates that when the FS concentration is 1% the extent of  FS grafting 

on the FR nonwoven fabric is incomplete or uneven. At 2% FS concentration the grafting is even 

and all the carboxyl groups of rayon have covalently bonded with FS molecules. When the catalyst 

concentration is increased from 0.5–1% there is an increase in the rate and the efficacy of the FS 

reaction resulting in increase of contact angles, however when the concentration is futher increased 

1–1.5% the catalyst ceases to increase the rate of the reaction any further. Also at 140°C the curing 

temperature is optimum for the FS grafting, hence we get the greater contact angles for the test 

liquids at this temperature. 
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Table 17. Optimized process parameters to develop a superhydrophobic/superoleophobic FR 

nonwoven fabric. 

Parameters Optimized level 

FS concentration 2% 

Catalyst concentration 1% 

Curing Temperature 140 °C 

Curing time 2 min 

 

 

        

Figure 35. Water, dodecane and Kaydol® droplets on FS grafted FR rayon with optimized 

parameters. 

 

ANOVA of Process Parameters 

 

To better understand the effect of each of the parameters on superhydrophobicity and 

superoleophobicity an ANOVA was carried out on the basis of the results obtained for each of the 

test liquids. This ANOVA was specifically carried out to study the significance of the „main effects‟ 

and the „interaction‟, if any, between them.  A multiple linear regression model was run in SAS
® to 
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Table 18. Effect of process parameters on superhydrophobicity of FR nonwoven fabric while testing 

with water. 

Source Type of effect P-value* Effect (Yes/No) 

FS concentration Main <0.0001 Yes 

Catalyst concentration Main 0.0048 Yes 

Curing Temperature Main <0.0001 Yes 

Temperature*FS Interaction 0.0423 Yes 

Temperature*catalyst Interaction 0.1134 No 

FS*catalyst Interaction 0.0003 Yes 

Temperature*FS*catalyst Interaction 0.2499 No 

*At 95% confidence interval 

 

Table 18. shows the effect of the three parameters considered individually(main effects) and also the 

interaction between these parameters when developing a superhydrophobic surface. All the main 

effects are significant and also the first-order  interaction effect of temperature and FS, FS and 

catalyst is significant. Whereas, the first-order  interaction effect between temperature and catalyst 

and the second-order  interaction effect between temperature, FS and catalyst is not significant. This 

implies that when tested for superhydrophobicity, FS concentration, catalyst concentration and 

curing temperature each  has an effect on the contact angle measured when the other effect is 

neglected . The effect of  curing temperature and FS on contact angle of water is interdependent  as 

also the effect of FS and catalyst.  
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Table 19. Effect of process parameters on superoleophobicity of FR nonwoven fabric while testing 

with dodecane. 

Source Type of effect P-value* Effect (Yes/No) 

FS concentration Main <0.0001 Yes 

Catalyst concentration Main <0.0001 Yes 

Curing Temperature Main <0.0001 Yes 

Temperature*FS Interaction <0.0001 Yes 

Temperature*catalyst Interaction   0.0018 Yes 

FS*catalyst Interaction <0.0001 Yes 

Temperature*FS*catalyst Interaction <0.0001 Yes 

*At 95% confidence interval 

 

Table 19 shows after testing ANOVA the effect of process parameters on superoleophobicity of FR 

nonwoven while evaluating the contact angles of dodecane, it is observed that all the main effects as 

also the interaction between them are significant. The main effects (FS concentration, catalyst 

concentration and curing temperature) each have an individual effect on the contact angle measured 

on the FR nonwoven fabric when the other main effect is neglected. For example, if   the FS 

concentration and catalyst concentration are kept constant and only the level of curing temperature is 

changed there would be an effect on the contact angle measured. Also since interactions are present 

the effect on dependent variable (contact angle) due to each interacting variable is dependent on the 

other interacting variable for example, FS and catalyst are interacting variables. 
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Table 20. Effect of process parameters on superoleophobicity of FR nonwoven fabric while testing 

with Kaydol
®
. 

Source Type of effect P-value* Effect (Yes/No) 

FS concentration Main 0.0001 Yes 

Catalyst concentration Main <0.0001 Yes 

Curing Temperature Main <0.0001 Yes 

Temperature*FS Interaction 0.0041 Yes 

Temperature*catalyst Interaction <0.0001 Yes 

FS*catalyst Interaction <0.0001 Yes 

Temperature*FS*catalyst Interaction <0.0001 Yes 

*At 95% confidence interval 

 

Also for Kaydol
® 

, all the main effects and the interaction effects are significant just as observed in 

dodecane. From tables 18–20 it is observed that effect of process parameters on superoleophobicity 

is more complex than their effect on superhydrophobicity. We have to consider second-order 

interaction for testing supeoleophobicity. As observed  theoretically, it is also difficult statistically to 

estimate the effect of different parameters on superoleophobicity. 
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Chapter 5 

Conclusions 

 

The nonwoven fabric has properties that are more suited to the rigorous requirements of a protective 

fabric. The nonwoven fabric structure is better poised at shedding  LSELs because of the presence of 

micro-scale roughness. It can be engineered to be lighter in weight, significantly more breathable, 

and superior in tear and breaking strength as opposed to the conventional woven uniform fabrics. 

Multi-layered nonwoven fabric uniform can provide better overall protection and comfort. 

 

In order to make a superhydrophobic and superoleophobic nonwoven fabric 1H,1H,2H,2H-

perfluorodecyltrimethoxysilane was grafted on the fabric to lower the surface energy. Contact angles 

as high as 173° for water 164° for Kaydol
® 

 and 156° for dodecane were obtained on nylon 

nonwoven fabric. Similar contact angles were obtained for 50:50 nylon:cotton blend (NyCo) 

nonwoven fabric. These fabrics remained superhydrophobic and near superoleophobic after 25 

washing cycles. 

 

Through direct grafting of 1H,1H,2H,2H-perfluorodecyltrimethoxysilane on FR nonwoven fabric 

superhydrophobicity and superoleophobicity was achieved. Optimum process parameters gave 

contact angles of 167° for water, 156° for Kaydol
® 

 and 150° for dodecane.. This process can be used 

on materials that possess alcohol, amine or thiol functional groups in their structures which 

encompasses majority of fabrics currently used for protective gear.   
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Chapter 6 

 New Product Development 
 

 

There is a  constant battle among product developers in competing markets to introduce newer 

products into the market. Most of  these products are an improvement over the existing product in 

the market. Corporations strive hard to keep a steady flow of profitable and sucessful new products. 

Cooper (2001) identified six different types or classes of new products: 1) New- to- the- world- 

products; 2) New product lines; 3) Additions to existing product lines; 4) Improvements and 

revisions to existing products; 5) Repositionings;  6) Cost reductions.  

 

A superhydrophobic/superoleophobic nonwoven fabric can be categorised as an improvement on the 

existing product (nonwoven fabric). A wide range of potential markets can be penetrated through the  

utilization of superhydrophobic/superoleophobic nonwovens. One such application is the use of 

superoleophobic/superhydrophobic nonwoven fabric in a respiratory facemask. The 

superhydrophobic/superoleophobic treatment on a nano-meltblown nonwoven fabric would help 

capture bioaerosols.Various pathogeens like bacteria,viruses,high-molecular-weight allergens are 

present in bioaerosols. These bioaerosols are present in both occupational and residential indoor 

settings. (Douwes, 2003). The bioaerosol particle size ranges from 0.02μm to 100µm. Filtration of 

bioaerosols would also inhibit the passage of micro-organisms through the facemask. Developments 

in nanofiber technology has greatly aided filtration research. Nanofibers of 10-to 200nm diameter 

provides high surface area, small pore size, and increased filtration efficinecy. With the addition of 

superhydrophobicity and supeoleophobicity to these nanofibers aerosol filtration is greatly. The nano 

meltblown fibers could be grafted with FS through the pad-dry-cure method described earlier. As 
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facemasks are mass produced especially in emergency situations, this process would help in rapid 

mass production of superhydrophobic/ superoleophobic facemasks.  

 

 

Figure 36. Design of a facemask with superhydrophobic /superoleophobic properties. 

 

The Figure 36 shows an experimental design of a facemask with four layers of nonwoven fabrics. 

The first layer is polypropylene meltblown layer that is impregnated with  copper oxide. This layer is 

copper oxide is generally impregnated on the outer layers of the face mask, away from the wearer. 

Thus by interaction it not only kills the incoming viruses but also those entrapped in the masks. This 

significantly reduces the viral loading on the mask and thus protects the wearer from inhaling viruses 

during prolonged wearing. The second layer is a winged fiber media, for high dust  holding capacity. 

The third layer is a FS grafted nano meltblown nonwoven layer which would have water and oil 

repelling properties. The fourth layer (closest to the face of the user) is a spunbond polypropylene 

layer having no chemcical modifications. This layer increases the mechanical stability of the 

facemask. Atleast 95% of filtration efficiency is expected from this facemask based on individual 

layer filtering capabilities. 
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Other potential applications of superhydrophobic / superoleophobic materials. 

Anti corrosion: Superhydrophobic coating of  ferro materials prevents corrosion due to rain and 

humidity. 

Anti bio-fouling: Superhydrophobic and superoleophobic coating restricts organic  growth on 

underwater materials such as hulls of ships. 

Anti icing and anti fogging:  Superhydrophobic coatings on window panes  and windshields of cars 

protect against winter weather and moisture vapour accumulation. 

Drag reduction: Oleophobic coatings assist drag reduction in fluid flow. This is applied 

transportation vehicles,piped liquids and bio-sensors. 

Anti staining: Hydrophobic coatings prevents staining due to water on surfaces such as shower 

curtains, windhields of vehicles ,window panes. Oleophobic coatings prevent staining due to oil as 

observed due to fingerprints on touchscreen devices. Prevent staining of carpets and upholstery. 

Green energy devices: Solar panels and windmills when coated with hydrophobic and oleophobic 

coatings prevent accumulation of dust and dirt particles due to increased self-cleaning efficiency. 

Electronic applicatons: electronic devices such as sensors, cells, moisture sensitive circuits are 

protected by hydrophobic/oleophobic treatments. 
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APPENDIX #1 

 

1) ANOVA for curing temperature and curing time 
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2) ANOVA for Curing Temperature, FS concentration, and catalyst concentration  observed on FS 

grafted FR nonwoven fabric based on water contact angles. 
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3) ANOVA for Temperature, FS concentration and catalyst concentration observed on FS grafted 

FR nonwoven fabric based on dodecane contact angles . 
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4) ANOVA for Temperature, FS concentration and catalyst concentration observed on FS grafted 

FR nonwoven fabric based on kaydol contact angles. 

 

 


