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ABSTRACT 

 

 

Muñoz, Edgar, Wettability of Nonwoven Polymeric Nanofiber Mats. Master of Science 

Engineering (MSE), December, 2016, 62 pp., 4 tables, 18 figures, references, 48 titles.   

 The wettability of heterogeneous materials has been attracting special interest by academia 

and industrial sector given the need to development self-cleaning Nonwoven nanofiber mats have 

demonstrated potential given its hydrophobicity granted by the ultimate structure of the system, 

small fiber diameter and small pores giving rise to effects such as the Cassie-Baxter. This thesis 

analyzed the wettability of a wide range of polymeric systems. Nanofiber mats were manufactured 

using the Forcespinning® technology. Samples were prepared at different polymeric 

concentrations and rotational speeds to alter fiber size; density of the mat was also altered to 

evaluate the effect of porosity on the wettability. Scanning Electron Microscopy (SEM) was used 

to characterize the mats and contact angle studies were conducted to better understand wettability 

of the developed surfaces. 
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CHAPTER I  
 
 

INTRODUCTION 

 

 

The wetting of surfaces has been an area of interest for several decades, though the interest 

has recently intensified given the proliferation of nanofibers and ability to tailor surfaces at the 

nanoscale. Academia and industry are actively searching for new materials or methods to develop 

surfaces with controlled micro-nano structures to effectively control the ability of attract or repel 

water and/or other liquids from its surface. Morphology and chemical composition are the main 

characteristics that control the wettability of a surface. Most of the technology development in this 

area have been inspired by self-cleaning surfaces from nature such as the Lotus leaf. Cassie-Baxter 

model, predicts that the surface roughness can easily change the water Contact Angle (CA) over 

150° (superhydrophobic) to 0° (superhydrophilic). This thesis focuses on wettability studies of 

heterogeneous surfaces obtained from nonwoven polymeric nanofiber mats. Chapter 2 elucidates 

the current state of the art; an extensive literature research was conducted and summarized in this 

chapter. Current applications and state of the art development of rough surfaces are explained as 

well as testing procedures and theories. Chapter 3 describes the different experimental techniques 

and testing procedures specifically used in this study. Chapter 4 describes the experimental steps 

followed to complete the study. Starting from the preparation of polymeric solutions, experimental 

parameters used for developing the nonwoven nanofiber mats and preparation of sample for 

different testing methods such as scanning electron microscope (SEM) and CA measurements. 
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Chapter 5 presents the results CA and work of adhesion as well as in-depth discussion of the 

relationship between fiber diameter, porosity, and thickness of the mats. Chapter 6 concludes the 

study points out learned lessons. Chapter 7 presents new directions and potential applications of the 

analyzed surfaces. 
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CHAPTER II 

 

 

LITERATURE REVIEW 

 

 

Industry and scientific communities had given great attention to surfaces with a unique 

wettability phenomenon. The wetting of solids by liquids can be determined quantitatively by the 

values of contact angle CA. Wettability studies are considered fundamental to understand  the 

physical-chemical interactions of surfaces in contact with water or in aqueous environment [1]. 

Superhydrophobic surfaces can be accomplished by a combination of appropriate roughness and 

low surface free energy. Surface roughness has been shown to play a key role in a wide range of 

practical applications such as self-cleaning, ice-phobic, antifouling, inkjet printing applications 

and biofluidic manipulation [2].   

Naval and Marine industries have been facing corrosion problems on the hull of ships due to 

fouling (attachment of microorganisms to surfaces of bodies submerged or in contact with the flow 

of water). Specifically, fouling occurs given the settlement and growth of plants and animals such 

as bacteria, fungi, algae, and barnacles that produces a layer of slime on the contact surface. 

Aesthetically, in the naval industry, it presents a problem but it is much more than that, fouling 

interferes with the mechanical efficiency of the ships and with that lifetime of the components, it 

highly promotes corrosion. More than 4,000 organisms exist in the marine environment and range 

in size from micrometers (bacteria, algae spores) to centimeters (barnacles, oysters, mussels) [3]. 

The way organisms attach to the surface varies according to each organism. Several organisms 
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attach temporarily to one surface but later reattach to another surface permanently. A common type 

of marine organism is the microalgae, Ulva, which attaches poorly to a surface while looking for an 

active surface to attach permanently. The attachment of bacteria on the surface results in the 

production of a biofilm that initiates or accelerates the electrochemical process of corrosion. The 

formation of the biofilm is the beginning of the colonization of different microorganisms such as 

barnacles, algae, protozoa and fungi. The process is initiated by electro kinetic interactions between 

the surface and organisms followed by their attachment and growth. Bacterial adhesion, growth, and 

proliferation resulting a generation of slime beginning to shelter other organisms. Extreme fouling 

results in high concentration of masses, which eliminate the smoothness of the surface and alter the 

shape of the hull; therefore, creating large dragging forces that interfere with the speed throughout 

motion. Forces created by the dynamics of fluids are the major mechanisms of transportation of 

microorganisms. Structures, ships and membranes are the most predominant surfaces of fouling due 

to their contact with forces of water. 

 

2.1 Consequences of Biofouling 
 

The process of metals deteriorated by microorganisms such as bacteria, is called 

microbiologically induced corrosion (MIC). Bacteria create sulfides and results in pitting and 

corrosion at the surface. Bacteria can be aerobic (requires oxygen to survive) or anaerobic (does not 

requires oxygen to survive). Aerobic bacteria are mostly present in the marine environment. The 

MIC corrosion imitates when bacteria seeks out metal surfaces such as carbon steels, stainless steel, 

aluminum, and copper alloys to sit on their surfaces producing a degradation by the interactions of 

the surface with bacteria waste. The interactions between the surface and organisms can be 

minimized by reducing the surface and interfacial energies. If the problem is detected on time and 

proper maintenance is offered, the lifetime of the ship (given corrosion induced problems) can 
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increase up to 20%. The key to reducing fouling on ship surfaces is to apply a fouling inhibitor this 

will reduce the attachment of organisms that forms in part by the MIC corrosion process. The 

development of hydrophobic and superhydrophobic surfaces is key to reduce the growth and 

attachment of organisms, these are called anti-corrosive and antifouling surfaces. Hydrophobic 

surfaces provide low energy at the surface minimizing the interactions between the atoms from the 

surface and molecules from the environment. The differences of attachment and settlement among 

organisms is difficult to predict and understand. The wettability of each organism is critical since 

each organism seeks for a surface with the same wettability. New knowledge in how organisms 

attach, grow and proliferate has ignited the development of new materials which have tailored 

surfaces to improve anti-fouling properties. 

 

2.2 Methods of Antifouling 
 

Copper biocides paints are among the most used fouling inhibitors [4]; however, these paints 

pose an environmental issue and can be hazardous to marine animals. Alternative fouling inhibitors 

have been developed throughout the years although most still contain metals such as copper. Foul 

release coatings (FRC’s) are an alternative way to control fouling. The development of new 

antifouling inhibitors is expected to save over 150 billion per year [3]. Coatings must perform in 

several extreme environments such as different temperature, pH, salinity, and flow rates. The 

alkalinity of the marine environment, measured by pH, can alter the corrosion process. An acidic 

marine environment, or low pH, enhances the corrosion process. Another factor to consider in the 

process is that the exposed surface can contain charged particles or components that when opposite 

charges are encountered, electrostatic charges in between the surface and the environment can ignite 

the fouling process. 
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On the other hand, if the environment and surface substrate have the same charges they will 

repeal each other and the possibility of fouling will be eliminated. Zwitterionic materials provide 

garnered attention since these materials contain anions and cations. The anions are in one side while 

the cations are on the other side. Once these ions attract one another they will neutralize the surface 

and the material will no longer be charged. Charge neutrality of the surface will cancel the attraction 

due to electrostatic nature though still fouling could occur through other processes. The types of 

forces involved in adsorption include Van der Waal’s and electrostatic interactions [5]. Additionally, 

organisms with flagella can propel or move themselves in water and then attach to the surface. The 

adhesion forces contribute to the surface tension between the organism and surface. Roughness is 

another factor that contributes to colonization by sheltering organisms in the grooves generated by 

roughness. The preparation of zwitterionic materials requires several steps in which a polymeric 

material is modified [6]. One such approach to fabricating an antifouling material is to develop a 

hydration surface, whereby water molecules within the polymer chain contain high specific 

adsorption of proteins [7]. The hydration surface must be directly related to the environment with 

the specific organism.  

It has been determined that a key parameter to the development of an antifouling surface is 

to increase its hydrophobicity. Hydrophobic surfaces contain non-polar groups that preclude the 

ability to interact with water. Contrary, hydrophilic surfaces contain polar groups that promote 

wetting the travel of the organism to the surface and therefore initiating an interaction with the 

environment. In the case of hydrophobic surfaces, organisms cannot adhere to the surface unless an 

external force is present. [8] 
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2.3 Biological Effects of Biofouling 
 

Microbiologically induced corrosion (MIC), as described above, is a common type of 

corrosion that occurs when microbiological organisms attach to the surface producing a metabolic 

reaction that actively deteriorates the metal surface. MIC has a biological origin, it initiates or 

accelerates the electrochemical process of corrosion due to sulfides in the waste of bacteria that starts 

degrading the grain boundaries of the metal. The process involves the transfer of electrons through 

oxidation (anode) and reduction (cathode) process. pH and temperature has a strong influence in the 

rate of transfer (e.g. fast or slow) of microorganisms-surface reaction. The concentration of oxygen 

at the surface has an important impact in the corrosion process caused by the fouling of 

microorganisms. Passive films play an important role in the process of corrosion, strong passive 

films increase protection the metal. In the case of elements such as copper (Cu), the absence of 

passive film in the bulk produces a secondary process of corrosion due to differences in 

electronegativity [9].  

The first steps of the corrosion process are the formation of a biofilm that is extremely 

dependent in the environment such as temperature, salinity and pH. Several types of biofilms exist 

depending on the surrounding environments. Some bacteria can only survive at certain temperatures 

and salinity. Apart from that, the biofilm acts as an adherent surface for bacteria. Polysaccharides, 

proteins, lipids, nucleic acids, and microorganisms traps more particles and organisms and adhere it 

within the biofilm [9]. Sulfuric acid found in marine environments can be metabolized and used by 

bacteria as a source of food. The biofilm can triggers microorganisms to produce more extracellular 

polymeric substance (EPS) which further promotes adherence and growth. The settlement of EPS 

on the surface is called phase 2 formation of biofilm. During phase 3 replications of bacteria occur 

on the surface over time. Phase 4 is mainly seen when the thickness of the biofilm starts to increase 
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and more microorganisms become present on the surface. Phase 5 is usually seen when portions of 

the biofilm are formed away from the hull. The presence of oxides, hydroxides and sulfides mainly 

produced by bacteria are considered corrosion drivers for MIC, and the main drivers for breaking 

down the oxide layer. The accumulation of organisms on surfaces in contact with the flow of water, 

is associated with the fouling increasing fuel consumption due to the increased of the frictional drag. 

The US Naval Academy has reported that the overall cost associated with the maintenance, coating 

and cleaning is estimated to be 56 Million per year for the entire DDG-51 fighter class ship [10]. 

Organisms in water tend to attach/accumulate to bodies in contact with the flow of water. Repelling 

water molecules form the surface could be a way to prevent organisms in the water to attach to the 

surface. 

 

2.4 Ice Formation on Solid Surfaces 
 

Morphology and roughness are the main characteristics that determines the fouling of 

organisms. The attachment of water molecules on surfaces is the very first step of settlement of 

organisms. Out of water bodies attachment of water molecules on surfaces exposed to freezing 

temperatures in infrastructures such as wind turbines, power lines and aircraft; results in the 

formation and accretion of ice producing serious safety and economic problems [11]. Ice adhesion 

is based on the hydrogen bonding, van der Waals forces, and the electrostatic interactions with the 

surface. The energy due to the electrostatic interaction between the ice and the metal is higher than 

van der Waals and chemical bonding interaction.  

For scheduled air carriers icing, has been a contributing factor in 9.5 % of fatal air carrier 

accident. The formation of ice on the surface re-shapes the surface of the lift-producing parts of the 

airplane changing the aerodynamics of the wing by increasing the resistance force of motion 

negatively affecting the lift. Typically, ice builds up when tiny cloud droplets impact and freeze on 
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the leading edges, front surfaces of the plane. The ice on the planes can be formed in two ways: on 

the ground and on the flight.  

On the ground, is just the same as cars left overnight and there is ice formed by the morning 

time. That type of ice is managed by de-icing the plane with fluid at the airport. In the flight ice 

formation takes place when the airplane is flying through the clouds made up of small liquid water 

droplet. It can get down to temperatures of -40° C, even though the freezing temperature of water is 

0° C, water stays in liquid form because does not have a surface to freeze. 

At the time water impacts the surface of the airplane, it freezes on the frontal surfaces: 

leading edge of the wings, and empennage surfaces [12].  

Ice removal systems such as thermal, mechanical, pneumatic, and chemical have been 

developed. Mechanical systems are the most effective solutions considering the energy needed and 

environmentally friendly process and therefore the most used techniques within the aerospace 

industry [12]. Mechanical techniques consist mainly of breaking the ice by mechanical forces 

produced by the motion of aircraft components to break the ice. The aircraft components usually by 

mechanical and hydraulic systems adding more weight to the aircraft. As for thermal systems, ice is 

eliminated heating specific areas though the water droplets runt to unheated and ice is formed.  

As for chemical methods, anti-icing is promoted by utilizing glycols to defrost the systems. 

De-icing fluids such as ethylene and propylene glycols predominantly used for the aerospace 

industry have high cost and elevated toxicity towards the environment [13]. Eco-friendly solutions 

are highly desirable. The development of new technologies that decreases or eliminates the 

formation of ice is an active area of study in several laboratories and national agencies. Studies have 

shown that superhydrophobic surfaces inspired on nature increased nucleation density; eventually, 

increasing the condensation of droplets at the surface. The most significant parameters in the 
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development of ice-phobic surfaces are adhesion strength, energy reduction and microstructural, 

defects that contribute to the pinning effect, freezing and ice adhesion [11]. The advantage of 

superhydrophobic surfaces comes mainly from their low surface free energy and low work adhesion; 

resulting in a low roll-off angle and minimum force to remove the droplet from the surface. Studies 

had demonstrated that altering the topography of surfaces shear forces such as ~40 to ~80 kPa 

required to detach ice from the surface [14]. Several times lower than mirror-polished (~360 kPa) 

and flat fluoropolymer surfaces (~190 kPa). Ideal characteristics for the development of surfaces 

with the ability of repelling water molecules are in current development. In rougher surfaces, the ice 

formed around the peaks and valleys deforms and breaks, demonstrating that roughness can break 

the path for fracture propagation and ice adhesion strength [15].  

 

2.5 Cassie-Baxter Effect 
 

In rough heterogeneous surfaces the thermodynamic equilibrium of CA is called the Wenzel 

and Cassie Baxter model. The Cassie-Baxter effect is based on the ideal wetting behavior for a 

droplet resting on the peaks of a rougher nano-micro textured surface. Both models depend on the 

interface of the solid-liquid, generally used to evaluate the CA of superhydrophobic surfaces. Until 

now, there is not rule or guideline that determines the type of angles according to morphology and 

chemistry of the surface. Such models of wettability, are increasingly used due to the advances in 

the development of superhydrophobicity surfaces [16]. Both models work under 

rough/heterogeneous surfaces; however, it is being mentioned that the roughness must be at the 

molecular level and must be compared with the size of the droplet. The Cassie-Baxter and Wenzel 

models work when the roughness/heterogeneity is small compared with the liquid-vapor interface 

[16]. However, for research areas it is recommended to use inert probe liquids to conduct the 

measurements of the contact angles to avoid any interaction between the liquid and molecules at the 
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surface [17]. The theories are based in the fact that wettability can be modified by increasing the 

roughness and heterogeneities at the solid/liquid interface [18,19]. Wenzel’s theory states that the 

surface roughness parameter is equivalent to the ratio of the actual area to the projected area of a 

rough surface. In Addition, roughness is small that has the ability of penetrating being in contact 

with the whole surface. The interactions between liquid and solid are strong completing a full wetting 

filling the grooves.  

It is the opposite for the Cassie-Baxter effect since only a fraction of the droplet is in contact 

with the surface. The fraction of the water/solid area under the droplet is projected under the base of 

the drop. The Cassie-Baxter effect is useful for the analysis of heterogeneous surfaces that contain 

air pockets within the voids of the surface. Droplets partially sit in the air pockets, due to the random 

direction of the patterned surface where voids are filled by air as displayed in Figure 1. The new 

patterned surface and the air content increases the CA values. The air sheltering effect is based on 

the level of roughness, rougher surfaces entrap more air than flat surfaces eliminating the possibility 

of water droplet penetration/contact with the surface.  

Suspension or collapse of the liquid droplet at the surface is based on the contact line density. 

This is based on the balancing of the surface body and forces produced by the weight of the droplet 

balancing body and surface forces at the contact line. The asperity or roughness of the surface must 

be meet to repel water molecules from the surface. Surface forces at the perimeter of the patterned 

edges (produced either by lithography methods, embossing or an actual collection of woven or 

nonwoven nano-micro fiber mats) must be greater and directed upwards. The asperities developed 

by the randomness of fibers must be at enough height preventing the sag made by liquid to reach to 

the bottom surface [19]. Exists several other models also based on nature mimicking the morphology 

of lotus leaf. The aim of the models is to develop the geometric pattern morphologies with micro-



12 

 

nano pillars that will create a sort of roughness followed by the addition of hydrophobic coatings in 

form of fine branches creating a hierarchical effect on the surface.  

 

 

 

 

 

 

 

 

 

Young’s equation represents three different interfaces that are present during the equilibrium of the 

drop under the action of interfacial tensions: 

                                                           𝛾𝑙𝑣𝑐𝑜𝑠𝜃𝑌 =  𝛾𝑠𝑣 −  𝛾𝑠𝑙                                                        (1) 

Where 𝛾𝑙𝑣, 𝛾𝑠𝑣, and 𝛾𝑠𝑙 represent the liquid-vapor, solid-vapor and solid-liquid respectively and 𝜃𝑌 

is the contact angle. The dynamic CA is an important characteristic wettability in motion and 

obtained from the advancing contact angle 𝜃𝑎 and receding contact angles 𝜃𝑟, respectively.  

Contact angle values especially high contact angles that categorizes superhydrophobic  

surfaces are governed by morphological structures at the surface. Large number of studies have 

demonstrated that superhydrophobic surfaces are indispensable to address some of the current issues. 

The combination of roughened surfaces with extremely low surface energy is considered one of the 

simplest methods to manufacture superhydrophobic surfaces [20].  As mentioned above some plants 

and polymeric materials are hydrophobic in nature. The Lotus, Nelumbo nucifera leaf, in this case 

H
2
O 

Air Air 

Surface 

Figure 1. Cassie-Baxter Effect 
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has the most promising self-cleaning property due to the randomly micropapillae diameters from 5 

µm to 9 µm. The great advantage of the micropapillae are their fine-branch nanostructures with 

diameters of almost 120 nm on the top and on the side of the pillars producing a hierarchical pattern. 

The existence of nano-micro structures at the surface results the formation of air pockets, resulting 

high CA values between the lotus leaf and water droplet. Waxes are being found on the surface of 

lotus leaf. The collaboration of surface nano-micro structures and hydrophobic waxes results a high-

water CA and low tilting angle, exhibiting low-adhesion properties [21].  Since the introduction of 

Scanning Electron Microscope (SEM) studies had explained the morphology of lotus leaf and 

described the self-cleaning property.  Some of the methods employed to generate superhydrophobic 

surfaces includes atom transfer radical polymerization (ATRP), chemical etching, chemical vapor 

deposition, electrospinning, hydrothermal approach, spin coating, chemical bath deposition, 

chemical bath deposition, and electrochemical deposition [13,21].  

The values of contact angle define characteristics of the surface that describe important 

surface physical sciences that can be used to quantify and determine the ability of a surface to be in 

contact with an aqueous environment. Understanding surface physics within the interface can be 

defined by CA values. Work of adhesion, interfacial free energy and surface free energy are the most 

important surface characteristics for the development of self-cleaning surfaces. Work of Adhesion 

also known as adhesion strength considered a theoretical value that represents the amount of energy 

that must be applied to separate two phases adjoined to each other.  

It represents the strength of contact between the two adjacent phases, in this case the droplet 

on the surface. It is important to obtain a general approach of the forces at the molecular level acting 

during the contact between two surfaces. High adhesion strength usually shows low contact angle 

values due to the strong interactions at the surface requiring larger amount of energy to detach the 
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surfaces. Value of work of adhesion provides an idea of the tilting angle since low values of work 

of adhesion is due to the low interactions at the surface. Exists many equations that can be used to 

calculate the work of adhesion based on theories correlated with the type of surface. Due to the 

heterogeneous surface developed by the random direction of fibers. Equation 2, is used in this study 

to determine the value of work of adhesion using the variables of surface tension of the probe liquids 

and contact angle measured.  

                                                                                                                                                                                                               𝑊𝑎 =  (𝛾𝑙+ cosθ)                                                                 (2)  

Surface free energy is one of the most critical characteristics of understanding the wettability 

of nonwoven nanofiber mats. Surface free energy is considered as the excess of energy at the surface 

of liquid and solid. It is described as an attraction between molecules of the surface with molecules 

from the bulk due to cohesive forces. However, the molecules at the surface are pulled inward by 

the adjacent molecules with forces greater than attraction forces to the medium. 

 
Figure 2. Unequal forces experienced by molecules at the surface of the liquid. 

Due to such mechanism liquid shows a smooth surface behaving as a thin film, as it seems 

that the surface is under tension. Figure 2, demonstrates a graphical representation of intermolecular 

forces of molecules in the bulk and at the surface. In other words, surface tension in as effect within 

the outer layer of the surface behaving as an elastic sheet that allows insects to walk on the surface 

such as the water strider. When the liquid interfaces the solid produces the same effect resulting an 
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imbalance of molecular forces at the liquid, resulting a high attraction with molecules from the 

environment exerting a net force pulling them together as shown in Figure 3. However, high values 

of surface tension demonstrate a low interaction of molecules.  

 

 

 

 

 

 

 
Figure 3. Intermolecular interaction of Liquid and Surface 

 

Exists several theories of surface free energy that refers to the idea of dividing the energy 

into components based on the contact angle. The components are based on the intermolecular forces 

on the surface. Some of the intermolecular forces includes orientation force, inductive force, 

hydrogen bonding, and dispersion force. Orientation, inductive and dispersion are generally known 

as van der Waals forces. The theories of surface free energy have been developed with the purpose 

of expressing the components of work of adhesion using solid and liquid components. Having 

determined that components of surface free energy can be obtained based on the values of contact 

angle. In this study theory of acid-base is used to determine the amount of surface free energy using 

variables of LW and AB, Lifshits - van der Waals and Lewis acid-base component, respectively. 

The acid-base equation is given below: 

                                                𝛾𝑙𝑣𝐿𝑊 =  𝛾𝑑 +  𝛾𝑖 + 𝛾𝑝                                                                            (3) 

Equation 3 was used in this study to calculate the surface free energy of the surface based on 

its contact angle value based on the probe liquids used in the study. The component named as d is 
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defined as the dispersion force, component i as the orientation force and p as inductive force. Such 

components are derived from the idea of polarity or non-polarity. For example, dispersion force 

consists of the forces of interaction of non-polar molecules with dipoles generated by the electric 

dipole developed by vibration causing a distribution of electrons. In addition, orientation forces are 

developed when molecules orient with positive and negative charges. Molecules are neutral of 

electric charge, partially both positive and negative electric charges still exist due to the deflection 

of charges. Both charges can be attracted to either positive or negative charges orienting each other 

by a static electricity force. However, dipole forces are generated with a polar molecule when electric 

charge is closer to a non-polar molecule without a charge. The charge is inducted to the non-polar 

molecule developing a static electricity force; however, inductive forces are ignored in some theories 

due to the small size of their magnitude.   

Interfacial free energy is just as similar as the surface free energy with the only difference 

that interfacial free energy within the interface. It explains the attractive forces between molecules 

of different liquids in the interface, usually expressed in units of J/m2. Droplets in contact with the 

surface finds its own equilibrium and conform based on the minimum total interface energy of phase 

boundaries. In the case of surfaces with high wettability, the interface of the liquid-vapor is less than 

the solid-vapor interfacial energy phase. It is important to find the general approach to the analysis 

or forces at the molecular level during the contact between two phases. For the development of ice 

phobic and antifouling surfaces work of adhesion is one of the most critical properties to describe 

the work or the amount of energy needed to remove a fluid from the surface. It has been 

demonstrated in recent studies that surfaces with low contact angle values, demonstrate low values 

of work of adhesion; while, surface with high surface free energy shows higher strength of adhesion 

[22]. 
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2.6 Polymeric Nano-micro Fibers 
 

Polymeric nanofibers have become an important area of study due to their potential 

applications in areas such as tissue engineering, filtration, barrier and protective fibers, sensors, 

pharmaceutical, contamination prevention, water repellency, self-cleaning, and biocompatibility 

[20,23]. Nanofibers attracted attention due to their remarkable properties, such as high surface area 

and high porosity [24]. Fibers collected at random directions entangles with each other creating 

small pores in between. The air content bridges out the surface from the contact of water, prohibiting 

spreading the water molecules on the surface. Fibers made of silk are considered a potential 

candidate for antifouling applications due to its powerful solubility performance in the marine 

environment [25]. Studies have demonstrated their potential application in coatings, it can be 

expected to dissolve at the water/surface interface resulting a self-cleaning surface.   

Hydrophobic surfaces with high values of high surface energy tend repel water molecules 

and to accumulate microorganisms on their surfaces. However, hydrophilic surfaces encounter 

higher values of surface free energy increasing the opportunity of interacting with the environment, 

enhancing the attachment of organisms at the surface. As explained above, the fouling process can 

occur from a variety of conditions, such charge density, hydrophobicity or hydrophilicity. The 

wettability of polymeric systems can be altered by adding amphiphilic polymer chains which possess 

both wettability hydrophobic and hydrophilic sections. One way to address the antifouling ability is 

by decreasing the hydrophobicity of the surface. 

The advantage of using natural fibers is their abundance at low cost, degradability, flexibility 

during the processing and machining, low density, high tensile and flexural modulus [26]. Natural 

fibers are usually added to polymers either thermoplastics or thermosets to create a fiber composite. 

The adhesion of natural fibers to the polymers is low, for this type of situations modifications either 
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by radiation, activation of functional groups or addition of coupling agents such as silanes, are used 

to promote interfacial adhesion to improve overall properties of the composites [26]. Compatibility 

of the fiber with the matrix is another factor to consider since the ability of the fiber to couple with 

the matrix of the polymer results the effectiveness of the bonding. The adsorption of moisture by the 

fibers can produce low interfacial adhesion between the fiber and the polymer causing dimensional 

changes of the polymer. One of the disadvantages of the fibers is low thermal stability due to their 

degradation that might take place and its wettability. The application of physical and chemical 

treatments to the reinforcing fibers may change the properties of the polymer, one of the most 

common cases is the transformation of the surface energy at the surface. Changing the wettability of 

the surface from hydrophobic to hydrophilic or vice versa that can be beneficial to adhesion bonding 

of the fibers with the matrix polymer. Chemical treatments relate to the change of the cell walls of 

the fibers modifying their stability, reducing water absorption, increasing its resistance to fungi 

growing in the fibers. Reducing its impact strength due to the embrittlement of the chemical agent 

during the treatment. Chemical treatments consist on the addition of coupling agents that tethers the 

fibers with the polymers creating a chemical bridge among the fiber and polymer matrix. The most 

common copolymers coupling agents are used for to create bridges between the fibers and polymer 

matrix are the maleated polypropelene (MAPP), and maleated polyethylene (MAPE). The advantage 

of using these two copolymers is due to their maleic anhydrite groups that reacts with the hydroxyl 

groups of the surface creating ester bonds while the end of the coupling agent entangles with the 

polymer matrix due to their similarity of polar groups [26]. Silanes are also considered excellent 

coupling agents for natural fibers with polymer matrix. They are also being used as reinforce 

inorganic fillers with carbon and glass fibers. Silanes promotes a better adhesion between fibers and 

polymers producing a stronger adhesion with any adhesive setting that can be due to the hydroxyl 
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groups that also exists in carbon and glass fibers. Hydroxyl groups are some of common functional 

groups also encountered in fibers. The aim of using silanes as adhesion promoter is due to their 

ability to bond material with different similarities. It is silicon based polymer with four hydrogen 

atoms as part of its chemical formula. The advantage of the surrounded hydrogen atoms is that they 

can easily form covalent bonds with other atoms categorizing silane groups are widely used for many 

applications [27]. In the case where dissimilarities are too high or critical is necessary to perform 

primary treatments to enhance the bonding of the silanes on the surface ultimately producing a 

bonding between the two phases of fibers and polymer matrix. Silane groups have the advantage to 

adhere to type of surface, inorganic particle or substrate due to their ability of underacting with 

organic molecules and form covalent bonds with inorganic surfaces or substrates.  

The application of membranes exists in many water filtration systems where their antifouling 

property is a priority. Pressure retarded osmosis process is highly utilized in membranes. In this 

technique, a solvent is separated from a concentrated solution, it has been used in industry for years, 

unfortunately still facing problems of antifouling on the membranes used for their filtration. Water 

treatment is another area where membranes are widely used. The problems are based on the 

accumulation of microorganisms, clogging of the membrane by the formation of an extra-cellular 

polymer substances (EPS) within the microbial cell matrix [28]. The deposition of the particles, 

colloids, macromolecules and salts is caused by the interaction of organic and inorganic compounds 

and biological substances. Fouling consists on the chemical degradation of the outer layer and could 

be controlled by the penetration or repulsion of all organisms in the environment. The outer layer of 

the material plays an important role due to its activity with the environment. To control the repulsion, 

permeation of organisms and substances in the environment could be an alternative way of 
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eliminating the fouling activity. Altering the wettability of the outer layer can be an alternative way 

of eliminating or reducing the activity of fouling.  

The factors that can be considered and modified to control the fouling process of membranes 

are the electrostatic charge, roughness and hydrophilicity of the surface. Fouling process begins by 

the adhesion of microbial cells followed by the formation of EPS creating the conditioning film for 

the process of fouling [29]. Preventing the formation of the conditioning film is a priority to reduce 

the fouling on the membrane. The accumulation of organisms and substances from the environment 

developing the conditioning film provides higher surface free energies promoting attachment of 

organisms on the surface. 

Membranes are usually fabricated with polymers that can perform well in the working 

environment especially the type of contact fluid, pressure and the type of organisms or particles in 

the fluid. To encounter all these properties, especial polymers are used for the fabrication of 

membranes. PVDF is widely use as the primary polymer for membranes in water treatments. One 

of the disadvantage of PVDF is its naturally hydrophobicity that results an essential property to 

minimize the fouling activity. Resulting a big water flux reduction and eliminating the material from 

water treatment activities. A way to modify the wettability of the surface is by the addition of 

hydrophilic monomers at the surface using several methods such as physical blending, coating, 

deposition, surface modification, chemical grafting, or blending with hydrophilic additives and 

interfacial polymerization [28,30]. Low surface free energy molecules travel to the surface leaving 

the bulk material covered. Such action of blending particles can be taken in consideration to control 

and modify the wettability of the surface. Several studies have reported blending of methyl 

methacrylate and PEO as additive. PEO is a hydrophilic polymer that can be used for many 

applications, D. Rana and coworkers added PEO to added to a poly (vinyledene fluoride) membrane 
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to increase the surface hydrophilicity of the membrane [31]. Other studies have added of hydrophilic 

macromolecules such as polyurethane to hydrophilic surfaces. However, the rendering of 

hydrophobic polymers results a hydrophobic surface. Similarly, the addition of both hydrophobic 

and hydrophilic polymers results a surface with enhanced antifouling properties. The addition of 

hydrophobic and hydrophilic polymers at the surface will produce fluorohydrocarbon molecules that 

will result in a sort of lubricant that eliminates the fouling activity of microorganisms and proteins 

at the surface.   

Other studies have altered the surface by adding nanoparticles to enhance pore connectivity 

of the primary polymer with the hydrophilic material. Ultimately, increasing the water flux and 

permeability of the membrane by the hydrolyze reaction of nanoparticles with the environment. One 

of the approaches for an effective antifouling membrane can be accomplished by the arrangement 

of molecules of the polymer at the surface. It is being demonstrated that organisms are trapped in 

the gaps formed by the arrangement of molecules at the surface [32]. On several applications fouling 

mechanisms is due to the hydrophobicity of the surface. Hydrophobic surfaces tend to accumulate 

microorganisms due to their higher surface tension values. 

As mentioned before, non-woven nanofiber mats have the potential to be used as antifouling. 

The ability of manipulating the architectures with fiber diameter, porosity, and or intrinsic 

arrangement of leads to lower the interfacial bond between biofoulants and surface and promotes 

easy removal by a low shear forces produced by the hydrodynamic shearing force as the ship 

displaces [33]. The advantage of using non-woven mats is their high surface area to volume ratio at 

the nano-scale level. Jeffrey G. Lundin and coworkers performed a study using this property of 

nanofibers. Their study consisted of adding biocides such as Quaternary ammonium salts (QAS) in 

the preparation of polymer solutions of Nylon and Polycarbonate (PC). It was quite significant 
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noticed that addition of QAS demonstrate effects in the fabrication of nanofibers for non-woven 

mats. All properties of fibers, including physical properties such as morphology, diameter are 

dependent in the parameters of polymer solutions such as viscosity and molecular weight. The major 

differences on the fibers, especially for PC was the diameter of the fibers. Considering that the 

diameter of the fibers is dependent in several factors of the polymer solution, in the electrospinning 

technique fiber’s diameter is dependent in the conductivity and the viscosity. On the work of Jeffrey 

G. Lundin the addition of QAS increased the conductivity of the solution resulting an increased in 

the charge density of the polymer. High density charge solutions in the electrospinning technique 

increases the electrostatic repulsion forces facilitating jet movements and therefore stretching to 

form fibers [34]. On their study, it was noticed that PC nanofiber with QAS showed smoother 

surfaces than the control PC nanofibers. Such change in morphology may be due to the continuous 

evaporation of solvent during the fiber fabrication process. Changes on the diameter and morphology 

of nanofibers is a result of the solution conductivity. In the case of Nylon, it was the opposite, 

nanofiber diameter increased from 91 nm to 193 nm in the case for one of the QAS additives. The 

increment of diameter was due to the increase of viscosity, even though the conductivity of the 

solution increased by the addition of QAS the diameter of the fibers increased due to the reduction 

of the charge density. Since the repulsive forces were minimum less movements and stretching 

actions were experienced by the fibers ultimately the diameter of the fibers remain relative large 

[34]. Both kinds of nanofibers were subjected to bacteria environments, S. aureus bacteria to study 

their activities. Nylon with QAS showed the highest rejection of bacteria even though the diameter 

of the fibers increased by the addition of QAS. The addition of nanoparticles to the non-woven mats 

is one of their greatest advantages and can be used in several applications. Aravind Dasari and 

coworkers performed a study where nanoparticles containing biocide were introduced to the 
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membranes. The aim of their study was to develop antifouling membranes preparing non-woven 

mats made of nanofibers with electrospinning technology. Polylactic acid (PLA) was used as the 

precursor. PLA is a hydrophilic polymer with potential to produce an antifouling response given the 

formation of a hydrated layer on its surface. Silver (Ag) and Copper (Cu) were used given their 

biofoulant activity. These were functionalized with sepiolitem (Sep). Sep is a metallic nanoparticle 

support. In this study a silicate matrix content was functionalized with Ag and Cu nanoparticles and 

added to the solution of PLA for fabrication of nanofibers. SEM images demonstrates that Ag and 

Cu nanoparticles were embedded into the matrix of silicate due to the collapse action of Sep structure 

over the nanoparticles during the functionalizing process. The aim of their study was to develop 

antifouling membranes by adding the biocides in the polymer solution. One part of their study was 

to keep the membranes in a cross-flow configuration media with bacteria suspended. Saccharomyces 

Cerevisiae and Pseudomonas putida were the predominant bacteria on the study. Membranes showed 

a >98% rejection on particles exceeding 3 µm determined by the particle counting. ATP assays were 

performed on the study to determine the active biomass at the surface. According to the ATP results 

Ag and Cu functionalized Sep showed lower adhesion of biomass with respect to PLA. Ag-Sep 

membranes demonstrated the lowest adhesion of S. cerevisiae bacteria on the surface 85 % reduction 

of adhesion. Cu-Sep showed lower bacteria adhesion as well, but still Ag-Sep performed better with 

cerevisiae bacteria. The addition of Ag and Cu fibers increased the permeability of the membranes 

approximately twice as much as regular PLA [35]. A similar work was performed by Hengchong 

Shi and coworkers. Their study consisted of adding silver (Ag) nanoparticles into Polyurethan-g-

polyethylene (TPU-g-PEG) due to their high activity against bacteria and parasites. Ag nanoparticles 

encounters the possibility of destroying the metabolic process of the growing and proliferation of 

bacteria on any surface. Surfaces coated with Ag nanoparticles demonstrated the ability of killing 
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several pathogens such as gram positive human pathogens (Staphylococcus aureus) and gram 

negative bacteria (Escherichia coli). Their work was a little different than the previous, TPU 

electrospun fibers were dipped coated with PEG followed by a second dipping coating with Ag 

nanoparticles. Ultimately developing a TPU-g-PEG/Ag electrospun nanofiber membrane. 

According to their contact angle values, it seems that the addition of PEG developed a hydrophilic 

surface on TPU, the contact angle went from 25.9° to 9.9° due to the hydrated layer formed by the 

water molecules of PEG. Bacterial studies with gram-positive bacteria S.aureus and gram-negative 

bacteria E. coli were conducted. The samples were exposed to the bacterial environment for 24 

hours. It was shown that bacteria showed a tendency to attach to hydrophobic surfaces, the 

hydrophobic surfaces of TPU and was highly proliferated by S. aureus bacteria. However, the TPU-

g-PEG and TPU-g-PEG/Ag surfaces demonstrated ~98.9 % and ~95.1 % reduction of S. aureus 

bacteria compared to the hydrophobic TPU. Such effect could by the addition of the antifouling 

hydrated PEG on the surface resulting in a hydrated layer reducing the overall surface free energy 

of nanofibers [36].    

  The ideal process would consist on the segregation of polymer assemblies combining 

antifouling agents and low surface polymer chains. One of the most common polymers added or 

tethered onto polymer chains is poly (ethylene glycol) (PEG), a hydrophilic polymer that promotes 

a hydration layer that inhibits the attachment of microorganisms to the surface due to its low value 

of surface tension.  

One of the most common hydrophobic polymers used for antifouling applications especially 

used for the fouling release mechanism is PDMS. In the transformation of liquid polymers into fiber 

form several parameters must be taken in consideration such as concentration, molecular weight, 

and viscosity PDMS and PEG fiber blends were studied by Tungprapa and coworkers. The addition 
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of PEG increased the viscosity resulting nanofibers large fiber diameter [35], which also influenced 

on the collector distance.  

In the marine environment exists thousands of organisms and plants that can be attached to 

the surface; however, algae, bacteria and barnacles are common marine plant and organisms that 

seek metal surfaces to grow and proliferate. PDMS and PEG systems could promote the 

development of antifouling surfaces due to their fouling release mechanism, resistance to protein 

adsorption and cell adhesion. 

A common method of reducing the fouling activity on the surface is by increasing the 

roughness of the surface. Rough surfaces provide lower surface energy therefore decreasing the 

possibility of microorganisms to attach to the surface. In addition, the roughness of the surface 

increases the fluid flux through the membrane. However, in the case of colloidal particles that seeks 

out for valleys and groove on rough surfaces, this can then be counter-productive. Colloidal particles 

would nicely deposited [37].  Deposition of organic particles on the surface in the first fouling 

process, organic particles provides higher surface free energy and consequently attract more 

organisms to the surface. Smoother surfaces do not provide such types of shelter to colloidal particles 

due to their lower surface available, therefore eliminating the chances of sheltering of particles on 

the surface. Surface treatments that consists on the addition of particles to the surface are considered 

a method of increasing the roughness of the surface. New particles attach to the surface forming a 

new layer of material with tailored functionality. 
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CHAPTER III  
 
 

EXPERIMENTAL PROCEDURE 

 

 

The aim of the study is to determine the physical and chemical properties at the interface of 

two or more phases. In the case of nonwoven systems, physical and chemical properties at the 

interface are highly dependent on the morphology and diameter of the fibers. Fibers were produced 

using the Forcespinning® technology. Nonwoven fine fibers mats were developed from several 

polymeric systems such as Nylon6, polyvinyl difluoride (PVDF), polytetrafluoroethylene (PTFE), 

polypropylene (PP), thermoplastic polyurethane (TPU), polybutylene terephthalate (PBT). 

Nylon6 can be used in many applications due to its advanced mechanical properties 

compared to other polymeric and synthetic materials. Nylon6 exhibits both crystalline and 

amorphous phases, amorphous consisting of isotropic and anisotropic areas [38]. The crystalline 

component has two crystalline forms, α-form and γ-form and its formation is highly dependent upon 

processing conditions. The crystal α-form consists of enlarged chains with intra-sheet hydrogen 

bonding; while, γ-form consists of pleated chains with inter-sheet hydrogen bonding. Hydrogen 

bonding from the polymeric molecules determines the wettability of the surface based on the 

interactions with hydrogen from the water molecules. An advantage of Nylon6 is its stability with 

body fluids that can be a potential candidate for bone tissue engineering. In Addition, Nylon6 has 

been adopted by the biomedical and textile industries as a medical polymer for artificial skin and 

clothing, respectively [23]. Similarly, Nylon6 is been considered as an alternate polymer with high
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spinnability that simulates bone collagen chemically and structurally due to its backbone structure 

stability in human body fluids [39,40].  

PVDF has been intensively explored by different industries for several applications due to 

bulk properties of high electric resistance, light weight and hydrophobicity. Properties that had been 

increasing the applications of PVDF for several applications such as air cleaning ultrafiltration, 

microfiltration [24]. Extensively research regarding the possibility of implementing PVDF 

nanofibers for rechargeable batteries, due to its ionic conductivity improving cell rate capability 

[41].  

3.1 Forcespinning Technology 
 

Forcespinning® (FS) technology was developed at the current university (UTRGV) 

previously known as UTPA. FS is one of the latest technologies for the fabrication of fibers besides 

electrospinning, melt blowing, centrifugal spinning, liquid shearing and most recently magneto 

spinning [42]. The advantage of FS technology relies on the fiber yield and broader selection of 

materials that can be converted into fiber coupled with an environmental friendly process. 

Conductive and non-conductive solutions can be used given that the process relies on the use of 

centrifugal forces rather than traditionally used electric fields. The forces act in the perpendicular 

direction of the rotational speed resulting the ejection of the polymer solution from the spinneret. 

Nanofibers are advantageous for a large number of applications due to their high surface area, high 

length/diameter ratio, surface morphology, flexible surface functionality and superior mechanical 

performance [36].  

 

3.2 Contact Angle 
 

 The CA is defined as the intersection of the liquid-vapor-solid interface, geometrically 

acquired by applying a tangent line from the point of contact along the interface of the droplet profile. 
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 Small quantities, sessile drops of liquid are manipulated on the surfaces. Correctly, the shape 

of the droplet is determined by the surface tension of the liquid. In the bulk area of a liquid, each 

molecule is pulled equally in every direction by its neighboring liquid molecules resulting a net force 

of zero. Meaning, the molecules are pulled inwards by its own neighbor molecules producing an 

internal pressure maintaining their lowest surface free energy in the bulk. Such intermolecular forces 

contract the surface, which is called surface tension. Surface tension is mainly the force driving the 

shape of the liquid droplets. In addition, external forces such as gravity deform the droplet; 

consequently, the CA value is resolved as the combination of surface free energy and external forces 

such as gravity.  

 
Figure 4. Contact Angle 

 

Theoretically, the CA can be considered a value that represents characteristics for a given liquid-

vapor-solid system in a specific environment. Figure 4 demonstrates the CA between a liquid drop 

and a solid surface.  

Advancing and receding contact angles are considered as the maximum and minimum 

contact angles that the liquid on the surface can approach [19]. Dynamic contact angles can be 

measured at different speeds for a specific environment. The difference between the advancing and 

receding contact angles is called the angle hysteresis. The significance of the contact angle hysteresis 

is critical to consider on the designing of surfaces with low wettability. Hysteresis is related to the 
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surface roughness and nonhomogeneous surfaces. In the case of nonhomogeneous surfaces, a 

specific feature forms a barrier to the motion of the contact line. In the case of hydrophobic and 

superhydrophobic surfaces features will form a sort of pinning prohibiting the motion of the water 

droplet when it recedes, increasing the value of the contact angle. Contact angle hysteresis is usually 

seen in nonhomogeneous surfaces; experimental contact angles are only seen on homogeneous 

surfaces. In Addition, experimental contact angles are based on the Young’s equation, eq. (1). 

 

3.3 Scanning Electron Microscope 
 

 The Scanning Electron Microscope (SEM) from Sigma VP Carl Keiss was utilized to carry 

out the study of the morphology of the fibers and nonwoven mats SEM is one of the greatest 

technologies used to characterize surfaces in the micro-nano scale, displayed in Figure 5. 

 
Figure 5. Scanning Electron Microscope 

It consists of several components such as lenses, electron beam, analysis chamber, secondary 

electrons (SE) and backscattered electrons (BSE). The electron beam is one of the most critical 
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components of the SEM, since it generates the electrons that are focused into a narrow beam that 

scan across the sample. The generation of electrons consists of having a current running through the 

anode becoming extremely hot that the electrons boils out from the metal. Once the electrons are 

generated within the filament, a voltage is applied creating an electric field that pulls out the 

electrons from the tip of the filament, such process is called field emission. The electrons coming 

out from the filament goes through the lenses to be guided and collected before being sprayed down. 

Within the lenses exists an electron-magnet that is winded in a coil embedded inside the iron ring. 

Since the electrons go through different components within the electron gun, the purpose of the 

electron-magnet is to collect almost all electrons and bend them towards a single point below the 

lens. The purpose of the electron-magnet is to group the electrons together; it usually creates high 

magnetic field due to the current being applied. The magnetic field enlarge resulting an effect of 

bending the electrons inward tightly together. Once the electrons enter the magnetic field a 

perpendicular force is applied at the electron that pushes them towards the axis of the lens. Such 

inward force changes the direction of electron beam the same way the lens focuses the light. The 

beam of electrons passes through an aperture on a plate to skim out the electrons that were not tightly 

focused. The electrons pass through another set of lens and orifice to further narrow the electron 

beam resulting a parallel electron beam shape. In the final focusing, the lens encounters two 

additional electron-magnets where current is pulsed through the coils producing an oscillating 

magnetic field that collects and guides the electron beam across the sample surface. The electrons 

coming out from the sample hit the surface, electrons with high-energy bounce back out of the 

surface, such electrons are called backscattered electrons (BS). The electrons knocked out of the 

sample are called, secondary electrons (SE); electrons from the sample are counted by detectors. 

Electrons are sorted according to their high energy, SE electrons are usually lower in energy; 
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however, BS electrons are high in energy. The detector collects just the electrons that reaches in the 

energy level.  

Inside the detectors, electrons first strike a scintillator plate where photons are kicked out. 

The photons are created by the phosphor atoms that are incorporated into the scintillator plate, the 

atoms convert the kinetic energy of the electrons to light energy. The photons created move along a 

channel until reaching to an electron multiplier. Inside the electron multiplier, photons remove out 

electrons that moves into a curved metal plates. A single photon produces millions of electrons due 

to the gradual increase of energy throughout the plates. Electrons kicked out at the first plate, at low 

energy, accelerates into the further plates where each one kicks out multiple electrons. This 

multiplication of electrons continues downward the same way the avalanche grows. All signal from 

the detectors are sent to the CRT, where the brightness of the image spot is controlled. A circuit 

generates a signal to scan both the SEM electron beam and the CRT spot. When the signal is on the 

way to the SEM it passes through gain amplifiers.  

The CRT spot follows a synchronized path, every time the electron beam passes through 

feature on the surface that releases a big number of electrons, such electrons are collected and 

amplified by the detector producing a brighter image on the screen by the CRT spot. Due to the 

synchronized path followed by the CRT spot an image of the scanned feature is represented on the 

screen.  

   SEM functions under vacuum pressure by running a venting process injecting nitrogen gas 

to removing out all type of molecules and gases from the analysis chamber. The technology consists 

of an electron beam that is position on the desired area of analysis. The electrons generated by the 

electron beam starts to hit the atoms on the surface. The electrons of the outer shell from the atoms 

on the surface leave the atom after going through an excitement process based on the energy received 
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by the electrons generated from the beam. Due to the interactions of the electrons with the atoms 

from the surface, it reveals high resolution images from the surface. Figure 6, demonstrates a 

simplified diagram of SEM and all the components.   

 
Figure 6. Simplified Diagram of SEM (prehistoric-colours-blog) 

 

3.4 Manufacturing Parameters 

 

The aim of FS technology is to produce fibers using centrifugal forces produced by the 

rotational speed of the spinneret containing the solution. As the spinneret rotates ejecting the solution 
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through orifices of the needles. The solvent evaporates converting the polymer into a fiber. The key 

parameters that controls the geometry and morphology of nanofibers includes, rotational speed, 

distance from collection system to spinneret and polymeric solution concentration. The control and 

optimization of these parameters allows the manipulation over the development of fibers with 

varying diameter, pore size, morphology and chemistry. 

3.4.1 Polymeric Solution Concentration 

 

Polymer solution concentration determines the ability of transforming the polymer into fiber 

form. The concentration of solution strongly influences the viscosity of the solution, low 

concentration results lower viscosity with low fiber production rate, and the presence of beads. 

However, solutions with high viscosity produces thicker fibers at higher speeds, beads might be 

present due to the limited fiber elongation. Solution shall not be overly concentrated or diluted; but, 

at least having enough concentration to form the fiber jet. Over concentrated solutions unable the 

possibility of fiber formation the flow rate of the solution will be out of the margins of control. 

Resulting, the inability of the formation of fibers of any diameter [43]. The miscibility property of 

the polymer/solvent is crucial to determine the morphology of fibers. One of the common issues is 

the volatility of some additives that reduces solvent evaporation, reducing the solvent evaporation 

leading to wet fiber formation. High volatile solvents increases the rate of evaporation in their 

corresponding gaseous or liquid phase, leaving only a solid phase which will in turn increase the 

surface area [42]. Faster evaporation of solvents produces a wrinkle pattern on the surface of fibers, 

increasing the surface area and air content at the surface.  

3.4.2 Rotational Speed 

 

 Fiber morphology, porosity and diameter are managed by the rotational speed of the 

spinneret. Diameter of fibers is directly proportional to rotational speed with high viscous solutions. 
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The presence of beads might occur due to the inability of fibers to dry completely by the time it 

reaches the collector. Resulting the entanglement of fibers forming different shapes [43]. Fibers 

ejected at their optimum flow rate will have cylindrical cross-section.  

3.4.3 Distance from Collector System to Spinneret 

 

The distance between the collector system and spinneret influences the morphology and 

diameter of the fibers. Longer distances between spinneret and collection system produces higher 

elongation, therefore smaller diameters. The presence of beads may increase as the distance is 

reduced due to the inability of the fiber to dry before reaching the collector. The distance of collector 

determines the diameter of the fibers. Fiber collector close to the spinneret leads to smaller diameters 

due to the lack of elongation of the polymer jet resulting the formation of beads due to the lack of 

drying time. In Addition, FS technology is recognized for its high fiber management system that 

allows fiber collection ensuring a precise cross directional uniformity of fibers [44]. FS technology 

offers a great selection of polymers that could be used for the formation of fibers; however, process 

parameters are extremely important for their fabrication and efficiency. 

 

3.5 Contact Angle Meter 

 Wettability plays an important role in industrial processes such as oil recovery, lubrication, 

coatings, fouling and printing. In the recent years, the interest in the study of superhydrophobic 

surfaces has been increasing. Due to their potential applications, such as self-cleaning, nanofluidics, 

icephobic and antifouling. Wettability studies normally involve the measurement of the CA as their 

primary set of data. Indicating the degree of wetting when a solid and liquid interact once in contact. 

Small contact angles <<90° corresponds to hydrophilic materials due to their high wettability. 

However, large contact angles >>90° corresponds to hydrophobic surfaces due to their low 

wettability. For superhydrophobic surfaces, usually their CA are greater than 150° demonstrating 
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almost not contact with the surface.  The value of CA determines the wettability and categorizes the 

surface per their degree. The relationship among the surface and interfacial energies quantifies the 

behavior of a liquid and a solid surface considering the phase morphology of two or more phases 

present.  

In the development of surface engineering it is important to take in consideration surface free 

energy, work of adhesion and interfacial free energy. All these properties must be quantified based 

on the values of contact angle to study the properties of the surface. 
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CHAPTER IV  

 
 

EXPERIMENTAL SET UP 

 

 

4.1 Polymeric Solution Preparation 

 

For the most part, the materials used for study were Nylon6 (C6H11NO)n and polyvinyl 

difluoride (PVDF) the solvents were of Formic acid (FA ≥ 95%) and N,N-Dimethylacetamide 

(DMC ≥ 95%) purchased from Sigma-Aldrich (St. Louis, MO, USA) while Acetone (C3H6O F.W. 

58.08) was  purchased from Fisher Scientific. Other fiber systems such as polyvinyl difluoride 

(PVDF 5 and 8 GSM), polytetrafluoroethylene (PTFE), polypropylene (PP), thermoplastic 

polyurethane (TPU), polybutylene terephthalate (PBT) were obtained as is from Fiberio 

Technology Corporation. 

 Nylon6 solutions with concentrations of 23 wt.%, 25 wt.%, and 27 wt.% were prepared by 

dissolving the polymer at room temperature (RT) with FA solvent. The solutions were settled for 

24 hours without mechanical stirring. PVDF solutions with concentrations of 20 wt.%, 22 wt.%, 

and 24 wt.% were prepared by dissolving the polymer in a 1:1 by volume mixture of N, N-

Dimethylacetamide and Acetone. The solutions were mechanically stirred for 2 hours in a silicone 

oil bath. Followed for 2 hours of mechanically stirring at room temperature.  

4.2 Fiber Fabrication 

The fibrous mats of Nylon6 and PVDF precursors from different solution mixtures 

produced by FS technology.  As aforementioned, FS technology ejects the polymer solution from
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 the spinneret. 1.5-2.5 milliliters of polymer solution were injected into the needle-based spinneret 

supplied with 30-gauge ½-in. needles. Rotational speed varied for the two different precursors. 

The rotational speed for Nylon6 solutions was 8000 and 10000 rpm for a spinning time of 5 

minutes. However, the rotational speed for PVDF solutions was 7000 rpm spinning time of 5 

minutes as well. Fibers were collected using a hand collector square-shaped from the collection 

system every two runs approximately; needles were changed after each run. The fibrous mats were 

removed from the hand collector and were covered and stored prior to being characterized.  

4.3 Fiber Collection 

 

The target collectors were located 6.5-in. from the tip of the spinneret. All collectors were 

screwed in the circular base as displayed on Figure 7. The base was placed in a circular port located 

in a lower area under the height of the spinneret. Providing enough clearance for the spinneret to 

freely rotate inside the inner the diameter of the base. There was a separation of 3.5-in. between 

collectors, same distance from the spinneret through all resulting a uniform formation of fiber web. 

Fiber mats were collected thought the spaces in between each individual collector, producing 8 

different collections every two runs approximately.   

 

 
Figure 7. A) Fiber collection system, B) Collector and C) Fiber mat 
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4.4 Scanning Electron Microscope 

 

Structures of fibers materials were examined using the Scanning Electron Microscope 

(SEM). Samples were sputtered with a thin layer of gold to enhanced the conductivity of the fibers. 

The metallic layer enhances the interaction of the electrons from the outer shell with the electrons 

generated by the electron beam. The electrons from the outer shell leaves the material and once 

quantified represents. Figure 8, shows the samples inside the sputtering machine after the 

deposition of gold on the surface. 

 
    Figure 8. Sputtering Fibrous Materials 

 

4.5 Contact Angle Measurements 

 

The purpose of measuring the contact angle between a surface and a water droplet is to 

determine the wettability of a surface. Measuring the angle in between the tangential line of the 

droplet in contact with the nonwoven mat. In this study the measurements of the contact angle 

performed on sample from nonwoven nanofiber mats with a uniform thickness. Figure 9 (A), (B) 

demonstrates a nanofiber samples cut from mat and contact angle meter used to determine the 

contact angle value, respectively. An automatic contact angle, DropMaster from KYOWA was 

used to report the static water contact angle using the sessile drop method. Recordings made by 
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measuring 3-4 µL water droplet size depositing it on the surface. Once the droplet is in contact 

with the surface it takes a time to stabilize due to the interactions made by the molecules from 

surface with molecules from the liquid.  

The value of contact angle is determined by selecting the points on the images taken using 

FAMAS add-in software as shown in Figure 10. The camera from the instrument take images of 

the curvature of the droplet sitting on the surface. The purpose of the images is to select the 

tangential lines of the curvatures to the horizontal line. If it the curvature is a complete spherical 

form, the measuring lines can be positioned around the sphere to determine its value; Figure 10 

also demonstrates the selected areas in an image to measure the contact angle. The determined by 

considering 10 different averages, each one made by 10 values of contact angle taken randomly 

on the surface at room temperature.   

      
Figure 9. A) Contact angle meter and B) Fiber mat 

 

Measuring the contact angles of nonwoven nanofiber mats is significantly different from smooth 

surfaces due to the heterogeneities produce by random direction of fibers at the surface.  

Low-bond axisymmetric drop shape analysis for surface tension and contact angle 

measurements of sessile drops (LBADSA) was used. The analysis consists of solving the Young-

Laplace equation per photographic images of sessile drops. The calculated drop curvature is 

enlarged by mirror symmetry so the reflection of the drop allows the position of contact points. A 

cubic B-spline interpolation is applied to the image reaching to the resolution of pixels [45].   

B 

A 
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Figure 10. Points of selection for Contact Angle 

 

Figure 11, demonstrates a graphic representation of the mirror symmetry of droplet at the 

surface. The software consists of taking a second order polynomial of the curvature of droplet. The 

result is a closest estimate of the actual contact angle between the horizontal surfaces with the 

tangential line of the droplet.   

 
Figure 11. LBADSA 

 

Contact angle values is the first step to determine the physical sciences at the interface of 

two of more phases. Obtaining the most exact values of contact angle leads to the most effective 

values of physic sciences such as surface free energy, work of adhesion and interfacial free energy. 
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A corresponding series of probe liquids with a predefined value of surface tension and 

density were used for the analysis. Probe liquids encounters the ability of having a minimum 

activity between molecules of surface and liquid. Using predefined values of surface tension is an 

easy method to determine the values of surface physics such as surface free energy, interfacial free 

energy and work of adhesion. Water is the most used probe liquid; exists dozens of liquids are 

being used. Liquids with different surface tension values can determine the critical surface free 

energy of solids. In addition, probe liquids of different molecular volume can identified the 

dimensions of nanopores in monolayers [46].   

Figure 12, demonstrates the different probe liquids used the analysis. Three different 

liquids were used for the analysis, resulting a Ternary (3 component analysis) creating a 

combination of solid samples with three kinds of probe liquids. FAMAS built-in software 

considers the values of surface tension and density of probe liquids and determines physics 

parameters values based on surface tension and contact angle values measured and recorded. Table 

1, contains the density and surface tension values of the probe liquids used for the analysis. The 

values of surface tension at 20°C except for Diiomethane at 25°C. Surface tension values 

demonstrate the bonding cohesive forces among liquid molecules. In the bulk area of a liquid, each 

molecule is pulled equally in all directions by adjacent molecules, resulting a zero-net force due 

to the balancing of forces within the molecule. Giving more freedom to molecules at the surface 

to interact with the environment. Table 1, also demonstrates the density values of each probe liquid. 

Density is a critical value to consider since due to the gravity force, it becomes a weight, 

consistently applying a force on the contact areas of the solid.  
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Figure 12. Probe Liquids 

 

Table 1. Density and Surface Tension of Probe Liquids at certain Temperature 

Probe Liquid 
Temperature 

(°) 

Density 

(g/mL) 

Surface Tension @ 

20°C (mN/m) 

Hexadecane 20 0.777 27.47 

Ethylene Glycol 20 1.120 47.7 

Formamide 20 1.138 58.2 

Diiomethane 25 3.325 50.8 

Distilled Water  20 0.9982 72.8 

 
 

4.6 Evaluation of Algae Attachment 

 

 The evaluation of algae study is an ongoing study where the interaction of algae on the 

surface of nonwoven nanofiber mats is being evaluated PTFE, and PP nanofiber mats were chosen 

for this study to compare and understand their interaction with algae. The algae was collected from 

a boat belonging to the University of Texas Rio Grande Valley as demonstrated in Figure 13. The 

collected algae were divided in two different mediums to identify the one that provides the most 

efficient environment for algae growth and proliferation, as shown in Figure 14. The flasks were 

placed on a warm illuminated environment providing the most naturally environment growth. 

After obtaining a homogenous number of algae cultured, nonwoven nanofiber mats PTFE and PP 

were placed in petri-dishes to introduce algae to culture onto their surfaces. Figure 15, shows the 

(1.5 x 1.5) cm mats in contact with algae.     
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Figure 13. Naturally collected Algae 

 

 
Figure 14. Culture of Algae in different mediums 

 
Figure 15. Algae study with PTFE and PP 
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The study will consist of a 7-day time point. The nanofiber mat will be soaking in a solvent N, N-

Dimethylformamide (DMF) to extract all the algae attached on the surface of the mat. Followed 

by analyzing the medium using the spectrophotometer to determine the amount of chlorophyll in 

the solvent. Algae is considered a plant marine containing chlorophyll, cell plant that absorbs light 

to form energy. The spectrophotometer measurements consists of applying a spectrum of light to 

medium to analyze. Chlorophyl will absorb that light and by changing their color the results will 

be recorded by the instrument.    
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CHAPTER V  

 
 

RESULTS AND DISCUSSION 

 

 

The wettability of fine fibers (small fiber diameter, small pore size) is strongly dependent 

on the Cassie-Baxter mechanism. In the case of these materials, the pore size is also strongly 

dependent upon the aerial density, measured as Grams per square meter (GSM). The higher the 

GSM smaller the pore size. The Forcespinning® technology produces fiber with small diameters 

and study the GSM of the collected mats can be tailored to suit desired applications. This study 

focuses on the effect on the wettability according the fiber diameter and GSM. Several techniques 

were employed to characterize the morphology of the nonwoven nanofiber mats and their 

wettability [42].   

  

5.1 Morphology of Nonwoven Polymeric Nanofiber Mats 
  

 Figure 17 demonstrates the SEM images of all fiber mats used in the study. The images 

depict clean homogeneous fibers, for example no beads are present. Nylon6 SEM images are 

shown. According to the morphology shown by the images, and based on the forcespun 

parameters, fibers provided an excellent morphology under the polymeric concentrations and 

collector distance. However, it has been determined from a previous study that solution viscosity 

by polymeric concentration of 15wt.% is too low to form polymeric nanofibers [47]. Fortunately, 

all chemically polymeric concentrations were above the previously mentioned value. Nonwoven 

nanofiber mats fabricated with Nylon6 of (20, 38, 41, 47, 49, 55, 72) GSM as shown at Table 2
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demonstrates a systematic increasing of fiber diameter at (0.14, 0.75, 0.47, 0.63, 0.64, 0.54, 0.66) 

µm, except for 38 GSM and 55 GSM showing unsystematic fiber diameter values. Similarly, the 

morphology of PVDF 5 GSM, and 8 GSM, respectively. Based on the morphology shown by the 

image the polymeric concentration including manufacturing parameters were closed to the 

optimum characteristics showed by the absence of beads and defects on fibers. SEM images are 

also shown for PVDF 20wt.% (111 GSM), 22wt.% (75 GSM) and 24wt.% (114 GSM) forcespun 

at 7000 rpm. The velocity parameter of manufacturing was constant for all three nanofiber mats. 

Due to the small variation of solution concentrations the viscosity of each solution significantly 

influences the fiber diameter for all three surface mats. Table 3 demonstrates fiber diameter of 

PVDF 20wt.% (111 GSM), 22wt.% (75 GSM) and 24wt.% (114 GSM) with values of 1.73 µm, 

1.74 µm and 1.81 µm, respectively. Exists a strong correlation between fiber diameter and 

polymeric concentrations. Higher polymeric concentrations, results thicker fiber diameters due to 

the large number of chain entanglements resulting less mobility of molecules minimizing the 

stretching of fibers during the spinning. However, it seems that there is not a direct correlation 

with fiber density. Due to the differences in fiber density significantly affects the values of contact 

angle. Higher densities produce more overlapping of fibers creating more pores eventually 

becomes filled by the air.  

 

5.2 Contact Angle of Nonwoven Polymeric Nanofiber Mats 
 

High polymeric concentrations result broader fiber distributions and thicker fiber 

diameters. The values of GSM (grams per square meter) demonstrates the fiber density, larger 

values of GSM increase the amount of fibers decreasing porosity and the number of pores. 

However, as fiber diameter increases, it decreases the size of the pores reducing the amount of air 

at the surface. Figure 16 shows a 3-Dimensional random distribution of nonwoven mats, it 
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provides an idea of the development of pores at the surface due to the random direction of fibers. 

It also helps to visualize the relation of GSM value with the overlapping of fibers at the surface.  

 

 

 

  

 

 

Figure 16. 3D Random distribution nonwoven mat 
 

It is clearly seen by the represented morphology on the image that fiber density is higher 

on PVDF 8 GSM. Table 3 demonstrates the analysis conducted on PVDF fiber mats, it shows the 

contact angles of bulk and fiber mats at 5 and 8 GSM resulted values of 0.44 and 0.23 µm and 

contact angle values of 152.17° and 175.25°, respectively. Even though an increasing trend in 

contact angle is expected as GSM increases, it is to be noted that one should pay attention to the 

fiber diameter as well since pore size will be also strongly dependent upon fiber diameter. The 

sample that shows the higher contact angles was the 8 GSM system. The trend is followed by the 

5 GSM sample and then a significant drop in contact angle is observed for the others systems 

which shown much larger fiber diameters. The highest value of contact angle due to higher fiber 

density results a higher number of fibers overlapped producing a larger number of pores filled with 

air, resulting high contact angle values. However, in the case of PVDF 20wt.% (111 GSM), 

22wt.% (75 GSM) and 24wt.% (114 GSM), with contact angle values of 125.68°, 118.90° and 

128.59°, respectively.  Exists a strong correlation between contact angle and GSM values. All three 

different nanofiber mats were forcespun at a constant rotational speed of 7000 rpm. 24wt.% (114 
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GSM) shows the highest contact angle value of 128.59° due to the development of smaller pores 

due to the large number of fibers overlapped on the surface.   

Higher concentrations of fibers at the surface results smaller pore sizes, increasing the 

amount of air at the surface. Larger concentrations of air results higher contact angles due amount 

of forces against the weight of the droplet produced by the air.  

Table 2, demonstrates the contact angles for Nylon6 fiber mats at different GSM’s. Nylon6 

is a hygroscopic material that absorbs water. When water is in contact with the surface, it forms a 

capillary film between the pores holding the water droplet on the surface developing hydrophilic 

contact angles. However, it still exists an interrelation between fiber diameters and contact angle 

values. Nylon6 72 GSM demonstrates the highest angle value of 117.99° due to number of fibers 

at the surface developing small size pores compared to the other GSM values. In the case of Nylon6  

20 GSM with the smallest fiber diameter of 0.14 µm, demonstrates a contact angle of 95.83° due 

to the lower fiber density. 

   

PTFE 86 GSM 

 

A 

PBT 61 GSM 

 

A 
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TPU 24 GSM 

 

A 

PP 83 GSM 

A 

PVDF 5 GSM  

 

A 

PVDF 8 GSM 

 

A 

PVDF 75 GSM 

 

A 

PVDF 111 GSM 

 

A 
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Nylon6 41 GSM 

 

A 

Nylon6 38 GSM 

 

A 

Nylon6 55 GSM 

 

A 

Nylon6 49 GSM 

 

A 

Nylon6 20 GSM 

 

A 

PVDF 114 GSM 

 

A 
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Figure 17. SEM Images of various fiber mats fabricated by Forcespinning 

      Table 2. Contact angles and Work of adhesion of Bulk and Fibers for Nylon6 

Nylon6  

  

Bulk Fiber 

Contact Angle 

(°) 

Work of Adhesion 

(mJ/m2) 
Contact Angle (°) 

Work of Adhesion 

(mJ/m2) 

Fiber 

Diameter 

(µm) 

20 GSM 58.69 109.75 95.83 84.80 0.14 

38 GSM 58.69 109.75 87.66 87.66 0.75 

41 GSM 58.69 109.75 94.95 66.53 0.47 

47 GSM 58.69 109.75 102.38 75.40  0.63 

49 GSM 58.69 109.75 90.72 71.88 0.64 

55 GSM 58.69 109.75 91.40 71.00 0.54 

72 GSM 58.69 109.75 117.99 73.74 0.66  

 
 

5.3 Work of Adhesion of Nonwoven Polymeric Nanofiber Mats 
 

Work of adhesion represents the strength of contact between the two adjacent phases. It describes 

the strength of the interface defining the work needed to separate the interface. It is important to 

obtain a general approach of the forces at the molecular level acting during the contact between 

two phases. Table 2 demonstrates the values of work of adhesion of Nylon6 nanofiber mats. Exists 

an opposite relation between the values of GSM and work of adhesion. High fiber densities 

increase the number of pores resulting higher concentrations of air producing high values of 

contact angle. 38 GSM shows the higher fiber diameter demonstrating the highest value of work 

Nylon6 47 GSM 

 

A 

Nylon6 72 GSM 

 

A 
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of adhesion 87.66 mJ/m2. Thicker fiber diameters usually decrease the pore size and air content at 

the surface resulting a strong contact with the surface requiring more energy to detach the solid 

and liquid phase.    

Table 3, demonstrates the contact angles of bulk and fiber forms for PVDF materials at different 

GSM’s. In the case of PVDF truly demonstrates the porosity formed by the fiber diameter. 8 GSM 

showed smallest fiber diameter with a contact angle of 175.25° with a value of 69.68 mJ/m2. Due 

to the low value of GSM the pores are still larger providing enough room for the water to move 

further down taking more energy to remove it. 5 GSM the second smaller diameter the contact 

angle is still high; even though, the diameter is still thicker than 8 GSM pores are still smaller that 

water still stays on the surface with a work of adhesion of 32.01 mJ/m2. However, PVDF 114 GSM 

showed the lowest value of work of adhesion of 27.45 mJ/m2, even though has the largest fiber 

diameter value, due to the higher fiber density creating larger number of pores. In the case of 75 

and 111 demonstrated 44.64 mJ/m2 ,47.58 mJ/m2, respectively almost the same. It might be due to 

their almost identical value of fiber diameter. Even though 111 GSM is creating a lot more pores 

than 75 GSM, since the fiber diameter are almost the same thickness the pore sizes are almost the 

same.  

Table 4, demonstrates contact angles and work of adhesion for fiber and bulk surfaces for 

various polymers. Based on the information in the table PTFE followed by TPU demonstrated 

contact angles of 175.43°and 171.19°, respectively. However, PTFE demonstrated lower work of 

adhesion than TPU. Due to the morphology of PTFE as shown in Figure 14 (B) where a, 

hierarchical pattern is observed which increases the surface area.  
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Table 3. Contact angles and Work of adhesion of Bulk and Fiber mats for PVDF. 

PVDF 

  

Bulk Fiber 

Contact Angle 

(°) 

Work of 

Adhesion 

(mJ/m2) 

Contact Angle 

(°) 

Work of 

Adhesion 

(mJ/m2) 

Fiber 

Diameter 

(µm) 

5 GSM 97.95 109.19 152.17 32.01 0.44 

8 GSM 97.95 109.19 175.25 69.68 0.23 

75 GSM 97.95 109.19 118.90 44.64 1.74 

111 GSM 97.95 109.19 125.68 47.58 1.73 

114 GSM 97.95 109.19 128.59 27.45 1.81 

 

Table 4. Contact angles and Work of adhesion for Bulk and Fiber mats for Various Polymer. 
Various Polymers 

  

Bulk Fiber 

Contact 

Angle (°) 

Work of 

Adhesion (mJ/m2) 

Contact Angle 

(°) 

Work of 

Adhesion 

(mJ/m2) 

Fiber 

Diameter 

(µm) 

PP 83 GSM 103.53 55.8 115.87 31.94 0.58 

PBT 61 GSM 78.66 86.91 168.85 38.69 2.14 

TPU 24 GSM 79.59 85.85 171.19 34.60 1.49 

PTFE 86 GSM 125.68 30.60 175.43 30.6 0.99 

 

In the case of heterogeneous surface, which is the case of nonwoven nanofiber mats the 

weight is concentrated on the sidewalls of fibers. The penetration of the droplet is restricted due to 

a considerable decrease of fraction of fibers in contact with the liquid. As shown in Figure 18, due 

to the restricted space of the fibers, the droplet forms a sag that could eventually be in contact with 

the bottom surface. Fibers are randomly oriented, not regularly spaced in a nonwoven mat 

distributed in a non-stochastic orientation [48]. It is important to understand that the roughness of 

the forcespun nonwoven nanofiber mats is caused by the regions covered by the overlapping fibers, 

dramatically decreasing the surface contact area of the droplet with the mat therefore, developing 

a discontinuous three-phase contact exhibiting superhydrophobicity.   
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Figure 18. Schematic Illustrating the sagging of liquid on the fiber surface. 

 

The sagging of the interface is strongly affected by the increase in the air pockets. 

Similarly, the force applied by the weight of the droplet develops a pressure on the surface. Higher 

magnitude of pressure under the droplet indicates that more time is required to wet the forcespun 

nanofiber mat.  However, the pressure differences at the interface can significantly increase by 

reducing the fiber diameter. In Addition, the overlapping areas of fibers are responsible for 

developing a roughness in the nonwoven nanofiber mat that produces an influence in the 

wettability and mechanical properties. The forcespun nonwoven can be engineered for 

superhydrophobicity properties by enhancing the fiber diameter and GSM resulting an influence 

on the roughness.   

 

 

 

Air  

Fiber  Fiber  

Fiber  
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CHAPTER VI 

 

  

CONCLUSION 

 

 

 The wettability of nonwoven mats was analyzed for a variety of polymeric systems. Fiber 

diameter and aerial density where varied and its influence on contact angles and work of adhesion 

was evaluated. It was observed that for systems where the fiber diameter is in the nanoscale, the 

Cassie Baxter mechanism was responsible for the observed superhydrophobic behavior. Surface 

roughness of the fibers also contributed to the increase in contact angle values. The systematic 

study provides knowledge to further develop important applications such as self-cleaning systems, 

anti-fouling membranes, and battery separators such as polymer electrolyte and rechargeable 

batteries.       
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CHAPTER VII 
 
 

FUTURE APPLICATIONS 

 

 

 The superhydrophobic behavior of nonwoven systems offer an unparalleled opportunity to 

the filtration, smart coatings (anti-fouling) and textile industries. Superhydrophobicity is a 

character that is been increasingly in the performance of technical textiles such as clothing and 

home textiles. Superhydrophobicity plays an important role to attain effectively liquid repellence, 

self-cleaning, including functionalities such as bacterial, stain resistant, and UV protection, surface 

functionalities, and high mechanical performance. Those are some of the applications where 

nonwoven nanofiber mats can be implemented due to their characteristics. Microfluidics, water 

harvesting systems, are applications where nanofiber mats are being evaluated and understood 

their characteristics to manipulate the direction of the flow of a fluid related to hydrophilicity in 

microfluidics. And the wettability of fibers to trap water molecules from the environment and 

collected them for future usage in harvesting systems. Those are experienced systems of 

applications.  

However, the evaluation of Algal attachment to nanofiber mats and air filtration could be 

potential studies that provides a better understanding of attachment of the marine algae to 

nanofiber mats, and the pressure drop produced by the pore size interrelated to fiber diameter, 

respectively. The approach to assess the antifouling property of nonwoven nanofiber mats is by 

exposing mat samples to growing algal culture identifying the nanofiber mat the best prohibits the 

adherence of algae to its surface. The attachment of algae is particularly related to the biofilm that 
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consists of a group of bacteria, algae, fungi, and protozoans. Fiber diameter is an important 

parameter that determines the efficiency of filtration systems due to the pressure drop generated 

by pore size. Filtration efficiency is associated to the fiber thickness; the pore elements of filters 

must be at scale of the particles to be captured. Due to the high surface area, tiny particles of <0.5 

µm can be easily trapped in the nonwoven nanofiber mats. Studying a variety of fiber diameters 

and pore sizes calculating the pressure drop based on the airflow in and out of the nonwoven 

nanofiber mat, an optimum pore size and fiber diameter can be determined. 
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