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Abstract

Electrospinning is a simple and versatile method to fabricate polymeric nanofibers and

nanocomposite fibers for a wide range of applications. Electrospun Nylon 6 nanofiber mats

have been used in tissue engineering, filtration and protective clothing. Silica nanoparticles

are a type of popular reinforcements for electrospun fibrous nanocomposites due to its tunable

size and biocompatibility. However, electrospun Nylon 6 nanofibers and silica nanoparticles

were not studied together before. Therefore, Nylon 6/silica nanocomposite fibers are studied

in this thesis.

Firstly, the fabrication process is developed. More specifically, the effect of Nylon

6/formic acid concentration and silica weight fraction on the solution viscosity and the prop-

erties of the end product is studied. In microscopic view, scanning electron microscope was

used to characterize the morphology and dimensions of the nanofibers. It was found that

the average fiber diameter increased significantly with the increase of Nylon 6 concentration

and slightly with the rise of silica weight fraction. Also, when silica weight fraction exceeds

a critical value, silica nanoparticles start to agglomerate and silica beads appear from time

to time. In macroscopic view, surface roughness and porosity of the mats were measured.

The porosity remains unchanged while surface roughness increased by increasing silica weight

fraction and decreasing Nylon 6 concentration.

In the applications such as filtration and tissue engineering, wettability is a very impor-

tant surface property. Therefore, after the development of the fabrication process, the change

of the mats’ wettability with respect to the morphology of the electrospun nanocomposites

was investigated. Both the equilibrium water contact angle and the dynamic water contact

angle were studied. For pristine Nylon 6 nanofiber mats, the equilibrium contact angle was
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increased with the increase of Nylon 6 concentration. The reason is that higher Nylon 6

concentration gives higher average fiber diameter, which results in lower surface roughness.

On the other hand, the dynamic water contact angle curves are similar for the mats made

from solutions with different Nylon 6 concentration. When silica nanoparticles are reinforced,

the variation of equilibrium contact angle is complicated since silica nanoparticles are hy-

drophobic while the particles also increased the surface roughness of the nanofiber mats. It

can be concluded that the surface roughness played a more important role than the particles’

hydrophobicity. Dynamic water contact angle is significantly changed by the silica addition.

The water drops on the 9% silica reinforced mats were absorbed much quicker than those on

pristine Nylon 6 nanofiber mats.
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Preface

A version of Chapter 2 of this thesis will be submitted to Journal of Engineered Fibers

and Fabrics as a journal publication. The authors of the publication are Yu Chen, Prashant

Waghmare, and Cagri Ayranci, and the title is “Fabrication and Characterization of Elec-

trospun Mats of Nylon 6/Silica Nanocomposite Fibers”. The work included in this chapter

represents the fabricating, characterizing and results interpretation done by me under the

guidance of Dr. Ayranci and Dr. Waghmare

A version of Chapter 3 of this thesis will be prepared for submission to a journal following

the submission of this thesis. The authors of the publication are Yu Chen, Cagri Ayranci

and Prashant Waghmare, and the title is “Tunable Wettability of Electrospun Fibrous Nylon

6/Silica Nanocomposites”. The work included in this chapter represents the attempts to

achieve tunnable wettability of Nylon 6/silca nanocomcosipte mats done by me under the

guidance of Dr. Waghmare and Dr. Ayranci
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Chapter 1

Introduction

1.1 Basics of Electrospinning Process

1.1.1 Background and History of Electrospinning

Natural and artificial polymeric fibrous materials are widely used for clothing, furnishing,

electronics, and engineering[1]. In the last two decades, polymeric nanofibers have drawn

much attention due to their superior properties including high surface-to-volume ratio, good

mechanical performance and flexibility in the micro-/nano- structures[2]. Various techniques

can be used to fabricate polymeric fibers and nanofibers including drawing[3], self-assembly[4],

and electrospinning[5]. Electrospinning is widely used to produce polymeric nanofibers due

to its simplicity and great flexibility[6].

The first time that electrostatic force was use to overcome surface tension of the liq-

uids can be dated back to 1882[7]. In 1902, John F. Cooley was able to spray liquid drops

with high intensity electrical field[8]. In 1934, Anton Formhals patented the process and

its apparatus that could make artificial filaments out of cellulose acetate/acetone solution

with the help of high intensity electric field[9]. This is considered as the first electrospinning

setup in history. Formhals refined his techniques many times to overcome the drawbacks in

his first patent[10]. However, due to the slow production rate and limited characterization

techniques, electrospinning remained unnoticed for decades[11]. In 1995, the research inter-

ests of electrospinning was revoked by Doshi and Reneker[12] and since then, the number of

publications on electrospinning increases every year [13].
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Figure 1.1: Number of publications with key word ”Electrospinning” from 1995 to 2018 in
SCOPUS Database

1.1.2 Electrospinning Process and Applications

In the electrospinning process, ultrathin polymer nanofibers with average diameter rang-

ing from several micrometers to tens of nanometers can be fabricated[10]. As can be seen

in Figure 1.2, the electrospinning setup consists of three main components which are con-

trolled solution feeding component, high voltage generator and grounded collector[7]. First

of all, the polymer material is dissolved in the solvent to form a polymer solution and fed

into the syringe connected to a blunt needle. Then the syringe and needle that contains the

polymer solution is placed on a syringe pump as the controlled solution feeding component.

The positive electrode of the high voltage generator is clamped on the needle tip and the

ground electrode is connected to the collector. The collector is covered with aluminum foil or

a different substrate to ensure perfect grounding and it also makes the electrospun samples

removable from the collector.

The electrospinning process is also illustrated in Figure 1.2. When a droplet of polymer

solution is pushed out from the needle tip, its shape is governed by the balance between

surface tension and the gravitational force. When the intensity of the electrical field between

the needle tip and collector reaches a critical value, the repulsive electric force is high enough
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Figure 1.2: Schematic of Electrospinning Setup

to overcome the surface tension of the solution drop at the needle tip, thus a solution jet is

ejected towards to grounded collector[12]. In the meantime, a cone shape with half angle of

49.3◦ is formed[14]. It is called Taylor Cone (see Figure 1.2) which is named after Sir Geoffrey

Ingram Taylor and it is independent of the solution properties[15]. After the formation of

Taylor Cone, the solution jet travels for a straight trajectory and then undergoes several

stages of bending instabilities, which results in the whipping phenomenon, as is shown in

Figure 1.2. During the entire flying process, the volatile solvent evaporates and the polymer

experiences an elongation[11]. Therefore, the polymer material reaches the grounded collector

in the form of fibers with extremely thin diameter and they are randomly distributed on the

grounded collector[16].

As can be seen in Figure 1.3, the product of electrospinning is a non-woven nanofiber

membrane. Therefore, they can be used in a wide range of applications[2]. Electrospun

poly(vinyl alcohol) (PVA) can be used as cell culture scaffolds[17]. Electrospun polyvinyli-

dene fluoride/polydiacetylenes (PVDF/PDAs) has good piezoelectric responses and is a

promising candidate for many sensor applications[18]. Polytetrafluoroethylene (PTFE) was

successfully electrospun and used as a corrosion resistant layer on the aluminum alloy[19].

Polyamide 6 (PA6, a.k.a. Nylon 6) is one of the most widely used in clothing and textile

industry. In the field of electrospinning, the Nylon 6 nanofiber mats are widely used in tissue
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(a) Macroscopic View

(b) Microscopic View

Figure 1.3: Electrospun Nylon 6 nanofiber mats

engineering, filtration and protective clothing[2][20].

1.1.3 Electrospinning Parameters

As can be seen in the setup of electrospinning in Figure 1.2, the electrospinning parame-

ters can be divided into three categories, which are solution properties, processing parameters

and environmental factors[7]. Environmental factors include temperature, relative humidity,

atmospheric pressure, air flow, etc[11]. Processing parameters, including applied voltage,

flow rate, needle-to-collector distance, needle diameter, are very important and controllable

in electrospinning process[14]. They are highly related and usually optimized during the

electrospinnig procedure. For example, the applied voltage and needle-to-collector distance

determines the intensity electric field and the flow rate should match the intensity of the

electric field to form a stable Taylor Cone[15]. The most important parameters are the so-

lutions parameters, including viscosity. solution conductivity, solvent volatility and surface

tension[21]. If the viscosity is too high, the electric force will not overcome the surface tension

to form a jet, however, if the viscosity is too low, the fibers will have some defects or elec-

trospraying will occur[22]. Solvent volatility is also crucial to the successful electrospinning

since the solvent needs to evaporate before the jet hits the collector, otherwise the residual

solvent will ruin the existing nanofibers on the collector.
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1.2 Wettability

1.2.1 Definition of Wettability

In the above-mentioned applications such as tissue engineering, filtration and protective

clothing, wettability is one of the most important properties that needs to be controlled.

Wettability is used to describe how a liquid could remain contact with a solid surface and it

is a representation of the surface energy [23]. It is determined by the interfacial free energies

of the solid, liquid and air [24]. In this project, distilled-water is used as the liquid since in the

applications, the water wettability is what the end-users and researchers most interested in.

The water contact angle is frequently used to quantitatively describe the water wettability

of a solid surface and it is geometrically defined as the angle between the solid surface and

the tangential line of the liquid profile, as is shown in Figure 1.4 [25].

Figure 1.4: Definition of Contact Angle

Usually, there are four types of wetting behaviour between a solid and liquid, namely

complete wetting, partially wetting, partially non-wetting and complete non-wetting, as can

be seen in Figure 1.5. They are categorized based on the equilibrium contact angle values.

As is depicts in Figure 1.5, when the surface tension of the liquid is lower the surface free

energy of the solid, the contact angle will be less than 90◦ and the surface is defined as a

hydrophilic surface[24]. On the contrary, when the surface tension of the liquid is higher

than the surface free energy of the solid, the non-wetting behaviour will be shown and the

contact angle will be higher than 90◦[24]. In this case, the surface is defined as a hydrophobic

surface.

There is another important information that is worth to be mentioned here. For porous

materials, its wetting behaviour is slightly different. Based on Cassie-Baxter’s and Wenzel’s

model, the pore structure of a surface will enhance its original wettability[26, 27]. In details,
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Figure 1.5: Four types of wetting behavior between solid and liquid in the air

the pores on a hydrophobic material will trap some air on the surface so that the contact

angle of the hydrophobic surface is increased. On the other hand, the contact angle of

hydrophilic surface will decrease since the pores allow more water to be contact with the

surface. Another interesting phenomenon is the imbibition process of a water droplet on

a porous hydrophilic surface. When a water droplet is deposited on a porous hydrophilic

surface, the contact angle will keep decreasing and equilibrium state will never reach since

the hydrophilic porous surface will constantly absorb the water droplet[28]. The imbibition

process will also be discussed in this thesis since electrospun nanofiber mats is a type of

material with high porosity.

1.2.2 Photonic Contact Angle Measurement and Experimental Setup

There are usually two main groups of contact angle measurement techniques: the direct

photonics method and the indirect force method[29]. In this project, a direct photonics based

measurement system (DSA 100E, KRÜSS GmbH - Germany) along with video and image

processing software (ADVANCE, KRÜSS GmbH - Germany) is used to measure and analyze

the contact angle of the electrospun mats.

The photonic Drop Shape Analyzer DSA 100E is shown in Figure 1.6 and its main

components are briefly illustrated in Figure 1.7. The main components of the system is

briefly introduced in the following:
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Figure 1.6: DSA 100E

Figure 1.7: Brief illustration of DSA 100E contact angle measurement setup

• Light source: The light source is used to provide enough light for imaging. Also, the

light intensity of the light source is adjustable to produce a fine image.

• Camera and lens: The camera and the lens system are the most important parts

of this system. The lens system is optical zoom lens in order to focus on the drop

and make it large enough for the data extraction. A high-resolution real-time camera

is installed here to capture not only the equilibrium contact angle, but also the drop

spreading behavior.
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• Sample stage: The sample stage is used to place the testing sample. It is adjustable

accurately in x, y and z directions to make the drop in the center of image.

• Dosing system: A dosing system is used to deposit a certain volume of drop in this

measurement system.It consists of a syringe clamp, a micro-syringe and a needle to

accurately deposit the liquid drop. It is numerically controlled by the computer.

• Computer: The computer is used to acquire the image from the camera and process

the image to derive the contact angle value. It is also used to control the dosing system.

1.3 Nylon 6 and Nylon 6 Electrospinning

1.3.1 Brief Introduction to Nylon Polymer

The Dupont company start their development project in 1930 and in 1935, the first

sample of Nylon was created out of diamines byWallace Hume Carothers at DuPont’s research

facility[30]. Since then, Nylon becomes the first synthetic polymer fibers that undergoing

mass production and the most successful commercial polymer[30].

The Nylon polymer has a linear polymer chain whose structural units are linked by

amide groups. As a result, Nylon polymer’s scientific name is polyamide. Generally there

are two categories of polyamides. The first one is synthesized from diacids and diamines. This

type of polyamide is identified as Nylon A,B in which A stands for the number of carbon

atoms in diamine and B stands for the number of carbon atoms in the diacids. Nylon 6,6 is

the one that of major commercial importance and the one that was fabricated in 1935[31].

The second one is sythesized from amino acids. They are identified as Nylon A, in which A

stands for the number of carbon atoms in the monomer[31]. Nylon 6 is the most commercially

important type in this category and it is used in this project. The structure of Nylon 6 is

shown in Figure 1.8.

N

H

C

O

(CH2)5

⎛
⎝

⎞
⎠
n

Figure 1.8: Structure of Nylon 6
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1.3.2 Nylon 6 Electrospinning

Nylon 6 has a strong chemical resistance and it is inert in most of the organic solvents[31].

However, it has been discovered that formic acid and acetic acid is able to dissolve Nylon 6

at room temperature[32]. Also, acetic acid and formic acid are both volatile solvents, thus

they make Nylon 6 ideal candidate for electrospinning[33]. Since at room temperature, the

vapor pressure of formic acid (5.3kPa) is higher than acetic acid (1.5kPa), formic acid is the

most frequently used solvent for Nylon 6 electrospinning in the literature[11, 15, 33–39].

Electrospinning of Nylon 6 polymer has been widely studied in the literature and the

electrospun pristine Nylon 6 and Nylon 6 nanocomposites have a variety of applications.

Quan Shi et al.[39], Kuitian Tan et al.[40] and Hem Raj Pant et al.[41] was electrospun

Nylon 6 with various of additives including silver nanoparticles, gelatin and N-halamine ad-

ditives. Good cell compatibility and antibacterial properties were demonstrated by them,

which makes electrospun Nylon 6 nanofiber mats a potential candidate for biomedical engi-

neering. In fact, electrospun Nylon 6 nanofiber mats have already been used as scaffold in

tissue engineering by Abdalla Abdal-hay et al.[42, 43]. Another field that electrospun Nylon

6 nanofiber mats are frequently used is filtration and purification. Haitao Zhang et al.[44]

were able to successfully electrospin hybrid Nylon 6/chitosan nanofibrous mats with diameter

ranging from 80-310nm. They also showed that this nanocomposites is a potential candidate

for the industrial purification of papain. Seongpil An et al.[45] decorated Nylon 6 nanofibers

with titania nanoparticles for water purification while Mozhdeh Ghani et al.[46] fabricated

Nylon 6/chitosan fibrous nanocomposties and used them for anioni dye removal.

In conclusion, the electrospinning of Nylon 6 is widely studied and the it has been used

in various of applications.

1.3.3 Wettability of Nylon 6 polymer nanofibers

As for the applications mentioned in section 1.3.2, wettability is one of the most impor-

tant properties and tunable wettability of Nylon 6 and Nylon 6-based nanocomposites is ideal

in the practical applications. Although the electrospinning of Nylon 6 nanofibers and their

applications are widely studied in the literatures, the number of literatures that mentioned

the wettability of Nylon 6 is limited. Also, disagreements of the results exist in the literature.

Nylon 6 is considered hydrophilic since water is able to form hydrogen bonds with the
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amide groups[31]. Affandi et al.[35] electrospun four different polymers including Nylon

6, polyvinyl alcohol (PVA), polyacrylonitrile (PAN) and copolymer polyvinylidenefluoride -

hexafluoropropylene (PVDF-HFP) and characterized their wettability. In this work, Nylon

6 was categorized as a kind of hydrophilic polymer. The pure Nylon 6 casted film exhibited

contact angle of 44±4◦ while electrospun Nylon 6 film with fiber diameter 109±16nm ex-

hibited contact angle of 42±2◦. The results they presented are reasonable since the contact

angle of Nylon 6 bulk material is around 60◦ to 70◦. Electrospun Nylon 6 nanofibers has a

significantly increased surface-to-volume ratio and increased surface roughness. Hence, based

Wenzel’s model, the contact angle should be lower than the bulk material[27]. Dhineshbabu

et al.[47] studied the wettability of cotton fabric and the non-woven electrospun Nylon 6

coated cotton fabric. They discovered that the cotton fabric is superhydrophilic but Nylon

6 coated cotton fabric is hydrophobic. It is possible since the substrate of the membrane

may have a significant effect on the wettability of the membrane[24]. Abdalla Abdal-hay et

al.[42, 43] found that pristine Nylon 6 nanofiber mats exhibited a contact angle of 132±3◦.

In fact, the contact angle data in this paper was acquired 1s after the deposition of the water

drop. However, by the experimental results in this project, it is discovered that the water

drop needs around 3 to 4s to relax to equilibrium state. Therefore, the contact angle data

in this paper is not acceptable as the indication of the wettability. Hem Raj Pant and his

group did several works on electrospun Nylon 6 and Nylon 6 nanocomposites and contact

angle was one of their characterized properties[21, 41, 48–52]. However, the characterized

contact angle data of pure Nylon 6 nanofibers ranges from 80◦ to 122◦. In all, the wettability

of Nylon 6 nanofiber mats and Nylon 6 fibrous nanocomposites was not widely studied and

tunable wettability of that was never found in the literature.

1.4 Silica Nanoparticles

Silicon Dioxide (Silica) is one of the most commonly found inorganic substance in nature

and it is widely used in personal care, food and pharmaceutical products[53]. Silica nanopar-

ticles are widely used in filtration, biomedical sensing or drug delivery applications[54]. Due

to its multifunctionality and good compatibility, silica nanoparticles have been embedded in a

variety of electrospun polymers such as polymethyl-methacrylate (PMMA)[55], polyvinil alco-

hoa (PVA)[2], polyurethane (PU)[56] and polyvinylidene fluorid (PVDF)[57]. Silica nanopar-

10



ticles can also be used in the applications mentioned in section 1.3.2. Recently, Nylon 6/silica

composites have also been successfully synthesized as the absorbent for solid phase micro-

extraction[58]. Although silica nanoparticles are compatible with Nylon 6 and are also be

able to disperse in formic acid, there is only limited literatures that studied the Nylon 6/silica

fibrous nanocomposites. Islam et al.[33], Shi et al.[39] and Aghakhani et al.[59] all success-

fully electrospun Nylon 6 reinforced by silica nanoparticles. Both well distributed silica and

agglomerated silica beads (see Figure 1.9) were reported in the literature. However, none

of them discussed the effect of processing parameters on the end product. Therefore, silica

nanoparticles are chosen as the reinforcement and fibrous Nylon 6/Silica nanocomposites is

stuided in this project.

Figure 1.9: Agglomerated silica beads

1.5 Aim and Structure of the Thesis

The first aim of the study is to understand and optimize the effect of solution recipes

on the fiber and bead morphology of electrospun silica reinforced Nylon 6 fibrous nanocom-

posites. The electrospun mats was characterized in both microscopic view and macroscopic

view so that the effect of solution parameters on microscopic fiber properties and macro-

scopic mat surface properties can be discovered. All these works are presented in Chapter

2 and a design guidance of electrospun Nylon 6/silica fibrous nanocomposites is provided

for the preparation of Chapter 3. After that, in Chapter 3, optimized solution recipes was

used to fabricate electrospun Nylon 6/silica fibrous nanocomposites for tunable wettability

study. Since Nylon 6 is a type of hydrophilic material, both equilibrium contact angle and

imbibition process of the droplet was studied and the effect of Nylon 6 concentration and

silica weight fraction was discussed. Finally, a conclusion and future work recommendation

was provided in Chapter 4.
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Chapter 2

Fabrication and Characterization of
Electrospun Mats of Nylon 6/Silica
Nanocomposites Fibers∗

(∗) A version of this chapter will be submitted to Journal of Engineered Fibers and

Fabrics as a journal paper with authors: Yu Chen, Prashant Waghmare, Cagri Ayranci

2.1 Introduction

Due to the high surface-to-volume ratio and good physical properties of polymeric

nanofibers, they are widely used in various applications, such as micro-filtration, protective

clothing, optical sensor, etc.[2]. There are various techniques to produce polymeric fibers and

nanofibers including solution spinning[1], drawing[3], self-assembly[4] and electrospinning[5].

Among them, electrospinning is regarded as the most versatile and tailorable technique be-

cause it offers the ability to produce ultrathin nanofibers with diameters ranging from tens

of micrometers to several nanometers[10].

Polystyrene (PS)[60], poly(vinyl alcohol) (PVA) [61], polyvinylden fluoride (PVDF) [62],

and polyamide 6 (PA6, a.k.a. Nylon 6�) [21, 41, 50, 51, 63] are some of the common examples

of thermoplastic polymers used in electrospun fiber formation. Among these, Nylon 6 is

an important polymer due to its biocompatible nature and good physical and mechanical

properties. It is also one of the most commonly utilized polymers around the world. A

number of researchers[21, 41, 50, 51, 63] have demonstrated the ability of forming Nylon 6

nanofibers in the range of 100nm to 300nm diameter and the electrospun Nylon 6 nanofiber

mats are widely used in applications such as tissue engineering[64], wound-healing[20] and
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filtration[65].

In electrospinning, fibers are often reinforced with nanoparticles to increase the mechan-

ical properties or to tailor physical or chemical properties of the fibers and their mats. With

the embedment of nanoparticles, the mechanical, physical and chemical properties can be

enhanced and specific applications can be targeted[45, 66–68]. In many applications such as

filtration and tissue engineering, tunable wettability is an ideal property. However, the wet-

tability of Nylon 6 nanofiber mats is not widely studied in the literature with the exception

of few publications. Affandi et al.[35] categorized electrospun Nylon 6 nanofiber mats as a

hydrophilic material since it exhibited contact angle of 42±2◦. However, Abdalla Abdal-hay

et al.[42] found that Nylon 6 nanofiber mats is hydrophobic, as it shows a contact angle of

132±3◦. The results are completely different in those two literatures.

Silicon dioxide (Silica) nanoparticles have been widely used in electrospun composite

nanofibers due to its biocompatibility, filtration ability and tunable size[22, 36, 56, 69, 70].

Although Nylon 6/Silica composites have been successfully synthesized for the application

of solid phase micro-extraction[58], there are only limited papers that studied the Nylon

6/Silica composites nanofibers. Md. Shahidul Islam et al.[33] fabricated Polyvinyl acetate

coated Nylon 6/Silica nanocomposite membrane for oil-water separation but they did not

discuss the effect of parameters on the morphology of the nanocomposites. Quan Shi et

al.[71] fabricated Nylon 6/silica nanocomposites using 2,2,2-tri-fluoroethanol (TFE) as the

solvent, however, the electrospinning parameters were not even presented. Ali Aghakhani et

al.[59] synthesized silica nanoparticles by themselves and embedded the nanoparticles into

Nylon 6 nanofibers. But the diameter of the synthesized silica nanoparticles is three times

larger than that of the Nylon 6 nanofibers, so silica nanoparticles are not well distributed in

the fibers and only bead-on-string morphology was created. None of them investigated the

Nylon 6 concentration and silica weight fraction on the morphology of the nanocomposites.

Consequently, the present study investigates the fabrication and characterization of silica

reinforced Nylon 6 nanocomposites. In particular, the effect of silica to Nylon 6 ratio (Silica

weight fraction) is investigated to obtain smooth, non-beaded nanofibers. Morphology of

the fibers and their mats were characterized macroscopically and microscopically. The work

in this paper offers a guidance for fabrication of Nylon 6/Silica nanocomposites and it is

a preparation of making fibrous nanocomposites with tunable wettability, which will be

presented in another paper.
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2.2 Methodology

2.2.1 Raw Material

Polyamide 6 was obtained from Sigma-Aldrich Canada Co., Oakville, ON (product

#181110). The molecular weight of the Nylon 6 was 10,000 g/mol and the bulk density

was 1.084g/ml. Formic acid with a purity of 88% was obtained from Fisher Scientific, Ot-

tawa, ON (product #A118P-500). Silicon dioxide (Silica) nanoparticles were obtained from

Sigma-Aldrich Canada Co., Oakville, ON (product #637238). The average density of silica

nanoparticles was 2.4g/ml and the particles size ranges from 10nm to 20nm. All materials

were used as obtained without further treatment.

2.2.2 Solution Preparation

Formic acid was added into the container with premeasured amount of Nylon 6 and silica

nanoparticles. After that, the container was sealed with Teflon tape to avoid the evaporation

of formic acid. The prepared solutions were stirred with a magnetic stir bar under room

temperature for 24 hours until all the Nylon 6 pellets were dissolved. Finally, the solutions

were sonicated for 1h to ensure full dispersion of silica nanoparticles. Solution with 4 levels

of Silica weight fraction (including 0%) and 3 levels of Nylon 6 concentration were prepared

in the present work as is shown in Table 2.1.

Table 2.1: Solution recipes and codings

Nylon 6 Concentration (wt%)
Silica Weight Fraction (%)
0 2 4 6

15 S0N151 S2N15 S4N15 S6N15
17.5 S0N17.5 S2N17.5 S4N17.5 S6N17.5
20 S0N20 S2N20 S4N20 S6N20

2.2.3 Viscosity Measurement

The viscosity of the solutions was measured with Rheometer (Rheolab QC, Anton Paar)

coupled to refrigerated/heating circulator (F12, Julabo GmbH). The measurement system

was a double cylinder measuring cup (DG42, Anton Paar GmbH, Anton-Paar). Before the

1SX stands for X% of silica weight fraction in electrospun nanocomposite fibers. NXX stands for XX wt%
of Nylon 6 in Nylon 6/formic acid solution.
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measurement, the solutions were sonicated for 5min to ensure full dispersion. 20ml of the

sample solution was poured into the measuring cup and the measuring system was sealed with

parafilm to avoid the effect of formic acid evaporation. For each measurement, shear rate

was set to increase gradually from 20s−1 to 100s−1 and the corresponding dynamic viscosity

was plotted against shear rate.

2.2.4 Electrospinning Process

Before the electrospinning process, the solution was sonicated for another 5 mins to en-

sure full dispersion. Then the prepared solutions were filled into 10ml syringes with Eccentric

Tips (305482, BD Canada, Mississauga, ON) and placed on a syringe pump (Legato 101, by

GENEQ Inc., Montreal, QC). Needles (305178 BD Canada, Mississauga, ON) were blunted

with a rotationary cutting tool and connected to the syringe. The collector of the electro-

spun nanofiber mats was a flat square metal plate with side length of 15cm covered with

aluminum foil. The tip-to-collector distance was fixed at 10cm and the pumping rate was

fixed at 2μl/min. The electrospinning voltage was controlled by a high voltage supply (model

ES30P-5W/DDPM, by Gamma High Voltage Research, Inc., Ormond Beach, Florida, USA)

and set to 24kV for all the electrospinning process. The positive electrode was clamped on

the needle and the negative one was clamped on the collector. Each sample was electrospun

for 30min to ensure that the thickness of the mat after peeling off from the aluminum foil

would be in the range of 15 to 20μm. All the tests and characterizations were done at the

central region of the collected area.

2.2.5 Scanning Electron Microscope (SEM) Characterization

The nanostructures of the fibrous nanocomposite mats were analyzed with a field emis-

sion scanning electron microscope (Zeiss Sigma FESEM featured with GEMINI column) with

Energy Dispersion X-ray (EDX). All nanocomposite samples were coated with carbon with a

thickness of 6nm by Leica ACE600 Carbon/Metal coater. EDX is used to proof the existence

of silica nanoparticles.

For fiber diameter measurement, three samples for each concentration combination were

made in random order. On each sample, five locations near the center of the collected area

were chosen. The magnification rate was set to be 20,000. Fiber diameters were measured

with ImageJ software and 100 measurements were randomly chosen for each sample, i.e.
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each location will take 20 measurements. Statistical analysis of variance (ANOVA) was used

to determine whether average fiber diameters and standard deviations of the fiber diameter

measurements varied by different Nylon 6 concentrations, as well as the addition of silica

nanoparticles. The null hypothesis was that there is no difference and the significance level

α was set to be 0.01.

2.2.6 Porosity Measurement

The samples for porosity measurement were made for 1h to gain measurable thickness.

The porosity of the mat was determined by Eqn. 2.1 [72].

φmat = 1− ρmat

ρc
(2.1)

where φmat is the porosity of the composite nanofiber mat; ρmat is the density of the composite

nanofiber mat; and ρc is the density of the Nylon 6/Silica nanocomposite without voids. Small

rectangular pieces of the samples with areas between 2500mm2 to 4900mm2 were cut from

each sample and weighed by precision scale with precision of 0.0001g (Mettler Toledo AL-

Model). The length and width of the sample were measured by a vernier caliper (Schut Digital

Caliper, 0-300mm) and the thickness of the sample was measured by a micrometer (Schut

CP01 Electronic Outside Micrometer, 0-25mm, 0.001mm). The density of the composite

nanofiber mat ρmat was calculated by the above-mentioned measurements. The density ρc of

the Nylon 6/Silica nanocomposite without voids is determined by Eqn. 2.2

1

ρc
=

1

ρN6

WN6 +
1

ρSi
WSi (2.2)

where

ρN6 = Nylon 6 density

ρSi = silica nanoparticle density

WN6 = weight fraction of Nylon 6

WSi = weight fraction of silica

Therefore, with the help of Eqn. 2.2, the density of each silica weight fraction is calcu-

lated and listed in Table 2.2.

2.2.7 Surface Roughness Measurement

Surface roughness was measured by a profilometer (Zygo Optical Profilometer). Three

replicates for each concentration combination were taken for surface roughness measurement
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Table 2.2: density ρc of the Nylon 6/Silica nanocomposite without voids

Silica weight fraction (%) 0 2 4 6
Density (g/ml) 1.084 1.096 1.108 1.120

and on each replicate, five points were randomly picked and measured. The magnification

rate for object lens was 50 and the magnification rate for eye lens was 2. The field of view

was 0.72mm×0.54mm. The root mean square (RMS) of the assessed profile was used as the

description of the measured surface roughness. The fifteen measurements of one recipe were

averaged as the final value of the roughness.

2.3 Results and Discussion

2.3.1 Solution Characterization

Figure 2.1: Viscosity measurement of the solutions

Viscosity is one of the key parameters that needs to be controlled for successful elec-

trospinning. If the viscosity is too high or too low, the fibers will have defects, or the

electrospinning process will not occur [51]. Figure 2.1 shows the viscosity versus shear rate

data for Nylon 6 – Silica / Formic Acid solutions. In this figure, the legend SXNYY represents

the solution with YYwt% of Nylon 6 concentration and X% of silica weight fraction, which

is the same as the coding for the solutions in Methodology section of the manuscript. As
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can be seen in Figure 2.1, the viscosity remains constant when shear rate increased gradually

from 20s−1 to 100s−1. When Nylon 6 concentration is increasing, viscosity of the non-silica

solutions rises steeply from 0.35Pa ·s to 1Pa ·s. Comparing solutions with the same Nylon 6

concentration, the viscosity increases slightly by around 0.06Pa ·s when silica weight fraction

increased from 0% to 6%. The reason accounting for this phenomenon is that viscosity is a

measure of the internal resistance of a flowing liquid[61]. In the solutions studied here, the in-

ternal resistance is caused by the entanglement of Nylon 6 molecular chain and the inertia of

the dispersed silica nanoparticles. Therefore, when Nylon 6 concentration is increased, there

is more entanglement of Nylon 6 polymer chain, thus the viscosity is higher. Also, when the

amount of silica is increased, their inertia provide a small amount of extra resistance, which

results in the slight increase in the viscosity.

2.3.2 Microscopic Fiber Characterization

Pure Nylon 6 Nanofiber Characterization

In electrospun nanofibers, usually three types of morphologies can be achieved, namely

bead, bead-on-string and smooth fibers[73]. Among these, super-thin, long and smooth

nanofibers are preferred in most applications. On the LHS of Figure 2.2, the SEM images

of fibers obtained with different Nylon 6 concentrations are shown. Smooth long super-

thin nanofibers are randomly distributed on the collector to form a non-woven porous mat.

The fiber diameter distribution of 300 measurements of each concentration are shown in the

histogram on the RHS of each SEM image. It can be clearly seen in the histogram that the

peak of the distribution shifts to the right when Nylon 6 concentration is higher. However,

the shape of the distribution remains the same for all three levels of concentration. The

averaged fiber diameter and standard deviation of the 300 measurements are shown in Table

2.3. When Nylon 6 concentration increased from 15wt% to 20wt%, the average fiber diameter

increased from 103nm to 160nm while the standard deviation only increased from 11nm to

15nm. The increasing trend of average fiber diameter (with 95% confidence interval) by the

Nylon 6 concentration can also be seen in Figure 2.3.

Single factor ANOVA analysis with α = 0.01 was used to determine whether average

fiber diameters varies by increasing Nylon 6 concentrations. The p-value of the test is less

than 0.00001, which means that Nylon 6 concentration has a significant effect on average fiber

diameter. The increasing trend of average fiber diameter results agrees with the viscosity

18



(a) S0N15 SEM (b) S0N15 histogram

(c) S0N17.5 SEM (d) S0N17.5 histogram

(e) S0N20 SEM (f) S0N20 histogram

Figure 2.2: SEM images and histograms of pure Nylon 6 electrospun nanofibers

Table 2.3: average fiber diameter and standard deviation of the pure Nylon 6 nanofibers

Nylon 6 concentration (wt)% 15 17.5 20
Average Fiber Diameter±Standard Deviation (nm) 103±11 126±12 160±15

19



measurements presented above as higher viscosity will have more resistance on the elongation

of the polymer material during electrospinning process[51].

Figure 2.3: Average Fiber Diameter with 95% of confidence interval of Pure Nylon 6
Nanofibers

An interesting structure that exists in Figure 2.2 is the ultrathin spider-net like structure

that are randomly distributed between the normal nanofibers. This is seen particularly for

the bottom SEM image in Figure 2.2. The cause of this structure was investigated before

[33] and it was concluded that under high voltage, the amide groups of Nylon 6 are partially

ionized in some regions of the solution [33]. In those partially ionized and degraded regions,

the entanglement of the polymer chains is reduced, thus the viscosity is reduced. During the

electrospinning process, those low viscosity regions form a surface with solvent-rich parts and

Nylon-rich parts thus phase separation occurs[63]. That is why in Figure 2.2, the spider-nets

are covering and adhering to the fibers. Ding et al. [74] studied the bonding between spider-

nets and nanofibers, they found that lower humidity can strengthen the bonding. In the

present study, the relative humidity during electrospinning was very low (3%-5%). Therefore

the results agrees with Ding’s work [74]. Kuo et al. [65] claimed that the precursors of

ultrathin spider-net structures were those ribbon-like fibers. They are stretched under large

electrostatic forces and phase separation occurs before they hit the collector. However, among

all the figures that presented in this paper, none of them can prove that those spider-nets

were ribbon-like fibers during the start of the process. Kuo also mentioned that 60-days-old
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solutions can have more spider-net structures during electrospinning process [65]. However,

in the present study, all the electrospinning process were done within 7 days after the solution

preparation. Therefore, no differences were found among the samples.

Nylon 6/Silica Nanocomposite Fibers

Figure 2.4, Figure 2.5, Figure 2.6 shows the fiber morphology and bead structure of

fibers with 2%, 4% and 6% of silica nanoparticles respectively. Similar to Figure 2.2, the

solution codings are labeled below the SEM images and histograms, and the average fiber

diameter and standard deviation are shown in table 2.4. As can be seen in the SEM images,

when silica weight fraction is increased up to 6%, smooth long super-thin nanofibers are still

randomly distributed to form nonwoven mats.

Table 2.4: average fiber diameter and standard deviation of the Nylon 6/silica nanocomposite
fibers (unit:nm)

Nylon 6 Concentration (wt%)
Silica Weight Fraction (%)

2 4 6
15 105±11 104±12 109±9
17.5 128±14 128±15 131±15
20 160±16 161±17 164±15

However, under the limited imaging resolution, it is difficult to determine whether the

nanoparticles are imbedded on the fiber surface or within the fibers. EDX point analysis was

used to prove the existence of silica nanoparticles along the fibers, as is shown in Figure 2.7b,

2.7d, 2.7e. The yellow solid spectrums are the spectrums taken from pure Nylon 6 nanofiber,

which are used as references. As can be seen in Figure 2.7, the silicon(Si) peak exists in

all the nonzero silica weight fraction samples, which means that the silica nanoparticles are

distributed in the nanofibers.

The histograms of fiber diameter distribution are also shown on the RHS of SEM images

in Figure 2.4, Figure 2.5 and Figure 2.6. Similar to the histograms shown in Figure 2.2, the

peaks also shift to the right with the rise of Nylon 6 concentration. However, when comparing

the histograms with samples from the same Nylon 6 concentration, they do not have any

visible difference. Single factor ANOVA analysis with α = 0.01 is also used to determine

whether the increasing silica weight fraction would affect the average fiber diameter the Nylon

6/Silica nanocomposite fibers. The p-value of increasing silica weight fraction on average
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(a) S2N15 SEM (b) S2N15 histogram

(c) S2N17.5 SEM (d) S2N17.5 histogram

(e) S2N20 SEM (f) S2N20 histogram

Figure 2.4: SEM images and histograms of Nylon 6 electrospun nanofibers reinforced with
2% of silica nanoparticles
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(a) S4N15 SEM (b) S4N15 histogram

(c) S4N17.5 SEM (d) S4N17.5 histogram

(e) S4N20 SEM (f) S4N20 histogram

Figure 2.5: SEM images and histograms of Nylon 6 electrospun nanofibers reinforced with
4% of silica nanoparticles
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(a) S6N15 SEM (b) S6N15 histogram

(c) S6N17.5 SEM (d) S6N17.5 histogram

(e) S6N20 SEM (f) S6N20 histogram

Figure 2.6: SEM images and histograms of Nylon 6 electrospun nanofibers reinforced with
6% of silica nanoparticles
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(a) 15wt% Nylon 6 Bead Comparison (b) 15wt% Nylon 6 Fiber Comparison

(c) 17.5wt% Nylon 6 Bead Comparison (d) 17.5wt% Nylon 6 Fiber Comparison

(e) 20wt% Comparison

Figure 2.7: EDX point analysis spectrum of the mats electrospun by different Nylon 6/Formic
Acid concentration
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fiber diameter is 0.000014, 0.04078 and 0.12447 for 15wt%, 17.5wt% and 20wt% of Nylon 6

concentration respectively. It means that for 17.5wt% and 20wt% of Nylon 6 concentrations,

the increasing silica weight fraction up to 6% does not have a significant effect on the fiber

diameter. But for 15wt% Nylon 6 concentration, the same proportion of silica nanoparticles

has a statistically significant effect. More specifically, the average fiber diameter remains

unchanged at 2% and 4% silica weight fraction but increases to 109nm when 6% of silica is

added. A possible explanation is that there might be a critical value of silica weight fraction

for each Nylon 6 concentration. When silica weight fraction is less than this critical value,

the entanglement of the Nylon 6 polymer chain is not affected by the silica dispersion and

the increasing of viscosity is only due to the inertias of the silica nanoparticles. When the

silica weight fraction exceeds the critical values, the silica nanoparticle dispersion starts to

affect the entanglement of the polymer chain, thus the fiber diameter is increased. Another

quick test was done using S20N20 solution, which means that 20% of silica nanoparticles

were added into the solution of 20wt% Nylon 6/Formic Acid. It was found that the average

fiber diameter increased to 187nm as expected. Unfortunately, in S20N20, the fiber surface

becomes rough and the aggregations of silica nanoparticles is severe. The internal mechanism

of this critical value is worth to be studied in the future. Summarized fiber diameter with

95% confidence interval are shown in Figure 2.8.

Figure 2.8: Average Fiber Diameter with 95% of confidence interval of Nylon 6/silica com-
posite nanofibers
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Similar to the non-reinforced case, spider-net structures can also be observed when silica

nanoparticles are added (Figure 2.4, Figure 2.5 and Figure 2.6). The size, density, morphology

and covering area of the spider-net structures are still random with no relationship to the

silica addition. As is illustrated before, the spider-net structure is due to the ionization and

degradation of Nylon 6 polymer chain. The silica nanoparticles are insoluble in formic acid

and they are also nonconductive. Hence, the ionization of Nylon 6 has not been influenced

during the electrospinning process.

Another interesting phenomenon is the formation of the agglomerated silica groups when

silica nanoparticles are added. As is indicated by the arrows in Figure 2.4, Figure 2.5 and

Figure 2.6, the silica beads were formed randomly in the entire nanocomposite mats. They

are penetrated by the nanofibers, but the fiber diameter and morphology were not affected.

The size and density of the beads have an upward trend with the increasing silica weight

fraction. In 15wt% and 17.5wt% Nylon 6 concentration, small beads start to occur when

silica weight fraction was only 2%, as is shown in Figure 2.4.

EDX point analysis was also done on those beads, as is illustrated in Figure 2.7a and

Figure 2.7c in which the solid yellow spectrums are still pure Nylon 6 nanofibers. From the

figures, silicon(Si) peak height rises steeply with the increasing silica weight fraction. For the

samples with 20wt% Nylon 6 concentration, no significant difference was discovered when

silica weight fraction increased up to 4% and only some small beads appears on the fibers

with 6% silica weight fraction, as is shown by the arrows in Figure 2.6e. With the help of

EDX point analysis in Figure 2.7e and EDX map analysis in Figure 2.9, it can be proved

that the silica nanoparticles were distributed in the fibers but did not form beads in fibrous

mats made by 20wt% Nylon 6 concentration.

From the above-mentioned results, it can be concluded that fibers made from lower Nylon

6 concentration are easy to be changed by silica addition. When Nylon 6 concentration is

15wt%, 2% of silica is enough to create beads. But when Nylon 6 concentration is increased

to 20wt%, only small beads were occurred until 6% of silica nanoparticles are added. Also,

for 20wt% Nylon 6 concentration, the average fiber diameter and standard deviation was

maintained until 4% silica is added. In other words, when silica nanoparticles are added

into the solutions to produce Nylon 6/Silica nanocomposites, there is a critical capacity that

the Nylon 6 nanofibers could accommodate them. The critical capacity value is positive

corelated to the average fiber diameter of the nanofibers. When the amount of silica exceeds
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(a) S2N20 (b) S4N20

(c) S6N20

Figure 2.9: EDX map analysis spectrum of the mats electrospun by 20wt% Nylon 6/formic
acid with different silica weight fraction
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this critical value, beads start to occur. From the results in this paper, the critical value for

20wt% Nylon 6 concentration is more than 4% but less than 6%. For 15wt% and 17.5wt%

Nylon 6 concentration, the critical value is less than 2% of silica weight fraction. Future work

can be done to determine this critical value and investigate its internal mechanism.

2.3.3 Macroscopic Mats Characterization

Porosity

Figure 2.10: Porosity of the electrospun mats

Porosity is the measurement of proportion of voids in a certain material and it is

one of the most important parameters for applications such as tissue engineering [64] and

filtration[65]. As can be seen in Figure 2.10, the porosity of the electrospun mats remains at

around 83% for all the solutions and the standard deviations of the porosity measurement

are small and consistent. It means the electrospun mats are highly porous and the porosity

value is not affected either by Nylon 6 concentration nor silica weight fraction. Although

higher Nylon 6 concentration will deposit more mass of fibers on the collector, the volume

of the mats is also increased due to the increasing spreading area. The reason for the rise of

spreading area might be that solutions with higher Nylon 6 concentration have more charges

so that the solution will experience more electric force in the electric field. As a result, the

density of the mats is not affected, thus the porosity remains unchanged. As for the silica

addition, Ding et al[36]. discovered that the addition of nanoparticles will create more nano-
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cracks within the fibers. However, in this case, when silica weight fraction is lower than 6%,

the volume of created cracks was too small comparing with the space between the nanofibers.

Therefore, the porosity was also not affected by the silica addition.

Surface Roughness

Surface roughness is a quantification of the deviation of a real surface from an ideal flat

surface. Other than material chemical structure, surface roughness is the most important

parameter to determine the wettability of a material. As can be seen in Figure 2.11, sur-

face roughness increases with the increasing of silica weight fraction regardless of the Nylon

6 concentration. The reason is that the addition of silica nanoparticles introduced more

complexity and variation of the nanofibers such as beads.

Figure 2.11: Surface roughness of electrospun mats

Another interesting phenomenon in Figure 2.11 is that the surface roughness of 17.5wt%

and 20wt% Nylon 6 concentration is close but the surface roughness of 15wt% is significantly

higher than both. There might be two reasons accounting for this phenomenon. First, lower

Nylon 6 concentration gives thinner fibers. As is illustrated in Figure 2.12, when second

layer of fibers were deposited on to the first layer, thinner fibers bend more thus the surface

deviates more from the flat surface. However, this is not the main reason since the fiber

diameter is in the range of 100-250nm. Hence, the change of surface roughness caused by

the change of fiber diameter is limited. The second reason is that some portions with flat or
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semi-flat fibers were discovered from time to time in the samples made from 15wt% of Nylon

6 concentration and these portions introduced heterogeneity of the surface. In these portions,

there used to be smooth fibers but when unevaporated solvent was flying to them, the fibers

were flattened by the solvent. This is considered as the main reason of the significantly high

surface roughness of the mats made from 15wt% of Nylon 6 solutions.

(a) Fibers with higher fiber diameter
(b) Fibers with lower fiber diameter

Figure 2.12: Thinner fibers give higher surface roughness

2.4 Conclusion

In this paper, electrospun fibrous Nylon 6/silica nanocomposite mats were successfully

fabricated. The microscopic and macroscopic characterization were done on the electrospun

samples. It was discovered that when silica nanoparticles were not added into the solutions,

all three Nylon 6 concentrations could produce smooth nanofibers and the fiber diameter

increased from 103±11nm to 160±15nm. The effect of silica addition on the average fiber

diameter of the mats was also investigated. For 17.5wt% and 20wt% of Nylon 6 concentra-

tions, the average fiber diameter was not affected when silica nanoparticles were increased

up to 6%. However, for 15wt% Nylon 6 concentration, the average fiber diameter remains

unchanged when 2% and 4% of silica nanoparticles were added but it increased to 109±9nm

when 6% of silica nanoparticles were added. Bead formation was also investigated in this

paper. With the addition of silica nanoparticles, 15wt% and 17.5wt% started to form some

aggregated silica beads at 2% silica weight fraction. However, 20wt% Nylon 6 concentra-

tion did not show any beads until 6% of silica nanoparticles was added. Surface roughness

and porosity were also characterized and controlled. The surface roughness increased with

the increase of silica weight fraction while decreased with the rise of Nylon 6 concentration.

These two parameters were essential to the tunable wettability of electrospun fibrous Nylon

6/silica nanocomposites, which will be discussed in another paper.
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Chapter 3

Tunable Wettability of Electrospun
Fibrous Nylon 6/Silica
Nanocomposites∗

(∗) A version of this chapter will be submitted to a journal as a journal paper with

authors: Yu Chen, Cagri Ayranci, Prashant Waghmare.

3.1 Introduction

Electrospinning is an easy and versatile method to fabricate polymer fibers of different

diameters ranging from several micrometers to tens of nanometers[10]. Electrospun Nylon

6/Silica fibrous nanocomposites is a promising candidate for applications such as microfil-

tration, tissue engineering and drug delivery[20, 33, 64, 75]. Nylon 6/Silica composites have

also been successfully synthesized for the application of solid phase micro-extraction[58]. The

surface property of these fibers is one of the decisive factors to dictate the applicability and

the efficient outcome. Wetting on these fibrous materials by the liquid of interests is the

indicator of the surface energy and surface properties. Here in this study, change in surface

properties with respect to the morphological variation in the electrospun nanomaterials is

investigated. Also, based on the surface characterizations such as wettability, imbibition pro-

cess and surface roughness, a design matrix for the fabrication of desired electrospun mats is

proposed.

Wettability is the description of surface energy of the substrate[23]. Apart from the polar

and dispersed component of the liquid and solids, surface heterogeneity is another key aspect

that decides the magnitude of liquid affinity or repellency towards the substrate[26]. Affandi
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et al. [35] fabricated four different polymer nanofibers including Polyamide 6 (PA6 or Nylon

6), polyvinyl alcohol (PVA), polyacrylonitrile (PAN) and copolymer polyvinylidenefluoride-

hexafluoropropylene (PVDF-HFP) and characterized their wettability. In their study, Nylon

6 nanofiber mats with fiber diameter 109±16nm was categorized as hydrophilic since it has

a water contact angle of 42±2◦. On the contrary, Abdal-hay et al. [42, 43] reported a water

contact angle of 132±3◦ for the same material, indicating that Nylon 6 nanofiber mats are

hydrophobic. Further, Pant et al.[21, 51, 63, 76] reported a wide range of contact angle

from 80◦ to 122◦ for a variety of fibrous Nylon 6 mats. To the best of our knowledge, the

detailed analysis for wettability of electrospun Nylon 6 with unified justification is missing

in the literature. In this report, we have studied meticulously the wetting behavior of the

pristine Nylon 6 and rationalized the observed wetting behavior based on several surface

characterizations. In addition, the possibility of tuning the wettability by imbedding silica

nanoparticles is also studied.

In the literatures, there are numerous ways to achieve tunable wettability of polymer

nanofiber mats. But in most of the cases, the tuning is achieved either by modifying the

surface structure of the individual fibers or controlling the diameter of the fibers. Kang et

al.[77] used solvent chemistry to create small beads on the surface of the PS fibers. The exis-

tence of these small beads turned the hydrophobic PS membrane into superhydrophobic with

a water contact angle of 154.2±0.7◦. Generating bead structure along the fibers is another

approach to change the surface roughness of the mats, by which can significantly alter the

wettability. Zheng et al. [78] managed to fabricate PS membrane with various fiber structure

including bead-only structure, bead-on-string structure and bead-free structures. The vari-

ation of the nanostructure changed the membrane wettability towards water. The contact

angle of 158.1±2.4◦ was obtained when a thin layer of PS bead-free fibers was electrospun

on the bead-only structure. In addition to the fiber surface structure, fiber diameter also

plays an important role in tunable wettability of the membrane. Zhou et al. [79] found that

by simply tuning the poly (vinylidene fluoride) (PVDF) concentration in the electrospinning

solutions, different fiber diameters were achieved and the water contact angle increased with

the rise of average fiber diameter.

Another major method is to reinforce the nanofibers with diverse nanoparticles. Re-

cently, Dufficy et al. [80] imbedded hydrophobically- and hydrophilically-modified fumed

silica nanoparticles into polyacrylonitrile (PAN) nanofibers by a one-step electrospinning
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process. The apparent water contact angle was achieved from 28.1±2.3◦ to 133.3±8.3◦,

which suggests that electrospun PAN/Silica fibrous nanocomposite mats can be tuned from

hydrophilic to hydrophobic. In similar way, Liu et al. [81] loaded ZnO nanoparticles into

PVDF electrospun nanofiber mats and the contact angle in the range of 127◦ to 171◦ was

achieved by altering the nanoparticle concentration.

Apart from these two major methods, the wettability can be tuned by other means such

as electroactivation [60] or electrospinning the fibers on a functional substrate [82]. Ghochaghi

et al. [60] fabricated nanofiber mats on a piezoelectric substrate. When an electric filed is

applied, the substrate deformed, and the nanofibers were aligned and stretched. Thus, the

surface roughness and porosity were changed. As a result, the average water contact angle

decreased by 9.6±1.9◦ after the application of electric field. Kakunuri et al.[82] electrospun

cellulose acetate nanofibers onto Nylon meshes with different pore size. The water contact

angle was changed from 30.3±0.4◦ to 137.7±0.1◦. These methods usually involve the special

arrangements and it can be only considered for specific applications.

It is evident that the first two methods, namely control of fiber diameter and embedment

of nanoparticles, are the appropriate ways that can provide the precise control for tunable

wettability. In this study, Nylon 6/Silica nanocomposites were successfully fabricated, and

the wettability of the mats with different fiber diameters and silica weight fractions is studied.

The micro/nano-structure of the electrospun fibrous nanocomposite mats were also charac-

terized and discussion on the effect of structure on the wettability is provided. Finally, a

design guidance for the role of infusion of silica nanoparticles is also discussed.

3.2 Experimental Methodology

3.2.1 Raw Material

Polyamide 6 pellets (molecular weight 10,000 g/mol and the bulk density 1.084g/ml,

product #181110) and Silicon Dioxide nanoparticles (particle size 10-20nm and average den-

sity 2.4g/ml, product #637238) were purchased from Sigma-Aldrich Canada Co., Oakville,

ON. Formic acid with a purity of 88% (product #A118P-500) was supplied from Fisher Scien-

tific, Ottawa, ON. All raw materials were used as supplied without purification or treatment.
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3.2.2 Solution Preparation

Pre-measured amount of Nylon 6 pellets was added into the container along with spec-

ified amount of silica nanoparticles. After that, formic acid was added into the container

and the container was sealed with Teflon tape to avoid the evaporation of formic acid. The

prepared solutions were stirred under room temperature for 24 hours until all the Nylon 6

pellets were dissolved. Finally, the solutions were sonicated for 1h to ensure full dispersion

of the silica nanoparticles. In the present work, 4 levels of Silica weight fraction (including

0%) and 3 levels of Nylon 6 concentration were prepared for electrospinning as is shown in

Table 3.1.

Table 3.1: Solution recipes and codings

Nylon 6 Concentration (wt%)
Silica Weight Fraction (%)
0 3 6 9

17 S0N171 S2N17 S4N17 S6N17
18.5 S0N18.5 S2N18.5 S4N18.5 S6N18.5
20 S0N20 S2N20 S4N20 S6N20

3.2.3 Electrospinning Process

Before the electrospinning process, the prepared solutions were sonicated for another

5min and filled into syringes (10ml, 305482, BD Canada, Mississauga, ON). G20 needles

(305178 BD Canada, Mississauga, ON) were blunted with rotationary cutting tools and con-

nected to the positive electrode of the high voltage supply. The syringes were placed on the

syringe pump and the pumping rate was fixed at 2.5μl/min. A metal plate (side length of

15cm) covered with aluminum foil was used as a collector. It is placed 10cm away from the

needle tip and connected to the negative electrode of the high voltage supply. The electrospin-

ning voltage is controlled by a high voltage supply (model ES30P-5W/DDPM, by Gamma

High Voltage Research, Inc., Ormond Beach, Florida, USA) and fixed 24kV was applied for

all the electrospinning process. All samples were electrospun for 30min and instantaneously

the deposited mat was peeled off from the collector for further characterization. All charac-

terization processes were done at the central region of the collected samples. The details of

the fabrication process and the parameters optimization guidance can be found elsewhere[15].

1*S# is % of silica weight fraction in electrospun nanocomposite fibers and N## is wt% of Nylon 6 in
Nylon 6/formic acid solution.
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3.2.4 Characterization Methods

Nanostructure analysis by Scanning Electron Microscope (SEM)

A field emission scanning electron microscope (Sigma FESEM featured with GEMINI

column, Zeiss, Germany) was used to analyze the nanostructure of the samples, including

fiber morphology, fiber diameter and silica embedment morphology. Before the SEM charac-

terization, 6nm of carbon nanoparticles were deposited using a sputter coater (Leica ACE600

Carbon/Metal coater, Leica Microsystems, Canada). Two samples of each kind were fab-

ricated for SEM characterization and five random locations were selected on the samples.

Attempts were made to image the samples that was close to the center region of collector.

The magnification of the SEM was maintained at the same level for all the characterization.

For fiber diameter measurements, 20 readings were taken from each SEM image, i.e., 200

measurements for each type of sample.

Surface Roughness Measurement by Optical Profilometer

An optical profilometer (Zygo Optical Profilometer, Zygo Corporation, Connecticut,

USA) is used to measure the root mean square (RMS) of the assessed surface. The se-

lected magnification for object-lens was 50 and eye-lens was 2. The field of view was

0.72mm×0.54mm. For each type of sample, two mats were fabricated separately, and five

points were randomly picked for surface roughness characterization. As is mentioned earlier,

the surface roughness of the samples was measured at the center of collector region. Minimum

ten measurements were used for statistical analysis.

Porosity Measurement

The porosity of the mats is determined by comparing the measured density of the actual

mats with the density of the void-free composites. The density of void-free Nylon 6/Silica

nanocomposite ρc, is calculated by Eqn. 3.1 [83] where the density is considered in g/ml.

1

ρc
=

1

ρN6

WN6 +
1

ρSi
WSi (3.1)

Here

ρN6 = Nylon 6 density

ρSi = silica nanoparticle density

WN6 = weight fraction of Nylon 6
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WSi = weight fraction of silica

The calculated density of the void-free composites for each solution recipe is reported

in Table 3.2 The density of the composite nanofiber mat ρmat was determined by measuring

Table 3.2: density ρc of the Nylon 6/Silica nanocomposite without voids

Silica weight fraction (%) 0 3 6 9
Density (g/ml) 1.084 1.102 1.120 1.140

the mass and the volume of the electrospun mats. The samples for porosity measurement

were electrospun for one hour to ensure enough thickness to peel off and measure. Small

rectangular pieces with length and width between 30mm to 70mm were cut from the sample

then peeled off with extreme cautious to ensure no material was left on the aluminum foil.

The mass of the sample was measured by a precision scale with precision of 0.0001g (Mettler

Toledo AL-Model, Mettler-Toledo, LLC, Columbus, USA). A vernier caliper (Schut Digital

Caliper, 0-300mm, Schut Geometrishce Messtechnik GmbH, Trossingen, Germany) was used

to measure the length and width while a micrometer (Schut CP01 Electronic Outside Mi-

crometer, 0-25mm, 0.001mm, Geometrishce Messtechnik GmbH, Trossingen, Germany) was

used to measure the thickness of the mats.

Based on the information of the density, the porosity of the samples φmat was determined

as [72].

φmat = 1− ρmat

ρc
(3.2)

Water Contact Angle Measurement by DSA 100E

The water contact angle was measured by a goniometer (DSA 100E, KRÜSS GmbH

- Germany). After peeling off from the aluminum foil, the samples were gently clamped

on a circular sample holder with a defined and uniform circumferential tension[24]. Five

distilled water droplets (1μl) were deposited on different locations to obtain the wetting

characteristics. The behavior of the droplets was recorded for up to 3 minutes until the drop

was completed absorbed. All the measurements were performed at the room temperature

with the relative humidity around 20%. The majority of the samples are hydrophilic in nature

with porosity higher than conventionally reported fabric in the literature[31]. Obtaining an

equilibrium static contact angle is always challenging task for such a porous hydrophilic
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material [24]. Based on the transient variation in the drop radius and contact angle one can

determine the appropriate way to determine the equilibrium contact angle [24]. The reported

equilibrium contact angles are measured at the instant when drop attains the equilibrium

without changing the base diameter.

3.3 Results and Discussion

3.3.1 Fiber Morphology and Bead Structure of the Electropsun
Nanofiber Mats

The micro-structure of the electrospun mats are shown in Figure 3.1. As can be seen

in Figure 3.1, the non-silica solutions all produce smooth nanofibers with spider-net-like

structure that appear from time to time. The fiber diameter increased steeply with the

increase of Nylon 6 concentration and raised slightly with the addition of silica weight fraction.

The standard deviation in the fiber diameter measurement is less than ±20nm, which suggests

that the nanofibers are uniformly distributed. Spindle-like silica beads appeared in the images

when silica weight fraction gradually increased from 0% to 9%. However, the silica weight

fraction at which the silica beads start to form is different for different Nylon 6 concentration.

For electrospun mats made from 17wt% Nylon 6 solutions, beads started to form at the

surface of fibers when 3% of silica nanoparticles were added. In case of 18.5wt% and 20wt%

of Nylon 6, spindle-like beads were formed when 6% and 9% of silica nanoparticles were

reinforced. In lower silica weight fractions without beads formation (S3N18.5 and S6N20),

small beads on the surface of the fibers were observed, and for S3N20, all silica nanoparticles

were contained within the fibers. The existence of silica nanoparticles in the fibers and

beads was inspected by the EDX characterization. When silica nanoparticles were added,

the EDX spectrum confirmed the presence of silica with the appearance of silicon peak and

the corresponding peak height increased with the bead size. Details of variations in the bead

configurations and changes in the fiber morphology is reported in Chapter 2.
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(a) S0N17 (114±9nm) (b) S3N17 (115±8nm) (c) S6N17 (117±9nm)

(d) S9N17 (121±11nm) (e) S0N18.5 (143±10nm) (f) S3N18.5 (144±13nm)

(g) S6N18.5 (147±18nm) (h) S9N18.5 (149±15nm) (i) S0N20 (157±13nm)

(j) S3N20 (160±15nm) (k) S6N20 (162±16nm) (l) S9N20 (166±20nm)

Figure 3.1: SEM images, average fiber diameter and standard deviation of the electrospun
mats
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3.3.2 Macroscopic Surface Properties of the Electropsun Mats

Surface Roughness

Surface roughness measurement results are shown in Figure 3.2. In the absence of silica

nanoparticles, the surface roughness reduced with the increase of Nylon 6 concentration.

This decrease in the surface roughness can be attributed to the increment in the average

fiber diameter, which agrees with the results from Choi’s work [84] and Beigmoradi’s work

[85]. As is mentioned in Chapter 2, the aspect ratio of the fibers decreases with the increment

in the fiber diameter. This can be one of the reasons for decrease in the surface roughness as

fiber diameter was increased. As for the silica addition, the surface roughness value increased

with the increase of silica weight fraction, which is similar to the results given by Azarian et

al. [86]. In most cases when silica is added, small beads on the fibers and spindle-like silica

beads started to form, which is shown in Figure 3.1. Those micro-/nano- structures created

more heterogeneity on the surface structures. Therefore, the surface profiles deviate more

from the ideal flat surface. Hence, the surface roughness was increased with the increase of

silica weight fraction.

Figure 3.2: Surface roughness of the electrospun mats
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Porosity

Among all the characterized properties, porosity is the only parameter that was not

significantly affected. The porosity of the mats made by different Nylon 6 concentration and

silica weight fraction are shown in Figure 3.3. We can see from the figure that, without silica

reinforcement, the porosity for the mats with different Nylon 6 concentration was approxi-

mately 83% with similar standard deviation. These observations are in good agreement with

the previously reported results in the literature [15]. When silica nanoparticles are added up

to 9%, the porosity of all three Nylon 6 concentration was increased marginally by 4.44% to

6.38%. This small amount of increase was due to the embedment of silica nanoparticles inside

the fibers [36]. In conclusion, the porosity was not significantly varied due to the change in

the solution composition. As a result, we have not considered the role of porosity in the

further analysis, in particularly for droplet spreading and wetting of the mats.

Figure 3.3: Porosity of the electrospun mats

3.3.3 Equilibrium Water Contact Angle

As is mentioned in the literature [77–81], both the surface energy of the nanoparticles

and the change of micro-/nano- structure will change the wettability of the electrospun

nanofiber mats. As can be seen in Figure 3.4, the equilibrium contact angle of pristine Nylon
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6 nanofiber mats are less than 90◦, which suggests the hydrophilic nature of the fibers. A

similar observation was reported by Affandi et al. [35]. In this figure, Group S0, S3, S6

and S9 are representation of percentage of the silica nanoparticles reinforced in the nanofiber

mats.

Figure 3.4: Equilibrium water contact angle of the electrospun mats

The equilibrium contact angle increased from 51.83±1.56◦ to 55.82±2.44◦ as Nylon 6

concentration increased from 17wt% to 20wt%. Based on Wenzel’s wetting model, for hy-

drophilic materials, rougher surface will improve its hydrophilicity [27]. Referring to Figure

3.2, the surface roughness decreased with the rise of Nylon 6 concentration. Therefore, ac-

cording to Wenzel condition argument, the contact angle should increase with the decrement

in the roughness, which agrees with the experimental results stated above. However, the

contact angle in Affandi’s paper [35] was 42±2◦, which is not in the contact angle range

obtained in this study. In their study, the fiber diameter was 109±16nm, which is lower than

S0N17(114±9nm). Therefore, if we follow the similar trend that we observed in the case of

the surface roughness, the surface roughness for the mats with fibers thinner than S0N17

might have higher surface roughness, which results in even lower contact angle.

The effect of silica nanoparticles on equilibrium contact angle is more complicated than

diameter of the fibers. As can be seen in Figure 3.4, for N17 electrospun mats, the equilibrium

contact angle marginally increased from 51.83±1.56◦ to 54.66±2.66◦ for 0% to 6% silica

weight fraction. Surprisingly, it decreased to 50.06±2.45◦ for 9% of silica weight fraction.
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It is worthwhile to say that the effect of the silica particle does not affect the wettability

significantly and it is confirmed after performing similar wettability studies for N18.5 and N20

samples. In the case of the N18.5, the peak of equilibrium contact angle of 55.09±3.14◦ was

observed for S3N18.5 and the wettability was marginally reduced to 50.46±2.30◦ for S9N18.5.

However, for N20 electrospun nanofiber mats, the equilibrium contact angle slightly decreased

from 55.82±2.44◦ to 51.05±2.30◦ for 0% to 9% silica weight fraction. Based on the supplier’s

information (Sigma-Aldrich Canada Co.,), the silica nanoparticles do not contain much silanol

groups, hence it can be considered as hydrophobic. This can be one of possibilities for the

marginal change in the equilibrium contact angle for different silica embedded mats. The

silica nanoparticles on the surface of the fibers can act as a barrier to the movement of the

contact line and that might be another reason for the difference in the wettability. The change

in the equilibrium contact angle might not be a good indicator for this argument. Therefore,

the transient variation in the spreading diameter until the drop attains the equilibrium is

also analyzed in detail.

3.3.4 Dynamic Water Contact Angle

Similar to an inkjet droplet spreading on a printing paper, when a distill-water drop is

deposited on an electrospun hydrophilic mat, the drop will spread and be absorbed by the

mat simultaneously [28]. As is illustrated in Figure 3.5, this process can be divided into

three stages. First is the relaxation stage, in which the instantaneous spreading results in a

sharp decrement in the contact angle and it relaxes towards the equilibrium contact angle

θE. At the same time, the three-phase contact line separating the wet area from the dry

area exponentially increases. For a distill-water drop spreading on electrospun Nylon 6 mats,

the first stage is surprisingly long (3 to 5 seconds) comparing to other porous substrates

such as paper [24]. After the first stage, the drop has already attained an equilibrium state.

However, as can be seen in Figure 3.5, the contact angle is still decreasing with a lower rate.

This is the second stage which is the decreasing stage. Since the drop volume is 1 μL which

is very low, the evaporation is the main reason accounting for the decreasing phenomenon in

this stage. The details of this stage and the effect of solution parameters on this stage will

be discussed later. At the end of the decreasing stage, the drop transits to the third stage

(vanishing stage) where the contact angle and base diameter are diminishing simultaneously.

During this stage, the radius of the remaining drop decreases sharply, and the drop finally
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disappeared. A typical dying time for water droplet of 3-5 μL is in the range of 200-500

seconds [87] and in the current experiments, the 1 μL drop vanishes less than 200s after the

drop deposition.

Figure 3.5: A typical wetting of mat: transient variations in the contact angle of water drop

As shown in Figure 3.6, Figure 3.7 and Figure 3.8, when no silica nanoparticles are added,

the wetting behavior is similar in all three Nylon 6 concentrations. At the very beginning,

they all take around 3 to 5 seconds in the relaxation stage to reach the equilibrium contact

angle. Then it decreases continuously until around 3 minutes after the drop deposition. For

the mats prepared from all those three solutions, they have similar porosity and in microscopic

view they all have smooth long nanofibers. The amount of Nylon 6 that contacts with the

water is similar, thus the droplet dying process is almost the same.

For the same Nylon 6 concentration, it can be seen that as silica weight fraction in-

creases, the spreading of the water droplets and decrease in the contact angle is faster. More

specifically, the second stage of the transient process shown in Figure 3.5 becomes shorter

as silica weight fraction increases. The only exception is N17 samples, in which the curves

of S0N17 and S3N17 do not have any significant difference. It can be observed that, higher

Nylon 6 concentration will be more sensitive to the silica addition. For example, when 3% of

silica is added into solutions with different Nylon 6 concentration, S3N17 still need around
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170s to attain the vanishing drop region or unmeasurable region. However, for S3N18.5 and

S3N20, they require around 120s and 80s to finish the drop vanishing process respectively.

It is more significant when silica weight fraction reaches 9%, as S9N20 only needs 1/3 of the

time as compared to the time required by S9N17.

Figure 3.6: Dynamic Water Contact angle of mats made by solutions with 17wt% Nylon 6
concentration

Figure 3.7: Dynamic Water Contact angle of mats made by solutions with 18.5wt% Nylon 6
concentration
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Figure 3.8: Dynamic Water Contact angle of mats made by solutions with 20wt% Nylon 6
concentration

As the volume of the drop, volatility of the drop, ambient temperature and humidity

was not changed during the experiments, the silica addition should have no effects on the

drop evaporation process. However, the results in Figure 3.6, Figure 3.7, Figure 3.8 revealed

that the drop transient process is affected. According to the findings by Ismail et al. [24], the

water drop vanishing phenomenon attributes to not only the evaporation process, but also

the imbibition of the water drop by the electrospun porous mats. The difference between

evaporation and imbibition is the change in the drop diameter or the moving three phase

contact line along with the diminishing contact angle. In evaporation process, the majority

of the period, the diameter of the drop remains unchanged but if the substrate is reactive or

porous, the diameter shrinking is comparable with the decreasing contact angle. To pinpoint

this difference, the diameter variation for same volume drops on all the samples are extracted.

The diameter variation curves of N20 are shown in Figure 3.9 and for the brevity purpose

only N20 samples are shown as representative of all mats. The N17 and N18.5 samples have

similar trend. In this figure, for, S0N20 and S3N20 samples, the water drop diameter almost

remains unchanged for a period of time and only at the last stage, it decreased sharply until

the drop is vanished. It suggests that the evaporation is the main cause of the decreasing

contact angle. The difference between S3 and S0 samples is due to the imbibition of water

into the mats which can be easily seen in the figure by observing the difference in the change
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in the diameter. Also, the addition of silica nanoparticles enhanced the imbibition of the

water into the mats. As a result, the drops on S3N20 vanishes quicker than those on S0N20.

When silica weight fraction is increased to 6%, the evaporation of the water in the mats is so

quick that the water drop is constantly being absorbed into the mats. In this situation, the

imbibition of the water drop into the mats also plays a role in the contact angle decreasing

phenomenon and this phenomenon is even more prominent when 9% of silica nanoparticles

are reinforced. Therefore, it can be concluded that the silica embedment not only controls

the evaporation process, but also boost the imbibition process of the water drop.

Figure 3.9: Drop diameter variation of N20 samples

The increasing amount of silica nanoparticles creates more micro- and nano-cracks inside

the Nylon 6 nanofibers and more spindle-like silica beads are formed. These micro- and

nano-cracks allows more Nylon 6 surface asperities at the three-phase contact line. Since

Nylon 6 molecules affinity towards water due to the existence of amide groups, additional

micro/nano sized sites could facilitate absorption [88]. In addition, the hydrophobic silica

nanoparticles allow the water to move easier in the Nylon 6 matrix. That is to say, at the

same environmental condition, the water is easy to penetrate in and evaporate out with more

silica nanoparticles imbedded. Hence, the evaporation and imbibition process are enhanced

in high silica weight fraction samples. In conclusion, the drop vanishing process can be

controlled by the silica weight fraction.
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3.3.5 Surface Charging Effect

(a) S3N20 before drying (b) S3N20 after drying

(c) S3N18.5 before drying (d) S3N18.5 after drying

Figure 3.10: Typical examples of charging effect by residual solvent

It is well documented that the electrospun mat inherently possess charges on the surface

[89, 90]. While measuring the contact angle, we observed the role of these charges as depicted

in the Figure 3.10. This is the most interesting phenomenon that was observed during the

experiment. There are 12 solutions recipes and for each solution recipe, 4 samples were

made, i.e., in total 48 samples were fabricated and characterized during the experiment.

Although distill-water was used in the experiments, 8 out of the 48 samples showed the effect
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of unknown force on the hanging droplet at the tip of the needle. As is shown in Figure 3.10a

and 3.10c, water drop starts to deviate from its center line when it brought in the vicinity of

the mat. The deviation from the center location of the drop is proportional to the distance

between the drop and the mat. When the drop is very close to the mat, it was suddenly

attracted by the mat and spread instantaneously. This detachment of the drop from the

needle is merely due to this mysterious force between the liquid vapor interface and mat.

To delineate the role of this charges on the mat possibly due to the existence of residual

solvent inside the electrospun fiber, the mat was purposefully kept in vacuum and dried for a

longer period of time (mostly for a day). After this unconventional treatment, this effect was

eliminated. Figure 3.10b and 3.10d are the images of drop deposition process on the same

mat that showed the drop repellency in Figure 3.10a and 3.10c. The tilting drop returns to

normal.

Alternatively, one may argue that the electrospun nanofiber mats is statically charged

during the electrospinning process, so it can create a small electric field which is strong

enough to attract the water droplet. As can be seen during the electrospinning process,

all the samples contain electrostatic charges since they are fibrous mats made from high

intensity electrical field. However, the static charges on the surface is not strong enough to

cause attraction to the water droplet. The solvent used in this paper, which is 88% formic

acid with 12% of water, might also be partially charged under the high intensity electric field.

Some charged residual solvents between the nanofiber, along with the static charges on the

surface might have caused this drop tilting phenomenon.

Control of this charging effect is not trivial, as there is no paper reported similar phe-

nomenon. However, this can be studied further in detail to pinpoint the role of these charge

on different situations. It has been confirmed that the residual formic acid can create such

charges on the mat and one can carefully control this residue in the mat and thus the charge

on the mat. Detailed analysis and parametric study on the role of these charges in relation

with the drop spreading can be an interesting study, which is beyond the scope of our aim.

3.4 Conclusion

In this paper, the tunable wettability of electrospun Nylon 6/silica nanocomposite mats

was achieved. Super-thin smooth Nylon 6/silica nanocomposite fibers were obtained. The

49



average fiber diameter and the silica bead structure were well controlled by tuning the Nylon

6 concentration and silica weight fraction. Surface roughness of the electrospun mats was

increased with the increase of silica weight fraction and decrease of Nylon 6 concentration. On

the other hand, the porosity of the mats was not significantly affected by both parameters.

The wettability of the nanocomposite mats was characterized. The equilibrium contact

angle increased by only around 4◦ when Nylon 6 concentration increased from 17wt% to

20wt%. However, the effect of silica nanoparticle embedment on the contact angle value was

limited. In addition, the effect of Nylon 6 concentration and silica weight fraction on the

water drop vanishing process was also studied. Both the imbibition and evaporation process

were greatly enhanced when silica nanoparticles are added. When silica weight fraction is

increased to 9%, only 10% to 30% of the time is needed for the mats produced from the same

Nylon 6 concentration to completely vanish the drop. Finally, an interesting surface charging

phenomenon was discovered. In some of the electrospun mats, the charged residual solvent

inside the mats is able to attract the water drop during the drop deposition process.
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Chapter 4

Summary and Future Works

4.1 Summary of the Thesis

Electrospun Nylon 6/Silica mats with nanocomposite fibers were successfully fabricated.

The effect of solution parameters on the properties, especially the wettability, of the mat was

studied. Based on the detailed analysis the controlled imbibition process was achieved by

manipulating the nanocomposite withing fibers. The dependency of the bulk as well as

surface properties on the liquid solution parameters is discussed in depth.

In Chapter 2, the selected Nylon 6 concentration with appropriate weight fraction of silica

nanoparticles was considered for fabricating bead-free Nylon 6/silica fibrous nanocomposites.

The change in the viscosity due to the Nylon 6 concentration and addition of nanoparticles is

reported. Then characterizations of obtained nanocomposite mats in both macroscopic view

(surface roughness and porosity) and microscopic view (fiber morphology and average fiber

diameter) were done. Statistical analysis was applied to the fiber diameter measurements to

obtain the effect of Nylon 6 concentration and silica weight fraction on the fiber diameter. In

addition, the effect of silica weight fraction on the electrospun mats’ nanostructures (silica

beads and the spider-net-like nanostructure). The summary of key findings are:

• In the shear rate range of 20s−1 to 100s−1, the viscosity of the Nylon 6 - silica/formic

acid solutions remains constant. The viscosity of the solutions increased sharply with

the rise of Nylon 6 concentration and moderately with the increase of silica weight

fraction.

• For the pure Nylon 6 nanofibers, the average fiber diameter increased significantly with

the increase of Nylon 6 concentration. This results agree with the viscosity measure-
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ment.

• For Nylon 6/silica nanocomposite fibers when the silica weight fraction exceeds the

threshold value, the average fiber diameter slightly increased with the addition of silica

nanoparticles. This threshold value depends on the fiber diameter of pure Nylon 6

nanofibers.

• Ultra-thin spider-net-like nanostructures are randomly distributed all over the mats.

The formation of this nanostructure was due to partially ionization of the amide groups

in some regions of the solutions. The random formation of spider-net-like nanostructure

morphology and characteristics are independent of both Nylon 6 concentration and

silica weight fraction, which needs further attention to pinpoint the rationale of it.

• The porosity of the electrospun mats is not influenced by the Nylon 6 concentration

and silica weight fraction.

• Surface roughness increases with the increase of silica weight fraction and decrease of

Nylon 6 concentration. In addition, due to the portions with flat or semi-flat fibers

within the mats made from N15 solutions, the surface roughness of those mats is sig-

nificantly higher than others.

In Chapter 3, the solutions’ parameters were refined for tunable wettability and spreading

analysis. To avoid having those portions with flat or semi-flat fibers, the Nylon 6 concen-

tration was modified accordingly. The silica weight fraction was also refined to 0%, 3%, 6%

and 9% to have a better control of silica agglomeration. In addition to the characterization

performed in Chapter 2, the dynamics of water droplet spreading is studied.The absorption

rate based on the spreading rate of droplet is investigated. The main findings are listed

below:

• The average fiber diameter and fiber morphology are well controlled for wetting char-

acteristics.

• Surface roughness and porosity was similar to the mats that were obtained in Chapter

2.
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• The variation of equilibrium contact angle by the Nylon 6 concentration was simple.

The equilibrium contact angle increased with the increase of Nylon 6 concentration.

However, the variation of equilibrium contact angle by the silica addition was different.

Apart from chemical inhomogeneity, the surface roughness played a more important

role than the silica inherent hydrophobicity.

• With approximately constant equilibrium angle, the imbibtition rates were altered by

merely changing the reinforcement of the nanoparticles .

• Surprisingly, it was found that some of the charged electrospun mats are able to attract

the distilled-water drops. The charging effect is due to the residual solvent that was

left in the mats during the electrospinning process.

In addition, the results of the fiber diameter measurements can be summarized. The

average fiber diameter of pure Nylon 6 nanofibers is increased with the increasing of Nylon

6 concentration. As Nylon 6 concentration increases, the viscosity of the solutions increased

thus the elongation process becomes harder. Therefore, the fiber diameter is increased with

the increase of Nylon 6 concentration.

4.2 Future Works

1. Verification of the dispersion of silica nanoparticles

In this project, the dispersion of silica nanoparticles within the Nylon 6/formic acid

solution is only verified by the SEM images of the end products. So before the electro-

spinning process, how well the silica nanoparticles are dispersed within the solution is

unknown. In furture works, the dispersion of the silica within the solution can actually

be verified by dynamic light scattering.

2. Investigation on the Threshold Values and Critical Values

As mentioned in Chapter 2, there is a threshold value of silica weight fraction beyond

which the fiber diameters will increase with the increase of silica weight fraction. This

threshold criteria depends on Nylon 6 concentration and it can only be determined by

refining the grid of silica weight fraction in a fixed Nylon 6 concentration. Also, the

critical value that the agglomerated silica beads will form can also be determined by
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experiment. As a continuation of this work, a design curve can be provided for the

fabrication of fibrous Nylon 6/silica nanocomposites.

3. Application of Fibrous Nylon 6/silica Nanocomposites in Solid-phase Micro-

extraction

Nylon 6 bulk material was reinforced by silica nanoparticles and used as sorbent for

solid-phase micro-extraction. In Chapter 3, it can be seen that the wettability of

electrospun Nylon 6/silica nanocomposites can be easily controlled which can make it

an ideal candidate for for solid-phase micro-extraction. Future work can be devoted to

fabricate ideal electrospun fibrous Nylon 6/silica nanocomposites for the use of solid-

phase micro-extraction.

4. Application of Electrospinning Technique in the Dielectric Coating for Elec-

trowetting

Electrowetting is a rapid and reversible technique to tune the wettability of a sub-

strate [91]. The substrates used in electrowetting studies are usually conductive metals

coated with dielectric polymers[92]. Currently, spin coating is used as the fabrication

method for the dielectric polymer coating[93]. As can be seen in the current work,

electrospinning can be an alternative method for the polymer coating. Primarily, the

wettability of the coating can be directly controlled by tuning the electrospinning pro-

cessing parameters. The work done in this thesis can be used as a guidance for this

purpose. Secondly, for hydrophobic polymers, fibrous materials could increase the sur-

face roughness of the coating. As a result, the contact angle will be increased thus

the electrowetting phenomenon might also be more significant. Last but not least, the

effect of charges on drop demonstrated in Chapter 3 reveals that the fibrous structure

might have inherent charges which need to be investigated in detail. Based on this, one

can agree, there is a potential in pursuing the research on the topic of electric/dielectric

property of the electrospun mats.
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