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ABSTRACT 

In this study carboxylic acid coated magnetite nanoparticles (CA-Fe3O4 NPs) were 

applied to mechanically robust, Nylon 6 nanomembranes by three different techniques; 1) 

simultaneous electrospraying-electrospinning, 2) layer-by-layer (LbL) assembly, and 3) chemical 

grafting of NPs onto Nylon 6. The aim of this study was to evaluate the NP treatment 

homogeneity by the three methods and examine the durability on the membranes for potential 

wastewater treatment applications. The carboxylic acid polymeric coating on the NPs facilitated 

loading by all methods to display differing chemical bonding pathways: hydrogen bonding, ionic 

bonding, and covalent bonding. Electrospinning the fibers while simultaneously electrospraying 

is a simple method to incorporate NPs within fibers independent of polymer-particle solvent 

compatibilities. LbL assembly can allow for the number of NP layers to be controlled. The 

grafting method can allow for the formation of a durable, covalent bond between the carboxylate 

groups of the NPs and amine end groups on Nylon 6. Main characterization techniques included 

electron microscopy, CIELAB spectrophotometry, and ICP-AES analysis. Results reveal that 

electrospinning-electrospraying and chemical grafting methods produced a homogeneous NP 

dispersion on the membranes. ICP-AES results indicate that the durability of the treatments is pH 

dependent and driven by electrostatic interactions. These surface treatment methods have not 

been previously attempted with Nylon 6 fibers and polymer coated Fe3O4 NPs. Additionally, few 

studies evaluate the durability of NP treatments on fibers although it is an issue of high concern 

and the NP treatment should be long lasting for the intended end-use. 
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PREFACE 

 Magnetite (Fe3O4) nanoparticles incorporated into fibers can serve for various 

applications. Some include water treatment1, biomedical2-3,  lithium-ion battery4, and anti-

counterfeiting applications.5 For potential wastewater treatment applications, these particles are 

intriguing because of the superparamagnetic and adsorption property they can introduce to the 

nanofibers. Since the full impact of metal oxide nanoparticles to the environment is unknown 

and they are known to induce toxic and inflammatory effects to human endothelial cells it is 

significant to study a durable binding strategy.6-7   

  This thesis focuses on the development of three techniques for nanoparticle loading on 

Nylon 6 nanomembraes. The composite membranes are evaluated for treatment homogeneity and 

durability. Chapter 1 decribes the literature on the electrospinning process, background on the 

three different methods-1) electro-spinning/spraying 2) Layer-by-Layer assembly, 3) chemical 

grafting, and properties of the nanoparticles that are useful for the intended application.   

 Chapter 2 presents the experimental procedures applied in this study. Optimization of the 

upscaled, multi-jet electrospinning system to obtain a high through-put nanofiber membrane is 

discussed as well as the process conditions for the three methods and the washing protocol that 

was developed to examine treatment durability. Common material characterization techniques, 

such as electron microscopy and thermal gravimetric analysis are described. Less common 

techniques are also discussed, like CIELAB color value analysis, zeta potential to measure 

surface charges, and ICP-AES to quantify the amount of trace metals in solutions.  

 In Chapter 3 we describe the results from this study. This section is divided into three 

parts. The first part discusses characterization results of the pristine nanofibers and nanoparticles, 

the second part discusses the results that helped inform the optimization conditions of each 
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method, and the third part is a comparative study on the composite membranes for treatment 

homogeneity and durability. Conclusions and future work is presented in Chapter 4 and 5. 

Chapter 7 is an appendix of supplemental data that supports conclusions drawn from this study. 
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CHAPTER 1: LITERATURE REVIEW 

Electrospinning 

Historical Overview 

The intriguing characteristics of nano-size fibers, such as large surface to volume ratios, 

small diameters, high porosity, high permeability, and high aspect ratios have led to their use in 

several applications. An application of interest for this study is for wastewater treatment. The 

fundamental ideas for electrospinning a viscoelastic polymer to form long, thin continuous 

filaments by the use of an electrostatic force dates back to patents filed in the 1930s-1940s by 

Formhals.8 During the 1990s Reneker’s group stimulated world-wide interest in electrospinning 

by demonstrating it is a simple, rapid method to produce fibers with diameters in the size range 

of 100-1000 nm from a variety of polymers.9-10 These fibers are hundreds of times thinner than a 

human hair and one to two orders of magnitude finer than micron-sized, conventional fibers.  

Nanofiber Production Techniques 

Other nanofiber production techniques include melt extrusion,11-12 melt spinning,13 melt 

blowing,14 and island in the sea.15-16 To help increase high mass throughput centrifugal force 

spinning,17-18 electroblowing19-20 as well as multi-jet,19,21-22  edge or bowl,23  and needleless24 

electrospinning have been developed. In this study, fibers were produced via electrospinning 

because it is an efficient method to spin various polymer types out of solution, continuous fibers 

can be produced, little or no solvent waste is generated in the fiber production process since the 

solvents used have fast evaporation rates, it does not require high temperature conditions or 

complex instrumentation. The nanofibers were produced on a multi-jet set up and collected on a 

large rotating drum to overcome low throughput, reduce production time and obtain membranes 

of homogeneous fiber density.  
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Description of Electrospinning Process 

The electrospinning setup has three key features: a syringe and needle, a DC power 

supply, and a grounded, conductive collector as shown in Figure 1.1. A syringe pump is 

connected to the end of the syringe. It can control the flow rate of the polymer solution through 

the needle. When voltage is applied, the droplet at the tip of the needle forms a Taylor cone from 

the repulsive charges of the polymer solution and Coulombic forces from the applied electric 

field. In 1964 Taylor mathematically demonstrated that the charged droplet deforms into a stable 

conical configuration at a semi-vertical angle.25 At high voltages (15—30 kV) the electrostatic 

forces of the field are strong enough to overcome the surface tension of the polymer solution to 

force the liquid out as a jet. The jet spins out toward the conductive collector to form thin, long 

all-over oriented fibers. The solvent evaporates as the polymer solution travels from the needle 

tip to the collector.9, 10, 26  

 
Figure 1.1 Basic electrospinning set-up 

Parameters that Effect Electrospinning of Nanofibers 

The electrospinning and solution parameters, such as the voltage, flow rate, the distance 

between the needle tip to the collector, the polymer concentration, the viscosity and solution 
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conductivity can be varied to control fiber morphology and diameter size. The effect of adjusting 

these parameters for fiber formation is shown in Table 1.1 based on general trends observed.23, 26, 

27-28 The specific parameters to achieve fiber uniformity and a particular fiber size may vary from 

general trends based on the particular polymer-solvent system. The parameters also have upper 

and lower limits for successful electrospinning.     

Fiber uniformity is defined by the round, cylindrical shape a fiber can acquire. Non-

uniform fibers are characterized by having an inconsistent fiber diameter in the longitudinal 

direction with beads. Fibers at the nanoscale can fall within the size range of 50 nm to 1000 nm.  

Table 1.1 Variable electrospinning parameters27-28 

--- Polymer-solvent system parameters 

--- Electrospinning process parameters 

The characteristics of the polymer and its solvent system play a significant role for fiber 

formation via electrospinning. The viscosity of the solution is determined by the polymer 

concentration and the molecular weight. Nylon 6 nanofibers of a weight % between 10% - 25 % 

can yield fibers.29-30 High molecular weight polymers can offer good chain entanglement for 

fiber formation at low weight %, but also introduce high viscosity as the polymer concentration 

increases. Droplets sprayed on the collector indicate that the viscosity and polymer concentration 

are too low. A polymer solution is too viscous if it resists deformation and struggles to form a 

Taylor cone with applied voltage. Increasing the solution conductivity can help reduce surface 

tension and Rayleigh instability during electrospinning to promote fiber elongation and 

Parameter Fiber Uniformity Fiber Diameter Size 

     Polymer concentration/viscosity   

       Polymer solution conductivity   

       Applied Voltage   

       Flow Rate   

       Tip to Collector Distance   
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uniformity. The conductivity of the solution can be enhanced by modifying the solvent system,31 

the addition of salts32 or conductive nanoparticles.4,33 These additives can act as charge carriers.  

Closely monitoring the electrospinning process parameters is necessary to produce fibers 

with good morphology. As applied voltage increases, typically 15 kV to 30 kV for Nylon 6, 

greater fiber uniformity is observed due to the increased field strength. The field strength may be 

too low if the polymer solution is not forming a Taylor cone. A higher voltage would be required 

for highly viscous solutions since it would take stronger electrostatic forces to obtain a Taylor 

cone jet. A proper flow rate would not produce excessive solution dripping and the solution 

would slowly flow out the needle tip before voltage is applied. As the flow rate is reduced the 

fiber uniformity increases because the solvent has more time to evaporate and the fibers have 

more time to elongate into thinner fibers. The tip-to-collector (T-to-C) distance should be a 

distance far enough to allow fibers enough time to elongate for uniformity and sufficient time for 

solvent evaporation. 

Review of Composite Nanofibers 

 Composite nanomaterials have been extensively researched to achieve enhanced 

chemical and physical properties for various functional applications as shown in Figure 1.2.33-34 

These applications include filtration, energy, biotechnology, sensor devices, and smart materials. 

Composite fibers are a combination of a fiber forming polymer and at least one other chemical 

compound.34 Typically, the additional compounds can be mixed into the polymer solution prior 

to electrospinning, precursor solutions can be prepared separately and integrated together during 

electrospinning to form core/shell structured fibers, or the additional compounds can be 

incorporated as a post treatment on the electrospun materials. The next few paragraphs will 

discuss applications of metal oxides and the type of polymers they have been incorporated into. 
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 Semiconductor metal oxides, such as ZnO, TiO2, CuO, Al2O3, SnO2, Fe3O4  can introduce 

several functionalities to fibers, including UV protection35, superhydrophobicity,36 self-

detoxification and filtration of organic pollutants,1,37-38 photoelectrode functionality for dye 

synthesized solar cells33, and chemical sensing capabilities39-40. Typically, for energy storage or 

detection applications the metal oxides are incorporated with mechanically robust and 

chemically inert polymers, such as carbon and its precursor, polyacrylonitrile (PAN). The UV 

protective and superhydrophobic properties are useful for apparel, so the treatment is common 

for cotton and polyester fibers.  

 
Figure 1.2 Overview of composite nanofiber membrane applications34 

 On a narrower focus, researchers have prepared composite nanofibers of Fe3O4 NPs with 

polymers, such as PAN,1,27 carbon,4 polyethylene oxide (PEO),5 poly(lactic-co-glycolic) acid 

(PLGA),2-3 and polyethylene terephthalate (PET)41 by adding the particles directly into the 

spinning dope or as a post treatment. PAN and carbon fibers are appealing because they offer 

superior strength, are super lightweight, and are chemically inert. PET fibers also offer good 

mechanical properties. The PEO polymer offers good solvent compatibility with ferrofluids.  
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Nylon 6 nanofibers will be prepared in this study since they have superior mechanical properties 

with high tensile strength, good abrasion resistance, and chemical resistivity comparable to PAN 

fibers.42   

Review on Methods for Nanoparticle Incorporation 

Electrospraying 

Electrospraying, also known as electrohydrodynamic atomization follows a similar 

concept to electrospinning. The fundamental idea of applying electrostatic forces to a liquid 

solution to form an aerosol spray from the tip of a glass capillary was first observed by Bose in 

1745.43 Electrospray droplet behavior was further studied and photographed by Zeleny in 1917.44 

When an electric field is applied to a liquid solution, a cone forms at the apex and the liquid 

destabilizes into fines droplets travelling toward a grounded collector as multiple jets. The jets 

destabilize into droplets due to varicose and kink instabilities. These instabilities develop when 

the charge surpasses the Rayleigh limit. The Rayleigh limit is a theoretical and experimentally 

confirmed estimation of the maximum amount of charge a liquid can hold.45-46 The droplet size 

can vary from nm to µm depending on the needle gauge, solution conductivity, flow rate, 

voltage, and solvent. The applied voltage is critical for the control and motion of the droplets. 

Electrospraying is typically used for thin film deposition,47 tissue regeneration,48 and particle 

encapsulation for controlled release toward catalysis and drug delivery applications.49, 50  

Electrospraying is a facile route to incorporate NPs within fibers, independent of 

polymer-particle solvent compatibilities. The simultaneous electro-spinning/spraying method 

allows particles to become physically trapped within the fiber matrix. Additionally, this process 

does not disrupt homogenous fiber formation. Using electricity to deposit the NPs can be an 

efficient process because the droplets can self-disperse in space from the inherent repulsion.    
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 Jaworek et al reported electrospraying various metal oxides on polymeric fibers with 

methanol as the particle solvent. The electrospraying was completed by three approaches: 1. 

electrospraying while simultaneously electrospinning, 2. electrospinning first, then 

electrospraying, and 3. electrospinning on a collector that is at room temperature, then 

transferring it to a heated table for electrospraying. Figure 1.3 displays TiO2 NPs loaded on PVC 

nanofibers.51 Figure 1.4 shows a particle solution dispersing from the needle tip with an applied 

electric field toward the collector.52 The simultaneous electrospinning/electrospraying process 

resulted in a homogeneous distribution of particles between the layers. The other two processes 

provided a denser nanoparticle coating directly on the surface of the nanomembranes.  

 
Figure 1.3 TiO2 NPs loaded on PVC nanofibers via electrospraying51 
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Figure 1.4 CCD camera image of TiO2 NPs spraying toward collector forming a cone jet52 

Layer-by-Layer Assembly 

Layer-by-layer (LbL) assembly can be used to form electrostatic interactions between 

positively and negatively charged compounds, such as polymers and particles. LbL is a method 

that involves immersing a charged substrate into a polyelectrolyte bath that is oppositely charged 

to allow for adsorption of the desired compounds on the surface (Figure 1.5).53 The technique 

can be repeated to form multiple layers on the surface with rinses of water in between. 

 
Figure 1.5 Schematic of general layer-by-layer assembly53 
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Polyelectrolytes are polymers that have a charged functional group on each repeating 

unit. They can be classified as cationic or anionic and strong or weak. Common cationic 

polymers include poly(diallyldimethylammonium chloride) (PDADMAC), poly(ethyleneimine) 

(PEI), and poly(allylamine hydrochloride) (PAH). Examples of anionic polyelectrolytes include, 

poly(acrylic acid) (PAA), poly(sodium styrenesulfonate) (PSS), poly(sodium vinylsulfonate) 

(PVS). Depending on how well the polyelectrolytes dissociate in aqueous solution they can be 

further distinguished as weak or strong. The charge of weak polyelectrolytes can be optimized by 

altering the ionic strength with the buffer concentration or pH environment for good adsorption 

to a material.53 

The adsorption behavior of a charged compound can be attributed to solvent 

compatibility, pH environment, and ionic strength. In order for new ion pairs to form between 

oppositely charged compounds counter ions must dissociate away from the charged compounds 

to allow these new pairs to develop. In good solvents, polyelectrolytes form compact globular 

conformations and have a reduced charge overall. The solvent molecules screen the charged 

repeat units of the polymer to stabilize the electrostatic forces between them. The charged 

polymer itself experiences less repulsive forces because of screening effect from solvent to form 

a compact structure. In poor solvents the charged polymer takes a looser, more linear 

conformation because of less effective screening between the repeating units and electrostatic 

repulsion.54, 55 Dobrynin et al suggest the ideal polymer conformation is a necklace structure, 

which can allow for uniform polymer distribution.56 The ionic strength in an aqueous solution 

can also have a similar screening effect. For uniformity on the substrate, low ionic strength is 

preferred because it has a low screening effect on the polymer to minimize repulsion and 

produces a looser conformation.55  
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  A few researchers have reported LbL assembly using NPs and fibrous polymers. Dubas et 

al reported on the LbL assembly of cationic, poly(diallyldimethylammonium chloride) 

(PDADMAC) and anionic, polymethylacrylic acid coated silver NPs (PMAcapAg NPs) on 

micron-sized Nylon 6 fabrics.57 Polymer coated Ag NPs were directly incorporated in the LbL 

assembly at pH = 7 using 1mM sodium acetate (NaOAc) buffer solution. Park et al reported on 

the LbL assembly of anionic, poly(sodium 4-styrenesulfonate) (PSS, Mw~ 70 kDa) and cationic, 

poly(allyamine hydrochloride) (PAH) with polyethyleneimine (PEI) as the first layer on 

electrospun Nylon 6 nanofiber membranes.58 In both studies the activating layers were sufficient 

to produce the desired functionality on the fibrous substrates. Characterization techniques 

included UV-Vis, monitoring K/S values, and electron microscopy. 

Chemical Grafting Reaction  

EDC/NHS chemistry has demonstrated to be a viable method for functionalizing fibrous 

materials. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) is a highly reactive, water 

soluble carbodiimide often used as a coupling agent. Under an inert atmosphere, it activates 

carboxylate ions to react with primary amines for amidization. It is often paired with N-

hydroxysuccinimide (NHS) to introduce stability to a key intermediate in the reaction by the 

formation of an ester functional group, preventing hydrolysis. EDC/NHS chemistry is widely 

used for chemical grafting of polysaccharides,59 conjugation of peptide synthesis, and 

conjugation to NPs.60, 61-62  

In 1995 Nakajima et al proposed a potential mechanism for the reaction between 

carboxylate ions and amines with EDC in aqueous solution (Figure 1.6). EDC (1) can follow one 

of two pathways. If the reaction is not carried out in buffer solution and in an inert atmosphere 

EDC can easily hydrolyze to form a stable, unreactive urea intermediate (2). If EDC is under the 
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proper environmental conditions it can react with a carboxylate ion to form O-acylisourea (3). 

The O-acylisourea intermediate is significant for amidization and it can potentially take four 

different routes. Firstly, it can be reprotonated at the Schiff base site to form a carbocation (4). 

The Schiff base site is a functional group composed of a carbon-nitrogen double bond attached to 

an alkyl group. Carboxylate anions may form as by-products and rapidly react with one another 

to produce carboxylic anhydrides (8) if the carboxyl group is cyclic. If the carboxyl group is not 

cyclic then the carbon center of O-acylisourea can react with a nucleophilic amine group to form 

an amide bond (7), which is the desired reaction. O-acylisourea may also react with oxygen 

atoms of water in the solution, which can yield re-formed carboxlates (6) or isoureas, 

inactivating EDC.60 If excess EDC is present it can react with O-acylisourea to form a stable, N-

acylurea intermediate.63 To minimize the risk of EDC hydrolysis and its inactivation, NHS can 

be used as an additional coupling agent. NHS esters hydrolyze slowly in water and can rapidly 

react with nucleophilic amine groups to improve the coupling efficiency.60     
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Figure 1.6 Proposed amidization mechanism with EDC63 

  Parameters that are typically considered for the reaction are the EDC/NHS ratio relative 

to one another, the available carboxylate ions and amine groups, the pH environment, the buffer 

type/concentration, reaction time allowed between the EDC/NHS activated carboxyl groups and 

amine groups, and temperature. Table 1.2 displays the experimental conditions from researchers 

who utilized EDC/NHS chemistry for amidization. It is significant to note the different 

conditions that were determined to optimize the reaction. In some studies EDC is only used 

while in others EDC is combined with NHS. An environment with a pH of 5 to 9, a buffer 

concentration ≤ 10 mM, and various buffer types have been used. A reaction time of 30 min is 

generally accepted, but it can be lengthened to 24 hrs. The washing protocol to remove excess 
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EDC, NHS, or by-products can be water, a buffer, or polar solvents. Nakajima et al suggested 

that the optimal condition to facilitate the reaction is at pH = 5, however, the coupling reaction 

can still proceed at a higher pH.  

Table 1.2 Experimental conditions for amidization reaction 

Parameter Conditions from literature 

EDC/NHS ratio  1:464-65  

 1:0,63-65  

 1:260 

pH environment   ~5.063, 64  

 9.060      

Buffer type and concentration  10 mM NAOAc64  

 DI-H2O
65  

 10 mM and 7.5 mM sodium borate60  

 100 mM NaH2PO4/acetic acid63 

Amidization reaction time  

(NHS activated -COO- + -NH2)  

 20 min64  

 30 min63-65  

 24 hrs60 

Temperature  21°C60, 64-65  

 25°C 63 

Washing off excess/unreacted 

compounds 

 NAOAc64  

 DI-H2O/CH3OH65  

 tris-borate-EDTA60 

Confirmation of bonding  

(direct and indirect)  

 XPS 64-65   

 gel electrophoresis60  

 FTIR63 

 C13-NMR63 

Tobiesen et al demonstrated how EDC/NHS chemistry can be utilized to increase the 

surface functionality of synthetic polymers that typically have few reactive groups, such as 

Nylon 66. The presence of 250 kDa poly(acrylic acid) (PAA) on Nylon 66 films was confirmed 

via XPS analysis of the new C-O groups belonging to PAA.65 To demonstrate that the PAA 

activated films gained higher reactive sites, the films were subsequently treated with hexylamine. 

At a 10 nm depth into the surface of the film, a high resolution scan of the C1s band 

demonstrated the presence of PAA with an increase in the width of the band and toward higher 

binding energy compared to the pristine NY66 film (Figure 1.7). The presence of electronegative 
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groups causes a shift toward higher binding energies. The CHx bands shifted and had a binding 

energy of 281.5 eV while C-CO2 and CO2 had binding energy increases by 0.7 eV and 4 eV 

respectively. Neither the specific band shifts nor detection of the new CONH- bond were 

discussed. However, the N/C and O/C molar ratios of the samples as well as the molar ratios of 

EDC and NHS to the carboxylate functional groups of PAA were determined based on XPS 

analysis. Calculations revealed that the N/C and O/C molar ratios on pristine PAA would be N/C 

= 0 and O/C = 0.167 if PAA completely and uniformly covers the surface of the film. To 

estimate the actual coverage of PAA on the surface Equation 1.1 was used. 

 
Figure 1.7 High resolution XPS scan of C1s band for a) pristine NY66 film, b) PAA-g-NY66 film, c) hexylamine-g-

PAA-g-NY66 film65 

Equation 1.1 Calculation to estimate the fraction of surface covered by PAA65 

 
Table 1.3 displays a few representative examples of the N/C and O/C mol/mol ratios of 

the grafting reaction. In a control sample without any coupling agent, the addition of PAA 

caused the ratio of N/C to decrease and the O/C ratio remained unchanged. This indicates some 



15 
 

physical adsorption. With the addition of the coupling agents, ratios of N/C and O/C both 

increase suggesting that new –CONH bonds are forming and the surface of the film is being 

covered by PAA with the coupling agents.  

Table 1.3 Adapted table of varied molar ratios of EDC and NHS to graft PAA to NY66 films65 
Sample NHS/COO 

(mol/mol) 
EDC/COO 

(mol/mol) 
N/C (mol/mol) O/C (mol/mol) Fraction PAA 

Pristine NY66 --- --- 0.14 0.16 0 

Pristine PAA  0 0 0.08 0.15 0.10 

PAA-g- (x = 0.39) 0 0.9 0.27 0.27  

PAA-g- (x = 0.31) 2.3 0.05 0.35 0.45  
PAA-g- = 250 kDa polyacrylic acid grafted to Nylon 66 

Evaluating NP Treatment Durability 

To compare the three treatment methods it is significant to review washing protocols for 

NP durability on fibers. Benn et al studied the release of nano-Ag from four commercially 

available sock fabrics in ultra pure wash water under agitation. After one 24 hr cycle the NP 

release was measured with ICP-OES. The NP release ranged from approximately 0 – 0.400 ppm 

with the range dependent on the preparation method of the composite fibers. The samples were 

immersed in new baths for each cycle. After four 24 hr consecutive cycles the NP release ranged 

from 0.038 – 3.600 ppm. These results indicate that the physical NP durability on fibers can be 

evaluated simply with water immersion and agitation.66  

Geranio et al studied Ag NP release on nine different textile fibers under conventional 

laundering conditions. The samples contained Ag NPs prepared via direct bonding, entrapped 

inside the fibers, and incorporated with a binder.67 The washing conditions considered pH 

environment, surfactant, and oxidizing agent under agitation. The samples were immersed in a 

buffer solution at pH = 10 with a surfactant, sodium dodecyl sulfate (SDS), and an oxidizing 

agent, peracetic acid, was introduced into the solution after 100 minutes. Four of the nine 

samples containing NPs either directly inside the fiber or applied with a binder did not release 

Ag or released Ag below the detection limit (< 0.00864 ppm) of the ICP-OES instrument. Ag 
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release was detected from five fabric samples that were prepared by direct bonding, a surface 

coating, and directly inside the fiber. The samples displayed rapid initial release within 30 

minutes, then the quantity reached saturation. After approximately 100 minutes in a pH=10/SDS 

washing environment, the five samples released Ag within the range of 0.0108 – 1.08 ppm. 

Introduction of the oxidizing agent generally led to an increase in Ag release, particularly 

significant for Ag deposited on fabrics via a coating method. These results indicate that a basic 

washing environment and additional chemicals can affect NP durability for composite fibers 

prepared by various methods. 

For wastewater treatment applications, the NP release from the membranes should be 

none or very minimal from the fibers developed in this study. 

Polymer Coated Iron Oxide Nanoparticles 

Water Treatment Property  

Some current methods of treating heavy metals and cationic/anionic dye pollutants 

present in water include reverse osmosis,68 ion exchange,69 electrochemical,70-71 and sorption.72 

Other material composites explored for their adsorption property in water treatment include 

chitosan,72 a highly abundant natural polymer, additionally, 1D graphene and 2D graphene oxide 

have generated substantial attention as emerging water treatment materials.73-74 In general, the 

use of nanomaterials for water treatment is being researched as an alternative to current 

technologies because of the multifunctional properties they can introduce to the systems.75   

 Several researchers have explored the adsorption ability of polymer coated Fe3O4 NPs for 

water treatment of heavy metal pollutants. The surface coating on the NPs can act as a chelator to 

initiate a high and rapid pick-up rate of the metal ions in water. NPs coated with imines,76 

thiols,77-78 carboxylic acid,79 and amine80 functional groups have all demonstrated efficient 
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adsorption of metal pollutants and recyclability due to the NPs magnetic property. Zhang et al 

prepared PAA/GO/Fe3O4 composite NPs for adsorption of Cu2+, Cd2+, and Pb2+ ions with over 

85% pick-up.79 The NP functional group would determine the optimal environmental conditions 

for adsorption and conditions for recyclability.  

To our knowledge, one paper has been published that exploits the magnetic and 

adsorption properties of Fe3O4 NPs on nanofiber membranes. Si et al developed mesoporous 

polybenzoxazine-based Fe3O4 carbon nanofiber membranes prepared in-situ. The coordination 

complex that can form between Fe particles and the cationic dyes allowed for effective, rapid 

adsorption and removal of methylene blue (MB) and rhodamine B (RhB) from solution (Figure 

1.8). The magnetic property allowed for simple separation of the composite membrane 

containing the active particles and pollutants.1 However, the authors mentioned that separation of 

the adsorbed dyes is an issue for re-useability.  

 
Figure 1.8 Adsorption of dyes overtime in a C/Co plot and photograph of magnetic separation, modified graphic1 

Magnetic Property  

 The unpaired electrons in the 3d atomic orbital of iron introduce its magnetic 

characteristics. Fe3O4 in bulk form displays ferromagnetic behavior. Ferromagnetism is strong 
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magnetization due to permanent, parallel alignment of electron pairs independent of an external 

magnetic field.81  

The magnetic performance of materials depends on permeability, coercivity, and 

hysteresis. Permeability is the magnitude of magnetization a material can gain. Coercivity (Hc) is 

the magnitude of magnetization required to demagnetize a ferromagnetic material. A hysteresis 

curve can provide information about the type of magnetization and the history of the material.81  

At the nanoscale, iron particles display superparamagnetic properties unobserved in bulk 

form because of magnetic anisotropy. Superparamagnetism occurs when the unpaired electrons 

flip from a random state into alignment along a crystallographic axis of the nanoparticle. The 

electron flips largely depend on the blocking temperature and Neel relaxation time, which have 

equations that consider NP energy barriers that must be overcome for magnetization.81 Fe3O4 

NPs between the critical size of 8 - 20 nm are paramagnetic displaying temporary magnetization 

in the presence of an applied magnetic field.3, 41  

 As mentioned earlier, the magnetic property of materials can be measured with a 

hysteresis loop (Figure 1.9). The measurement is taken with an external magnetic field (Ha) as a 

function of magnetization (J). If the material is not magnetized the data collection begins at (0, 0) 

and there is a rapid increase in magnetization as the field strength increases (curve NC). 

Saturation magnetization (Js) is observed once all the magnetic moments in the material orient 

parallel to the magnetic field. For paramagnetic materials the magnetization should return to zero 

when Ha = 0. A permanently magnetized material displays a hysteresis loop with reversal of the 

field because it cannot demagnetize, Ha ≠ 0, and there is remnant magnetization (Jr). Hc is the 

point in which there is no magnetization in the material with an applied magnetic field. 

Generally, ferromagnetic materials display a hysteresis loop, high coercivity, permeability, and 
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remnant magnetization. Super paramagnetic materials display low coercivity, no remnant 

magnetization, and no hysteresis loop.82   

 
Figure 1.9 Representative hysteresis curves for magnetic materials82 

Basic Characterization Techniques 

Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) allows for the analysis of the surface topography 

and composition of bulk samples at high magnification. Figure 1.10 shows the general diagram 

of a SEM. The electron gun operates with a tungsten filament, field emission tip or a LaB6 

emitter at a high accelerating voltage (max 30 kV). It contains condenser and objective lenses, 

which focus the beam. The fine electron beam (nano-sized) is scanned in a horizontal, raster 

pattern above the sample by the scan coils. The electron from the beam excite atoms on the 

sample to emit secondary electrons (SE). The amount of SE emitted depends on the sample tilt. 

SE signals allow for analysis of the sample’s surface features. SEMs may also detect high 

energy, backscattered electrons for elemental analysis of samples. The scan signals can be 
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transformed into an image by CRT display or, common today, digitally.83 the system is under 

vacuum the whole time. 

 
Figure 1.10 Diagram of scanning electron microscope84 

Transmission Electron Microscopy 

 Transmission electron microscopy is a technique in which electrons are transmitted 

through a thin sample to generate an image. TEM can examine the form, crystal structure, atomic 

composition, and electronic structure of the samples under vacuum.  

 As shown in Figure 1.11, the TEM operates with a beam of electrons provided by an 

electron gun that pass through many magnetic lenses along the column. The TEM has a few key 

features, which includes the illumination system, the sample stage, and the imaging system. The 

illumination system consists of the electron gun and the condenser lens. The electron gun 

supplies a micron-sized, static electron beam and can contain either a LaB6 thermoionic or field 

emission source, which differ in illumination, beam coherence, and current density.85 The 
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condenser lenses are significant to shape, size, and focus the electron beam to interact with the 

sample. The sample stage is where the sample holder is locked in place and it is important that 

adjustments in the x, y, and z directions can be made to determine the structural features of the 

nanomaterials.83 The objective and magnification lenses (intermediate and projector) are 

arranged for atomic resolution imaging at high magnification.86 The image recording system 

includes a fluorescent screen projector for the user to directly observe the area analyzed before 

the CCD camera is inserted for imaging. The samples must be electron transparent for 

imaging.85, 86   

 
                                            Figure 1.11 Diagram of transmission electron microscope, adapted87 

      TEMs may also have built in chemical analysis techniques, including energy-dispersive 

X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS). EDX can determine 

the elemental composition of the sample. Each element has a specific atomic structure, which 

produces a distinct X-ray count when the sample is penetrated by the electron beam. EELS 



22 
 

measures the energy loss of electrons that penetrate the sample to provide insight to the 

electronic structure of the sample, such as valence and conduction bands, electron density, 

nearest neighbor interactions to list a few.86 
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CHAPTER 2: EXPERIMENTAL PROCEDURE 

Materials 

 Nylon 6 pellets (10 kDa), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC), polyethyleneimine (PEI, 750 kDa), sodium phosphate monobasic (NaH2PO4) were 

purchased from Sigma-Aldrich (St. Louis, MO). Sodium hydroxide pellets (NaOH), 88% formic 

acid, hydrochloric acid (HCl) solution, acetone, and methanol were purchased from VWR 

International, LLC (Randor, Pennsylvania). 15 nm sized CA-Fe3O4 NPs dispersed in DI-H2O (5 

mg/mL) and soluble in polar solvents were supplied by Ocean NanoTech LLC (Springdale, AR).  

N-hydroxysulfosuccinimide (sulfo-NHS) was purchased from ProteoChem Inc (Loves Park, IL). 

DI H2O was used to prepare aqueous solutions. 

Electrospinning Conditions 

25 and 20 weight % of Nylon 6 pellets (3mm) were dissolved in 88% formic acid and 

agitated with a wrist-action shaker for 24 hrs at room temperature to produce a polymer solution 

suitable for electrospinning. The weight % was calculated based on Equation 2.1 (Table 2.1). 

Equation 2.1 Weight % equation for polymer concentration 

 

Table 2.1 Quantities for 20 and 25 weight% Nylon 6 polymer solutions for electrospinning 

Sample of Nylon 6 (wt%) Nylon 6 pellets (g) Formic Acid (g) 

20  3.00 12.00 

25  3.75 11.25 

The set-up developed for electrospinning was optimized for upscaled production (Figure 

2.1). The system consists of a large rotating drum and two needle stands with six needles at each 

side. It was designed to eliminate stray fiber formation in areas beyond the grounded collector, 

reduce material waste, and produce homogeneous membranes on the collector. An insulation box 
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made of ¼” thick polypropylene (PP) sheets was built to surround the electrospinning system. To 

reduce material waste of polymer solution and plastic tubing, the polymer solution was set-up 

directly beside the needle stands instead of in a syringe. This revised setup helped reduce 

solution waste by 75% and decreased tubing use by 97%. The addition of an actuator, a motor 

that provides motion, allowed the drum to move along in the horizontal direction while rotating 

vertically. This addition helped eliminate large stripe formation from the stationary needles, 

increase membrane homogeneity and robustness. 

20 wt% and 25 wt% nanofibers were produced at 25 kV applied voltage. 20 mL plastic 

syringes placed on the syringe pump (Harvard Apparatus) were filled with air and guided the 

solutions out of 22 gauge needle tips at a flow rate of 0.2 ml/hr. The T-to-C distance suitable for 

fiber formation was between 10 to 12.5 cm for 20 wt% and 15 cm for 25 wt%. Heavy duty 

aluminum (Al) foil was used as a collector (6 x 35 in2).  
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Figure 2.1 Arial view of large scale electrospinning set-up. Zoom-in on side view of needle/solution reservoir set-

up for electrospinning 

Buffer Solution Preparation 

 Buffer solutions were used extensively in the experiments, so the preparation will be 

briefly discussed. NaH2PO4 was weighed out and dissolved in deionized water with a total 
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concentration of 5mM. NaOH or HCl were added to adjust the pH of the buffers to pH = 4, 7, 8, 

and 10 before the total volume was reached. These buffers were used for LbL assembly, the 

grafting reaction, and the washing protocol. The buffer solutions will be expressed as 5 mM 

NaH2PO4/H2O + NaOH/HCl.      

Electrospraying Conditions 

 1, 3, and 5 weight % CA-Fe3O4 NP solutions dispersed in methanol were prepared for 

electrospraying and sonicated for 30 seconds. The quantities of NP solution/methanol added to 

prepare the solutions are shown in Table 2.2. A 20 wt% Nylon 6 polymer solution was used for 

the simultaneous electrospinning/electrospraying process.   

Table 2.2 Quantities of nanoparticle solutions for electrospraying 

Sample of NP solution (wt%) CA-Fe3O4 NP (g) CH3OH (g) 

1 wt%  0.2 16.4 

3 wt%  0.495 16.5 

5 wt%  0.825 16.5 

Several experimental conditions were varied to observe homogeneous dispersion of the 

solutions on the collector with the multi-jet system. The initial trials did not contain NP solution. 

Deionized water doped with food colorant helped determine a suitable flow rate. The food 

colorant was a visual indicator of droplet behavior. A workable voltage, T-to-C distance, and 

needle gauge were determined using two volatile solvents, methanol and acetone, doped with 

food colorant while electrospraying. These solvents were selected from a few tested for 

dispersion (Table 2.3). They were also previously evaluated for electrospraying performance in 

the literature due to fast evaporation rates.49  
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Table 2.3 CA-Fe3O4 NP dispersion performance 

NP Solvent Systems (100%) Dispersion  

Methanol   

Ethanol   

H2O   

Acetone   

Formic Acid   X 

The same applied voltage as electrospinning, 25 kV worked effectively for 

electrospraying when tested in a range of 7 to 25 kV. A T-to-C distance of 10 cm allowed for 

proper solvent evaporation and the charged droplets maintained stability directly toward the 

collector compared to a distance of 15 cm. 25 gauge needles were preferred over 20 gauge to 

produce droplets with smaller diameters. Methanol was selected as the optimal solvent because it 

produced homogeneous droplet dispersion during electrospraying. 

The flow rate was optimized to increase spray time and solution dispersion between 

layers that build up on the membrane. The flow rate experiments consisted of the needle/solution 

reservoir set-up (Figure 2.2) with six 20 mL vials placed directly below the needle tips. The 

solution reservoir was placed above the height of the needles, similar to how IV bags are 

positioned for patients in hospitals for gravity to have greater influence on continuous and 

consistent flow of the non-viscous solution. To measure consistent solution flow through all six 

needles, the vials were weighed before and after flow rate trials. A 7 ml/min flow rate was 

initially set to allow equal and consistent pressure distribution along the six needles and it was 

quickly adjusted to slower flow rates. Flow rate ranges were between 0.08 to 1 ml/min in 0.2 

ml/min increments. The lowest, consistent flow rate was 0.4 ml/min without applied voltage and 

0.2 ml/min with applied voltage. The total operation time of the system was 4.5 hours (3 hrs 

electrospinning on one side, 1.5 hrs simultaneous electrospinning/electrospraying from alternate 

sides). 
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Figure 2.2 Side view of needle/solution reservoir set-up for electrospraying 

Layer-by-Layer Assembly Conditions 

20 wt% Nylon 6 nanomembranes were cut into rectangular samples 5 x ½ cm2 in size. 

The membranes were dipped in 0.08 wt/vol% polyethyleneimine (PEI, 750 kDa) and 

alternatively in 5 wt% CA-Fe3O4 NP solution at pH = 7 for five minutes to produce a total of five 

bilayers. The concentration of PEI was within a range that would be useful for further 

characterization. The samples were rinsed in deionized water between each dip to remove excess 

and unreacted compounds. PEI, a weak polyelectrolyte was chosen for this study in place of 

PDADMAC, a strong polyelectrolyte because PDADMAC is incompatible with iron particles. 

Chemical Grafting Conditions  

20 wt% Nylon 6 nanomembranes were cut into 5 x ½ cm2 samples and presoaked in pH = 

8 buffer solution for 15 minutes prior to reacting with the activated NPs. 5 mg of EDC and 5 mg 
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of sulfo-NHS were mixed in 1 mL of 5 mM NaH2PO4/ H2O + NaOH/HCl at pH = 8 and 

immediately reacted with 5 mL of 3 wt% CA-Fe3O4 NP solution. If NP agglomeration occurred 

the solution was sonicated to improve dispersion. The mixture was agitated on a wrist-action-

shaker for 20 min and the Nylon 6 membranes were subsequently immersed in the NP solution 

for 40 minutes. The reaction was carried out in an inert atmosphere. Unbound NPs were removed 

by washing the membranes in CH3OH/DI-H2O for 5 hrs. The time allowed to remove excess 

chemicals was limited to prevent physical decomposition of the nanomembrane. The amidization 

mechanism is depicted in Figure 2.3. 

To confirm that the coupling agents reacted with the NPs, the functionalized particles 

were analyzed via ATR-FTIR. The NPs agglomerated with the addition of EDC and sulfo-NHS, 

which allowed for purification with a centrifuge. The solution was centrifuged for 30 sec at 6000 

rpm. The supernatant solution was replaced by acetone two times and the particles were 

redispersed in solution by sonication for 5 - 10 seconds.  
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Figure 2.3 Amidization of a carboxylic acid with an amine using EDC/NHS coupling agents 

Direct Addition of Nanoparticles to Spinning Dope 

The simple method of directly adding the NPs to the spinning dope of Nylon 6 was 

attempted as an initial method, however, formic acid caused NP agglomeration and instability 

due to the solvent’s strong acidity. This solvent incompatibility motivated the electrospraying 

method. 

Washing Protocol 

Six to seven milligrams of the nanomembranes treated with the NPs by the three methods 

were immersed in 15 mL baths. The composite membranes were immersed in varied pH baths 

(4, 7, 10) each with a buffer concentration of 5 mM NaH2PO4/ H2O + HCl/NaOH. The vials were 

agitated on a wrist-action-shaker for 10, 30, and 60 minutes. The washings were completed at 

room temperature and in two trials. 
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Aliquots of 5 mL were taken from each bath to determine Fe content in the solution per 

allotted time using inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

(Spectro Analytical Instruments, INC). ICP-AES is capable of detecting and quantifying trace 

metals in aqueous solutions in parts per million (ppm). A matrix solution of high purity water 

standard was run prior to the samples. The lowest detectable amount of Fe in the samples was 

0.004 ppm. The samples that released the highest amount of CA-Fe3O4 NPs at 60 minutes 

according to ICP-AES results were dried at 21°C to examine the fiber morphology and evaluate 

nanoparticle presence via FESEM imaging and CIELAB.  

Characterization 

Polymer Solution Viscosity 

 

The viscosity of 20 and 25 wt% Nylon 6 polymer solutions were measured with a TA 

Instruments Rheometrics AR 2000 rheometer. The data was analyzed by the Rheology 

Instrument Control software for the solutions as Newtonian fluids (Table 2.4). Measurements 

were conducted at a temperature of 25ºC, with a continuous ramp step, a shear rate from 0-90 s-1. 

A 20 mm 4º steel cone with a truncation gap of 108 µm was used for all measurements. The 

duration of each experiment was 4 minutes. The average viscosities of the polymer solutions 

were calculated by shear rate vs. shear stress and standard error values are reported. Results 

indicate that ramping up the shear rate did not affect the viscosity. The viscosity of the solution 

increased with an increase in the weight % of the Nylon 6 polymer.  

Table 2.4 Viscosity values of Nylon 6 polymer solutions 

Sample Viscosity (Pa.s) 

20 wt% Nylon 6 solution 1.10  ± 0.101 

25 wt% Nylon 6 solution 2.65 ± 0.179 
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Surface Tension Measurements 

 

The surface tension of the Nylon 6 polymer solutions were measured using the Sigma 

701 Tensiometer (KSV Instruments). A micro-roughened platinum Wilhelmy plate was 

mechanically immersed in the polymer solution at 20 mm/min to the wetting depth of 6 mm. The 

polymer solution was poured into a glass beaker that was approximately 50 x 35 mm (diameter x 

height). During the experiments the surface tension is measured based on the maximum force 

required to lift the plate out of the solution. The maximum force is proportional to the surface 

tension of the solutions. Ten measurements were taken per experimental run and the surface 

tension values were averaged and analyzed with the KSV Sigma Software. The measurements 

occurred in a conditioning room at 22.2ºC with a relative humidity of 66ºC. The surface tensions 

of the 20 wt% and 25 wt% polymer solutions were not significantly different (Table 2.5). 

Table 2.5 Surface tensions of polymer solutions 

Sample Mean Surface Tension (mN/m) 

20 wt% Nylon 6 solution 40.92 ± 0.242 

25 wt% Nylon 6 solution 42.53 ± 0.796 

 

Scanning Electron Microscopy (SEM) 

A Leica 440 Scanning Electron Microscope was used to study the morphology of the 

fibers. The pristine 20 and 25 wt% Nylon 6 nanomembranes were mounted on Al stubs (Electron 

Microscopy Sciences) with carbon tape. They were coated with gold-palladium using Au-Pd 

sputter coater for 30 seconds since the samples must be electrically conductive for SEM imaging. 

The coating prevented charging on the insulative, fiber samples.  All samples were imaged at an 

accelerating voltage of 25 kV, an electric current of 500 pA, and 6 mm working distance.  

Field Emission Scanning Electron Microscopy (FESEM) 

 

A LEO-1550-FESEM (Keck-SEM) was used to confirm that the NPs were present on the 

nanomembranes by the three methods to study the particle dispersion and homogeneity. The 



33 
 

nanofiber samples were mounted on Al stubs (Electron Microscopy Sciences) with carbon tape 

and coated with carbon approximately 10 nm thick using a carbon coater for 15 seconds. All 

samples were imaged at low accelerating voltages varying between 3 - 4 kV with a working 

distance of 6 - 7 mm.  

Transmission Electron Microscopy (TEM) 

 

A FEI-T12-TEM-STEM was used to examine the nanoparticle morphology and how the 

NPs are dispersed throughout the nanofibers. A Nikon SMZ-U Zoom 1: 10 light microscope was 

used to help prepare the samples for TEM analysis.  A few nanofibers taken from the membrane 

were sandwiched between an oyster copper grid (Electron Microscopy Sciences) and secured in 

place with the clasp (Figure 2.4). For nanoparticle morphology observations, a few drops of the 

NPs dispersed in water were collected and dried on a copper grid with a carbon backing. The 

average particle diameter was measured directly with the line tool on the TIA/iTEM software of 

the FEI-T12-TEM-STEM instrument. The accelerating voltage was maintained at 120 kV. 

 
Figure 2.4 TEM nanofiber preparation on oyster grid 

Fourier Transform Infrared Spectroscopy (FTIR) 

A Nicolet Magna 560 FTIR spectrometer confirmed the presence of the coupling agent 

on the NPs for the grafting reaction. A background was measured prior to analysis of each 

sample. The spectra range was 4000-530 cm-1, with 64 scans per run, a resolution of 4 cm-1 and 
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analysis was conducted in attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

mode.  

Thermogravimetric Analysis (TGA/DTG) 

 TGA was used to study how the NPs affect the thermal degradation behavior of the 

treated nanofibers and to confirm the presence of a polymer coating on the Fe3O4 NPs. 1-4 mg 

fiber samples were placed on an aluminum pan, then on a platinum pan. A disposable aluminum 

pan was used because of the difficulty in removing metal oxide residue from platinum pans. 

TGA was performed with a heating rate of 10ºC/min from a temperature of 30ºC to 500ºC for the 

nanoparticle treated nanomembranes and up to 550 ºC with the raw nanoparticle samples. The 

nitrogen flow rate was set at 40 ml/min. Each sample was run at least two times for 

reproducibility.  

CIELAB Color System 

The MacBeth Color Eye 2020+ spectrophotometer was used to quantitatively measure 

the nanoparticle uptake by color change on the nanofiber membranes for the electrospray, layer-

by-layer, and grafting treatments. It uses the CIELAB 3D color coordinate system with a 

standard daylight source D65 (Figure 2.5). The scale can model color perception of human 

vision. L* values range from 0 (black) to 100 (white) representing the lightness/darkness of a 

material. The a* axis represents red in the positive direction and green in the negative direction. 

The b* axis represents yellow in the positive direction and blue in the negative direction. Color 

change interpretation was based on the ∆L*∆a*∆b* values of the treated samples. A negative 

∆L* signifies darkening, positive ∆a* signifies more redness, and positive ∆b* signifies more 

yellowness. The magnitude of color change on membranes treated with CA-Fe3O4 NPs was 
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measured with respect to a pristine 20 wt% Nylon 6 sample. At least two areas of the membranes 

were evaluated for the three methods for reproducibility of results.      

 
Figure 2.5 CIELAB 3D color coordinate system88  

Zeta Potential  

Zeta potential charge measurements were taken of the CA-Fe3O4 NPs and PEI from pH = 

5 to pH = 8 with the Malvern Nano ZS zetasizer. Temperature was maintained at 25°C, a 

disposable folded capillary cell (DTS1060) was used, the dispersant was 5 mM NaH2PO4/H2O + 

NaOH/HCl for all samples, effective voltage ranged from 146 - 148 mV, the Smoluchowski 

approximation automatically calculated electrophoretic mobility of the solutions to produce zeta 

potential values. Three trials were conducted per sample. 

UV-Vis Spectrometry 

The UV-Vis Lambda 35 spectrometer (Perkin-Elmer) was useful to evaluate the 

nanoparticle uptake on the nanomembranes with the layer-by-layer method. After each dipping 

cycle 2 mL aliquots of NP solution for UV-Vis analysis. Agglomerated samples were redispersed 

by sonication. 

 



36 
 

CHAPTER 3: RESULTS & DISCUSSION 

Optimization of Upscaled Electrospinning Set-Up 

The fiber morphology was monitored as adjustments were made to the electrospinning 

system. The electrospinning conditions and major adjustments that were made are shown in 

Table 3.1. SEM images display the fiber morphology of 25 wt% Nylon 6 nanomembranes. 

Before any modifications were made to the system the nanofibers produced were round, 

extremely curly, and semi-uniform with diameter sizes of 453 ± 110 nm (Figure 3.1). Figure 3.2 

shows nanofibers spun with some adjustments, such as the switch to heavy duty Al foil, the 

voltage was increased to 25 kV, and the use of the revised needle stand. The actuator and the 

insulating box had not been added yet. The fiber morphology became ribbon-like and flat with 

fiber diameters of 373 ± 56 nm. The nanofiber diameter and its size distribution was reduced.  

Table 3.1 Electrospinning conditions along the path to optimization 

Electrospinning Conditions 

Voltage 17 kV (Figure 3.1) 

25 kV (Figure 3.2) 

Tip to Collector Distance 15 cm 

Flow Rate 0.01 ml/min (Figure 3.1) 

2 ml/hr (Figure 3.2) 

Collector Copper (Figure 3.1) 

Heavy duty Al foil (Figure 3.2) 
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Figure 3.1 25 wt% Nylon 6 nanofibers before adjustments 1 

 
Figure 3.2 25 wt% Nylon 6 nanofibers before adjustments 2 
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Electrospinning Pristine Nanofibers 

Fiber Morphology 

SEM images of 20 and 25 wt% Nylon 6 with the final optimized system display smooth, 

round, uniform fibers with low standard error (± 5-10 nm depending on the polymer 

concentration) (Figure 3.3, Figure 3.4).  

20 wt% Nylon 6 nanofibers had an average fiber diameter of ~150 ± 5 nm at both 

distances while 25 wt% Nylon 6 nanofibers had an average fiber diameter of 300 ± 10 nm at 10 

cm and 400 ± 10 nm at 15 cm (Figure 3.5). The experimental parameter that was most sensitive 

in the set-up was the T-to-C distance, particularly for the lower weight % polymer solution. If the 

distance was too short the solvent did not have enough time to evaporate and the fibers meshed 

together instead of forming individual fibers. When the T-to-C distance was too far, throughput 

decreased as more fibers scattered in the insulation box rather than landing on the collector. 20 

wt% nanofibers were used in this study since they are in a comparable size range with the NPs. 

No clear relationship could be made between the T-to-C distance and the final fiber diameters. 
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Figure 3.3 20 wt% pristine Nylon 6 nanofibers at 10 cm T-to-C distance 

 
Figure 3.4 25 wt% pristine Nylon 6 nanofibers at 15 cm T-to-C distance 
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Figure 3.5 Average nanofiber diameters based on varying T-to-C distances 

Spider-like, nanonet networks appear throughout the morphology of Nylon 6 

nanomembranes. These networks have been observed with the Nylon 6 polymer as well as other 

polymers in previous studies.89 Briefly, there are three proposed mechanisms for nanonet 

formation. The first is that the charged polymer droplets phase separate. Electrostatic and 

Coulombic forces cause the droplet to deform into a thin film as it approaches the collector. The 

thin film may contain an uneven distribution of polymer and solvent, so in the areas of 

concentrated solvent, evaporation rapidly occurs and the pores form resulting in the nanonet 

substructure.29 Tsou et al suggests a second mechanism in which smaller jets simultaneously 

bind and intertwine with the dominant whipping jet as it approaches the collector during 

electrospinning. The pores characteristic of the nanonet network form once the solvent 

evaporates.30 The third proposed explanation suggests that nanonets form due to intermolecular 

hydrogen bonding between protonated -NH2 and C=O groups in Nylon 6 nanonets and the 

nanofibers.90-91 The low boiling point and high dielectric constant properties of formic acid also 

make it a good solvent for fine nanonet formation.92  
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Nanoparticle Characterization 

Nanoparticle Morphology 

TEM confirmed the colloidal shape and monodispersity of the CA-Fe3O4 NPs (Figure 

3.6). The average particle sizes were found to be 15.18 ± 0.95 nm. The nanoparticle size 

distribution was determined based on a sample size of 200 (Figure 3.7).  

 
Figure 3.6 TEM image of CA-Fe3O4 NPs dispersed in DI-H2O 
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Figure 3.7 Distribution histogram displaying average particle diameter of CA-Fe3O4 NPs 

EDX Analysis 

 EDX confirmed that the NPs are composed of iron (Figure 3.8). Characteristic X-ray emissions of 

iron were detected at 0.7 keV from L alpha, 6.4 keV from K alpha, and at 7.1 keV from K beta X-rays. L 

and K represent inner shells in which electrons have been lost and replaced by electrons from outer shells 

(higher energy electrons into lower energy shells; M  > L > K). The presence of copper in the scan is 

attributed to the grid used for sample preparation and the silicon peak was from an impurity already in the 

system. 

 
Figure 3.8 Dark field image and EDX scan of NPs 
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FTIR Analysis 

 FTIR analysis confirmed the carboxylic acid functional groups on the magnetite NPs 

(Figure 3.9). The sample displayed absorbance in the regions 3380, 2920, 2850, 1690, 1540, 

1400 and 575 cm-1. The broad IR band at 3380 cm-1 is attributed to –OH stretching from the 

organic coatings on the particles. Sharp alkyl C-H stretches (sp3) appear at 2920 and 2850 cm-1.93 

1680 cm-1 is assigned to the carboxylic acid carbonyl stretch from the polymeric coating on the 

particles. A shift toward a lower wavenumber for the carbonyl stretch indicates chemical 

bonding between the nanoparticle surface and the organic layers.27, 94 At approximately 1400 cm-

1 and 1540 cm-1 vibrations from asymmetric and symmetric stretching vibrations of COO-  are 

apparent.95 Metal-oxygen vibrations are common in the fingerprint region. The sharp band at 575 

cm-1 corresponds to Fe-O stretching vibrations at the tetrahedral sites of Fe cations.96-97  

 
Figure 3.9 ATR-FTIR spectra of CA-Fe3O4 NPs 
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TGA/DTG Analysis 

The thermal degradation behavior of the organic coatings on the NPs was studied by 

TGA analysis. Degradation occurred in a two stages suggesting a bilayer organic structure on the 

particles (Figure 3.10). The NPs displayed the most significant weight loss of 1.22% at 309ºC 

and a second weight loss of 0.58% at 399ºC. The total weight loss from the organic coating on 

the NPs was 1.80%. Three trials were taken with similar degradation temperatures observed 

though the area of the derivative peaks varied.  

 Compounds that are directly bound to the particle surface have high binding strength and 

tend to desorb at higher temperatures.98 Zhang et al have shown that the degradation of –COOH 

polymeric compounds on nanoparticle surfaces undergo desorption in one step.79 This suggests 

that two distinct coatings exist.79 The 399ºC degradation temperature may belong to the tightly 

bound surfactant, the oleic acid capping group, which was specified by Ocean NanoTech (Figure 

3.11). The peak at 309ºC can be attributed to the carboxylic acid polymer as the outermost layer 

having a lower binding strength to the metal core. 
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Figure 3.10 TGA curve of raw CA-Fe3O4 NPs 

 
Figure 3.11 DTG curve of raw CA-Fe3O4 NPs  

Initial characterization - Electrosprayed NPs on fibers  

Optimization of Electrospray System 

Key results from the optimization of the electrospray system will be discussed. The flow 

rate of the solution was the most significant parameter to optimize for consistent and reliable 

electrospraying from the six needle system on one side of the collector. Figure 3.12 demonstrates 

that the water was able to flow from the six needles consistently at a flow rate of 0.4 ml/min. 

With applied voltage the solution was capable of flowing consistently at a lower flow rate of 0.2 

ml/min, which helped increase spraying time. 
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Figure 3.12 Flow rate trials set at 0.4 ml/min. Solution above the needles for electrospraying 

Figure 3.13 demonstrates homogeneous droplet dispersion with methanol spraying for 5 -

10 seconds on a stationary collector.  

 
Figure 3.13 Photograph of homogeneous solvent dispersion on nanomembrane with multi-jet electrospray 
system 

  Methanol was the optimal solvent for electrospraying because it dispersed into smaller 

droplets and more homogeneously than acetone. Table 3.2 displays some physical properties that 

may influence the electrospray performance observed. During electrospinning and 

electrospraying the jet stability depends on two factors, the surface tension (γ) of the solution and 

its surface charge repulsion.99  
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Table 3.2 Physical properties of solvents100 

Solvents 

 

Bp (ºC )  ε (@ 20ºC) γ (@ 20ºC dyn/cm)  Conductivity (µS/cm) 

Methanol 64 32.6 22.6 0.0015 

Acetone 56 20.6 23.3 0.005 

Water 100 79.7 72.7 5 x 105 

 The differences in the solvent droplet dispersion may be attributed to the degree of 

surface charge repulsion, which determines the bending instability of the jet. Sun et al 

demonstrated that the dielectric (ε) properties and the conductivity of solvents can affect bending 

instability of a jet. Solvents with low dielectric constants have less ‘free charge’ and low surface 

charge repulsion, so the jets become more stable and behave more linearly.99 A jet with some 

bending instability is favorable for electrospraying. Methanol has a low dielectric constant, yet it 

is higher than acetone suggesting that methanol has the proper bending instability to produce 

homogeneous droplet dispersion.  

The surface tensions of methanol and acetone are nearly equal in value, therefore, its 

influence on droplet dispersion behavior is negligible. The addition of CA-Fe3O4 NPs in 

methanol increases conductivity (Traceable Conductivity Meter, Control Company, 

Friendswood, TX). The bending instability and efficient droplet dispersion can also be positively 

influenced by the addition of conductive, CA-Fe3O4 NPs in methanol (Figure 3.14). 
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Figure 3.14 Conductivity of CA-Fe3O4 NPs immersed in varied solvents 

Initial characterization - LbL Assembly of NPs on Fibers 

 

Zeta Potential 

The zeta potential of CA-Fe3O4 NPs and PEI were measured to determine the pH 

conditions in which the alternating positive and negative surface charges were present (Figure 

3.15). The NPs gain a negative charge at pH ≥ 7 suggesting that the optimal bath conditions for 

LbL assembly would lie within that pH range.  

Studies conducted on 0.08 wt/vol% PEI reveal that under various pH conditions, the 

polymer maintains a postive charge. PEI reaches a plateau of cationic charge at a pH of 6 and 7. 

The zeta potential results from the NPs and PEI indicate that the desired alternating charge for 

LbL assembly can be achieved at pH = 7. 
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Figure 3.15 Zeta potential of CA-Fe3O4 NPs and 0.8 wt/vol% PEI at various pH ranges 

UV-Vis Results  

After each dipping cycle the NP uptake on the membranes was monitored from the NP 

solution bath by UV-Vis spectroscopy (Figure 3.16). The inset photograph shows samples taken 

from the NP solutions after each dipping cycle (1 – 5). Vial 0 was the control sample of 5 wt% 

NP solution. By visual comparison of vials 0 and 1, the most significant nanoparticle uptake 

appears to occur after the first layer of PEI was applied. Particle adsorption declined after cycle 1 

in small increments.  

Absorption bands appear in the UV region of the spectrum at 260 nm and a broad peak at 

364 nm. One peak is characteristic of the size-dependent quantum effect of semiconductors 

below 100 nm in size (Figure 3.16). As the size of NPs decreases the HOMO-LUMO band gap 

increases, which causes the particles to become excited at higher energy levels and display 

absorption at shorter wavelengths.101-102 The second peak can be attributed to conjugation from 

the carbonyl groups of the NP coating. 
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Figure 3.16 UV-Vis spectra and photograph of NP solutions after each bilayer dip 

The lack of a continued high adsorption after the first bilayer may be caused by very low 

ionic strength, pH, and the combination of the bulky, branched PEI and the colloidal NPs. Other 

studies on multilayer growth using non-conventional polyelectrolytes, such as polysaccharides103 

and amino acid polymers104 suggest the layer growth follows an exponential growth mechanism. 

The exponential growth mechanism is based on the concept that strong and weak bonds form 

within the films that both, hinder and introduce chain mobility. Strong bonds form at the surface 

of the film between oppositely charged compounds. Weak bonds form within the interior of the 

film that allow chains to diffuse out of the film and incoming oppositely charged chains to 

diffuse in.103-104  

Elbakry et al who studied adsorption of PEI/DNA on Au NPs of various sizes, suggests 

that polymer adsorption is higher with smaller particle sizes within the size range of 20 nm to 80 

nm.105 Additionally, Zhou et al reported an uneven LbL assembly on dexamethasone NPs coated 
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with PDADMAC and PSS. TEM analysis demonstrated that a nonhomogeneous thickness is 

probable with linear polyelectrolytes.106 The great affinity of polyelectrolytes toward NPs of 

smaller size can significantly affect the kinetics of the reaction and the branched/colloidal nature 

of the charged compounds both contribute to the nonhomogeneous distribution along the Nylon 

6 nanomembrane in this study.    

Initial characterization - Chemical Grafting of NPs on Fibers  

FTIR Results 

FTIR analysis confirmed the presence of the coupling agent, sulfo-NHS, on the Fe3O4 

NPs for the grafting reaction at pH = 8 (Figure 3.17). No major peaks belonging to EDC were 

detected. New peaks belonging to sulfo-NHS are highlighted, which match previously observed 

spectras.107 The carbonyl stretch from sulfo-NHS appears at 1770 cm-1 and broadens in 

comparison to the control. The 1770 cm-1 peak is attributed to sulfo-NHS. Bands within the range 

of 1250-1175 cm-1 correspond to the –S=O stretch and the peak at ~950 cm-1 is attributed to the –

S-O stretch. 1040 cm-1 corresponds to the amide III band of sulfo-NHS. The sample also 

displayed absorbance bands corresponding to prominent NP peaks discussed earlier in the 

regions 3380, 2920, 2850, and 575 cm-1. This indicates that sulfo-NHS is on the surface of the 

NPs.  
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Figure 3.17 FTIR of sulfo-NHS and sulfo-NHS activated NPs 

CIELAB Control Studies 

Nanoparticle Physical Adsorption Control Studies 

Control studies were taken to determine whether physical adsorption of the NPs on the 

fibers can be a competing factor in the LbL and chemical grafting reactions. 20 wt% Nylon 6 

membranes were immersed and agitated in NP solutions containing 1) pure deionized water and 

2) 5 mM NaH2PO4/H2O + NaOH/HCl buffer solution at pH = 8.  

CIELAB results reveal that physical adsorption of the NPs is time dependent. The 

membranes immersed, both, in DI-H2O and pH = 8 buffer did not show notable NP uptake after 

10 minutes, but color change was observable after 30 and 60 minutes (Table 3.3). For all time 

intervals ∆L* became more negative, ∆a* became less negative, and ∆b* became more positive. 

From 10 to 60 minutes the ∆L* and ∆a* values changed by a magnitude of 1 and the ∆b* value 



53 
 

changed by a magnitude of 3. These color changes of darkening, redness, and yellowing of the 

samples match the tan color of the NP solutions. 

Table 3.3 Color coordinates of 20 wt% Nylon 6 dipped in control baths for various time intervals 

Solution Sample L* a* b* ∆ L* ∆ a* ∆ b* 

Pristine NY6 96.584 -0.250 -0.0915 n/a n/a n/a 

NP/H2O  10 min  93.415 -0.4905 1.1025 -3.169 -0.2405 1.194 

30 min  92.226 -0.5165 1.538 -4.358 -0.2665 1.6295 

60 min  92.71 -0.3465 3.3895 -3.874 -0.0965 3.481 

NP/pH=8 

buffer 

10 min  94.225 -0.564 1.837 -2.359 -0.314 1.9285 

30 min  92.745 -0.308 3.177 -3.839 -0.058 3.2685 

60 min  92.221 -0.3385 3.6435 -4.363 -0.0885 3.735 

Physical adsorption of NPs would not be a significant factor for LbL assembly since the 

membranes are immersed in the nanoparticle solution for 5 minutes at a time. However, 

nanoparticle physical adhesion would be a competing factor for the grafting reaction since the 

minimal time allotted for the sulfo-NHS activated particles to react with the amine end groups is 

typically over 20 minutes.  

Comparative Results from Three Methods 

Fiber Morphology 

Electrospray Method 

TEM images of 5 wt% CA-Fe3O4 NPs reveal high nanoparticle load along the length of 

the fibers (Figure 3.18, Figure 3.19). The electrospraying process allowed the NPs to disperse 

homogeneously out of solution onto the nanomembranes. Similar dispersion behavior was 

observed for 1 wt% and 3 wt% nanoparticle sprayed membranes. 
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Figure 3.18 TEM image of 5 wt% CA-Fe3O4 NPs sprayed on NY6 

 
Figure 3.19 Zoomed out image of e-sprayed particles on NY6 
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Layer-by-Layer Assembly  

A SEM image of the nanomembranes treated with CA-Fe3O4 NPs via the LbL method 

displays non-homogeneous dispersion of the NPs (Figure 3.20). The NPs concentrate in certain 

areas along the length of the fibers. Additionally, roughness appears in some regions of the fibers 

that may be an indication of PEI. The application of 5 bilayers did not introduce significant 

roughness to the fibers possibly because the PEI solution was very dilute and the ionic strength 

was very low producing very thin films. Several areas within the sample displayed similar 

nanoparticle behavior or absence of the NPs.  

 
Figure 3.20 SEM image of 5 wt% CA-Fe3O4 NPs deposited via LbL assembly on Nylon 6 

Chemical Grafting Reaction  

 The FESEM image of nanofibers treated via the grafting method show homogeneous 

dispersion of the NPs and no aggregation (Figure 3.21). Although the nanoparticle weight % was 
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lower for this method the concentration did not appear to effect the total particle uptake on the 

fibers. 

 
Figure 3.21 3 wt% CA-Fe3O4 NPs grafted to Nylon 6 nanofibers 

CIELAB Results 

Electrospray, LbL, and Grafting Method 

CIELAB studies were conducted to determine the homogeneity of each treatment over a 

larger sample area (1 x 0.5 cm2) to supplement SEM analysis at the micron scale (Table 3.4). The 

homogeneity of all treatment methods were evaluated in three areas of each sample. 

 Electrosprayed membranes with 1 wt%, 3 wt%, and 5 wt% CA-Fe3O4 NPs were also 

examined. On the electrosprayed membranes an increase in the magnitude of color change was 

observed with increased NP concentration. The membranes treated via the electrospray and 

grafting methods displayed a similar trend. By these treatments the ∆L*∆a*∆b* values were 

consistent in the three areas examined, which indicates homogeneous NP dispersion on the 
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membranes. By the electrospray and grafting methods the samples ∆L* became more negative 

up to -6.00, ∆a* became slightly more positive, and ∆b* became significantly more positive 

between 7.00 and 8.00. The samples darkened, got slightly redder, and more yellow matching the 

tan color of the NPs.  

With the grafting treatment the magnitude of color change increased nearly two-fold 

compared to values obtained from membranes immersed in the pH = 8 buffer solution. This 

suggests that a reaction occurred between the NPs and the membranes independent of the 

physically adsorbed NPs or ionic bonding from buffer-NP-fiber interactions.   

CIELAB values for the LbL method reveal that the NP treatment was not homogeneous 

on the membranes. Firstly, pure PEI polymer deposited on Nylon 6 introduced a slightly darker, 

greener, and yellower color. On Area I the color became darker, redder, and yellower. The color 

change increased in magnitude on the other areas observed. For all three LbL areas examined 

∆L*∆a*∆b* values were greater in magnitude than the values obtained for membranes immersed 

in the NP/DI-H2O control solution. 

Table 3.4 Color coordinates of NP treated membranes via electrospraying, LbL, and chemically grafted 

Treatment Sample L* a* b* ∆ L* ∆ a* ∆ b* 

Pristine NY6 96.584 -0.250 -0.0915 n/a n/a n/a 

Electrosprayed 

Membranes 

1wt%  NP/NY6 91.4 -0.329 2.65 -5.184 -0.079 2.742 

3wt%  NP/NY6 91.1 -0.336 5.07 -5.484 -0.086 5.162 

5wt% Area I 90.32 -0.082 8.80 -6.264 -0.168 8.892 

5 wt% Area II 90.758 -0.239 7.764 -5.826 0.011 7.8555 

5 wt% Area III 90.645 -0.216 8.078 -5.939 0.034 8.1695 

LbL 

membranes 

PEI on NY6 94.563 -0.285 0.1335 -2.021 -0.035 0.225 

Area I 91.299 0.330 4.313 -5.285 0.58 4.405 

Area II 88.910 0.908 6.097 -7.674 1.158 6.189 

Area III 87.825 1.514 9.940 -8.759 1.764 10.032 

Grafted 

membranes 

Area I 90.672 -0.14 7.24 -5.912                                                                                                                                                                 -0.236 7.3315 

Area II 89.482 1.054 8.449 -7.102 1.304 8.5405 

Area III 90.155 0.046 7.474 -6.429 0.296 7.5655 
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Although the CIELAB values of these methods are similar, the NPs were introduced to 

the membranes differently so this analytical technique cannot be used for NP load comparisons. 

Post-Washing Results via ICP-AES Evaluation 

Electrospray Method 

The NPs deposited via the electrospraying method on the nanomembranes were affected 

by the washing conditions in varied pH baths (Figure 3.22). For the 10, 30, and 60 minute time 

intervals the lowest amount of Fe released from the fibers and into the bath occurred at pH = 4. 

The low release and stability of the particles on the membranes is attributed to electrostatic 

attractions between the fibers and particles. The Nylon 6 fibers carry a slightly electronegative 

charge from the amine end groups. The NPs, sprayed out of an acidic solution, may have stable 

carboxylic acid groups on the particle surface and carry a slight positive charge to gain 

electrostatic affinity to the fibers and good adherence during washing at pH = 4. At pH levels 

greater than 7, the amount of iron released from the membranes increases to a maximum of 0.06 

ppm at 60 minutes. The carboxylic acid coated NPs become negatively charged at pH ≥ 7 as 

confirmed in zeta potential data. The formation of carboxylate groups on the particle surfaces 

may influence a loss of electrostatic attraction between fibers and particles at high pH to cause 

higher release rates into the bath overtime.  
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Figure 3.22 ICP-AES results of Fe released from 5 wt% electrosprayed membranes washed in varied pH baths 

Layer-by-Layer Method 

ICP-AES results reveal that the different pH conditions affect the amount of NPs released 

overtime (Figure 3.23). A low release of Fe is observed for 10, 30, and 60 minutes at pH = 7 and 

pH = 10. Strong electrostatic forces can influence the good adherence of the negatively charge 

NPs on the membrane surfaces at high pH. Carboxylate groups on the nanoparticle surfaces 

remain stable and maintain strong adsorption to the cationic PEI polymer. At pH = 4 the amount 

of Fe released into the bath increases to a maximum of 0.08 ppm at 60 minutes. The greater 

release is due to protonation of the carboxylate groups on the nanoparticle surfaces and a net 

positive charge on the NPs at low pH. Due to a similar chemical environment between the NPs 

and PEI, the compounds begin repelling one another as reduce electrostatic affinity diminishes to 

initiate greater Fe particle release into the bath. The NP release reaches a plateau at pH ≥ 7 by 30 

minutes.   
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Figure 3.23 ICP-AES results of Fe released from layer-by-layer treated membranes washed in varied pH baths 

Chemical Grafting Method 

Results indicate nanoparticle release occurs under high pH conditions after washing the 

membranes prepared via the chemical grafting method (Figure 3.24). It is significant to mention 

that the amount of Fe released is up to three times more than LbL and electrospray methods at 60 

minutes. Although the grafting conditions were optimized to minimize ionic bonding and 

hydrogen bonding between NP-to-NP and NPs-to-fibers these chemical bonds are still present 

under the pH = 8 buffer environment. High particle release can be due to various type of 

chemical bonds in addition to covalent bonding. However, ICP-AES results reveal lower particle 

release at pH = 4, an acidic environment, potentially due to induced dipole-dipole and hydrogen 

bonding between the carbonyl groups along the Nylon 6 polymer backbone and the sulfo-NHS 

ester activated NPs. The highest NP release was observed at pH = 10 because the non-covalently 
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bonded, oxygen-rich NPs gained repulsive forces against the Nylon 6 carbonyl groups to initiate 

release. The NP release plateaus at pH = 4 by 30 minutes.   

 
Figure 3.24 ICP-AES results of Fe released from grafted membranes in varied pH baths 

Post-Washing Results via FESEM Image Evaluation 

Electrospray Method 

 The 5 wt% NP electrosprayed membranes washed at pH ≥ 7 released the highest amount 

of Fe, therefore, samples immersed in pH = 10 baths for 60 minutes were examined. The FESEM 

image reveals that the fibers maintain a round, uniform morphology at a pH level of 10 (Figure 

3.25). Upon closer observation some NPs can be observed. The presence of NPs was further 

evaluated by CIELAB.  
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Figure 3.25 Post-washed electrosprayed Nylon 6 

Layer-by-Layer Method 

The membranes washed at pH = 4 released the greatest amount of Fe via the LbL 

method, therefore, samples immersed in pH = 4 baths for 60 minutes were examined. The 

FESEM image shows that the fiber morphology remains intact after washing (Figure 3.26). 

Additionally, NPs are present throughout the sample. 
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Figure 3.26 Post-washed LbL treated Nylon 6 

Chemical Grafting Method 

The membranes washed at pH = 10 released the greatest amount of Fe via the chemical 

grafting method, therefore, samples immersed in pH = 10 baths for 60 minutes were examined. 

The FESEM image confirms an unchanged, round, uniform fiber morphology (Figure 3.27). NPs 

appear to still be present in the washed sample.  
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Figure 3.27 Post-washed grafted Nylon 6 

Post-Washing Results via CIELAB Evaluation 

The tan color on the nanomembanes in the post-washing experiments indicates that NPs 

are still significantly present on all the nanomembranes. The same post-washed samples used for 

FESEM analysis were evaluated via CIELAB. 

Electrospray, LbL, Grafting Methods 

  Comparative analysis of the CIELAB values before and after washing the electrosprayed 

membranes suggests that an observable amount of NPs were released (Figure 3.28). The 

membranes became lighter and less yellow by a greater magnitude in color change compared to 

the grafted membranes (Figure 3.30).  

 These results deviate from the NP release observations from ICP-AES. ICP-AES results 

displayed low NP release from electrosprayed membranes and highest NP release from the 

grafted membranes. The deviation can be attributed to the NP deposition process and the 
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ColorEye Spectrophotometer only detects color at the surface of the material. The NPs were 

introduced three-dimensionally by the electrospin/spray method throughout the thickness of the 

membrane while the NPs were applied as a surface treatment with the grafting method. The level 

of NP saturation on the grafted membranes can contribute to the color consistency before/after 

washing. 

 The magnitude of color change on the LbL membranes changed observably and can be 

attributed to the non-homogeneity of the treatment (Figure 3.29). 

  
Figure 3.28 Electrosprayed membranes with highest Fe release before/after washed 
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Figure 3.29 LbL membranes with highest Fe release before/after washed 

 
Figure 3.30 Grafted membranes with highest Fe release before/after washed 
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TGA/DTG Results 

Overall based on DTG results, the nanoparticle treatment reduces the thermal stability or 

has no significant effect on Nylon 6 (Figure 3.31). Several samples were run to determine the 

thermal degradation of Nylon 6 occurs in a temperature range between 442°C to 457°C. The 

thermal degradation temperature of membranes treated with NPs via electrospraying, LbL 

assembly, and chemical grafting varied between 431°C to 452°C. An overlap of 10°C exists 

between the degradation temperatures of the nanoparticle treated and pristine Nylon 6 samples, 

therefore, there may be no significant effect on thermal stability within that range.  

 The reduction in the degradation temperature of polyamides may be due to perturbation 

of the polymeric chain from iron ions or particles. Fe3+ ions in Fe3O4 can cause lower thermal 

stability of the Nylon 6 polymer because of a loss of van der waal interactions between the 

polymer chains or the formation of a coordinate bond between Fe3+ and the oxygen of the 

amide’s carbonyl group and/or a coordinate bond between Fe3+ and N-H of Nylon 6.108- 109,110 

Several studies also indicate that the Fe3+ ion may have a catalytic effect on the degradation of 

polyamides, interfering with its crystallization because of disruption in the hydrogen bonded 

network.111-112, 113 Although some researchers may argue that a hydrogen bond network between 

NPs and polymers improves the thermal stability of thermoplastic polymers, the disruption from 

the iron ions eventually occurs throughout the polymer chain.  
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Figure 3.31 DTG graph of pristine Nylon 6 and CA-Fe3O4 NP treated Nylon 6 

The TGA curve for the pristine Nylon 6 and the NP treated membranes displays one step 

degradation (Figure 3.32). The thermal degradation of the electrosprayed Nylon 6 sample was 

altered the most significantly due to the absence of bonds stronger than van der Waals and 

hydrogen bonding in the treatment. The weight loss % varied greatly between sample runs, so 

the NP loadings were not analyzed quantitatively by TGA.  
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Figure 3.32 TGA curves of pristine Nylon 6 and CA-Fe3O4 NP treated Nylon 6 
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CHAPTER 4: CONCLUSIONS 

In comparing the three preparation methods, the electrospray and grafting method are the 

simplest based on NP loading, good dispersion and homogeneity on the fibrous membranes. 

Although the NPs are weakly bonded to the membranes via the electrospray method, the 

particles become physical trapped in the fiber matrix. The entrapment makes them difficult to 

wash away. Chemical grafting is also viable method to load NPs on the fiber surface, however, 

further studies are needed to confirm covalent bonding since washing results indicating other 

types of bonding is occurring. LbL assembly could not provide homogeneous NP distribution, so 

it will not be studied further. 

ICP-AES results displayed NP release from all three methods based on a play of 

electrostatic and intermolecular forces between the treated membranes and pH environment. NPs 

incorporated via the electrospray and grafting method released the least NPs at low pH and the 

LbL method had the lowest particle release under neutral and high pH conditions. Quantitatively, 

the grafting method exhibited the highest NP release of the three methods, which indicated that 

other molecular forces beyond covalent bonding were present.   

CIELAB post washing results suggest that NPs were still present on the membranes that 

release the highest Fe with all methods. In comparing the CIELAB values of the membranes 

before and after the washing treatment, the membranes prepared by the electrospray method had 

an observable color loss while no color loss was observed on the grafted membranes. These 

results are not consistent with ICP-AES studies and it highlights a limitation of the CIELAB 

studies.  

 It was not clear whether the NP treatment had a significant effect on the thermal 

properties of Nylon 6. 
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CHAPTER 5: FUTURE WORK 

Examine Magnetic Properties of CA-Fe3O4 Treated Membranes 

To further determine the functionality of the NP treated nanomembranes the magnetic 

properties of the samples treated via electrospraying and the grafting method should be 

measured. This evaluation would be significant to determine if the desired superparamagnetic 

property can be achieved with the respective NP loadings on the membranes. A vibrating sample 

magnetometer (VSM) can be used to confirm the superparamagnetic property of the NP treated 

samples. Si et al’s magnetization studies on Fe3O4 carbon membranes revealed that the saturation 

magnetization of approximately 10 emu/g was suitable to facilitate membrane separation for 

water treatment applications.1 Preliminary tests were conducted with the NP treated membranes 

prepared by the three methods with simple exposure to an external magnet, however, static cling 

of Nylon 6 made it difficult to confirm magnetization. 

Confirm Covalent Bonding in Chemical Grafting Reaction 

The actual graft sites on the membrane can be calculated to determine the degree of 

covalent bonding that can be achieved between the ester activated Fe3O4 NPs and amine end 

groups of Nylon 6. This can allow us to calculate the surface area per graft site similar to 

Michielsen’s work on Nylon 66 films and compare the distance per particle on FESEM 

images.114 Michielsen determined that the surface area per graft site for NY66 is approximately 

90 nm2.114 Since NY66 has more grafting sites this suggests that the surface area per graft site of 

Nylon 6 would be > 90 nm2. If we assume there are four nearest neighbors the average distance 

between NPs would be D > √90 nm2 (> 9.5 nm). 

The amount of amine end groups in Nylon 6 can be calculated based on a titration 

method following the protocol of Wang et al. A Nylon 6 nanomembrane can be dissolved in 
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70:30 phenol/methanol solvent at room temperature. A 0.02 N HCl solution can be used for the 

titration with thymol blue as the indicator between pH = 1.2 - 2.8.115  

It may also be significant to further study the thermal degradation mechanisms between 

the pristine and chemically treated samples because TGA may provide indirect evidence of 

chemical bonding. Further studies are needed to determine whether chemical bonding via 

electrostatic and covalent bonds may allow the polyamide chains to improve their initial thermal 

stability and whether the NP treatments are affecting the thermal degradation of Nylon 6.  

Wastewater Treatment Performance & Potential Recyclability/Reuse of Composite 

Nanomembranes 

 A model pollutant, such as a metal ion or a cationic dye, can be selected to evaluate the 

composite membranes performance. The kinetics of pollutant absorption under varied pH 

environments and time intervals can be evaluated. These studies would allow us to determine the 

optimal environment in which adsorption can occur on the composite nanomembranes. 

Additionally, since wastewater can be composed of a complex system of compounds it is 

important to investigate how pollutant adsorption can be affected by additives, such as 

surfactants or competing anions.116  

  It would be highly desirable to reuse the composite fabrics for water treatment 

applications. The pollutant adsorption would be pH specific, therefore, the water treatment 

studies can inform the desorption protocol.  Zhang et al suggests recyclability and renewed, high 

adsorption capabilities of PAA/GO/Fe3O4 NPs is possible by washing adsorbed metals on the 

materials in a weak acid, such as acetic acid to initiate desorption.79 Alternative desorption 

strategies can be used to alter the ionic strength and pH environment of the solution for reuse of 

the materials.  
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The electrosprayed and grafted composite membranes prepared in this study revealed low 

NP release under acidic conditions, which suggests that the NP treatment is most durable under 

those conditions. The Nylon 6 membrane may begin to degrade under extended exposure to 

acidic conditions and the adsorption potential of the membrane itself are additional topics to 

consider. 

Green Route to NP Synthesis 

A few limitations to the use of superparamagnetic iron oxide NPs in real world 

applications are the production cost and potential toxicity to aquatic species and humans. Ways 

to overcome these limitations are to explore the use of naturally abundant waste materials for use 

during NP synthesis. Food waste materials that are rich in polyphenols are viable capping agents 

for NPs, which can reduce production costs and toxicity. Hoag et al has demonstrated that 

spherical, zero-valent iron NPs with a size range of 5 - 15 nm can be synthesized with several 

iron salts and tea polyphenols.117 Venkateswarlu et al explored the use of fruit waste material, 

plantain peels to prepare spherical, ferromagnetic Fe3O4 NPs that were 30 - 50 nm in size.118 The 

polyphenols can act both as a reducing agent and capping group, they are water soluble, have 

low toxicity, and would not produce hazardous waste.117 These characteristics make polyphenols 

appealing as an alternative to the use of costly and potentially hazardous nonpolar capping 

groups typically used in the thermal decomposition, bottom up approach.3, 101  

 For further studies, polyphenols from pecan shells can be extracted to explore the 

viability of producing Fe3O4 NPs with superparamagnetic properties. The particle size can be 

affected by the amounts of the solvent, iron salt, polyphenol concentration, and the time allowed 

for the reaction. It would be intriguing to explore if certain polyphenols in the pecan shells have 
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greater affinity toward the metal particles. Additionally, to explore the pollutant pick-up potential 

of these NPs capped with polyphenols.  
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CHAPTER 7: APPENDIX  

Upscaled Electrospinning System – Before and After 

 

 
Figure 7.1 Photograph of electrospinning system in Frey lab before adjustments (top) and after (bottom) 
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Additional Grafting Reaction Data 

FTIR Data 

 
Figure 7.2 ATR-FTIR spectra of pristine EDC powder/ester-activated NPs 

XPS Data 

A control sample of CA-Fe3O4 NPs and a sulfo-NHS activated CA-Fe3O4 NP sample 

were examined with XPS in attempt to confirm the formation of an ester bond between the NPs 

and sulfo-NHS (Figure 7.3). However, the data for the sulfo-NHS activated CA-Fe3O4 NPs did 

not display the distinct Fe, N, or S peaks belonging to sulfo-NHS NPs. This suggests that XPS 

was unable to detect the elements in the sample at that concentration.  

XPS samples were analyzed with a monochromatic AlK-α X-ray (1486. eV) source, an 

operating pressure of 2x10-9 Torr, and a beam diameter of 1 mm (Surface Science Instruments 

SSX-100). The take-off angle was of 35° (emission angle of 55°) and the penetration depth was 

approximately 10 nm. Wide survey scans were collected from 0 to 1200 eV. A hemispherical 
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analyzer determined electron kinetic energy with a pass energy of 150 V for wide/survey scans 

and 50 V for high resolution scans. A flood gun was used for charge neutralization of insulating 

samples. The data was edited with CasaXPS software. The NP samples were drop cast onto 

carbon tape.  

 
Figure 7.3 XPS spectra of nanoparticle drop cast samples 

Nanomembranes treated via the grafting reaction were also analyzed via XPS. 3 wt% NP 

membranes displayed Fe peaks under more vigorous experimental conditions. The reaction 

between the activated NPs and Nylon 6 occurred for 24 hrs and in a buffer of higher ionic 

strength (250 mM, pH = 8) (Figure 7.4). The NPs were detectable due to significant 

agglomeration on the fiber surface and no C1s of N1s chemical shifts were detected that could 

confirm covalent bonding in the high resolution scan.  
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Figure 7.4 XPS spectra of Nylon 6 nanomembranes treated via the grafting method for extended time 

 Tobiesen et al used XPS to confirm covalent bonding with NY66 films, but it may not 

work well for nanofibers because they are not anatomically smooth samples and the structural 

conformation of colloidal NPs the polymer functionalization Tobiesen studied differ greatly. 

Fiber Morphology 

A SEM image of a representative sample displays high NP agglomeration and competing 

chemical affinity such as ionic and hydrogen bonding (Figure 7.5).  
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Figure 7.5 FESEM image of representative fiber morphology/NP distribution by grafting conditions 

CIELAB Values for Post-Washed Membranes 

 Table 7.1 Color coordinates of post-washed electrosprayed, LbL, and grafted membranes  

Treatment Sample L* a* b* ∆ L* ∆ a* ∆ b* 

 Pristine NY6 96.584 -0.250 -0.0915 n/a n/a n/a 

Electrosprayed  Area I 91.106 0.267 6.528 -5.478 0.517 6.6195 

Area II 91.952 -0.266 6.042 -4.632 -0.016 6.1335 

LbL  Area I 91.811 0.576 4.137 -4.773 0.826 4.2285 

Area II 94.335 0.057 2.024 -2.249 0.307 2.1155 

Grafted   Area I 88.165 1.304 8.378 -8.419 1.554 8.4695 

Area II 89.130 1.117 7.905 -7.454 1.367 7.9965 

CIELAB Measurement Standards  

Table 7.2 displays CIELAB values of Pantone color cards (blue, red, yellow, green) with 

values that correspond to the 3D color coordinate system. The Princess Blue card helped confirm 

the level of precision and reproducibility of values provided by the ColorEye spectrophotometer 

to the tenths place for comparative analysis. 
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Table 7.2 CIELAB values of Pantone color cards 

Pantone Color L* a* b* 

Princess Blue 60.628 -1.022 -17.791 

Haute Red 59.475 17.822 8.689 

Solar Power 83.210 5.900 38.119 

Hunter Green 60.280 -6.558 4.140 

 

 

 

  


