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ABSTRACT OF THE DISSERTATION 

 

Development and Optimization of Chemically-Active Electrospun Nanofibers for 

Treatment of Impaired Water Sources 

 

by 

 

Michael Jean-Claude Nalbandian 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, December 2014 

Dr. Nosang Myung, Chairperson 

 

 

To achieve sustainable water resources, new treatment technologies are needed 

that can be applied to a broad range of undesirable constituents in water over a broad 

range of water chemistries. In this project, nanomaterials were developed as building 

blocks for advanced treatment technologies through the controlled material synthesis 

technique of electrospinning. Electrospun nanofibers are promising materials for nano-

integrated systems due to their simple tuning and production, large surface-area-to-

volume ratio, and potential substrate integration to prevent incidental release into the 

environment. 

In this work, electrospun metal oxide nanofibers were synthesized and optimized 

for their application in various aspects of water treatment, which include Ag-enriched 

TiO2 nanofibers for UV-driven photocatalytic oxidation of organic microcontaminants, 

Al2O3-Fe2O3 composite nanofibers for adsorption of heavy metals, and BiVO4 nanofibers 

for visible light-activated photocatalytic oxidation. 
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TiO2 nanofibers were developed and tuned to alter morphological, dimensional 

and optical properties towards optimal photocatalytic performance of contaminant 

degradation. Electrospinning synthesis yielded nanofibers with controlled diameter, 

crystal phase, grain size, and band gap. Photoreactivity studies towards the model 

pollutant phenol showed that diameter and crystal phase composition were the two major 

factors in optimizing TiO2 nanofibers performance. Additionally, the introduction of Ag 

led to further enhancement of photoreactivity, where optimization of the composite 

nanofibers was tied predominantly to Ag content.  

Fe2O3 nanofibers were developed and tuned to alter morphological and 

dimensional properties towards optimal adsorption of heavy metals. Electrospinning 

synthesis yielded nanofibers with controlled diameter, crystal phase, grain size, and 

specific surface area. Chromate adsorption isotherm studies reveal increased sorption 

capacity with decreased diameter of the Fe2O3 nanofibers, attributed with the increased 

surface area. With the addition of Al, Al2O3-Fe2O3 composite nanofibers were produced 

with even greater sorption capacity due to further enhanced surface area. 

BiVO4 nanofibers were developed and tuned to control morphological, 

dimensional and optical properties towards optimal visible-light activated photocatalytic 

performance. Electrospinning synthesis yielded nanofibers with controlled diameter, 

crystal phase, grain size, and band gap. Photoreactivity studies towards phenol showed 

that reactivity increased with decreased nanofiber diameter. The addition of Ag and Au 

co-catalysts enhanced photoreactivity of the BiVO4 nanofibers, outperforming TiO2 

nanomaterials under visible light irradiation. 
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Chapter 1: Introduction 

 

1.1 Emergence of Aquatic Contaminants 

The primary motivation for this project is to alleviate the increasingly limited 

fresh water supply that is occurring not only in the United States but worldwide. The U.S. 

Department of the Interior has predicted that by the year 2025 large areas in the western 

half of the United States (especially around large cities such as Los Angeles, Phoenix and 

Denver) will potentially experience fresh water crises resulting from immense 

commercial, industrial, agricultural and ecological demands on existing water supplies.
[1]

 

To make matters worse, other sources report that an increased number of water sources 

are at risk due to industrial emissions into the atmosphere causing projected climate 

changes (Figure 1-1).
[1] 

As populations increase worldwide, there is a sense of urgency 

for finding new water sources to meet the growing demand.  

 

Figure 1-1: Risk to water supply sustainability by 2050 in the United States, color indexed by county.
[1]
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The shortage in fresh water supplies requires increased reliance on impaired water 

sources, in turn demanding new technologies to make these low quality supplies safe for 

reuse. Impaired water sources include polluted water sources and industrial and 

commercial wastewater. Recent research has shown that wastewater reuse has the 

greatest potential as an alternative source of water.
[2],[3]

 Based on water usage in Southern 

California, the energy intensity required for the usage of reused water is significantly less 

than that for groundwater, surface water and ocean water.
[4],[5]

 California and Florida are 

among the states that have in recent years implemented the reuse of millions of acre-feet 

of treated wastewater, with great potential for projected growth in the future.
[6],[7]

 

However, there are great concerns over wastewater reuse due to effluent organic matter 

and heavy metal contaminants. 

Effluent organic matter includes biomolecules, soil organic matter, and 

anthropogenic organic matter, but most prominent are emerging contaminants called 

pharmaceuticals and personal care products (PPCPs). PPCPs are products, such as 

prescription and over-the-counter drugs, fragrances, cosmetics, and sun-screen products, 

used for personal health and cosmetic purposes.
[8]

 Additionally, chemicals used in 

agribusiness for the enhancement of livestock commodities are also considered PPCPs.
[9]

 

PPCPs enter into wastewater via different pathways, mainly through domestic waste, 

washing, bathing and showering.
[10]

 Altogether, the sources of these micropollutants are 

anthropogenic, whether through direct or indirect routes into the environment.  

Consequently, PPCPs have been found in surface waters and drinking water throughout 

the United States.
[11]

 Such contaminants can enter these clean water sources via a variety 



3 
 

of routes, including leakage from septic tanks, waste storage tanks and landfills, output 

from sewers and wastewater treatment plants, and spray irrigation of raw and treated 

wastewater; however, the primary entry route into these systems is via effluent from 

wastewater treatment.
[10]

 Heavy metals, such as arsenic (As), lead (Pb) and chromium 

(Cr), are classified as metals of environmental concern, having known adverse effects 

towards and human health.
[12],[13]

 Although heavy metal use date back to Ancient Roman 

times, significant use sparked by the manufacturing boom of the Industrial Revolution 

has led to their entrance into the ambient environment.
[14]

 Even today, due to poor 

maintenance, storage, and disposal practices of industrial process wastes, heavy metals 

continue to enter and persist, being found in groundwater sources used for public supply, 

usually as anionic ligands.
[15],[16]

 Thus, an advanced treatment technology that targets 

various contaminants is necessary to promote wastewater reuse at best.  

In order to meet the standard for implementation in treatment facilities, such a 

process must be efficient in terms of high contaminant removal, sustainable in terms of 

low energy demand, and have limited specificity to target a broad range of pollutants, 

ultimately yielding low-cost and high quality effluent. Unfortunately, present 

technologies are having difficulties dealing with the removal of emerging 

microcontaminants. For example, available data from a recent review suggests that a 

large fraction of PPCPs persist or are partially degraded after undergoing conventional 

treatment processes (Figure 1-2).
[17]

 Alternatively, the review shows that advanced 

treatment methods, specifically chemical oxidation and membrane filtration, significantly 

improved PPCP removal. Despite the potential of these advanced treatment strategies for 
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the potable reuse of surface water and indirect potable reuse of wastewater, there are still 

some underlying challenges to overcome. 

 

Figure 1-2: Box plot comparing PPCP removal efficiencies of the different wastewater 

treatment technologies.
[17]

 

 

1.2 Water Treatment Challenges 

There are several concerns regarding new treatment technologies to deal with 

emerging water contaminants. A recent review
[18]

 noted that a major future challenge in 

water management is the development of new technologies that can control a broad array 

of chemically diverse pollutants and be applicable over a range of different water 

chemistries. Additionally, recent high profile reports
[19]–[21]

 in the popular media 

emphasize the perceived failings in the ability of current technologies to provide safe 

water to the American public. Advanced treatment for water sources not only has to 
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deliver high quality effluent, but be aesthetically pleasing to the public, who despite the 

growing need for new water supply, have expressed displeasure over the idea of the 

water’s origin.
[22]

 

 

 

Figure 1-3: Schematic of the lifecycle of potable water. 

 

However, the development of new technologies, while challenging at all scales, is 

particularly overwhelming for small public water systems.
[23]

 Technologies must be of 

appropriate scale to serve small communities, simple to operate to minimize training 

requirements, robust to limit maintenance, and affordable to those with limited capital 

and revenue.
[24]

 Above all, technologies must abide by the tenants of sustainable water 

resource management, which involves meeting needs reliably and equitably for current 
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and future generations by designing integrated and adaptable systems that optimize water 

use efficiency and preserve the natural ecosystem.
[25]

 One of the most promising 

approaches to advanced treatment that has both impressive pollutant removal and 

scalable applicatory potential is nanotechnology-integrated treatment systems. 

 

1.3 Nanotechnology  

Nanotechnology is technology developed at the range of 1 to 100 nanometers, 

creating structures that bring innovative and practical properties due to their molecular-

level dimensions.
[26]

 As seen in Figure 1-4, nanostructures can vary in shape, from 0D 

nanoparticles and 1D nanotubes to 3D nanocomposites. The promise of nanotechnology-

integrated water treatment is the ability to optimize process efficiency via unique material 

properties exhibited within the nanodomain while simultaneously reducing the footprint 

of engineered systems. Nevertheless, environmental engineers have been hesitant to 

embrace nanoengineered materials, primarily due to concerns over possible adverse 

effects upon their incidental release into the environment.
[27]

 If such nanotechnologies are 

engineered safely and optimally, multi-functional nanostructures represent an innovative 

approach for the simultaneous treatment of undesirable constituents in water via 

operations and principles long exploited by water quality engineers. Nanotechnologies 

also hold the promise of being deployed across a range of treatment platforms, either as 

stand-alone technologies, integrated into conventional operations, or as point-of-use 

devices to polish tap water.
[28]

  Nanoengineered treatment methods to deal with organic 

and heavy metal contaminants are photocatalysis and adsorption, respectively. 
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Figure 1-4: Different dimensional categories and their examples.
[29],[30]

 

 

1.4 Photocatalysis  

Photocatalysis in the environmental engineering field is considered an advanced 

oxidation process (AOP). AOPs are chemical processes that generate hydroxyl radical 

(
•
OH), known by many as the most powerful oxidant in water.

[31]
 For example, the 

degradation rate of 17α-ethynylestradiol, a synthetic estrogen, is greatest with 
•
OH over 

other common oxidants over a large pH range (Figure 1-5).
[31]

 Other work has shown that 

•
OH provides reaction rates in the order of 5 to 10 greater than that of ozone, one of the 

more popular oxidants used in water treatment, towards many different organic 

compounds.
[32]

 AOPs have shown to be very effective in the degradation of organic 

pollutants in contaminated waters and soils, as well as gaseous effluents. AOPs are 

promising treatment technologies because 
•
OH is non-selective, degrading most organic 

constituents in water ranging from bulk organic matter to micropollutants, such as 

pharmaceuticals,
[17]

 pesticides,
[33]

 and disinfection by-products (e.g., NDMA).
[34]

 

Additionally, AOPs are capable of organic mineralization, where pollutants and their 

-Nanowires

-Nanotubes

-Nanofibers

-Quantum dots

-Nanoparticles

-Mesh of nanofibers

-Mesh of nanotubes

-Film of nanoparticles

-Skeleton of nanofibers

-Skeleton of nanotubes

-Multi-layer nanocomposite

3D 2D 0D1D

-Skeleton of nanofibers

-Skeleton of nanotubes

-Multi-layer nanocomposite

-Mesh of nanofibers

-Mesh of nanotubes

-Film of nanoparticles

-Nanowires

-Nanotubes

-Nanofibers

-Quantum dots

-Nanoparticles



8 
 

intermediates are degraded into their simplest components, such as water (H2O), carbon 

dioxide (CO2) and inorganic ions (i.e.,  NO3
-
, N2).

[32]
 

 

Figure 1-5: Kinetics of 17α-ethynylestradiol degradation by various oxidants versus pH.
[31]

 

 

In the mechanism of 
•
OH oxidation, 

•
OH reacts with a large array of organic 

materials mainly by hydrogen abstraction:
[32]

 

 

                                           (1.1) 

 

Organic compounds are designated by R, shown with an arbitrary H atom. The 

hydrogen abstraction by the 
•
OH produces organic radicals (R

•
) and H2O molecules. In 

the presence of oxygen (O2), the organic radicals R
• 
react quickly with O2 to form organic 

peroxyl radicals (RO2
•
): 

O• H +  RH   ⟶   R•  +  H2O 
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                                                                          (1.2) 

 

With the initial attack by the 
•
OH in the presence of O2, a complex chain of 

oxidative reactions lead to the mineralization of the organic compound,
[32]

 where the 

radical oxidants continue to remove H atoms from the pollutant until it has been 

decimated into simpler components (e.g., H2O, CO2, inorganic ions). An example of 

organic mineralization can be seen in Figure 1-6, showing the oxidation of phenol.
[35],[36]

 

 

Figure 1-6: Scheme of the oxidation of phenol. 
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Conventional AOPs usually consist of a combination of ozone (O3), hydrogen 

peroxide (H2O2), and ultra-violet light (UV).
[25]

 Despite the amazing performance of 

these AOPs via 
•
OH, however, concerns over the wide-spread application of AOPs are 

high energy demand, high chemical reagent costs, carbon footprint of reagents, undesired 

by-products primarily from O3 oxidation, and variable treatment efficiency due to effluent 

•
OH scavengers. Photocatalytic AOPs,

[32]
 such as titanium dioxide photo-oxidation 

(TiO2/UV) and the photo-Fenton reaction (Fe
2+

/H2O2/UV), offer a novel approach to 

traditional AOPs with use of nanostructured catalysts to not only combat high chemical 

reagent costs, but exploit photo-induced reactions for high 
•
OH generation as well as. 

In particular, nanostructured photocatalysts are advantageous due to the 

shortcomings of traditional AOPs.
[37],[38]

 Some advantages include its lower UV energy 

requirement than other AOPs, inhibition of by-product and intermediate formation, and 

additional oxidation pathways. It’s most prominent advantage is its property 

manipulation for organic treatment efficiency. Use of conventional AOPs are hindered by 

their reagent and operation costs when higher dosages are necessary to deal with variable 

pollutant loads, thus high costs factor into very limited process advancements. 

Alternatively, photocatalysts can be tailored via physical modifications to change its 

optical and/or electrical properties and consequently enhance its photocatalytic 

activity.
[39]

 In a way, tailoring photocatalysts can maximize pollutant removal while 

minimizing material and energy costs.
[32]

 For example, one of the most noteworthy 

properties of TiO2 that can be tailored is crystal structure; TiO2 can be modified via 

calcination to crystallize into either the more thermodynamically stable rutile structure or 
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the more photoactive anatase structure, where a mixture of both structures have shown to 

optimize photocatalytic activity.
[40],[41]

 

 

1.4.1 Photoactivation Mechanism 

The mechanisms for the formation of 
•
OH via photocatalysis are surface site 

limited, so understanding the nanoparticles in the colloidal dimensions is important to 

enhance surface site availability. Using TiO2 as the example, photoactivation begins 

when the photocatalyst is exposed to a photon.
[41]

 As a semiconductor, TiO2 has low 

energy electrons in its valence band, and an empty high energy conduction band.
[42]

 The 

incident photon will cause an electron in the valence band to be excited and move to a 

higher energy state in the conduction band, leaving a hole in the valence band. 

 

                                                 (1.3) 

 

The band gap energy for TiO2 is 3.0 eV for the rutile structure and 3.2 eV for the 

anatase structure,
[41]

 and mixed phase TiO2 has shown to provide intermediate band gap 

values.
[43]

 Based on the Plank-Einstein equation, the wavelength of light required to 

overcome the band gap is about ~410 and ~390 nm, respectively. Therefore, light with 

energy greater than that in the visible spectrum (i.e., UVA light) is necessary to activate 

TiO2. In retrospect, UV light used in combination with O3 and/or H2O2 must be of greater 

energy, at the wavelength of 254 nm.  

TiO2  +  ℎ𝑣 ⟶  eCB
−  +  hVB

+  
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With the electron now in the conduction band, an electron hole is left in the 

valence band with a very high affinity to electrons in order to fill the hole and return to 

equilibrium. Recombination of the electron back to the valence band is feasible in the 

absence of electron scavengers.
[41]

  

 

                                                  (1.4) 

 

However, electron scavengers, such as oxygen (O2), in the system will react with 

the conduction band electron to prolong recombination and continue successful 

photocatalysis.
[41]

 Additionally, the presence of O2 will cause the formation of superoxide 

radicals (O2
•−

). The O2
•−

 can further protonate to form hydroperoxyl radical (HO2
•
), which 

itself can act as another electron scavenger to help inhibit recombination or transform 

into another reactive oxidation species, hydrogen peroxide (H2O2), through a secondary 

protonation. 

 

                                                              (1.5) 

                                                     (1.6) 

                                                               (1.7) 

                                                                (1.8) 

 

The electron hole, having a high redox potential (E
0
 = 3.02 V), can react with 

organic micropollutants via direct oxidation. 

eCB
−  +  hVB

+ ⟶ TiO2 +  heat 

O2 + eCB
−     ⟶ O2

•− 

O2
•−  +  H2O ⟶ HO2

• +  OH− 

HO2
•  +  eCB

− ⟶ HO2
− 

HO2
−  +  H+  ⟶ H2O2 
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                                                               (1.9) 

 

For the most part in photocatalysis, micropollutants undergo indirect oxidation, 

where they are attacked from 
•
OH. One such way is by the electron hole reacting with 

surface or free hydroxides (OH
−
): 

 

                                                              (1.10) 

                                            (1.11) 

 

The micropollutant will then be degraded and mineralized by the newly formed 

•
OH as previously stated. Another way is by the electron hole reacting with water 

molecules to form 
•
OH. 

 

                                                   (1.12) 

 

Altogether, these reactions are highly dependent on three main factors: the 

separation of photogenerated electron and hole carriers, the transport of these carriers to 

surface active sites and the surface chemical reactions between the carriers and the 

reagents.
[44]

 These factors place great importance on comprehending photocatalysis 

process in the solid-liquid interface. 

hVB
+  +  R ⟶ R+• 

hVB
+  + OH−  ⟶ O• H 

O• H + RH   ⟶   R• + H2O 

hVB
+  + H2O ⟶ O• H + H+ 



14 
 

 

Figure 1-7: Diagram of TiO2 photocatalysis. 

 

1.5 Adsorption  

Adsorption is a common treatment option for heavy metal removal in part by its 

low cost and simple implementation.  Adsorption is a separation process in which organic 

or inorganic compounds are adsorbed from a solution onto a porous solid media with 

high surface area.
[45]

 Adsorption can be categorized as physisorption, physical adsorption 

on the surface due to weak van der Waals forces, and chemisorption, adsorption caused 

by changes in electronic structures of atoms or molecules resulting from surface chemical 

reactions.
[46]

 Specifically, removal of heavy metal contaminants via adsorption occurs 

through surface complexations, where heavy metal ligands are exchanged with surface 

function groups (e.g., OH
-
), which will discussed in more detail below. Iron oxide 
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(Fe2O3), as well as alumina (Al2O3), is a one of the most commonly used adsorbent 

materials for heavy metal removal. Fe2O3 represents a model adsorbent because it is non-

toxic, very abundant and inexpensive, and easily synthesizable. Additionally, the 

naturally high surface area and porosity of Fe2O3 yields great adsorption performance.  

 

1.5.1 Adsorption Mechanisms 

Fe2O3 nanomaterials have been used widely as a classic sorbent in adsorption 

studies.
[47]

 Understanding the Fe2O3 adsorption mechanisms begins with understanding 

Fe2O3 suspensions in water. Surface Fe atoms in aquatic systems will draw in water 

molecules, where adsorbed water will undergo hydrolysis to create hydroxide 

complexes.
[48]

 These hydroxide complexes comprise the surface functionality of Fe2O3. 

The basic reaction equation is as follows: 

 

                                                (1.13) 

 

A single surface iron hydroxide complex will be generalized as ≡FeOH from here 

on. As a trivalent atom, surface Fe atoms have the potential to be functionalized in 

different coordinations, with a single or multiple Fe atoms bonded to single or multiple 

hydroxyl groups. Additionally, the hydrolysis of water triggered by the surface Fe atoms 

will naturally lower the solution pH caused by the increasing concentration of protons 

(H
+
). Therefore, the state of the iron hydroxide complexes and overall surface charge are 

Fe3+ + H2O ⟶  FeOH2+ + H+ 
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dependent on the pH of the aquatic environment. The equilibrium reactions of surface Fe 

complexes are attributed as the following: 

                

                        (1.14)        

                          (1.15) 

 

where ≡Fe
+
 is attributed as a single surface Fe valence bond of the potential three 

valences of a trivalent Fe atom (Fe
3+

). Acidic conditions will contain higher 

concentrations of positively charged ≡FeOH2
+
 complexes, moderate conditions will 

contain higher concentrations of neutral ≡FeOH complexes, and alkaline conditions will 

contain higher concentrations of negatively charged ≡FeO
−
 complexes. These surface 

hydroxyl groups posses a double pair electrons together with a dissociable hydrogen 

atom, enabling them to behave amphoterically.
[47]

 Natural aquatic systems have a pH 

value of around 6-7 and, as stated earlier, trivalent Fe naturally acidifies aquatic 

environment, so ≡FeOH2
+
 is typically the predominant iron hydroxide complex. But for 

the sake of simplicity, the subsequent adsorption reaction equations will utilize ≡FeOH to 

denote a surface iron hydroxide complex. 

≡ FeOH2
+   ⇄   ≡ FeOH + H+     pKa1 = 7.09  

≡ FeOH     ⇄   ≡ FeO− + H+     pKa2 = 11.11  
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Figure 1-8: pC-pH diagram of surface hydroxyl groups on iron oxide surface.
[47]

 

 

 The adsorption of anionic ligands, negatively charged molecules such as CrO4
2−

, 

via Fe2O3 has been well investigated.
[47]

 Concisely, the adsorption mechanism involves 

the replacement of the surface hydroxyl group with the adsorbing anionic ligand, denoted 

as L
−
.  

 

           
                  

                                   (1.16) 

                                            (1.17) 

 

Due to the trivalency of Fe, the adsorption of anion ligands can form different 

species of coordination complexes, such as mononuclear monodentate, mononuclear 

bidentate and binuclear bidentate, based on the configuration of the surface Fe atoms and 
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O atoms of the anion.
[47]

 Adsorption performance is at its maximum at low pH values and 

decreases with increasing pH, since the accumulation of ≡FeOH2
+
 complexes at lower pH 

values promote attraction and subsequent adsorption of the anions on the surface.
[47]

 

According to authors, anion adsorption is considered to some extent irreversible, as the 

induction of desorption of the anions from the surface by means of changing the anion 

concentration or increasing the pH is very slow.
[47]

 

 

1.6 Challenges of Nanotechnology  

Despite the potential of these materials, nevertheless, obstacles surrounding 

nanostructures have still hindered the commercialization of nanoengineered treatment 

systems. Firstly, it is well recognized that many challenges hinder the application of TiO2 

nanoparticle photocatalysts in water treatment. Fundamentally, their inherent reactivity is 

relatively low compared to other AOPs (e.g., UV light in combination with O3)
[49]

 and 

they rely on high energy light  (i.e., UVA with λ < 390 nm ) that comprises only 5% of 

the solar spectrum. In complex water matrices fouling of TiO2 surfaces and scavengers of 

photo-generated reactive oxygen species (e.g., 
•
OH-scavenging carbonate and natural 

organic matter) can limit treatment efficiency.
[50],[51]

 Consequently, while widely 

researched, TiO2 has not yet been extensively commercialized or deployed for full-scale 

treatment. Furthermore, nanoparticle adsorbents like Fe2O3 are strictly surface-area 

driven, putting immense pressure on manipulating structure and porosity while bearing 

dimensional restrictions. 
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Perhaps of greater importance are the multitudes of practical hurdles associated 

with deployment of these nanoparticles. Amid rising concerns over the environmental 

release of engineered nanomaterials,
[27],[52]–[54]

 a major design consideration is mitigating 

nanoparticle loss or leaching into the treated water supply.
[55]

  Suspension instability is 

also a concern, with nanoparticles prone to aggregation that ultimately decreases reactive 

surface area.
[56],[57]

  Moreover, proposed solutions to these issues (e.g., nanoparticle 

immobilization on a substrate) also adversely impact reactivity by sacrificing available 

surface sites.
[41]

 Additionally, conventional synthesis methods (e.g., sol-gel method, 

hydrothermal method, solvothermal method, and chemical vapor deposition)
[37]

 used to 

prepare different nanostructures (e.g., nanoparticles, nanowires, nanorods, nanotubes, and 

nanoribbons)
[29],[30],[40],[58]

 also offer challenges. These methods utilize expensive 

materials and equipment, require harsh and complicated conditions, and offer limited 

property manipulation and control. For this research, the nanostructures, specifically 

nanofibers, will be produced via the electrospinning process to avoid the drawbacks of 

conventional synthesis methods, as well as combating the aforementioned limitations of 

nanotechnology-based treatment systems. 

 

1.7 Electrospinning 

Electrospinning is an emerging electro-chemical process that produces solid nano-

sized fibers from a liquid solution with the use of an electrical charge.
[59]–[61]

 Considered 

a variant of electrospraying and originally called “electrostatic spinning”, electrospinning 

didn’t gain much interest in the research field until the early 1990s, where groups 
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demonstrated synthesis of fibers using a wide range of different organic polymers.
[62]

 

Shortly after, the number of publications on electrospinning increased exponential by the 

turn of the century. This cost-effective process is implemented with a simple apparatus at 

room-temperature, providing high yields of nanofiber mats that have shown to be very 

robust and stable.
[61]

 

Although electrospinning can be conducted with a small and inexpensive 

apparatus, larger systems with a series of solution containers, spraying orifices and 

collectors can lead to heavy nanofiber production.
[63]

  Based on dimensional geometries 

alone, nanofibers provide more surface area-to-volume ratio than commonly used 

nanoparticles, and the difference in this ratio gets larger when the nanofiber radius 

decreases. Recent work has shown that nanofibers, specifically TiO2, perform greater 

than their nanoparticle counterparts due to their larger surface area (for greater surface 

site availability) and their greater photocurrent generation during photoexcitation (for 

greater electron transport).
[64]

 Most notably, nanofiber mats are promising tools for 

filtration; they possess a larger surface area-to-volume ratio than conventional filters, are 

highly scalable, and tend to exhibit lower degrees of pressure drop.
[61]

 

In the electrospinning process, as seen in Figure 1-9, a syringe is filled with a 

solution, containing a precursor of the nanofiber material and connecting polymer, and 

loaded onto a controlled syringe pump.
[65]

 The syringe has an attached metallic needle 

that is connected to a high-voltage power supply. As the solution slowly moves through 

the metallic tip, the solution is electrified, forming a distorted conical shape, known as a 

Taylor cone, due to the solution overcoming its naturally high surface tension. From the 
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end of the Taylor cone, an electrified jet of fibers is released. As the solvent of the 

solution evaporates during travel time, the fibers solidify as it reaches a grounded 

collector. After a desired amount of electrospinning time, the collector contains a large 

mesh of nanofibers. For composite materials that include non-polymer reagents, the 

nanofibers can be subsequently annealed in a furnace to remove any polymer residue.  

 

 

Figure 1-9: Schematic of electrospinning process. 

 

With the use of electrospinning, the physical characteristics of synthesized 

nanofibers can be easily tuned by changing the parameters of the precursor solution, as 

well as parameters of the electrospinning process. The different parameters that can be 

altered for changing nanofiber characteristics are polymer concentration, precursor 
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concentration, applied voltage, travel distance, pump flow rate, annealing temperature, 

and annealing duration, as seen from recent research.
[66]

 Additionally, nanofibers can also 

be easily doped during solution preparation with many different reagents to further 

enhance its material properties to increase overall performance.
[67]

 Altogether, 

electrospinning provides easy preparation, synthesis and manipulation of nanofibers from 

large array of precursor and polymer materials. 

Although the implementation of electrospinning is simple, the science behind it 

all is quite complex. In a general sense, the main mechanism that makes electrospinning 

feasible is merely caused by inducing an electric charge on the polymeric solution. The 

electric charge causes coulombic forces of repulsion between positive charges, which 

counteracts with the high surface tension of the solution. This results in the reduction of 

the surface tension, making the solution more subject to mechanical stretching. Through 

this stretching, the solution is distorted at the needle tip in the form of a Taylor cone, as 

previously stated. The narrowed segment at the end of the Taylor cone will undergo 

subsequent bending instabilities, causing the stream of the solution to stretch in a 

spiraling cone into the nano-dimension (Figure 1-10).
[59]

 To the naked eye, the bending 

instabilities resemble a jet spray.
[62]

 Despite the straightforward aspect of electrifying a 

solution to initiate electrospinning, there are many parameters that affect the entirety of 

this synthesis technique. The parameters can be separated into the categories of polymer 

solution parameters and processing parameters.
[59]
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Figure 1-10: Schematic and SEM images of nanofiber bending instabilities.
[62]

 

 

Polymer solution parameters, as the name suggests, are the parameters that are 

controlled during the preparation of the solution. The first, and most reasonable, 

parameter is the actually polymer. A polymer is a long chain of molecules with repeating 

units known as monomers. Polymers have low density so they can be easily molded, yet 

are strong enough to maintain their physical integrity and inert to prevent interreactions 

with other reagents. Not only do polymers vary in monomer chain and monomer 

functionality, but also in molecular weight, heat response, crystallinity and glass 

transition temperature, which can affect solution mobility and ductility
[59]

. Viscosity is 

the resistance of a fluid to physical deformation caused by stress. In a polymer solution, it 

is the degree of polymer molecule chain entanglement. The viscosity can be affected by 

the polymer concentration or polymer molecular weight. Solutions with higher polymer 

concentration or molecular weight have a higher probability of chain entanglement, and 

therefore higher viscosity. If the viscosity of the solution is too high, the solution cannot 
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be drawn out of the needle properly, possible causing clogging. If the viscosity is too low, 

the nanofibers can lose uniform smoothness and become beaded. The viscosity parameter 

can be related to the surface tension of the solution.  

Surface tension is the tendency for the surface a fluid to resist external forces. In 

electrospinning, this constitutes the behavior between solvent and air molecules. As 

stated previously, the applied voltage induces a charge in the polymer solution, creating 

repulsive forces that reduce the surface tension. When there is a high concentration of 

free solvent molecules, there is a greater tendency for the solvent molecules to 

accumulate and form beaded structures, as seen in Figure 1-11.
[59]

 For high viscosity 

solutions, there are more interactions between solvent and polymer molecules. Therefore, 

with the influence of coulombic forces stretching the solution, the solvent molecules will 

spread over the entangled polymer molecules evenly, preventing the formation of these 

beaded congregations.
[59]

 Alternatively, low viscosity solutions will have a greater 

tendency to form beaded nanofibers. If the repulsive forces are not great enough to 

reduce the surface tension sufficiently, the jetted solution can break into droplets. If the 

surface tension is reduced too severely, the solution will drain freely, causing the 

formation of an unstable Taylor cone. 
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Figure 1-11: Formation of beaded nanofibers due to high surface tension (low polymer content) 

based on A) high viscosity and B) low viscosity.
[59]

 

 

Electrical conductivity and dielectric property of the solvent are also important in 

the electrospinning, as they also work cooperatively. Electrical conductivity is the ability 

of a substance to conduct a flow of electric charge. Dielectric property is the capacity of a 

substance to carry electric charges. A solution with high electrical conductivity or a high 

dielectric constant will have the potential to accommodate a large concentration of 

electric charges. Therefore, this results in an increase in coulombic forces in the solution 

to overcome surface tension. High electrical conductivity or dielectric property leads to 

reduced bead formation, as well as increased bending instabilities, which results in 

reduced nanofiber diameter.
[59]

 If the charge conductivity or capacity isn’t great enough 

to overcome the solution’s surface tension, there won’t be enough force to stretch the 

solution for appropriate nanofiber uniformity. On the other hand, too high of charge 
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conductivity or capacity can cause a large accumulation of charge, leading to an unstable 

Taylor cone and preventing any synthesis of nanofibers. 

Volatility of the solvent dictates the evaporation rate of the solution as the jet 

solidifies into nanofibers onto the collector. Many different factors affect volatility, such 

as boiling point, specific heat, heat of vaporization, and surface tension, but vapor 

pressure typically has the greatest effect.
[59]

 The higher the vapor pressure of a solvent, 

the faster the evaporation rate. If the volatility is too high, the fibers can harden before 

reaching the nanoscale, leading to large diameters and possible needle clogging. If the 

volatility is too slow, the solvent won’t evaporate by the time they reach the collector, 

leading to mesh of fused fibers.
[59]

 In some cases, fused fiber synthesis can be sought 

after to create nanoweb scaffolds. 

Lastly, polymer solubility is another important solution parameter, since a good 

solvent is considered one that is miscible with polymers and other reagents and also 

electrospinnable itself. High molecular weight and high crystalline polymers are more 

difficult to dissolve, as it takes longer for the solvent molecules to penetrate into the 

polymer bulk.
[59]

 Heating the solution in a water bath can be helpful in encouraging 

polymer dissolution. Low polymer solubility will limit to amount of polymer content, 

leading to low viscosity solution. Polymer solubility can also be explained through Gibbs 

free energy, where a good solvent causes the polymer to expand, reducing the overall 

Gibbs free energy.
[59]

 With solubility occurring when Gibbs free energy is negative and 

the terms of entropy of mixing and temperature together long thought to be positive, 
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Gibbs free energy is generally determined by enthalpy of mixing, which is a function of 

solute and solvent solubility parameters.
[59]

 

Processing parameters are the parameters controlled during the actual 

electrospinning process. Applied voltage, possibly the most significant of parameters, is 

the induced charge used to create repulsive forces in the solution. Applied voltage 

dictates the electrostatic forces that combat the solution’s surface tension as well as 

electric field that provides the acceleration for the jet spray.
[59]

 Both the electrostatic force 

and electric field are responsible for turning the drop of solution at the needle tip to 

distort into the Taylor cone. There must be adequate power from the applied voltage to 

overcome the viscosity and surface tension of the solution and ultimate form and sustain 

the Taylor cone.
[59]

 However, too high of an applied voltage will lead to an unstable 

Taylor cone, possibly leading to larger nanofibers. 

Feedrate of the syringe pump determines the amount of polymer solution 

available for electrospinning. A certain applied voltage corresponds to a feedrate to 

maintain a stable Taylor cone. Increasing the feedrate results in large diameter fibers due 

to the greater volume of solution being drawn out.
[59]

 However, too high of a feedrate 

doesn’t give the solution sufficient time for evaporation, leading to fused nanofibers. If 

the feedrate is too low, broken nanofibers might result since there is less solution volume 

reaching the electric field with time. Travel distance, sometimes termed tip-to-collector 

distance (TCD), dictates the flight time of the nanofibers as well as the electric field 

strength.
[59]

 The distance must be sufficient enough for the solvent to evaporate in time to 

form solid fibers. Longer distances increase evaporation time, leading to smaller diameter 
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nanofibers. Too large of a travel distance will weaken the electric field strength, leading 

to larger nanofibers. Shorter distances decrease evaporation time, leading to fused fibers, 

but too short of a travel distance could create sparks between electrodes, which is 

potentially dangerous. 

Temperature of the electrospinning chamber is another parameter that can be 

controlled. Increased temperature increases evaporation rate and decreases viscosity, 

which is helpful for electrospinning solutions of high viscosity or of low vapor 

pressure.
[59]

 Therefore, increased temperature can provide greater stretching of the 

solution, leading to smaller and more uniform nanofibers. However, increased 

temperatures are impractical for polymer solutions that contain biological substances. 

Temperature can also have an effect on the humidity of the electrospinning environment. 

Humidity is defined as the amount of water content in the air. High humidity leads to 

water condensing on the fiber surface, leading to porous structures.
[59]

 A very humid 

environment might inhibit solvent evaporation, while a low humidity environment can 

cause premature hardening of the nanofibers before reaching the nanoscale. 

Lastly, the needle tip and collector design are possible parameters than can be 

altered for desired synthesis. For needle tips, a smaller internal diameter reduces clogging 

because less solution is exposed to the atmosphere.
[59]

 Additionally, smaller internal 

diameter also reduces the fiber diameter, as it decreases the jet acceleration allowing for 

more time for solution stretching. For collectors, many different shaped collectors, such 

as planar collectors, cylindrical drums, discs, and rotating wire drums, can be used for 

different applications, whether it is used for precision, yield or any other purpose. 
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Normally, a conductive collector that is grounded is used to provide a stable potential 

difference.
[59]

 With a conductive collector, charges from the fibers are dissipated, 

allowing for more fiber collector and a more closely packed nanofiber film. For 

nonconductive collectors, the accumulation of charge on the collector causes slight 

repulsion forces, leading to 3D structures on the film.
[59]

 

 

 

Figure 1-12: Diagram of forces associated with electrospinning. 

 

Altogether, these parameters can be summed up into the forces that act on the 

solution during electrospinning, seen in Figure 1-12. The forces include pressure forces 

caused by the syringe pump to draw out the solution, viscoelastic forces from the 

solution’s resistance to movement, surface tension forces from the cohesion of the 
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solvent molecules keeping the solution together, repulsive coulombic forces from the 

applied voltage stretching out the solution, electrical forces from the electric field 

providing the solution with acceleration towards the collector, and finally air drag and 

gravitation forces from the environment.
[59]

 These forces can be used to model the 

behavior of jet flow trajectory, viscoeleastic properties, bending instabilities, as well as 

hypothesizing appropriate electrospinning parameters based on solution properties. 

Electrospinning has already found numerous applications in catalysis, sensing, 

medicine and energy.
[68]

 Examples of these applications include tissue engineering and 

drug delivery for bioengineering, protective cloths and composite reinforcement for 

defense and security, gas sensors and biosensors for sensing equipment, and batteries and 

capacitors for energy and electronics.
[59]

 Researchers have recently turned to 

electrospinning as a viable route for the synthesis of inorganic nanofibers
[64],[65]

 in a 

platform, a permeable two-dimensional nanofiber network, that may be more easily 

integrated into water treatment as reactive filtration materials.
[61],[69]–[71]

  However, while 

many studies have demonstrated the synthesis and performance of such nanofibers, 

relatively little work has been geared toward optimizing structure, morphology and 

composition so as to improve their performance in simulated water treatment. Indeed, a 

major benefit of electrospinning is that the synthesis process is highly tunable, allowing 

nanofiber properties including diameter, grain size, phase composition and the presence 

and concentration of dopants or co-catalysts to be readily optimized for a targeted 

application.
[66],[67]

 Altogether, current work on inorganic nanofibers do not offer extensive 

property modifications or establish clear links between material structure and reactivity, 



31 
 

information critical for optimizing their application for treatment of polluted water 

supplies. Further expansion of electropinning in the research field is essential for direct 

nanofiber applications in future water treatment systems. 

 

1.8 Research Objectives 

The primary goal of this study is to develop materials optimal for 

nanotechnology-enabled applications of micropollutant removal during water and 

wastewater treatment processes. Recent research in membrane technology has focused on 

composite membranes that incorporate nano-sized materials to not only increase 

membrane structure integrity, but also take advantage of key characteristics of the 

embedded materials for increased treatment efficiency.
[72]

 Ultimately, these findings are 

the first step toward the development of nanofiber-enabled treatment technologies; this 

includes next-gen hybrid membranes, consisting of single or multi-component nanofiber 

mat-integrated ceramic membranes with the potential for multi-functional chemical (e.g., 

oxidation) and physical (e.g., filtration) treatment of impaired water supplies, as seen in 

Figure 1-13. Specifically, filtration by the ceramic membrane can occur concurrently 

with the treatment provided by the different nanofiber materials via strongly oxidizing 

microenvrionments or highly adsorbent surface sites. By taking advantage of the single- 

or multi-component nanofiber mat as a collective filtration membrane itself, there is the 

possibility of increased contact time, and consequently increased pollutant removal 

during influent movement, as well as synergies among the materials that can enhance 

performance.  
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Figure 1-13: Conceptual electrospun nanofiber-integrated hybrid filter. 

 

 The project encompasses the synthesis and optimization of electrospun metal 

oxide nanofibers for the potential treatment of impaired water sources via photocatalysis 

and adsorption. The specific aims of this work were the following: 

1)  Determine the tunability of TiO2 nanofiber characteristics based on 

electrospinning parameters and its impact on photochemical oxidation of 

micropollutants through photoreactivity studies. TiO2 nanofibers have been 

synthesized for sensing, catalysis and filtration applications
[65]

. Based on 

different synthesis parameters, TiO2 nanofibers can be tuned by dimensional 

BiVO4

Function: Visible-light 
photocatalyst

Targets: Organic 
Micropollutants

Fe2O3

Function: Sorbent 

Targets: Heavy metals 
& ions 

TiO2

Function: UV-light 
photocatalyst

Targets: Organic 
micropollutants

Chemically Active

Nanofiber Filtration Mat

Microfiltration Membrane

In
fl

u
e

n
t

T
re

a
te

d

W
a

te
r



33 
 

and morphological manipulation for specific treatment. Additionally, co-

catalysts have been used to increase photocatalytic performance of pollutant 

degradation.
[73]–[77]

 Therefore, nanofiber tuning could be controlled towards 

optimizing different characteristics for increased photoreactivity of pollutants 

in aquatic environments while characterizing physical, optical and electrical 

properties to analyze their effects on reactivity. 

2) Determine the tunability of BiVO4 nanofiber characteristics based on 

electrospinning parameters and its impact on visible light-induced 

photochemical oxidation of micropollutants through photoreactivity studies. 

BiVO4 has shown to be an emerging non-titania semiconductor candidate for 

visible light-activated photocatalysis.
[78]

 Although having been used in 

different applications such as gas sensors and batteries, BiVO4 has seen some 

relevance in the field of photocatalytic degradation of aquatic pollutants.
[79],[80]

 

BiVO4, due to its shorter band gap than TiO2 (2.4 eV vs. 3.2 eV), is capable of 

photoactivation in the visible light region, decreasing the energy costs related 

to UV illumination.
[81]–[83]

 Since work on electrospun BiVO4 nanofibers has 

just been recently published, and therefore extremely limited,
[84],[85]

 synthesis 

optimization and property-to-performance trends are currently unavailable. 

Thus, this work will provide substantial insight for future BiVO4 nanofiber 

research in a range of suitable applications. BiVO4 nanofibers will be 

synthesized with the objective of optimizing its visible light photocatalytic 

performance. 
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3) Determine the tunability of Fe2O3 nanofiber characteristics based on 

electrospinning parameters and its impact on surface site availability and 

surface chemistry for heavy metal adsorption. Extensive research has been 

performed on the adsorption properties of different iron oxides for heavy 

metal treatment of water sources.
[15],[16]

 Hematite (α-Fe2O3) has shown the 

most promise for water treatment applications due to its non-toxicity, mineral 

stability, and great sorption capacity.
[12]

 Hematite nanofibers have been 

successfully synthesized, primarily for magnetic applications.
[86]–[88]

 Thus, 

these results can be applied towards hybrid membranes for water treatment. 

Iron oxide nanofibers will be synthesized by tuning dimensions and 

morphology to increase surface area-to-volume ratio to optimize available 

surface sites for heavy metal sorption. Additionally, metal oxides at controlled  

content levels will be implemented to further increase specific surface area for 

enhanced sorption performance.
[89]
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Chapter 2: Synthesis and Optimization of TiO2 Nanofibers 

 

2.1 Abstract 

Although still in development, nanotech-integrated advanced treatment systems 

have shown to be the future remedy for combating the emergence of organic 

microcontaminants in water sources. In this study, titanium dioxide (TiO2) nanofibers 

were synthesized via electrospinning, while structure and composition were tailored to 

optimize photocatalytic treatment efficiency. Through systematic tuning of the 

parameters during electrospinning, TiO2 nanofibers of controlled diameter (ranging from 

33-209 nm), crystallinity (anatase, rutile and mixed phases), grain size (ranging from 19-

49 nm), and band gap (ranging from 3.02 to 3.21 eV) were developed. Additionally, their 

reactivity was then examined in batch suspensions toward the model pollutant phenol to 

quantify photoactive performance. Photocatalytic studies revealed enhancement in 

performance with decreased average diameter due to increased reactive surface sites, as 

well as an optimal mixed phase composition leading to the greatest reactivity. Dimension 

and crystal phase composition showed to heave the greatest effect in enhancing TiO2 

photoreactivity. Optimal TiO2 nanofibers tailored via electrospinning, having an average 

diameter of 33 nm and mixed phase composition of 26/74 (±0.5) % rutile/anatase, 

exceeded the performance of traditional photocatalysts (e.g., Aeroxide® P25).  

Ultimately, TiO2 nanofibers appear most promising for use as reactive filtration materials 

because their performance was invariant with water quality, although future efforts must 

increase the strength of TiO2 nanofiber mats to realize such applications. 
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2.2 Introduction 

2.2.1 Titanium Dioxide (TiO2) 

Titanium (Ti), the world’s fourth most abundant metal and ninth most abundant 

element, was discovered in 1791 by Reverend William Gregor.
[1]

 Titanium dioxide 

(TiO2), the most commonly used compound of titanium, comprises of approximately 

95% of the world’s titanium consumption.
[2]

 Because of its bright white pigmentation and 

high refractive index, TiO2 is used in paints, plastics, paper as major end-use sectors, but 

has also been used in foods, textiles, pharmaceuticals and cosmetics.
[1]

 In addition to 

those main properties, TiO2’s chemical stability, non-toxicity and low cost helped it 

garner a great amount of attention in the field on nanotechnology. As a result, TiO2 has 

been heavily investigated in applications of dye-sensitized solar cells, gas sensors, 

biomaterials, and especially, catalysts. Scientific studies of TiO2 date back to the early 

part of the 20
th

 century,
[3]

 but it wasn’t until the late 1960s where the photocatalysis of 

TiO2 in the presence of UV light was discovered and investigated, which was later to be 

called the Honda-Fujishima effect.
[4]

 

 In a general sense, semiconductors are materials with electron conductivity 

properties between that of a metal and an insulator. Instead of having a valence and 

conduction band that overlap, thus having free electron movement within the material, a 

semiconductor has a band gap separating the valence band and conduction band.
[5]

 

Absorption of incident photons by a semiconductor with energy equal or greater than the 

band gap energy can induce charge carrier movement within the material.
[5]

 Among the 

semiconductor catalysts, TiO2 has by far received the greatest interest in the 
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photocatalysis field because of its high photoactivity and photoefficiency in the UV 

spectrum.
[6]

 

 

Figure 2-1: Comparison of the electronic band structures of metals, semiconductors and insulators. 

 

Despite it having poor performance in the presence of visible light, TiO2 is an 

ideal semiconductor because it is chemically and biologically inert, photocatalytically 

stable, relatively easy to produce and to use, able to efficiently catalyze reactions, cheap 

and without risks to the environment or humans.
[6]

 In the sphere of the environmental 

remediation field, TiO2 has been significantly studied and manipulated for decades as a 

promoter of oxidative radical species, such as hydroxyl radical (
•
OH), for the degradation 

of aqueous micropollutants.
[7]

 This extensive research has shown that its photocatalytic 

properties are influenced by many physicochemical variables, such as size, pore volume, 

surface area, and crystallinity.
[8]

 Altogether, the physical parameters of TiO2 collectively 
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have a great effect on the ultimate photoelectrochemical mechanisms of the 

semiconductor’s photoactivity. 

 

2.2.2 TiO2 Nanofibers 

Since TiO2 photocatalysts have been heavily studied for years, there is a large list 

of work on different structured TiO2, including nanoparticles, nanowires, nanorods, 

nanotubes, and nanoribbons.
[9]–[12]

 But as previously discussed, electrospun nanofibers, as 

they offer advantages in terms of easy of synthesis and tuning, photocatalytic 

performance, and system integratability.
[13]–[16]

 

Doh et al.
[17]

 reported on electrospun TiO2 nanofibers with varied electric field 

and solution flow rate. Based on the different synthesis parameters, TiO2 nanofibers were 

fabricated with average diameters ranging from 150 to 400 nm. Additionally, annealing 

temperature tuning from 250 to 850 °C showed control of crystal phase composition. Lee 

et al.
[18]

 reported on electrospun nanofibers with varied polymer content and applied 

voltage. Synthesis with different electrospinning parameters led to nanofibers with 

various diameters from 50 to 100 nm. Calcination temperature was tuned from 400 to 800 

°C, controlling crystal phase composition. Li et al.
[19]

 reported on electrospun TiO2 

nanofibers controlled by several tuning parameters. By varing polymer ceontration Ti 

precursor concentration, electric field and feeding rate, the TiO2 nanofibers had diameters 

ranging from 30 to 200 nm. Watthanaarun et al.
[20]

 reported on electrospun TiO2 

nanofibers with varied polymer content, applied voltage and calcination temperature, 

yielding diameters ranging from 100 to 200 nm. Sarlak et al
[21]

. reported on electrospun 
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TiO2 nanofibes with several tuned parameters, including applied voltage, flow rate, 

electrospun distance, polymer content, Ti precursor content, and solution pH. Based on 

experimental design of these parameters, the TiO2 nanofibers varied in diameter from 200 

to 2000 nm.  

Du et al.
[22]

 reported on electrospun TiO2 nanofibers with an average diameter of 

100 nm, outperforming zinc oxide (ZnO) nanofibers based on the photocatalytic 

degradation of Rhodamine B. Di Camilluo et al.
[23]

 reported on electrospun TiO2 

nanofibers, having diameters with a range of 300 to 400 nm and only modified by 

nitrogen (N) doping. Choi et al.
[24]

 reported on electrospun TiO2 nanofibers with an 

average diameter of 500 nm, outperforming TiO2 nanoparticles based on photocatalytic 

activity. Pan et al.
[25]

 reported on electrospun TiO2 nanofibers with an average diameter 

ranging from 200 to 300 nm and only modified by surface functionalization of gold (Au). 

Zhang et al.
[26]

 reported on electrospun TiO2 nanofibers with an average diameter from 

100 to 150 nm and only modified by tin dioxide (SnO2) beads. Liu et al.
[27]

 reported on 

electrospun TiO2 nanofibers with an average diameter of 300 nm and modified only by 

the addition of carbon nanospheres for increased porosity. While substantial work on 

TiO2 nanofibers is available, lack of extensive property modifications towards 

dimensional optimization and links between material structure and reactivity presents 

obstacles to the progression of these novel materials for nanoengineered treatment 

systems. 

The overall objective of this study is to synthesize TiO2 nanofibers and optimize 

their photocatalyic activity for the oxidation of organic micropollutants in water.  
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Through the versatile nanofiber synthesis process of electrospinning, TiO2 nanofiber 

dimension (i.e., diameter) and material properties (e.g., crystal structure, and grain size) 

can be tuned by varying synthesis parameters (e.g., applied voltage and annealing 

temperature). Synthesized nanofibers were characterized via various techniques, such as 

SEM, XRD and diffuse reflectance, to first relate observed changes in nanofiber 

properties to specific adjustments in our electrospinning procedure. Subsequently, 

performance of these nanofibers were analyzed in model laboratory systems for 

degradation of phenol, a model pollutant with functional moieties often encountered in 

common organic micropollutant classes.  Based on their photoreactivity, the structural 

modifications critical to optimizing treatment efficiency were identified.  

 

2.3 Experimental Methods 

2.3.1 Reagents 

All chemicals were reagent grade or better and used as received. The synthesis of 

the TiO2 nanofibers involved titanium tetraisopropoxide (TTIP) (Sigma Aldrich, 97%), 

ethanol (Fisher Scientific, anhydrous), acetic acid (Fisher Scientific, glacial 99.7%) and 

polyvinylpyrrolidone (PVP) (Sigma Aldrich, MW: 1,300,000 g/mol). 

A buffer prepared from 5 mM potassium phosphate monobasic (Fisher Scientific, 

99.3%) and 5 mM sodium chloride (NaCl) (Sigma Aldrich, >99.0%) was used in all 

photochemical experiments. A buffer prepared from 10 mM NaCl was used in all zeta 

potential experiments. Aeroxide® P25 (Acros Organics) was used as a commercially 

available TiO2 photocatalyst for treatment efficiency comparison. Phenol (Sigma-
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Aldrich, >99%) was used as a model organic micropollutant in all photoactivity studies.  

The eluent for HPLC analysis of phenol used sodium acetate (Sigma Aldrich, anhydrous) 

and acetonitrile (ACN) (Fisher Scientific, 99.9%). All solutions were prepared in 

deionized (DI) water (Millipore, Milli-Q). 

 

2.3.2 Synthesis of TiO2 Nanofibers 

The synthesis of TiO2 nanofibers began with the preparation of two separate 

solutions, the titanium precursor solution containing TTIP, and the polymer solution 

containing PVP. A designated amount (12-15 wt.%) of PVP and 4.5 mL of ethanol were 

added in a 50 mL glass beaker and stirred with a magnetic stirrer at a rate of 300 rpm for 

at least 2 hours, insuring that all of the PVP has dissolved. Additionally, 1.68 mL of 

TTIP, 3 mL of ethanol and 3 mL of acetic acid were added in a 50 mL glass beaker and 

stirred at a rate of 300 rpm for 10 minutes.  After both solutions dissolved completely, 

they were mixed together for an hour, creating the desired electrospinning solution.  

For the electrospinning process, the precursor solution was transferred into a 

syringe that was subsequently loaded onto a syringe driver (Braun Perfusor, Inc.). The 

syringe was connected to a metallic adapter with 25 gauge plastic needle tip (NanoNC, 

Inc. from Korea) and situated 10 cm away from an aluminum foil-covered rotating drum 

(SPG Co., Ltd; Korea), which acted as the grounded collector.  The metal adapter was 

connected to an Acopian (Easton, PA) high-voltage power supply, and a range of applied 

voltages (12-18 kV) were utilized. As the solution progressed through the system (0.3 



50 

 

mL/hr) it became electrified. The tip of the resulting Taylor cone expelled an electrified 

jet of fibers, forming a fibrous mesh on the grounded collector.  

After 3 hours, the electrospinning was ceased and the Al foil coated with the 

nanofibers was removed and inserted into a drying oven (Yamato DVS 402) at 60 °C 

overnight.  After this low heating, the nanofiber mat (typically 0.13 x 0.28 m
2
) was 

peeled off and placed into a ceramic bowl for subsequent annealing/calcination in a box 

furnace (Thermolyne; Thermo Scientific) for polymer removal and TiO2 crystallization. 

The furnace was heated to the desired temperature from room temperature at a rate of 3 

°C/min, maintained at a temperature for a desired period of time, and cooled down to 

room temperature. The annealing process was set at different temperatures from 500 °C, 

the lowest temperature to both completely remove PVP and crystallize the nanofibers to 

the anatase phase, to 800 °C, the temperature at which only rutile phase is present. 

After annealing, typically 20-25 mg of nanofibers were produced and combined 

with a designated amount of DI water to create a 1 g/L TiO2 stock and sonicated in a 

Branson sonicator to disperse the nanofibers into a homogenous suspension. 

 

2.3.3 Nanofiber Characterization 

TiO2 nanofibers were characterized using several different techniques to quantify 

their size, and morphological and optical properties. Nanofiber diameter was examined 

by a Phillips XL30 FEG scanning electron microscopy (SEM). For SEM, samples were 

prepared by placing approximately a 0.5 cm x 0.5 cm area of nanofibers onto a SEM 
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sample holder. SEM imaging of n = 100 nanofibers yielded average diameters (with 

standard deviation) that were used to create sizing histograms. 

Crystal phase, crystal orientation and average grain size were determined by a 

Bruker D8 Advance x-ray diffraction (XRD) analyzer. XRD samples were prepared by 

depositing a 1 x 1 cm
2
 area of nanofibers onto a glass slide. Samples were analyzed from 

20° to 80° for the Bragg angle with an interval of 0.03°. The motivation for crystal phase 

tuning is that Aeroxide® P25, a mixed phase TiO2 with an anatase to rutile ratio of 70-

80:20-30
[6],[9]

, outperforms both pure phases in reactivity studies
[28]

. Moreover, grain size 

tuning represents a means to control crystallinity, which strongly influences the 

recombination rate of photogenerated holes and electrons. Using the XRD spectra data, 

the rutile percent composition was calculated by means of equation 2.10:
[29]

 

 

                                

                            (2.1) 

 

 

where IR is the intensity of the rutile peak (1 1 0) at 2θ = 27.5° and IA is the intensity of 

the anatase peak (1 0 1) at 2θ = 25.4°. The average grain size was calculated by the 

Scherrer-Debye equation, as seen in equation 2.11:
[29]
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where D is the average grain size in nm, k is the shape factor constant (0.9), λ is the 

wavelength used by XRD (0.154 nm), B is the broadening of the diffraction line 

measured by the full width at half maximum of the peak and θ is the Bragg angle of the 

peak from the XRD spectrum. 

The texture coefficient of nanofibers was also determined from XRD spectra to 

verify random or preferential crystal orientation. The texture coefficient (TC) equation is 

defined as
[30]

: 

 

                                            (2.3) 

 

 

where I(hkl) is the measured relative intensity of a plane (hkl) and I0(hkl) is the standard 

intensity of the plane (hkl) taken from the JCPDS data. A TC(hkl) value of 1 represents 

randomly oriented nanofibers, while higher values indicate the abundance of crystals 

oriented in a given (hkl) direction. Three peaks were used in both anatase and rutile 

calculations. Anatase peaks used were (1 0 1) at 2θ = 25.4°, (0 0 4) at 2θ = 37.8° and (2 0 

0) at 2θ = 48.1°, and rutile peaks used were (1 1 0) at 2θ = 27.5°, (1 0 2) at 2θ = 36.1° and 

(2 1 1) at 2θ = 54.3°.  

 Zeta potential was determined by a Brookhaven Instrumental Corporation 

ZetaPALS zeta potential analyzer. Zeta potential analyses were conducted to examine the 

nanofiber’s electrical potential and describe the electrostatic interaction near the surface 

of the TiO2 nanofibers. Based on previous research,
[31],[32]

 100 µL of the 1 g/L TiO2 stock 
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suspension was added to 3.5 mL of 10 mM NaCl set at various pH values between 4 and 

8. The solution was then added to plastic cuvettes for subsequent analysis, in which 

values of zeta potential represent an average and standard deviation of 5 runs per sample. 

The point of zero charge (pzc) was calculated by interpolation between data points in 

which a zeta potential equal to 0 was achieved. 

Band gap energy was determined by a Thermo Scientific Evolution 300 UV-Vis 

spectrophotometer with a Praying Mantis diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) accessory. For analysis, the TiO2 samples were irradiated by 

light over a wavelength scan from 200 to 800 nm and absorbance was measured. Values 

of absorbance were then converted into reflectance by means of equation 2.13: 

 

                                                      (2.4) 

 

where A is the measured absorbance and R is the reflectance. The Kubelka-Munk formula 

was then used to convert reflectance into a function F equivalent to the absorption 

coefficient α, seen as the following equation:
[33],[34]

 

 

                                           (2.5) 

 

The band gap was obtained by plotting (Fhv)
1/2

 versus hv, which involves converting the 

wavelength (nm) into band gap energy (eV) via the Planck relation: 
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                                                     (2.6) 

 

where E is the energy of a photon, h is Planck’s constant (4.14 x 10-15 eV•s), c is the 

speed of light (3.0 x 10
8
 m/s), ν is frequency and λ is wavelength. Through this plot, 

extrapolating the linear portion of the graph at (Fhv)
1/2

 = 0 yielded band gap energy. 

 Surface area was determined by BET analysis via Micromeritics ASAP 2020 

Physisorption Analyzer in order to investigate any surface property change towards 

enhancement of photoactivity. Due to the amount of mass required for accurate analysis, 

BET was only conducted on select samples. All samples were degassed at 300 °C for 3 

hours prior to analysis. 

Sedimentation studies were conducted to explore the stability of nanofiber and 

Aeroxide® P25 suspensions.  Prior to analysis, a 1 g/L stock solution of either pure TiO2 

nanofibers (12 kV, 650 °C, d = 33 nm) or Aeroxide® P25 was sonicated for 1 hr. 

Afterwards, a solution of 0.1 g/L catalyst was created for both NFs and Aeroxide® NPs, 

e of 

1 mL (pH ~7). The solution was mixed thoroughly for homogeneity and pipetted in a 1.5 

mL cuvette with a path length of 1 cm. Absorbance due to particles in the suspension was 

then monitored at a wavelength of 400 nm in 5 min intervals over one hour. 

 

2.3.4 Photocatalysis Experiments 

Reactivity experiments were conducted in batch systems using a commercially 

available 1000 W Xenon arc lamp (Newport Corporation). The light was first passed 

𝐸 = ℎ𝑣 =  
ℎ𝑐

𝜆
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through a water filter to remove infrared (IR) radiation, reflected off a 90 full reflectance 

beam turning mirror, and then passed through a 305 nm long-pass filter to better simulate 

the spectrum of light available at earth’s surface. Reactivity studies were conducted 

within a jacketed photoreactor containing catalyst suspensions (0.1 g/L) prepared at pH 7 

(using 5 mM buffer) and maintained at 25 C with a recirculating water bath. All 

experiments were conducted at the same initial concentration (100 μM). Often, a 

Langmuir Hirshelwood kinetic model is applied to the TiO2 mediated photocatalytic 

degradation of aqueous phase pollutants,
[35]–[37]

 that accounts for surface adsorption and 

reaction during transformation. However, the focus of this initial work was optimizing 

photocatalytic activity based on structural modifications to TiO2 nanofibers, although 

there was no indication of sorption of phenol onto the nanofibers based on comparison of 

initial phenol concentration measurements made in control reactors without nanofibers. 

After dispersion of nanofibers via sonication, suspensions were irradiated and 

aliquots were withdrawn over time to measure change in phenol concentration over time. 

Samples were centrifuged at 10,000 rpm for 8 min in the dark to allow extraction of the 

supernatant. The supernatant was transferred to a 1.5 mL amber autosampler vial for 

subsequent analysis via high performance liquid chromatography with photodiode array 

detector (1200 Series Agilent HPLC-DAD) equipped with an Eclipse XDB-C18 column 

(4.6 × 50 mm, 1.8 μm particle size). The HPLC method of analysis for phenol was based 

on previous work and employed a mobile phase of 65:35 1 mM sodium acetate: ACN at 

pH 3, a flow rate of 0.75 mL/min, an injection volume of 20 μL and a 254 nm detection 

wavelength.
[38]–[40]
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2.4 Results and Discussion 

2.4.1 Nanofiber Characterization   

Variations in polymer concentration and applied voltage during synthesis adjusted 

the diameter of resulting nanofibers.  Based on the histograms shown in Figure 2-2, 

decreasing the PVP polymer concentration from 15 to 12 wt. % and increasing the 

applied voltage from 8 to 12 kV produced a decrease in the average diameter of the TiO2 

nanofibers from 209 (±37) to 33 (±10) nm.  These observations are consistent with the 

decrease in polymer concentration and increase in applied voltage reduce the surface 

tension, thereby stretching the nanofibers from the electrified Taylor cone more thinly 

during electrospinning.
[21]

 Thus, electrospinning provides a relatively simple route to 

maximizing the surface area-to-volume ratio of the nanofibers, in turn enhancing the 

available reactive surface area during irradiation. As a point of reference,
[8]

 

nanoparticulate Aeroxide® P25, a commonly utilized TiO2 photocatalyst, has an average 

size of ~25 nm. From here on, TiO2 nanofibers will be referenced as 209, 146, 63 and 33 

nm in average diameter. 
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Figure 2-2: Histogram of TiO2 nanofiber diameter with associated SEM image.  

 

The annealing process was found to alter crystal structure and grain size.  For a 

fixed ramping rate (3 °C/min) and annealing duration (3 hours) of the 33 nm sized 

nanofibers, a general increase in rutile composition was observed at higher annealing 

temperatures, as seen by the emergence of rutile peaks in Figure 2-3.  These results are 

expected because as the more thermodynamically favorable phase, the rutile phase is 

preferred at higher annealing temperatures and over longer annealing time. Figure 2-4 

provides 3D surface plots of the rutile percent composition and average grain size for 

nanofibers with an average diameter of 33 nm. These data are presented as a function of 

annealing temperature (500-800 °C) and annealing time (1-6 hours).  By increasing both 

the annealing temperature and annealing duration, rutile composition and the average 
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grain size were increased.  As observed via XRD analysis, the rutile composition can be 

tuned from 0-100% (±0.5%) with average grain sizes from 19-49 (±0.5) nm. These trends 

of crystal phase composition and average grain size also hold true for the large TiO2 

nanofibers, as nanofiber dimension had no significant effect on any property tuning from 

annealing treatment.  

 

 

Figure 2-3: XRD spectra of synthesized TiO2 nanofibers after annealing at different temperatures. 
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Figure 2-4: A) Rutile composition and B) average grain size 3D surface plots as a function of annealing 

temperature and time. 
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Diffuse reflectance analysis showed a strong correlation between band gap energy 

and crystal phase composition, seen in Figure 2-5. Identical to accepted values,
[1],[6]

 the 

band gap energies of pure anatase (500-600 °C) and pure rutile phase (800 °C) TiO2 

nanofibers were found to be 3.21 and 3.02 eV, respectively. Additionally, band gap 

steadily increased with increasing anatase content, with values similar to existing 

publication,
[41]

 as the mixed phase materials yielded intermediate band gap energies. As 

expected, no change band gap was observed as a function of average diameter since the 

Bohr radius of TiO2 (~2 nm) is significantly smaller than the synthesized nanofiber 

size.
[42],[43]

 

 

 

Figure 2-5: Band gap as a function of anatase composition of the TiO2 nanofibers. 
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Based on measured zeta potential values (Figure 2-6), the pH-dependent surface 

chemical activity of the TiO2 nanofibers were essentially invariant over the entire range 

of synthesis conditions and nearly identical to the behavior of commercially available 

Aeroxide® P25.  The pH of the point of zero charge for all of the analyzed materials was 

~5.2 (±0.1), which signifies negatively charged behavior in photoreactivity experiments 

that were conducted at pH 7.  These results are comparable to earlier investigations
[44]–[46]

 

of Aeroxide® P25, having a pzc range of ~5-6. Additionally, texture coefficient 

calculations yielded random crystal orientation, which also correlates with the 

commercial TiO2 photocatalyst
[47],[48]

. BET measurements yielded surface area values in 

the range of 10-20 m
2
/g for the 33 nm sized TiO2 nanofibers, yet these values were 

notably smaller than that of commercial Aeroxide® P25 (52 m
2
/g). 

 

 

Figure 2-6: Zeta potential analysis of TiO2 nanofibers at different diameters and Aeroxide® P25. 
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Table 2-1: Texture coefficient calculations of TiO2 nanofibers at different annealing temperatures. 

 

 

Lastly, sedimentation studies were conducted with Aeroxide P25 and dispersed 

nanofibers (d = 33 nm) to analyze photocatalyst stability. As seen in Figure 2-7, 

normalized absorbance decreased relatively quickly with the commericial photocatalyst 

nanoparticles compared to the synthesized nanofibers, which indicates greater suspension 

instability (i.e., aggregation) for the nanoparticles relative to nanofibers.   

 

Figure 2-7: Sedimentation data for TiO2 nanofibers and Aeroxide® P25 at pH 7. Absorbance was 

monitored at 400 nm in 0.1 g/L suspensions of each photocatalyst. 
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2.3.2 Photocatalysis of TiO2 Nanofibers 

Using the probe compound phenol, reactivity trends as a function of nanofiber 

diameter, phase, and grain size were developed.  In all nanofiber systems, phenol 

followed exponential decay (Figure 2-8) and hence pseudo-first-order rate constants (i.e., 

kobs values) were reported as a metric for TiO2 nanofiber reactivity. Figure 2-9 shows 

average kobs values (from triplicate analyses) for phenol decay as a function of annealing 

temperature for nanofibers with different diameters. For all annealing temperatures, 

nanofiber reactivity increased with decreasing diameter, consistent with a positive effect 

of increased reactive surface sites on photoreactivity. Additionally, a maximum peak in 

reactivity is observed at the annealing temperature of 650 °C for the two smallest 

diameter nanofibers (d = 33, 63 nm), indicating an optimal mixed phase composition. 

Altogether, the smallest sized fibers of d = 33 nm showed the greatest reactivity, with the 

650 °C annealed nanofibers (kobs = (9.7 ± 0.4) x 10
-2

 min
-1

) outperforming Aeroxide® 

P25 TiO2 nanoparticles (kobs = (8.0 ± 0.1) x 10
-2

 min
-1

) by 20 percent per unit mass of 

photocatalyst. 



64 

 

 

Figure 2-8: Representative first-order kinetics phenol decay curves during photocatalytic reaction with 

TiO2 nanofibers, annealed at 500 °C for 3 hours. 

 

 

Figure 2-9: Average phenol decay rate constant as a function of annealing temperature for TiO2 nanofibers 

with different diameters. 
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Results in Figure 2-9 indicate that available nanofiber surface area is a dominant 

control on photoreactivity, as expected for catalytic nanomaterials.  In fact, the smallest 

nanofibers (d = 33 nm) possess a diameter on par with the particle size of P25 (~25 nm), 

consistent with their essentially equivalent per mass reactivity.  Notably, however, BET 

measurements for these 33 nm nanofibers yield a specific surface area (~15 m
2
/g) 

considerably smaller than that of commercial P25 (52 m
2
/g), suggesting an advantage of 

nanofibers on the basis of surface-area-normalized rate constants (kSA values). The 

roughly 3-fold greater kSA value for nanofibers (i.e., d = 33 nm resulted in kSA = 5.40 x 

10
-2

 L∙m
-2

∙min
-1

, whereas P25 resulted in kSA  = 1.54 x 10
-2

 L∙m
-2

∙min
-1

) is speculated to 

be the result of more extensive aggregation of P25 nanoparticles in suspension (Figure 2-

7), as has previously been invoked in instances where smaller nanomaterials exhibit less 

reactivity per unit surface area.
[49]

  Because the pH-dependent surface charge on 

nanofibers (pHzpc ~5.2 (±0.1)) was essentially identical to that of Aeroxide P25 (Figure 2-

6), these differences in aggregation likely result from the different particle morphologies 

of P25 and nanofibers.  

Because crystal phase and grain size are both dependent on annealing conditions, 

their respective influence on reactivity was explored at a fixed nanofiber diameter (d = 33 

nm; Figure 2-10). Optimal reactivity was observed at a mixed phase composition [26/74 

(±0.5) % rutile/anatase], a phase ratio comparable to that of P25.
[50]

 As has been 

explained previously,
[9],[51] 

the enhanced photocatalytic activity observed for a mixed 

rutile/anatase materials is most often attributed to an electron trapping mechanism.  

Specifically, energy levels in anatase act as an electron trap in mixed phase TiO2, holding 
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photogenerated electrons until they encounter appropriate scavengers (e.g., O2).
[9],[51]

  

Otherwise, rutile, as a solitary phase, acts as an inferior semiconductor in part from its 

high recombination rate. Photocatalytic activity was generally observed to increase with 

decreasing grain size, with the greatest reactivity observed for nanofibers prepared with 

an average grain size of 32 nm and at the optimal rutile/anatase ratio. These nanofiber 

properties could both be achieved via annealing at 650 °C for 3 hours. 

 

 

Figure 2-10: Average phenol decay rate constant as a function of the average grain size and rutile percent 

composition for TiO2 nanofibers. 
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2.5 Conclusion 

Growing interest in nanotechnology has led to significant advances in material 

synthesis, which in turn has produced a plethora of uniquely structured nanomaterials 

often touted as next-generation water treatment options.  However, although there is little 

doubt as to the significant promise nanomaterials possess for water treatment 

applications, it is often unclear whether innovative, highly tailored nanostructures can 

ever be viable alternatives in practice.   

This study attempted to bridge the existing gap between fundamentals and 

practice for electrospun TiO2 nanofibers, an emerging synthesis route for nanomaterials 

given the high degree of tailoring it affords to nanomaterial structure and composition. 

We show that the performance of TiO2 nanofiber photocatalyts is largely governed by the 

same material, physical, chemical and optical properties established for more traditional 

nanoparticle TiO2 photocatalysts (e.g., P25).  Accordingly, electrospun nanofibers are 

perhaps an ideal focal point for future technology development based on the advantages 

this approach provides, specifically the ability to fabricate nanomaterials with tunable 

properties that can be easily integrated into treatment as a reactive nanofiber networks, 

mats or coatings.   

TiO2 nanofibers with average diameters ranging from 209 to 33 nm, full spectrum 

of anatase and rutile composition and average grain size ranging from 19 to 49 nm were 

developed. Lastly, photoreactivity studies were performed to relate dimensional and 

morphological properties toward TiO2 photo-oxidation. Results show the TiO2 nanofibers 

with average diameter of 33 nm and anatase to rutile composition of 75/25 provided the 
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greatest phenol degradation, outperforming commerical Aeroxide® P25. The use of 

electrospun nanofibers present the potential for engineered nanofiber mat applications 

unobtainable by the suspension-driven commercial TiO2 catalyst. However, the 

performance of these nanofibers needs to be explored over longer timescales and in flow 

through system more representative of their intended application platform. 
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Chapter 3: Synthesis and Optimization of Ag-TiO2 Composite Nanofibers 

 

3.1 Abstract 

In this work, Ag-TiO2 composite nanofibers were developed through the 

electrospinning process while characterizing their dimensional, morphological and 

optical properties to assess the effects of Ag co-catalysts. Additionally, their 

photocatalytic activity was tested toward phenol as a model pollutant. Characterization 

revealed a slight increase in nanofiber diameter, inhibition of anatase-to-rutile phase 

transformation and a decrease in band gap from 3.21 down to 2.79 eV due to the presence 

of bulk–embedded Ag nanoparticles. The reactivity of 0.5 at.% Ag-TiO2 nanofibers was 

the greatest, outperforming both unmodified TiO2 electrospun nanofibers and 

commercially available TiO2 Aeroxide® P25 by a factor of ~3.  

The high reactivity of the low content Ag-TiO2 nanofibers can be attributed to the 

addition of electron traps, which provide efficient carrier separation and, therefore, 

decreased recombination. However, further increase in Ag content led to lower 

photoreactivity, most likely due to the growth of the Ag nanoparticles, which suggests an 

optimal size of 2 to 3 nm for the Ag nanoparticles at 0.5 at.% provided the greatest 

photoreactivity. Ag-TiO2 nanofibers show great promise as innovative and highly 

performing nanomaterials for future nanotechnology-based treatment systems, 

particularly when the photoreactivity demonstrate herein is used in synergy with the 

established antimicrobial activity of nano-Ag. 
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3.2 Introduction 

3.2.1 TiO2 Photocatalysts 

TiO2 is an ideal semiconductor of choice for numerous applications because it is 

chemically and biologically inert, photocatalytically stable, and relatively easy to produce 

and to use.
[1],[2]

 Accordingly, TiO2 has been widely used in dye-sensitized solar cells, gas 

sensors, biomaterials, and, most notably, as a photocatalyst because of its high 

photoactivity and photoefficiency in the UV spectrum.
[1]

 In the sphere of environmental 

remediation, TiO2 has been significantly studied and manipulated for decades as a source 

of reactive oxygen species (ROS), such as hydroxyl radical (
•
OH), for the degradation of 

aquatic micropollutants as an advanced oxidation process (AOP).
[3]

 Prior research has 

established that its photocatalytic properties are influenced by physicochemical variables, 

such as size, pore volume, surface area, and crystallinity.
[4]

 Collectively, the physical 

parameters of TiO2 greatly affect the photoelectrochemical phenomena responsible for 

semiconductor’s photocatalytic activity. 

 In light of the many different applications of TiO2 (i.e. photooxidation, water 

splitting, solar cells) due to its attractive features, including its non-toxicity, great 

chemical and thermal stability, and above all its high photocatalytic efficiency,
[2]

 there is 

a still a large force in research to further enhance TiO2 photoactivity. For successful 

photocatalytic transformation, energy transfer must be efficient during the separation of 

the electron-hole pairs, the carrier transport to surface active sites and the actual surface 

chemical reactions.
[5]

 Modifications of TiO2 nanostructures via the introduction of metal 

and nonmetal additives have been widely reported in efforts to enhance the performance 
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of the photocatalyst. Various methods of TiO2 modifications have been explored to 

improve photoactivity, especially towards water treatment applications. 

 

3.2.2 Modified TiO2 Photocatalysts 

Modification of TiO2 (i.e. crystal lattice, co-catalysts, composite materials) has 

been generalized into the term doping. Doping is the intentional introduction of 

impurities or defects into a pure semiconductor for the manipulation of the material’s 

electrical properties.
[6]

 Adding impurities can increase the quantity of electrons or holes, 

also known as charge carriers, in the semiconductor. P-type semiconductors contain an 

excess of holes, while n-type semiconductors contain an excess of electrons. The property 

changes depend on the semiconductor material, the dopant material and the dopant 

content. There are three main mechanisms in which doping can enhance the performance 

of TiO2: band gap narrowing, surface plasmon resonance, and electron trapping. Band 

gap narrowing involves defect formation via Ti or O atom replacement and electron 

configurations with that of the dopants, narrowing the band between the conduction and 

valence band and causing shorter pathways for electron movements. The shorter energy 

band will then have implications on the wavelength requirement for electron excitation, 

where light with a lower energy demand can be used to induce photoactivation. Surface 

plamon resonance involves the use of noble metals, primarily Au and Ag, where the 

surface electrons of the noble metals oscillate due to the frequency from incident 

photons.
[7]

 The stimulation of resonant oscillation would likely enhance surface electron 

excitation.  
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Lastly, electron trapping involves the retaining of electrons in the irregularities or 

defects in the material’s morphology during photoexcitation. This will induce electrons 

movement within the material towards the conduction band while remaining near the 

traps, keeping electron-hole separation and preventing recombination.
[8]

 After the 

electron-hole split during photoexcitation, the electron will move within the material 

towards either shallow or deep traps. Some electrons will migrate towards deep traps, 

where relatively high activation energy (~1 to 3 meV) traps keep the electrons stable to 

the conduction band, while other electron migrate towards lower activation energy (< 1 

meV) shallow traps, where they are likely to undergo trap-to-trap hopping towards the 

conduction band until they reach a deep trap. The electron trapping provides transport of 

the electrons towards the conduction band and minimizing recombination due to the 

activation energy required to remove the electrons from the traps.
[8]

  

  

a. Nonmetal-doped TiO2 

Despite the reputation of TiO2 as a great photocatalyst, it is still restricted by its 

relatively large band gap (3.2 eV). Light necessary to excite the electrons within the 

semi-conductor must be of a wavelength of around ~400 nm or smaller, right at the 

transition of UV to visible light, in order to achieve photoactivation. Considering that just 

under 5% of total solar irradiation (sunlight that reaches the earth’s surface) is UV light, 

UV lamps are necessary to initiate photoactivation of TiO2 for efficient photooxidation. 

Nonmetal doping of TiO2, which involves the addition of nonmetals such as C, N, and S 

into the photocatalyst, has been heavily reported to increase photoactivity via band gap 
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reduction
[9]

 by the shifting of the valence band energy level. Such reduction not only 

enhances UV reactivity, but also has the potential to facilitate photoactivation using 

visible light. 

Nitrogen has shown to be the most promising of the nonmetal dopants for visible 

light active photocatalysis. Gombac et al.
[10]

 reported on N-doped TiO2 nanopowders 

synthesized via sol-gel method utilizing HNO3 as the N source. Their doped TiO2 was 

synthesized having 100% anatase crystal phase, crystallite size of 13 nm, and surface area 

around 85 m
2
/g. Photoreactivity studies against methyl orange showed enhanced 

performance of N-doped TiO2 compared to bare synthesized powder under visible light 

irradiation. Liu et al.
[11]

 synthesized TiO2 via hydrothermal method and doped the 

material by annealing in an ammonia atmosphere. Based on photoreactions with 

rhodamine B under UV and visible light irradiation, they reported that N-doping 

increased the reactivity of bare titania.  

Cong et al.
[12]

 worked on TiO2 prepared by microemulsion-hydrothermal method 

and doped with various N sources, including triethylamine, urea, thiourea, and hydrazine 

hydrate, at different dopant loadings. Their findings resulted in reduction of the 

photocatalysts band gap from 3.2 eV down to 2.7 eV for the highest content doping. 

Based on photoreactivity studies against rhodamine B and 2,4-dichlorophenol under both 

UV and visible light irradiation, N-doped TiO2 performed better than its bare counterpart, 

where triethylamine with a N:Ti mole ratio of 2:1 provided the greatest organic 

decomposition. Nolan et al.
[13]

 reported sol-gel synthesis of N-doped TiO2 using 1,3-

diaminopropane as the N source. Diffuse reflectance data showed visible light absorption, 
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but calcinations of the N-doped TiO2 had a strong effect on the formation of the rutile 

phase. Photoreactivity of methylene blue showed enhancement due to N-doping, but 

reactivity studies also showed inhibition at higher temperatures most likely due to the 

greater rutile content.  

Yang et al.
[14]

 synthesized N-doped TiO2 via solvothermal method using 

ethylenediamine as the N source. N-doped TiO2 yielded crystallite size ranging from 8-16 

nm and showed great visible light absorbance, as well as reducing the bang gap energy 

down to 3.0 eV. N-doped TiO2 showed considerably greater photoactivity than the bare 

TiO2 photocatalyst based on photooxidation of methylene blue and methyl orange under 

visible light irradiation. Gai et al.
[15]

 reported on TiO2 nanorods synthesized via 

hydrolysis and doped by the addition of hydrazine, followed by ultrasonication and 

autoclaving. N-doping by hydrazine led to reduced anatase content, reduced surface area, 

and reduced band gap to 2.9 eV. Photoreactivity studies towards methyl orange and 4-

chlorphenol resulted in greater performance of the N-doped TiO2 nanorods at all levels of 

dopant content. Buzby et al.
[16]

 investigated N-doped TiO2 nanoparticles synthesized via 

plasma-assisted metal organic chemical vapor deposition. NH3 gas was used as the N 

source, since initial experiments with N2 and NO gases were unsuccessful in doping the 

nanoparticles with N. Characterization showed that N-doping had no effect on the 

crystallite size (roughly 20 nm in size) and the crystal phase was anatse rich. 

Photoreactivity against 2-chlorophenol showed that N-doping improved the performance 

of the TiO2, where photocatalytic kinetics increased with increasing N content. 



80 
 

Of all the nonmetal anions, N has shown to be the best nonmetal dopant towards 

enhancing TiO2 photoreactivity. Based on these reports,
[10]–[16]

 N-doping has the potential 

to increase on TiO2 observed rate constant (kobs) by a factor of 9 and surface area-

normalized rate constant (kSA) by a factor of 6. Band gap reduction was the prominent 

mechanism caused by N-doping, as reports indicated band gap narrowing due to valence 

band movement leading to band gap energies as low as 2.6 eV. 

 

b. Transition Metal-doped TiO2 

Similar to nonmetal doping of TiO2, transition metal doping has also seen its fair 

share of research for their contribution in band gap reduction. Similar to nonmetals 

replacing O atoms, transition metals, such as Fe, Zn, and Co, create impurities near the 

conduction band by replacing Ti atoms in the crystal lattice to facilitate a conduction 

band energy shift and reduce the band gap. Kumbhar et al.
[17]

 studied Fe-doped TiO2 

nanoparticles synthesized via modified sol-gel method. Diffuse reflectance analysis 

showed a sharp red shift in the band gap transition, attributed to the incorporation of 

Fe(III) ions in the titania matrix. XRD characterization resulted in crystallized anatase 

crystal phase of the photocatalysts, as well as the larger agglomerations of small TiO2 

particles due to lattice distortion cause by the Fe(III) ions. Photoreactivity studies towards 

the dye pollutant sulforhodamine-B under visible light irradiation resulted in moderate 

degradation with Fe-doped TiO2 but no degradation whatsoever with unmodified TiO2.  

Luu et al.
[18]

 worked on Fe-doped TiO2 photocatalysts synthesized via sol-gel 

method. XRD analysis showed an increase in rutile content with the incorporation of Fe, 
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from 7% to a range of 18-40%, as well as a slight decrease in crystallite size, from 30 nm 

for the unmodified TiO2 to as low as 19.5 nm for the 2 mol.% doped TiO2. Diffuse 

reflectance analysis showed a red shift in the light absorption of the Fe-doped TiO2 

nanoparticles. The red shift was more prominent with increasing dopant content, resulting 

in a decreassed band gap from 3.20 eV to as low as 2.67 eV. Additionally, BET 

characterization showed that Fe doping decreased the surface area of the photocatalyst 

from 45 m
2
/g to a range of 10-43 m

2
/g. Photoreactivity studies towards p-xylene showed 

that Fe doping increased degradation of the pollutant in the presence of UV and LED 

light.  

Nguyen et al.
[19]

 reported on Fe-doped TiO2 photocatalysts synthesized via 

hydrothermal method. HR-TEM imagery indicated that morphology of the Fe-doped 

TiO2 was similar to that of the unmodified TiO2. XRD analysis resulted in only 

crystalline anatase phase for both doped and unmodified TiO2. UV-Vis spectra of the Fe-

doped TiO2 show a more pronounced red shift and an increased absorbance of the visible 

range with increased Fe dopant content. The authors attributed this to the formation of 

dopant energy levels within the band gap of TiO2, causing charge-transfer transitions 

between the Fe ions and the TiO2 conduction band, and thus effectively causing a red 

shift in the band edge adsorption threshold. Photoreactivity studies towards methylene 

orange showed increased performance of all the Fe-doped TiO2 samples under sunlight 

and halogen lamp irradiation, with the 0.3 wt.% Fe content level yielding the greatest 

reactivity.  
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Deng et al.
[20]

 studied TiO2 nanopowders synthesized via sol-gel method doped 

with various levels of Mn (0.1-12 at.%). XRD characterization determined that both the 

unmodified and doped powders were crystallized in pure anatase phase. Additionally, 

average grain size slightly decreased with increasing Mn content, from 7.5 nm of the pure 

TiO2 to 6.8 nm for the highest doping of 12 at.%, which was confirmed by TEM imaging. 

Diffuse reflectance analysis showed a large red shift of the Mn-doped TiO2 as well as 

increased absorption of light in the visible and even infrared spectral regions. 

Photoreactivity studies towards methylene blue resulted in greater performance of all the 

Mn-doped TiO2 over the unmodified TiO2, with the greatest reactivity resulting from the 

0.2 at.% Mn-doped TiO2 nanopowder.   

Liu et al.
[21]

 reported on Zn-doped TiO2 synthesized via sol-gel and solid phase 

reaction methods. TEM images showed that the sol-gel method had little influence on the 

particle size (20-30 nm), while the solid phase reaction method greatly reduced the 

particle size to about 10 nm. XRD characterization showed no effect on the crystal phase 

of the TiO2 nanoparticles by either method. Photoreactivity studies towards Rhodamine B 

showed little change in performance from the sol-gel synthesized Zn-doped TiO2, but 

increased performance for the solid phase reaction method synthesized Zn-doped TiO2, 

where optimal performance was observed at 0.5 mol.% Zn doping and an annealing 

temperature of 500 °C. 

Despite the manipulation of band gap energy, some publications have reported 

inhibition of photoreactivity due to transition metal doping. Colmenares et al.
[22]

 worked 

on TiO2 photocatalysts doped with Fe, Zn and Zr, as well as some noble metals. BET 
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analysis showed increase in surface area due to transition metal doping. Diffuse 

reflectance characterization showed no reduction of band gap for the Zn- and Zr-doped 

TiO2, but a slight decrease in band gap down to 3.15 eV was observed in the Fe-doped 

TiO2. XRD analysis showed no significant change in crystal phase (100% anatase) and a 

slight decrease in crystallite size from 28 nm to an average of 24 nm. Photoreactivity 

studies toward 2-propanol showed no improvement in performance for the Zn-doped 

TiO2, and also decreased performance for the Fe- and Zr- doped TiO2 nanoparticles.  

Di Paola et al.
[23]

 reported their findings of TiO2 nanoparticles doped with various 

transition metals (Co, Cr, Cu, Fe, Mo, V, and W) at various content levels (0.3-5 mol. %) 

via wet impregnation method. XRD analysis revealed that transition metal doping had 

little effect on the crystal phase, as the anatase and rutile diffraction patterns had minimal 

change compared to that of the unmodified TiO2. BET characterization showed little to 

no reduction of the surface area of the all photocatalysts. Diffuse reflectance analysis 

revealed a red shift in the band gap transition, resulting in increased light absorption of 

the doped TiO2. Photooxidation studies towards 4-nitrophenol showed that all the 

transition metal doped-TiO2 nanoparticles (excluding W-doped TiO2) yielded reduced 

photoactivity, where performance decreased with increasing dopant content. They 

investigated electron-hole recombination kinetics via femtosecond pump-probe diffuse 

reflectance spectroscopy and observed increased second-order recombination rate 

constants in all the transition metal-doped photocatalysts. The authors concluded that 

although the presence of these transition metal dopants can shift the energy levels of the 

band edges, they might be isolated far from the surface with little chance of transferring 
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trapped charge carriers to the reaction interface, causing the metal ions to act more like 

recombination centers than trap sites.
[24]

 

Although transition metals have shown enhancement of photocatalytic reactivty in 

some instances, significant reports show inhibition of reactivity in the presence of these 

dopants. Findings show that despite decreasing the band gap, transition metal ions in the 

TiO2 interfere with the electron-hole separation and  increase recombination kinetics.
[23]

  

Figure 3-1 shows the range kinetic rate constants of the transition metal-doped TiO2 from 

the review
[22]–[28]

 normalized to their respective unmodified TiO2 counterpart. As seen 

with kobs and kSA,  photocatalytic kinetics in both cases were reduced significantly due to 

the addition of transition metal dopants, with some results showing doped TiO2 materials 

yielding reactivity as low as 10% of the unmodified TiO2. 

 

 

Figure 3-1: Normalized kobs and kSA of transition metal-doped TiO2
[22]–[28]

. 
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d. Rare Earth Metal-doped TiO2 

There has also been some work on incorporating rare earth metals into TiO2 to 

improve photoactivity. Although there is very limited work on rare earth metal-doped 

TiO2, such few reports in literature have shown that rare earths behave as electron sinks, 

enhancing charge-transfer efficiency. Xu et al.
[29]

 reported on TiO2 photocatalysts doped 

with La, Ce, Er, Pr, Gd, Nd and Sm via sol-gel method. XRD and BET characterization 

of the doped materials showed no change in crystal phase (100% anatase), a slight 

decrease in particle size from 20 to a range of 13-17 nm, and a slight increase in surface 

area from 36 m
2
/g to a range of 37-45 m

2
/g. Diffuse reflectance analysis observed a red 

shift in the band gap transition of the rare earth metal-doped TiO2 and increased light 

absorbance with increasing rare earth content. Photoreactivity studies based on nitrate 

degradation were performed with Sm- and Gd-doped TiO2, which showed that rare earth 

metal-doped TiO2 at all content loadings outperformed unmodified TiO2 nanoparticles.  

Stengl et al.
[30]

 studied the photocatalytic activity of TiO2 nanoparticles doped 

with Nd, Ce
3+

, Ce
4+

, Pr, Sm, Gd, Eu, Dy, and Ly. BET analysis showed that in majority, 

the rare earth metal dopant increased the surface area and pore volume of the doped 

nanoparticles. Additionally, band gap reduction was observed, where the presence of rare 

earths slightly lowered the band gap to an average of 3.10 eV, while the more effective 

dopants lowered the band gap to 2.7 eV. Photoactivity studies towards Orange II dye at 

different wavelengths within the UV and visible light range showed improved reactivity 

of the rare earth metal-doped TiO2 over unmodified TiO2. 
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Rare earth dopants have shown to provide enhance photoreactivity of TiO2 due to 

increased carrier traps, but don’t offer as great of photocatalytic enhancement as other 

additives. Figure 3-2 provides the normalized rate constants of the rare earth metal-doped 

TiO2 based on reports.
[29],[30]

 where average photocatalytic activity was improved by 

factor of ~2. 

 

 

Figure 3-2: Normalized kobs and kSA of rare earth metal-doped TiO2
[29],[30]

. 
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potential recombination of the electron and hole, which lowers photoefficiency. Noble 

metal co-catalysts including gold (Au), silver (Ag), palladium (Pd), and platinum (Pt) 

serve as electron traps near the conduction band to promote carrier transfer and prevent 

recombination with the valence band holes, thereby facilitating electron-hole separation 

and enhancing TiO2 photoactivity.
[31]

 Other mechanisms for the enhanced reactivity of 

noble metal-incorporated TiO2 include extending the light absorption of the 

semiconductor into the visible range, enhancing surface electron excitation by plasmon 

resonances excited by visible light, and modifying the surface properties of 

photocatalysts.
[32]

 With all of these benefits, noble metal-doped TiO2 has been heavily 

investigated by researchers. Colmenares et al.
[22]

 reported on sol-gel synthesized TiO2 

doped with Ag, Pd, and Pt. The synthesis of the doped TiO2 was carried out by two 

methods: ultrasonic irradiation and magnetic stirring. The addition of noble metals had 

little effect on band gap energy (3.1-3.2 eV) or crystal phase (100% anatase). Additonally, 

noble metal doping slightly decreased the crystallite size from 28 nm to a range of 21-26 

nm. Based on photoreactivity studies with 2-propanol, the doped TiO2 with Ag, Pt and Pd 

all outperformed unmodified TiO2 nanoparticles in either synthesis process, where the 

magnetic stirring synthesis yielded greater performance.  

Moonsiri et al.
[33]

 studied Pt- and Ag-doped TiO2 via sol-gel method. 

Characterization analysis revealed that the presence of noble metals did not significantly 

affect crystal phase or surface area, but did slightly decrease the crystallite size of the 

TiO2 from around 12 nm to an average of 10 nm.  Both the addition of Pt and Ag 

improved the photocatalytic reactivity of 4-chlorophenol, where the highest reactivity 
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was obtained from 1.0 wt.% Pt-TiO2 and 0.5 wt.% Ag-TiO2. Loganathan et al.
[34]

 

investigated sol-gel synthesized TiO2 nanoparticles doped with Ag, Au and Pt. XRD 

analysis showed that the dopants had no effect on the crystal phase, which was pure 

anatase for all 3 noble metals and content levels. Crystallite size did increase slightly with 

the addition of the dopant, increasing from 8 nm for the unmodified TiO2 to around 12, 

15 and 20 nm for Ag, Pt and Au, respectively. Additionally, the noble metal dopants did 

promote slight band gap reduction, going down to as low as 3.07 eV. Based on the 

degradation of 4-chlorophenol, noble metal doping enhanced photoreactivity, where the 

activity order was as follows:  Au-TiO2 > Pt-TiO2 > Ag-TiO2 > unmodified TiO2. You et 

al.
[35]

 reported on TiO2 nanoparticles doped with Ag (1-4 wt.%) synthesized by 

deposition precipitation method. Characterization analysis revealed that Ag had no effect 

on crystal phase (100% anatase) or crystallite size (12 nm). Photocatalytic reactivity 

studies against methyl orange showed that Ag enhanced the performance of the 

photocatalyst at all content levels, where the 2 wt.% Ag content level yielded the greatest 

reactivity.  

Seery et al.
[36]

 investigated Ag-doped TiO2 via sol-gel method by two routes: UV 

irradiation and direct calcinations. XRD analysis showed that by either doped method, the 

doped and unmodified TiO2 nanoparticles crystallized to pure anatase at an annealing 

temperature of 600 °C. When annealed at 700 °C, the unmodified TiO2 had yielded a 

high amount of the rutile crystal phase, while the presence of Ag in the doped TiO2 

suppressed the formation of rutile. Higher Ag loadings (3 wt.%) showed the beginning of 

very small rutile crystal phase formation. Additionally, the addition of Ag slightly 
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decreased the crystallite size compared to the unmodified TiO2, but increasing the Ag 

content had no significant effect on the crystallite size. Diffuse reflectance analysis also 

showed higher visible absorbance capacity due to the addition of Ag. Photoreactivity 

studies against rhodamine 6G revealed that Ag greatly enhanced the performance of TiO2, 

where Ag reduction via direct calcination yielded greater reactivity than UV irradiation.  

Paramasivam et al.
[37]

 reported on the electrochemical synthesis of TiO2 

nanotubes doped with Ag and Au. Based on SEM images, 10 nm sized Ag and 30 nm 

sized Au nanoparticles were observed on the surface of 100 nm sized TiO2 nanotubes for 

Ag- and Au-doped TiO2, respectively. Evaluation of the photocatalytic activity against 

Acid orange 7 showed that the noble metals enhanced the performance of the 

photocatalyst, where the greatest decomposition was associated with Ag. Zang et al.
[38]

 

reported on sol-gel synthesized TiO2 doped with Pt, Pd and Au, as well as some transition 

metals. The noble metal-doped TiO2 materials were more heavily emphasized than the 

others because of their greater contribution to photoreactivity enhancement. Based on 

degradation of 4-chlorophenol upon illumination of UV and visible light, the noble 

metals played a large role on enhancing photocatalytic performance, with the greatest 

performance associated with Pt. 

Sakthivel et al.
[39]

 investigated Pd, Au and Pt doping of commercially-available 

TiO2 via impregnation method. Diffuse reflectance analysis resulted in light absorbance 

of the doped TiO2 with no apparent change to band gap. XRD analysis resulted in no 

change in the crystal phase composition between the unmodified and doped TiO2. Grain 

size of the anatase phase was unaffected by the addition of the noble metals (22 nm), 
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while rutile grain size did decrease from 33 nm to a range of 26-29 nm. Photocatalytic 

reactivity studies against Acid green 16 showed that all 3 noble metals enhanced 

degradation kinetics of the TiO2, where Pt and Au had an exceptionally greater effect 

than Pd.  

Sobana et al.
[32],[40]

 worked on TiO2 nanoparticles doped by Ag via photoreduction. 

Diffuse reflectance analysis showed greater absorption of visible light due to the presence 

of the Ag. Since a strong band associated with surface plasmon absorption did not appear, 

the authors concluded that the Ag caused band gap absorption. XRD characterization 

reported that the Ag-doped and unmodified TiO2 were fully anatase, while crystallite size 

increased from 21 nm to an average 34 nm due to the addition of Ag.  Photocatalytic 

reactivity studies against azo dyes Direct red 23 and Direct blue 53 revealed that Ag-

doped TiO2 outperformed unmodified TiO2 at all content loadings (0.5-2.5 wt.%). 

Organicc degradation was optimal at 1.5 and 2 wt.% Ag for Direct red 23 and Direct blue 

5, respectively. 

Iliev et al.
[41]

 investigated the modification of commercially-available TiO2 with 

Pt and Ag particles by photoreduction. BET analysis showed no significant change in 

surface area due to noble metal doping, ranging from 48-50 m
2
/g. Photocatalytic studies 

against oxalic acid showed enhanced performance of the TiO2 with the addition of Pt and 

Ag. Barakat et al.
[42]

 reported results from Ag-doping of TiO2 nanofibers syntheseized via 

electrospinning. XRD characterization showed that the Ag-doped TiO2 nanofibers were 

fully anatase at Ag content levels of 1, 1.5 and 2 wt.%. They also reported that at larger 

Ag loadings (3 and 5 wt.% Ag), rutile formation became more apparent and rutile content 
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increased from 3 to 5 wt.% Ag loading. Additionally, the higher Ag content loadings also 

hindered the integrity of the nanofibers, creating broken nanorods. Photocatalytic 

reactivity results against methylene blue revealed that the addition of Ag enhanced 

performance of organic degradation.   

Of all the additives mentioned, noble metals are most sought after because of their 

effectiveness in enhancing the photocatalytic performance of TiO2. Figure 3-3 shows 

normalized rate constants of the reviewed data,[31]–[43] where performance can reach up to 

4 times that of pure TiO2.While all noble metals have shown significant enhancement in 

photocatalytic performance, Ag, in particular, has attracted much interest because of its 

superior performance in the destruction of aqueous phase pollutants over other noble 

metals co-catalysts
[22]–[28],[33],[37]

 and additional antibacterial activity.
[32],[43]

  

 

 

Figure 3-3: Normalized kobs and kSA of noble metal-doped TiO2.
[31]–[43]
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The overall objective of this study is to synthesize Ag-TiO2 composite nanofibers 

and optimize their photocatalyic activity for the oxidation of organic micropollutants in 

water. The synthesis of the nanofibers was conducted via electrospinning, a facile and 

cost-effective process that yields solid nanoscale fibers from a sol-gel solution with the 

use of an electrical charge.
[44]–[46]

 In addition to having greater photocatalytic 

performance than conventional nanoparticles,
[47]

 electrospun nanofiber mats can be very 

robust and stable and are well suited for filtration/membrane applications.
[46]

 Synthesized 

nanofibers were characterized via various techniques, such as SEM, XRD and diffuse 

reflectance, to identify observed changes in nanofiber properties resulting from the 

presence of the Ag nanoparticles.  Subsequently, we analyzed the performance of these 

nanofibers in laboratory systems for degradation of phenol, a model pollutant with 

functional moieties typical of common organic micropollutants, to quantify the effect of 

the Ag co-catalyst on photocatalytic treatment efficiency. 

 

3.3 Experimental Methods 

3.3.1 Reagents 

All chemicals were reagent grade or better and used as received. The synthesis of 

the TiO2 nanofibers involved titanium tetraisopropoxide (TTIP) (Sigma Aldrich, 97%), 

ethanol (Fisher Scientific, anhydrous), acetic acid (Fisher Scientific, glacial 99.7%) and 

polyvinylpyrrolidone (PVP) (Sigma Aldrich, MW: 1,300,000 g/mol).  Additionally, silver 

nitrate (AgNO3) (Fisher Scientific) was used as the Ag precursor during solution 
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preparation. The content levels of Ag were calculated based on atomic percentage (at.%) 

of TiO2. 

A buffer prepared from 5 mM potassium phosphate monobasic (Fisher Scientific, 

99.3%) and 5 mM sodium chloride (NaCl) (Sigma Aldrich, >99.0%) was used in all 

photochemical experiments. A buffer prepared from 10 mM NaCl was used in all zeta 

potential experiments. Aeroxide® P25 (Acros Organics) was used as a commercially 

available TiO2 photocatalyst for treatment efficiency comparison. Phenol (Sigma-Aldrich, 

>99%) was used as a model organic micropollutant in all photoactivity studies.  The 

eluent for HPLC analysis of phenol used sodium acetate (Sigma Aldrich, anhydrous) and 

acetonitrile (ACN) (Fisher Scientific, 99.9%). All solutions were prepared in deionized 

(DI) water (Millipore, Milli-Q). 

 

3.3.2 Synthesis of Ag-TiO2 nanofibers 

The electrospinning solution was prepared by creating two separate solutions, a 

polymer and precursor solution. The polymer solution was made by mixing 0.45 g of 

PVP and 4.5 mL of ethanol for 2 hours, while the precursor solution was made my 

mixing 1.68 mL of titanium precursor solution (TTIP), 3 mL of ethanol and 3 mL of 

acetic acid for 10 minutes. After both solutions dissolved completely, they were blended 

together for an hour, creating the desired electrospinning solution. AgNO3 was 

incorporated in the polymer solution at levels between 0.25 and 10 at. % prior to the 

combination of the two solutions.  
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The precursor solution was transferred into a syringe that was subsequently 

loaded onto a syringe driver (Braun Perfusor, Inc.). The syringe was connected to a 

metallic adapter with 25 gauge plastic needle tip (NanoNC, Inc. from Korea) and situated 

10 cm away from an Al foil-covered rotating drum (SPG Co., Ltd; Korea), which acted as 

the grounded collector.  The metal adapter was connected to an Acopian (Easton, PA) 

high-voltage power supply, and a range of applied voltages (12-18 kV) were utilized. As 

the solution progressed through the system (0.3 mL/hr) it became electrified. The tip of 

the resulting Taylor cone expelled an electrified jet of fibers, forming a fibrous mesh on 

the grounded collector.  

After 3 hours, the electrospinning was ceased and the Al foil coated with the 

nanofibers was removed and inserted into a drying oven (Yamato DVS 402) at 60 °C 

overnight.  After this low heating, the nanofiber mat (typically 0.13 x 0.28 m
2
) was 

peeled off and placed into a ceramic bowl for subsequent annealing/calcination in a box 

furnace (Thermolyne; Thermo Scientific) at 650 °C for 3 hours for polymer removal and 

TiO2 crystallization. Additionally, the annealing process provided thermal decomposition 

of the AgNO3 to Ag2O and finally to Ag.
[36]

 The Ag-TiO2 composite nanofibers were 

then recalcinated at 700 °C, 3 °C/min at various durations to control the crystal phases, 

crystallinity and grain size, referred to as 0.5-R Ag-TiO2. The motivation for such phase 

tuning is Aeroxide® P25, a mixed phase TiO2 photocatalyst with a anatse to rutile ratio 

of 70-80%-to-20-30%
[1],[48]

 that outperforms both pure phases in reactivity studies.
[49]

 

Additionally, this finding had also been observed in our work with unmodified TiO2 

nanofibers (Chapter 2). After annealing, typically 20-25 mg of nanofibers were produced 
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and combined with a designated amount of DI water to create a 1 g/L TiO2 stock and 

sonicated in a Branson sonicator to disperse the nanofibers into a homogenous suspension. 

 

3.3.3 Nanofiber characterization 

Ag-TiO2 nanofibers were characterized using several different techniques to 

quantify their size, morphological and optical properties. Nanofiber diameter was 

examined by a Phillips XL30 FEG scanning electron microscopy (SEM). For SEM, 

samples were prepared by placing approximately a 0.5 cm x 0.5 cm area of nanofibers 

onto a SEM sample holder. SEM imaging of n = 100 nanofibers yielded average 

diameters (with standard deviation) that were used to create sizing histograms. 

Transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM) were used to analyze Ag nanoparticle size and distribution in composites. 

Additionally, the presence of Ag nanoparticles was analyzed by energy dispersive X-ray 

spectroscopy (EDX) following SEM and selected area diffraction (SAED) analysis 

following TEM. 

 Crystal phase and average grain size were determined by a Bruker D8 Advance 

x-ray diffraction (XRD) analyzer. XRD samples were prepared in the same manner as 

described for the TiO2 nanofibers. The 1 x 1 cm
2
 samples were analyzed from 20° to 80° 

for the Bragg angle with an interval of 0.03°. Crystal phase composition was quantified 

by means of equation that analyzes the ratio of the main diffraction peak intensities of 

anatase and rutile.
[50]

 Grain size was quantified by means of the Scherrer-Debye equation, 

which relates grain size to the diffraction peak properties.
[50]
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Band gap energy was quantified by a Thermo Scientific Evolution 300 UV-Vis 

spectrophotometer via diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS). For analysis, the dry Fe2O3 samples were analyzed over a wavelength scan 

from 200 to 800 nm and absorbance was measured. The band gap was calculated by 

inserting the absorbance dataset of the nanofibers as a function of wavelength into the 

Kubelka-Munk method.
[51],[52]

 

 

3.3.4 Photocatalysis experiments 

Reactivity experiments were conducted in batch systems using a commercially 

available 1000 W Xenon arc lamp (Newport Corporation). The light was first passed 

through a water filter to remove infrared (IR) radiation, reflected off a 90 full reflectance 

beam turning mirror, and then passed through a 305 nm long-pass filter to better simulate 

the spectrum of light available at earth’s surface. Reactivity studies were conducted 

within a jacketed photoreactor containing catalyst suspensions (0.1 g/L) prepared at pH 7 

(using 5 mM buffer) and maintained at 25 C with a recirculating water bath. 

Similar to the studies conducted in Chapter 2, reactivity of TiO2 nanofibers, Ag-

TiO2 composite nanofibers and commercial P25 nanoparticles was explored toward 

phenol at an initial concentration of 100 M to identify the optimal diameter, grain size, 

and Ag content level. After dispersion of nanofibers via sonication, suspensions were 

irradiated and aliquots were withdrawn over time to measure change in phenol 

concentration over time. Samples were centrifuged at 10,000 rpm for 8 min in the dark to 

allow extraction of the supernatant because filtration resulted in the loss of some analytes 
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by sorption. The supernatant was transferred to a 1.5 mL amber autosampler vial for 

subsequent analysis via high performance liquid chromatography with photodiode array 

detector (1200 Series Agilent HPLC-DAD). The 1200 Series Agilent HPLC-DAD was 

equipped with an Eclipse XDB-C18 column (4.6 × 50 mm, 1.8 μm particle size).  The 

HPLC method of analysis for phenol was based on previous work and employed a mobile 

phase of 65:35 1 mM sodium acetate: ACN at pH 3, a flow rate of 0.75 mL/min, an 

injection volume of 20 μL and a 254 nm detection wavelength.
[53]–[55]

 

 

3.4 Results and Discussion 

3.4.1 Nanofiber characterization   

The Ag content in the TiO2 nanofibers was adjusted by controlling the amount of 

AgNO3 in the sol-gel solution prior to electrospinning, as confirmed by SEM-EDX 

analysis (Figure 3-4). While the unmodified TiO2 was white, a very light grayish tint was 

observed with increasing Ag content. SEM analysis (Figure 3-5) of Ag-TiO2 nanofibers 

indicated that the presence of Ag may slightly increase average nanofiber diameter at low 

content levels (≤ 1 at.%), but all measured diameters were still within one standard 

deviation of the diameter of unmodified TiO2 nanofibers (33±10 nm). For 5 and 10 at.%, 

the average diameter increased significantly, reaching 68±20 and 92±25  nm, respectively. 

This can be attributed to the inclusion of the AgNO3, which not only increased total metal 

content in the electrospinning solution, but also increased the solution viscosity, which 

can affect the nanofiber diameter size.
[56]
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Figure 3-4: EDX spectra of A) 0 and B) 0.5 at.% Ag-TiO2 nanofibers.  
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Figure 3-5: A) Average diameter as a function of Ag content for the Ag-TiO2 nanofibers. Corresponding 

SEM images: B) 0 C) 0.5 D) 2 and E) 5 at.% Ag. 
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TEM analysis (Figure 3-6) was performed on unmodified and 0.5 at.% Ag-TiO2 

to examine the Ag formation in the TiO2 nanofibers. Small Ag nanoparticles 

approximately 2 to 3 nm in size were uniformly distributed in the Ag-TiO2 nanofibers 

(Figure 3-6-B), although sparingly, compared to the pristine TiO2 nanofibers (Figure 3-6-

E). The electron diffraction pattern from SAED analysis confirms that the TiO2 

nanofibers are polycrystalline with diffraction rings that correspond to those of anatase 

for both unmodified (Figure 3-6-C) and 0.5 at.% Ag-TiO2 (Figure 3-6-F) nanofibers. 

Additionally, an extra diffraction ring can be seen in the 0.5 at.% Ag pattern 

corresponding with the crystalline Ag in the (111) orientation.   

 

Figure 3-6: TEM, STEM and SAED images of unmodified (A, B, C) and 0.5 at.% Ag-TiO2 nanofibers (D, 

E, F). Red dashed circles in STEM images indicate Ag nanoparticles in TiO2 nanofiber bulk. Blue and 

green circles in SAED images indicate anatase TiO2 and metal Ag diffraction peaks, respectively. 

 

(101)

(004)

(200)

(105)

(204)

(116)

(220)

Anatase

(101)

(004)

(111)

(200)

(105)

(204)

(116)

(220)

Anatase Ag

STEM

20 nm

20 nm 20 nm

20 nm

A

D

B

E

Anatase Ag

Anatase Ag

C

F



101 
 

To compare the effect of the co-catalyst without variation of size, the applied 

voltage was increased from 12 to 18 kV for 5 at. % Ag-TiO2 to produce nanofibers with 

an average diameter of 35±11 nm (Figure 3-7-A, B). For future reference, these materials 

will be referred to as 5-S Ag-TiO2 nanofibers. Other characteristics of the 5 at.% Ag-TiO2 

nanofibers (grain size, band gap, etc.) remained unaltered. 

 

Figure 3-7: A) Average diameter as a function of applied voltage for the 5 at.% Ag-TiO2 nanofibers and B) 

SEM image of 5 at.% Ag-TiO2 electrospun at 18 kV. 
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where the anatase composition decreased to 87.5%. Additionally, very small Ag peaks 

are observable in the XRD spectra at the 3 at.% Ag level and above, although the (111) 

Ag peak was in fact visible in the SAED pattern at lower content (0.5 at.% Ag). 

 

 

Figure 3-8: XRD pattern of the Ag-TiO2 nanofibers at different Ag content levels. 

 

0

500

1000

1500

20 30 40 50 60 70 80

-100

400

900

1400

-150

350

850

1350

1850

-80

420

920
2 at.% Ag-TiO2

5 at.% Ag-TiO2

3 at.% Ag-TiO2

10 at.% Ag-TiO2

Annealing: 650  C, 3  C/min, 3 hr

0

500

1000

1500

20 30 40 50 60 70 80

-100

400

900

1400

-150

350

850

1350

1850

-80

420

920
2 at.% Ag-TiO2

5 at.% Ag-TiO2

3 at.% Ag-TiO2

10 at.% Ag-TiO2

Annealing: 650  C, 3  C/min, 3 hr

0

500

1000

1500

20 30 40 50 60 70 80

-100

400

900

1400

-150

350

850

1350

1850

-80

420

920
2 at.% Ag-TiO2

5 at.% Ag-TiO2

3 at.% Ag-TiO2

10 at.% Ag-TiO2

Annealing: 650  C, 3  C/min, 3 hr

0

500

1000

1500

20 30 40 50 60 70 80

-100

400

900

1400

-150

350

850

1350

1850

-80

420

920
2 at.% Ag-TiO2

5 at.% Ag-TiO2

3 at.% Ag-TiO2

10 at.% Ag-TiO2

Annealing: 650  C, 3  C/min, 3 hr

-120

380

880

1380

-50

450

950

-100

400

900

1400
-8

42

92

142

192

242

0 at.% Ag-TiO2

0.25 at.% Ag-TiO2

0.5 at.% Ag-TiO2

1 at.% Ag-TiO2

Anatase Rutile Ag

0

500

1000

1500

20 30 40 50 60 70 80

-100

400

900

1400

-150

350

850

1350

1850

-80

420

920
2 at.% Ag-TiO2

5 at.% Ag-TiO2

3 at.% Ag-TiO2

10 at.% Ag-TiO2

Annealing: 650  C, 3  C/min, 3 hr

2 Theta 2 Theta



103 
 

 

Figure 3-9: A) Anatase composition as a function of Ag content and B) rutile composition as a function of 

calcination time for Ag-TiO2 nanofibers. 
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Figure 3-10: XRD pattern of the 0.5 at.% Ag-TiO2 nanofibers recalcined at different time durations. 
 

 

Figure 3-11: Average grain size as a function of A) Ag content and B) calcination time for Ag-TiO2 

nanofibers. 
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reflectance spectroscopy. As shown in Figure 3-12-A, the band gap of the Ag-TiO2 

nanofibers decreased from 3.21 eV to 2.79 eV as the Ag content increased from 0 to 10 

at.%. This steady decrease in band gap with Ag content has been observed in previous 

reports of Ag-TiO2 composites.
[34],[57]

 A sharp decrease in the band gap energy was 

observed for Ag content less than 2 at.%. This may be attributed to the overlap of the 

wavefunctions of the electrons, which bind to the impurity (i.e., Ag) atoms as the density 

of the impurity increases.
[58]

 Band gap energies for 0.5-R Ag-TiO2 nanofibers, as well as 

unmodified TiO2 nanofibers, are plotted on the basis of crystal phase composition in 

Figure 3-12-B. Starting at 3.21 eV for a pure anatase phase, the band gap of the 

unmodified TiO2 nanofibers steadily decreased with increasing rutile content down to 

3.02 eV for a pure rutile phase, with values similar to existing publication.
[59]

 

Interestingly, this same trend, not previously reported before in Ag-TiO2 composites, can 

be seen with the 0.5 at.% Ag-TiO2 nanofibers, where band gap decreases with increasing 

rutile composition. 

 

Figure 3-12: Band gap energy as a function of A) Ag content and B) anatase composition for unmodified 

and 0.5 at.% Ag-TiO2 nanofibers. 
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3.4.2 Photocatalysis of Ag-TiO2 nanofibers 

In irradiated Ag-TiO2 suspensions, phenol degradation followed exponential 

decay, for which we report pseudo-first-order rate constants for the phototransformation 

reaction (kobs values; see Figure 3-13). As seen in Figure 3-14, the presence of Ag 

improved the reactivity of the nanofibers, where the optimal content of 0.5 at.% Ag (kobs 

= (2.7 ± 0.1) x 10
-1

 min
-1

) enhanced reactivity per unit mass by almost 3 times that of the 

optimal unmodified nanofibers (kobs = (9.7 ± 0.4) x 10
-2

 min
-1

). If compared by crystal 

phase composition, the 0.5 at.% Ag at 100% anatase performed a factor of ~3.6 greater 

than the pure anatase nanofibers (kobs = (7.4 ± 0.8) x 10
-2

 min
-1

) (Figure 3-15). After the 

peak, reactivity steadily decreased, where 5 at.% (kobs = 8.2 x 10
-2

 min
-1

) performed 

comparably to unmodified TiO2 nanofibers and Aeroxide P25 whereas 10 at.% (kobs = 5.7 

x 10
-2

 min
-1

) actually performed worse than unmodified TiO2 nanofibers. However, the 

poor reactivity could possibly stem from the larger average diameter or the relatively 

larger sized Ag nanoparticles (8-12 nm) at the higher content levels (5-10 at.%) (Figure 

3-16).
[36]
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Figure 3-13: Normalized phenol concentration as a function of time from reactivity studies of Ag-TiO2 

nanofibers. 

 

 
Figure 3-14: Average phenol decay rate constant as a function of Ag content for the Ag-TiO2 nanofibers. 

Orange dotted line indicates rate constant of Aeroxide P25 commercial TiO2 nanoparticles. 
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Figure 3-15: Average phenol decay rate constant as a function of Ag content and anatase composition for 

the Ag-TiO2 nanofibers. 

 

 

Figure 3-16: SEM images of A) 5 and B) 10 at.% Ag-TiO2 nanofibers. 
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The 5-S Ag-TiO2 nanofibers were also used in reactivity studies to explore 

whether the observed photoreactivity decline is due to dimensional change or co-catalyst 

mechanism. Figure 3-17 shows a 3D plot of photoreactivity as a function of Ag content 

and average diameter. The plot shows that the reactivity of the 5-S Ag-TiO2 nanofibers 

increased with decreasing diameter, with the 35 nm sample having the greatest reaction 

rate of all the 5-S Ag samples (kobs = (1.2 x 10
-1

 min
-1

). However, the most reactive 5-S 

Ag sample still had lower reactivity than the composite nanofibers with less Ag content, 

keeping the trend of the optimal at 0.5 at.% and reactivity decreasing with increasing Ag 

content. Thus, the evidence of maximum reactivity at 0.5 at.% suggests the presence of 

an optimal size or surface area-to-volume ratio of the Ag nanoparticles, factors known to 

have significant effects on performance in addition to composite diameter.
[60]
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Figure 3-17. Average phenol decay rate constant as a function of Ag content and average diameter of the 

Ag-TiO2 nanofibers. 
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average grain sizes (Chapter 2). Additionally, despite rutile having the lower band gap, its 

low photoactivity prevents it from being an efficient semiconductor phase.  

 

 

Figure 3-18. Average phenol decay rate constant of unmodified and 0.5 at.% Ag-TiO2 nanofibers as a 

function of anatase composition and band gap energy. 
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benefits afforded by mixed phase TiO2, where reactivity decreases steadily with 

increasing rutile composition. These results suggest that unlike unmodified TiO2, which 

performs optimally with mixed phase, Ag-TiO2 performs optimally in solely anatase 

phase. Therefore, co-catalyst level represents the parameter with the strongest effect for 

optimizing photoreactivity. 

 

3.4.3 Mechanistic details 

Based on the photoactivity studies, it is suggested that the electron trapping 

mechanism is the primary attributor to the enhanced performance of the Ag-TiO2 

composite nanofibers. Surface plasmon resonance was not a feasible option based on 

several parameters. Diffuse reflectance analysis showed no visible light absorption peaks, 

which is the most significant indicator of plasmon effect. Moreover, the Ag-TiO2 

nanofibers at all Ag content levels had very poor photocatalytic reactivity when 

illuminated by only the visible light spectrum (λ > 395 nm), having kobs values of roughly 

0.5% the UV rate constant values across the board. Band gap narrowing was also not a 

probable phenomenon attributed to enhanced reactivity since the addition of the co-

catalyst did not narrow the band gap significantly (2.8-3.1 eV). Additionally, the more 

reactive of the Ag-TiO2 nanofibers (0.25-1 at.% Ag) had higher values of band gap 

energy (3.08-3.13 eV) and were well within the range of pure anatase and rutile TiO2 

nanofibers (3.00-3.21 eV). 

Electron trapping that occurs via Ag-incorporation is similar to the mechanism 

that naturally occurs in unmodified TiO2. The photoexcited electrons expelled from the 
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valence band either undergo recombination with vacant electron holes or become 

ensnared in sinks, known as electron traps, at or near the surface.
[8]

 These electron traps 

are either deep traps, where carriers effectively remain until encountering an electron 

scavenger (i.e. O2), or shallow traps, where carriers can move between via trap-to-trap 

hopping process  until they encounter a deep trap, an electron scavenger or an electron 

hole.
[8]

 In mixed phase TiO2, the anatase/rutile interface provides scavenging of rutile 

electrons from photons and facilitates electron transfer from rutile to anatase trapping 

sites, leading to greater stabilized charge separation and decreased recombination.
[48]

 

Therefore, anatase activation of rutile yields greater photoreactivity due to the stabilized 

charge separation. In terms of the Ag-TiO2 composites, the Ag nanoparticles act as 

electron sinks, facilitating electron-hole separation and promoting electron transfer for 

increased photoreactivity.
[31]

 The photoreactivity studies of the Ag-TiO2 nanofibers 

demonstrated the performance of the Ag nanoparticles as efficient electron sinks 

according to the significant reactivity enhancement. The phenomenon suggests that Ag 

plays a prominent role as the antennae for electron-hole separation, assisting in surface 

carrier reactions and minimizing recombination kinetics. However, the presence of the 

rutile phase in the mixed phase Ag-TiO2 nanofibers led to a decrease in reactivity, as the 

photoreactivity diminished with increasing rutile content. This is likely because the Ag 

nanoparticle-anatase phase interface functioned as the main route to facilitate carrier 

separation and efficient surface carrier transport, while the rutile phase functioned 

solitarily. Without the synergistic activation from anatase, rutile behaved as a lone 

ineffective semiconductor due to its high recombination kinetics. Although observable, 
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the decline in reactivity of the Ag-TiO2 nanofibers due to rutile phase should not be 

considered significant since, for example, the Ag-TiO2 sample with the highest rutile 

content (65% rutile, 35% anatase) still behaved comparable to the optimal unmodified 

TiO2 nanofibers, as clearly seen in Figure 3-18.  

 

3.5 Conclusion 

While TiO2 nanofibers could be optimized via changes in diameter and crystal 

phase, photocatalytic reactivity could be further optimized by incorporating Ag as a co-

catalyst. Dimensional and morphological properties from the original unmodified form 

were intentionally replicated while the incorporation of Ag was conducted in order 

provide greater reactivity. Nanofiber diameter was not significantly altered with the 

addition of Ag until higher levels of incorporation (≥ 2 at.%). We found that inhibition of 

the anatase-to-rutile phase transformation through the addition of Ag led to most of the 

composite samples to be purely anatase, although grain size was not affected. 

Additionally, the band gap was reduced with increasing Ag content, dropping to a value 

of 2.8 eV with 10 at.% Ag. Lastly, photoreactivity studies were performed to establish the 

influence of Ag on TiO2 photooxidation processes. Results show the presence of the Ag 

co-catalyst enhanced reactivity, with an optimal loading of 0.5 at.% Ag outperforming its 

unmodified nanofiber counterpart by nearly a factor of 3. Above this loading, the 

photoreactivity decreased with increasing Ag content. We attribute this reactivity 

increase to the role of Ag as an electron sink that inhibits carrier recombination, but based 

on the observed optimum in activity, the size of the Ag is a was critical determinant of 
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photoreactivity. The use of electrospun nanofibers allow for application of nanofiber mats 

to harness the reactivity of nanomaterials that might otherwise be unobtainable by 

suspension-driven processes (e.g., the use of commercial TiO2 catalyst nanoparticles in 

water treatment). Altogether, these results show the promise of Ag-TiO2 nanofibers as 

efficient nanotechnology for aquatic treatment systems due to their enhanced 

photocatalytic performance and their synergistic potential with antimicrobial properties.  
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Chapter 4: Synthesis and Optimization of BiVO4 and Co-catalyzed BiVO4 

Nanofibers 

 

4.1 Abstract 

Due to the limited photoefficeincy of TiO2 under solar irradiation, non-titania 

semiconductors, such as bismuth vanadate (BiVO4), have been gaining attention for use 

as visible light (VL) photocatalysts. In this work, electrospun BiVO4 nanofibers were 

synthesized as photocatalysts for VL-induced photo-oxidation of organic pollutants. 

BiVO4 nanofibers of varied average diameters (33 to 71 nm) were characterized to 

observe morphological, dimensional and optical properties and tested in aqueous 

solutions containing a model pollutant to analyze their photocatalytic activity under solar 

and VL irradiation conditions. Based on phenol degradation studies at pH 7, kobs of the 

BiVO4 nanofibers increased with decreasing diameter, with the 33 nm sized nanofibers 

slightly outperforming TiO2 nanomaterials under VL irradiation. Additionally, Ag and 

Au co-catalyzed BiVO4 nanofibers were developed, showing greater photocatalytic 

performance. Ag-BiVO4 showed enhancement due to increased carrier traps, where as 

Au-BiVO4 showed enhancement due to both carrier traps and surface plasmon resonance. 

Both co-catalyzed BiVO4 nanofibers strongly outperformed TiO2 nanomaterials under 

VL irradiation, with the greatest coming from 2 at.% Au-BiVO4. Electrospun BiVO4 

nanofibers have potential to become efficient VL-activated photocatalysts for a low-

energy alternative for the removal of emerging organic contaminants. 
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4.2 Introduction 

4.2.1 Bismuth Vanadate (BiVO4) 

In lieu of TiO2’s great performance as stated earlier, its relatively large band gap 

of 3.2 eV provides little visible light (VL) absorption (< 380 nm). Additionally, the 

amount of photons from direct sunlight that can photoactivate TiO2 is drastically small (< 

5%).
[1]

 In effort to capture VL photons, which constitutes a majority of solar irradiance 

(~42%),
[1]

 recent research has moved towards modified TiO2 as well as non-titania based 

semiconductors with narrower band gaps for VL-driven photocatalysis.
[2]

 For instance, 

the valence bands of ternary metal oxide semiconductors consist of hybridizations of 

transition-metal orbitals, and this hybridization can increase the valence band level, thus 

resulting in the narrow band gap.
[3]

 Among the group of new VL-active photocatalysts, 

bismuth vanadate (BiVO4) has been reported to have narrow band gaps and exhibit good 

photocatalytic performance. 

BiVO4 was first reported in a medical patent for pharmaceutical purposes in 1924, 

but significant development of this material didn’t occur until the mid 1970s.
[4],[5]

 With its 

relatively recent discovery, BiVO4 has been heavily manufactured for its initial use as a 

bright yellow pigment, as seen in Figure 4-1. Due to its non toxicity, environmentally-

friendly BiVO4-based paints have recently replaced paints containing toxic pigments such 

as lead chromate (PbCrO4) and cadmium sulfide (CdS).
[6]

 In addition to its popularity as 

a high performance pigment, BiVO4 has been utilized in other useful applications due to 

additional attractive properties, including its ferroelastic, acousto-optical, ionic 

conductive and photocatalytic properties.
[7],[8]

 Since its inaugural work by Kudo et al. as a 
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photocatalyst for O2 evolution in 1999,
[9]

 BiVO4 has been widely used in gas sensors, 

posistors, batteries, electrolytes, water splitting and other applications.
[8],[10]

 With the 

growth of nanomaterial research in the environmental field, BiVO4, as a semiconductor, 

has found great relevance as an effective photocatalyst for pollutant degradation. 

 

 

Figure 4-1: BiVO4 powder. 

 

 Similar to TiO2, the photocatalytic performance of BiVO4 is heavily influenced by 

its crystal structure
[2]

. BiVO4 has three main crystal structures: zircon-tetragonal, 

scheelite-tetragonal, and scheelite-monoclinic. Zircon-tetragonal phase can be formed 

from via low temperature (~100 °C) synthesis, while scheelite-monoclinic can be formed 

via high temperature (400-600 °C) synthesis.
[10]

 Moreover, phase transformation between 

scheelite-monoclinic and scheelite-tetragonal can occur reversibly at 255 °C.
[11]

 Based on 

extensive photocatalytic research, sheelite-monoclinic is observed as the most active 

BiVO4 structure under VL irradiation.
[2]

 The greater reactivity could be associated with 

the energy band structure, since monoclinic and tetragonal BiVO4 have band gap energies 

of 2.4 and 2.9 eV, respectively (Figure 4-2).[9],[12],[13]
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Figure 4-2: Diagram of band structures for tetragonal and monoclinic BiVO4.
[12],[13]

 

 

4.2.2 BiVO4 Nanostructures 

 With the rise of BiVO4 applications, researchers have experimented with different 

morphologies for their suitable applications, including remediation based photocatalysis. 

There has been substantial work on the synthesis of BiVO4 photocatalysts by various 

preparation methods, as well as performance experiments towards the degradation of 

aqueous pollutants. Normally, BiVO4 nanostructures are synthesized by the 1:1 molar 

combination of a bismuth precursor (i.e. Bi(NO3)3) and a vanadium precursor (i.e. 

NH4VO3) and subsequently heat treated for crystallization
[9]

. 

Hou et al.
[3]

 reported on BiVO4 nanorods synthesized by hydrothermal method. 

Another BiVO4 sample was synthesized by solid-state reaction for comparison. BET 

surface area measurements showed greater surface area from the nanorods (10.7 m
2
/g) 

compared to the nanoparticles synthesized by solid-state reaction (0.75 m
2
/g). 

Photocatalytic studies were conducted against methylene blue under VL irradiation at a 

cutoff of 450 nm as well as under natural sunlight. Based on the photocatalytic 
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experiments, the BiVO4 nanorods outperformed the BiVO4 nanoparticles on both 

photodegradation and adsorption removal of methylene blue under both light conditions. 

Total removal under artificial VL was 81.2% for the nanorods, 17.3% for the 

nanoparticles, and 9.8% for Aeroxide® P25, which was conducted for TiO2 comparison. 

Total removal under natural sunlight was 98.8% for the nanorods, 23.1% for the 

nanoparticles, and 14.2% for Aeroxide® P25. 

Zhou et al.
[8]

 reported on BiVO4 microtubes synthesized by reflux method.  A 

solution with Bi(NO3)3 and NH4VO3 dissolved in water was heated at 80 °C in a reflux 

system with varying times from 2 to 15 hours. The precipitate was subsequently collected 

and dried. BiVO4 synthesized by solid-state reaction was prepared for comparison. 

Monoclinic BiVO4 microtubes were synthesized by the 6 hour reaction, while the 2 hour 

reaction yielded tetragonal phase. Increased reaction time also created larger multi-tube 

flower-like structures, also noting the presence of NaHCO3 being crucial in the forming 

of these structures. Photocatalytic reactions with Rhodamine B under VL at a cutoff of 

400 nm showed significantly greater performance from the BiVO4 microtubes over the 

solid-state reaction synthesized BiVO4. Although not indicating which BiVO4 microtube 

sample used in the photoreactions, the authors suggest the novel square tubular structure 

and/or the flowerlike morphology attributed to the enhanced photoreactivity.  

Zhang et al.
[10]

 reported on BiVO4 nanoparticles synthesized via hydrothermal 

method. A suspension of Bi(NO3)3 and NH4VO3 was created and autoclaved at room 

temperature, 140 160, 180 and 200 °C for 24 hours under autogenous pressure. Based on 

XRD characterization, the autoclave temperature was used to alter the crystal phase 
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composition, where the room temperature reaction led to pure tetragonal phase and 

increased temperature led to more monoclinic phase content. By 180 °C, pure monoclinic 

phase formed. Additionally, increased reaction time also led to larger branches on the 

nanoparticles. BET analysis showed that surface area drastically decreased when the 

reaction was conducted with heat (140-200 °C) compared to that of the room temperature 

material, from 9.11 m
2
/g down to a range 1.57-2.07 m

2
/g. Band gap of BiVO4 decreased 

steadily with increased reaction temperature, from 3.1 eV at room temperature down to 

2.3 eV at 200 °C. Photocatalytic reactions with Rhodamine B under VL at a cutoff of 400 

nm were conducted for the BiVO4 nanoparticles, as well as Aeroxide® P25 for TiO2 

comparison. Their results revealed that monoclinic BiVO4 showed very high 

photocatalytic activity, outperforming Aeroxide® P25, while tetragonal BiVO4 reactivity 

was negligible. 

Zhou et al.
[14]

 also reported on BiVO4 nanoparticles synthesized via sonochemical 

method. A solution containing Bi(NO3)3 and NH4VO3 dissolved in water was exposed to 

high-intensity ultrasound irradiation and the precipitate was centrifuged, collected and 

dried. Another sample of BiVO4 was synthesized by solid state reaction for comparison. 

XRD characterization showed that increased sonication time increased the monoclinic 

content, where 30 minute sonication led to 47% monoclinic and 60 minute sonication, 

which was used for performance analysis, led to pure monoclinic. Additionally, 

ultrasonication showed smaller crystal phase and larger surface area than the BiVO4 

synthesized by solid-state reaction, while band gap was roughly the same. Based on 

photocatalytic studies with methyl orange under VL at a cutoff of 400 nm, the 
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ultrasonicated BiVO4 showed greater degradation (90% removal) than that of the solid-

state reaction BiVO4 (8% removal), which performed similar to Aeroxide® P25 (6%) that 

was tested for TiO2 comparison. 

Fan et al.
[11]

 reported on BiVO4 nanoparticle synthesis via coprecipitation method. 

The Bi(NO3)3 and NH4VO3 precursors were dissolved in DI water and the subsequent 

precipitation was collected. The as-collected material was considered pure tetragonal and 

heat treatment at 500 C for 4 hours led to pure monoclinic. A second synthesis that 

included LiNO3 salt was created for a composite material, having a 25.3% monoclinic 

phase. Based on photocatalytic reactions with methylene blue under VL at a cutoff 

wavelength of 400 nm, the pure monoclinic BiVO4 nanoparticles performed significantly 

better than the pure tetragonal, where as the mixed phase only did slightly better than the 

tetragonal. Based on transient photovoltage and surface photovoltage characterization, 

the authors theorized the performance of the BiVO4 being dependent on the accumulation 

of either photoinduced electrons or holes on the surface.  

Wang et al.
[15]

 reported on monoclinic BiVO4 of different morphologies 

synthesized by solvothermal method. These structures include nanorods, nanofibers, 

bundle-like nanostructures and microrods. A suspension of Bi(NO3)3 and NH4VO3 in 

ethylene glycol and water (35:5 by volume) was created and autoclaved at 180 °C at 

various  time scales. The BiVO4 morphology was controlled by varying the reaction time, 

as well as the presence of sodium oleate. Based on photocatalytic reactions with 

Rhodamine B under VL with a cutoff at 380 nm, the BiVO4 nanorods performed the best, 

followed by nanofibers and lastly microrods. 
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Li et al.
[16]

 reported on monoclinic BiVO4 of different morphologies synthesized 

by hydrothermal method. These structures include nano-sized cuboid-like, plate-like and 

flower-like nanostructures. The Bi(NO3)3/NH4VO3 solution was pH adjusted to 7, 9 and 

11 to alter the morphology to nanocuboids, nanoplates and nanoflowers, respectively. All 

the nanostructures were pure monoclinic phase and had band gaps around 2.4 eV. 

Photocatalytic studies with methyl orange were conducted under sunlight irradiation. The 

studies show that the nanoflowers had the greatest photocatalytic degradation of methyl 

orange, followed by the nanoplates and then nanocuboids. The authors suggest that the 

high surface area from the nanoflowers led to the greatest photocatalytic performance. 

Additionally, Aeroxide® P25 was analyzed similarly and was outperformed by all the 

synthesized BiVO4 nanostructures. 

Similarly, Jiang et al.
[17]

 reported on monoclinic BiVO4 micro-sized structures of 

different morphologies synthesized by hydrothermal method. The Bi(NO3)3/NH4VO3 

solution was created in the presence and absence of poly(vinyl pyrrolidone) as a 

surfactant to create porous nanostructures. The BiVO4 with the surfactant came out as 

porous spheres, while the BiVO4 in the absence of the surfactant came out as flowers-like 

structures. The porous BiVO4 nanostructures naturally had greater surface area (5-8 m
2
/g) 

than the non-porous BiVO4 (2-3 m
2
/g), and all had band gap energy of around 2.5 eV. 

Based on photocatalytic studies with methyl orange under visible radiance with a cutoff 

at 400 nm, the porous spheres performed better than the flower-like structures, naturally 

due to the greater surface area. Additionally, all the BiVO4 samples performed better than 

Aeroxide® P25. 
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Pookmanee et al.
[18]

 reported on BiVO4 needle-shaped nanostructures synthesized 

via hydrothermal method. The samples were then calcined at 100 °C for 2, 4, and 6 hours. 

The needle-like nanostructures had sizes of 0.3 μm in width and 1.5 μm in length for 2 

hour calcination, 0.5 μm in width and 2 μm in length for 4 hour calcination, and 1 μm in 

width and 4 μm in length for 6 hour calcinations. Based on photocatalytic studies with 

methylene blue under VL irradiation, performance increased with increased calcination 

time. Authors suggest that crystal phase had a larger impact on dictating photoactivity, 

since the 6 hour sample is the only pure monoclinic BiVO4 synthesized. 

Yu et al.
[19]

 reported on nanofibrous BiVO4 via hydrothermal synthesis. A 

suspension of NH4VO3 in HNO3 was created and mixed with solution of heptane and 

hexanol (20:6 by volume). A solution of Bi(NO3)3 was added dropwise will stirring and 

the solution was subsequently and autoclaved at 160 °C for 48 hours. The BiVO4 

nanofibers had an average diameter of 100 nm and a surface area of 13 m
2
/g, much larger 

than the surface area of bulk BiVO4 at 0.5 m
2
/g. The BiVO4 nanofibrous structures were 

not analyzed for their VL photocatalytic activity. 

To the best of my knowledge, only Liu et al. have reported on the synthesis 

BiVO4 nanofibers via electrospinning, which has only been recently published.
[20],[21]

 

They reported on BiVO4 nanofibers doped with phosphate (PO4) and cobalt 

phthalocyanine (CoPc) for enhanced photocatalytic performance. Based on photocatalytic 

studies with methylene blue under VL irradiation with a cutoff at 400 nm, the two 

modified BiVO4 nanofiber samples outperformed the unmodified BiVO4 nanofibers. 

Although they have fabricated effective BiVO4 nanofibers, their work, however, lacks 
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optimization of any sort. Firstly, their BiVO4 nanofibers have an average diameter of 200 

nm, which leaves much room for improvement to maximize surface area-to-volume ratio. 

Extensive synthesis tuning studies is also necessary to understand the boundaries and 

limitations of synthesizing a complex ternary metal oxide as BiVO4. Finally, property-to-

performance trends are important to understand links between material structure and 

reactivity and identify the major factor or factors that lead to the greatest photocatalytic 

performance. Altogether, these studies are currently unavailable and are essential for 

comprehending and developing BiVO4 nanofibers as novel and effective VL 

photocatalysts. 

In this work, BiVO4 nanofibers were synthesized for the degradation of aqueous 

organic contaminants as a viable VL-active alternative to TiO2. BiVO4 nanofibers would 

be more beneficial towards future photocatalytic treatment systems, as they potentially 

provide greater performance than their nanoparticles counterparts, as well as having the 

potential for membrane integration. Optimization of this material was run in a similar 

fashion as with TiO2, where morphology and dimension were altered and characterized to 

maximize photocatalytic performance. Prior to knowledge of recent BiVO4 nanofiber 

work, a review was done on the synthesis of bismuth oxide (Bi2O3) and vanadium oxide 

(V2O5) nanofibers. Synthesis protocols from Wang et al.
[22]

 for Bi2O3 and from Wang et 

al.
[23]

 for V2O5 were used since the precursors of both metal oxides were dissolvable in a 

common solvent. Additionally, co-catalyzed BiVO4 composite nanofibers were 

synthesized to enhance photocatalytic activity through increased carrier separation and 

create an improved VL-activated photocatalyst.
[24]–[30]
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4.3 Experimental Methods 

4.3.1 Reagents 

All chemicals were reagent grade or better and used as received. The synthesis of 

the BiVO4 nanofibers involved bismuth(III) nitrate pentahydrate, (Bi(NO3)3) (Sigma 

Aldrich, 98%), vanadyl acetylacetonate, (VO(C5H7O2)2) (Sigma Aldrich, 98%), 

dimethylformamide (DMF) (Fisher Scientific) and polyvinylpyrrolidone (PVP) (Sigma 

Aldrich, MW: 1,300,000 g/mol). Additionally, pyridinium formate buffer (C6H6NO2) 

(Santa Cruz Biotechnology, Inc.) and BYK-377 (BYK USA, Inc.) were used to alter 

solution electrical conductivity and surface tension, respectively, and added during 

solution preparation when indicated. Silver nitrate (AgNO3) (Fisher Scientific) and 

gold(III) chloride trihydrate (HAuCl4∙3H2O) (Sigma Aldrich, >99.9%) were used as co-

catalysts to enhance photocatalytic reactivity and introduced during solution preparation, 

calculated based on atomic percentage (at.%) of BiVO4. 

Similar to the TiO2 work in Chapters 2 and 3, a buffer prepared from 5 mM 

potassium phosphate monobasic (Fisher Scientific, 99.3%) and 5 mM sodium chloride 

(NaCl) (Sigma Aldrich, >99.0%) was used in all photochemical experiments. A buffer 

prepared from 10 mM NaCl was used in all zeta potential experiments. Aeroxide® P25 

(Acros Organics), as well as synthesized TiO2 nanofibers, was used as a TiO2 

photocatalyst for treatment efficiency comparison. Phenol (Sigma-Aldrich, >99%) was 

used as a model organic micropollutant in all photoactivity studies.  The eluent for HPLC 

analysis of phenol used sodium acetate (Sigma Aldrich, anhydrous) and acetonitrile 
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(ACN) (Fisher Scientific, 99.9%). All solutions were prepared in deionized (DI) water 

(Millipore, Milli-Q). 

 

4.3.2 Synthesis of BiVO4 Nanofibers 

The synthesis of BiVO4 nanofibers used 0.364 g of Bi(NO3)3, 0.2 g of 

VO(C5H7O2)2, a designated amount  (7-8 wt. %) of PVP and 4.85 mL of DMF. The 

solution was mixed placed in a 20 mL glass beaker and stirred with a magnetic stirrer at a 

rate of 300 rpm for at least 2 hour. The addition of the volatile conductive buffer and 

surfactant were added, as indicated, at 1 and 0.5 wt.%, respectively. After thorough 

mixing, the electrospinning solution would have a deep blue color. The same 

electrospinning setup previously described in the TiO2 and Fe2O3 nanofiber synthesis was 

used. The needle was set at a distance of 10 cm from the drum collector, the feed rate was 

varied from 0.2 to 0.5 mL/hr and the voltage was varied from 15 to 24 kV. Additionally, 

the electrospinning chamber was preheated at 40 °C. The Bi(NO3)3/VO(C5H7O2)2/PVP 

nanofiber film that was collected was very light blue in color. The 

Bi(NO3)3/VO(C5H7O2)2/PVP nanofibers were annealed at 350 °C at rate of 3 °C/min and 

held for 10 hours. After annealing, the BiVO4 nanofibers were kept as dry samples in 20 

mL glass vials for characterization and were later used to make 1 g/L stock suspensions 

in DI water for performance tests. The BiVO4 nanofibers had a very bright yellow hue 

after annealing as expected. Co-catalyzed BiVO4 nanofibers were synthesized in the same 

manner, where the metal salts, AgNO3 and HAuCl4∙3H2O, were added during solution 

preparation at levels between 0.5 and 10 at. %. 
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4.3.3 Nanofiber Characterization 

BiVO4 nanofibers were characterized using several different techniques to 

quantify their size, morphological and optical properties. Nanofiber diameter was 

examined by a Phillips XL30 FEG scanning electron microscopy (SEM). For SEM, 

samples were prepared by placing approximately a 0.5 cm x 0.5 cm area of nanofibers 

onto a SEM sample holder. SEM imaging of n = 40 nanofibers yielded average diameters 

(with standard deviation) that were used to create sizing histograms. Additionally, Bi and 

V composition was analyzed by energy dispersive X-ray spectroscopy (EDX) following 

SEM analysis. 

Crystal phase and average grain size were determined by a Bruker D8 Advance x-

ray diffraction (XRD) analyzer. XRD samples were prepared in the same manner as 

described for the TiO2 nanofibers. The 1 x 1 cm
2
 samples were analyzed from 20° to 80° 

for the Bragg angle with an interval of 0.03°. Grain size was quantified by means of the 

Scherrer-Debye equation, which relates grain size to the diffraction peak properties.
[31]

 

The prominent monoclinic peak (121) was used for this calculation. 

Band gap energy was quantified by a Thermo Scientific Evolution 300 UV-Vis 

spectrophotometer via diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS). For analysis, the dry BiVO4 samples were analyzed over a wavelength scan 

from 200 to 800 nm and absorbance was measured. The band gap was calculated by 

inserting the absorbance dataset of the nanofibers as a function of wavelength into the 

Kubelka-Munk method.
[32],[33]
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4.3.4 Photocatalysis Experiments 

Reactivity experiments were conducted in batch systems using a commercially 

available 1000 W Xenon arc lamp (Newport Corporation). The light was first passed 

through a water filter to remove infrared (IR) radiation, reflected off a 90 full reflectance 

beam turning mirror, and then passed through a 305 nm long-pass filter to better simulate 

the spectrum of light available at earth’s surface. In addition, a 395 nm filter as used to 

analyze photoreactivity in the presence of solely VL.  Reactivity studies were conducted 

within a jacketed photoreactor containing catalyst suspensions (0.1 g/L) prepared at pH 7 

(using 5 mM buffer) and maintained at 25 C with a recirculating water bath. 

After dispersion of nanofibers via sonication, suspensions were irradiated and 

aliquots were withdrawn over time to measure change in phenol concentration over time. 

Samples were centrifuged at 10,000 rpm for 8 min in the dark to allow extraction of the 

supernatant because filtration resulted in the loss of some analytes by sorption. The 

supernatant was transferred to a 1.5 mL amber autosampler vial for subsequent analysis 

via high performance liquid chromatography with photodiode array detector (1200 Series 

Agilent HPLC-DAD). The 1200 Series Agilent HPLC-DAD was equipped with an 

Eclipse XDB-C18 column (4.6 × 50 mm, 1.8 μm particle size).  The HPLC method of 

analysis for phenol was based on previous work and employed a mobile phase of 65:35 1 

mM sodium acetate: ACN at pH 3, a flow rate of 0.75 mL/min, an injection volume of 20 

μL and a 254 nm detection wavelength.
[34]–[36]
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4.4 Results and Discussion 

4.4.1 Nanofiber Characterization   

The BiVO4 nanofibers were synthesized based on solution chemistry and 

electrospinning parameters to minimize nanofiber diameter. Firstly, solution properties 

were independently controlled via polymer content for viscosity, addition of pyridinium 

formate buffer for electrical conductivity and addition of BYK-377 for surface tension. 

As seen in Table 4-1, viscosity was reduced from 46 to 36 cP (8 and 7 wt.% 

respectively), electrical conductivity increased from about 4 to 6 mS/cm (0 and 1 wt.% 

pyridinium formate buffer), and surface tension was reduced from 37 to 24 dynes/cm (0 

and 0.5 wt.% BYK-377). Based on a review of Bi2O3 and V2O5 nanofibers,
[22][23]

 an 

initial electrospinning protocol (8 wt.% PVP, 20 kV, 0.5 mL/hr, 10 cm) was utilized. 

Experimental design was performed for systematic testing and revealed that the control 

solution (Sample 2) yielded uniform nanofibers with an average diameter of 56 ± 10 nm. 

Electrospinning was unsuccessful at the lower PVP loading (Samples 1 and 3), yielding a 

rough film with spherical mounds. The addition of pyridium formate buffer didn’t hinder 

the synthesis of nanofibers, but showed no significant change in average diameter. Lastly, 

the addition of the surfactant BYK-377 lowered the diameter of the 8% PVP samples 

(Samples 6 and 8) from about 60 to 40 nm and also led to the formation of nanofibers in 

the 7% samples. Despite having small sized nanofibers (~37 nm), the 7% samples 

(Samples 5 and 7) were heavily beaded (~1000 nm in width), indicating that 8% is the 

minimum limit in polymer content to maintain nanofiber uniformity. Altogether, surface 
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tension and viscosity had shown to be the two prominent solution properties in 

developing small nanofibers. 

Table 4-1: Experimental design table of BiVO4 nanofibers based on solution properties. 

 

Next, a new experimental design was constructed for the electrospinning 

parameters, as indicated in Figure 4-3. From the previous experimental design, the 

protocol of 8 wt.% PVP was utilized while altering applied voltage and feedrate as the 

electrospinning parameters; additionally, studies were conducted in the presence and 

absence of BYK-377, as surface tension had shown to be a significant factor. Applied 

voltage was varied from 15 to 24 kV and feedrate was altered from 0.2 to 0.5 mL/hr. The 

experimental design revealed that, with either the standard solution or the surfactant-

containing solution, increased voltage to 20 kV led to smaller nanofibers sized 

nanofibers. Further increase in voltage led to larger nanofibers, indicating that 20 kV is 

the optimal voltage level to provide the smallest nanofibers. Moreover, decreased 

feedrate to 0.3 mL/hr led to smaller nanofibers for the BYK solution, where as the 

standard solution yielded films similar to the previous studies (Table 4-1). Below a 

Samples Solution Parameters Solution Properties NanofiberProperties

Number DOE
PVP 

(%)

Pyridin. 

Formate

(%)

BYK 

337 (%)

Viscosity 

(cP)

Conductivity 

(mS/cm)

Surface

Tension 

(dynes/cm)

Avg

Diam.

(nm)

Morphology

1 --- 7 0 0 36 3.905 36.8 X Film

2 +-- 8 0 0 46 3.621 37.2 56.0 Uniform

3 -+- 7 1 0 37 6.195 37.0 X Film

4 ++- 8 1 0 46 6.062 37.1 60.9 Uniform

5 --+ 7 0 0.5 36 3.915 23.9 38.1 Beaded

6 +-+ 8 0 0.5 47 3.576 24.2 43.4 Uniform

7 -++ 7 1 0.5 37 6.183 23.9 36.9 Beaded

8 +++ 8 1 0.5 46 5.986 23.8 44.7 Uniform
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feedrate of 0.3 mL/hr, the average diameter steadily increased, possibly due to an 

unstable Taylor cone at such high voltage. Altogether, the nanofiber diameter as a 

function of voltage and feedrate yielded a bowl-shape function. The smallest nanofiber 

size of 33 nm was formed from a voltage of 20 kV and a feedrate of 0.3 mL/hr. 

Additionally, it was observed that the range of voltage and feedrate used to synthesize 

nanofibers with BYK-377 is extended due to reduction in surface tension, where 

solutions synthesized without BYK-377 did not yield nanofibers at similar 

electrospinning parameters. From these experiments, five samples were selected at 

different diameter levels for further characterization and performance studies. The 

histograms and SEM images of the select samples, which will be described henceforth as 

d = 33, 43, 51, 61, and 71 nm, can be seen in Figure 4-4. EDX analysis revealed that the 

BiVO4 nanofibers maintained a 1:1  Bi to V atomic ratio, as expected. Additional studies 

had shown that increased temperature showed no significant change in nanofiber 

diameter, while slight increase humidity was detrimental to the morphology of 

nanofibers. Ag and Au co-catalyzed nanofibers were also successfully synthesized. While 

the unmodified BiVO4 nanofibers were bright yellow, the Ag-BiVO4 nanofibers had a 

faint gray tint that increased with increasing Ag content. The Au-BiVO4 nanofibers 

maintained the yellow color, having a subtle green tint at higher Au content levels. The 

addition of Ag and Au co-catalysts in the BiVO4 nanofibers showed little variability in 

average diameter at low content levels (0.5-2 at.%), but steadily increased with increasing 

co-catalyst content, with the 10 at.% nanofibers yielding diameters of 72 and 76 nm for 

Ag- and Au-BiVO4, respectively (Figure 4-5). 
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Figure 4-3: 3D surface plot of average diameter of BiVO4 nanofibers as a function of voltage and feedrate 

with and without the surfactant BYK-377. 
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Figure 4-4: Histogram of BiVO4 nanofiber average diameter with associated SEM images. 

 

 

Figure 4-5: Average diameter as a function of co-catalyst content of A) Ag-BiVO4 and B) Au-BiVO4 

nanofibers. 
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XRD characterization was conducted on the BiVO4 nanofibers to analyze 

crystallinity. XRD spectra confirmed crystallization of the monoclinic phase (JCPDS 

#14-0688) independent of nanofiber diameter, as seen in Figure 4-6. Crystallization of the 

monoclinic crystal phase was targeted because of its superior performance over 

tetragonal and mixed phase BiVO4. Additionally, average grain size was calculated via 

the Scherrer equation and determined to be stable at 23.4 ± 0.5 nm (Figure 4-7). Another 

set of materials were studied, designated as BiVO4-G hereafter, synthesized with an 

average diameter of 33 nm yet annealed at varying durations to study grain size-

dependent trends towards photocatalytic activity. Figure 4-8 shows that average grain 

size increased with increasing annealing duration time until reaching a plateau at about 

27 nm. This phenomenon is suggested to be caused by the dimension confinement of the 

nanofiber diameter. Lastly, the XRD spectra of Ag- and Au-BiVO4 nanofibers can be 

seen in Figure 4-9 and Figure 4-10, respectively. The addition of Ag and Au co-catalysts 

in the BiVO4 nanofibers had little effect on the crystallinity of the monoclinic phase. 

Additionally, grain size slightly increased with the addition of the co-catalysts Ag or Au 

and remained stable regardless of co-catalyst content, having an average of 24.4 ± 0.4 nm 

for both Ag and Au co-catalyzed nanofibers. Small peaks around 38 degrees were 

observed for both Ag- and Au-BiVO4 nanofibers at higher co-catalyst content levels (3 

at.% for Ag-BiVO4 and 5 at.% for Au-BiVO4), which correlates with the prominent (111) 

of elemental Ag and Au, respectively. 
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Figure 4-6: XRD patterns of the BiVO4 nanofibers at different average diameter sizes. 
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Figure 4-7: Average grain size as a function of BiVO4 nanofiber diameter. 
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Figure 4-9: XRD patterns of the Ag-BiVO4 nanofibers at different Ag content levels. 
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Figure 4-10: XRD patterns of the Au-BiVO4 nanofibers at different Au content levels. 
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Diffuse reflectance analysis, configured with the Kubelka-Munk method, showed 

that the BiVO4 nanofibers had an average band gap of 2.39 ± 0.1 eV (Figure 4-11), in 

accord with previous studies.
[9],[12],[13]

 The value of band gap was stable regardless of the  

variance in average diameter, which was expected since the Bohr radius of both Bi2O3 

and V2O5 are below ~10 nm.
[37]–[41]

 The addition of Ag and Au co-catalysts in the BiVO4 

nanofibers lead to a decrease in band gap value, as seen in Figure 4-12 and Figure 4-13 

respectively. Adsorption of VL increased and band gap steadily decreased with increased 

co-catalyst content, indicating improved VL response of the co-catalyzed 

nanofibers.
[42],[43]

 Additionally, the presence of a small peak at ~630 nm was observed in 

the Au-BiVO4 nanofibers at all content levels, indicating surface plasmon resonance from 

the Au nanoparticles. The surface plasmon peak for Au was observed at a larger 

wavelength than reported (~520 nm) because of the high refractive index of BiVO4, 

similar to TiO2.
[44]

 The surface plasmon peak shifted to longer wanvelengths with Au 

content, denoting a possible increase in Au nanoparticle size.
[27]

 Based on Kubelka-Munk 

calculations, band gap decreased steadily with increased co-catalyst content for both 

composite nanofibers, from 2.39 eV at 0 at.% to 2.24 and 2.23 eV at 10 at.% Ag and Au, 

respectively.  
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Figure 4-11: A) Diffuse reflectance absorbance curves of different nanofiber diameter and B) Kubelka-

Munk function as a function of band gap of BiVO4 nanofibers. 

 

 

Figure 4-12: A) Diffuse reflectance absorbance curves of Ag-BiVO4 nanofibers at different Ag content 

levels and B) Kubelka-Munk calculated band gap as a function of Ag content. 
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Figure 4-13: A) Diffuse reflectance absorbance curves of Au-BiVO4 nanofibers at different Au content 

levels and B) Kubelka-Munk calculated band gap as a function of Au content. 
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Figure 4-14: Zeta potential of BiVO4 nanofibers at different average diameters. 
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include electrospun TiO2 and 0.5% Ag-TiO2 nanofibers (Chapter 3) and commercially-

available Aeroxide® P25, the BiVO4 nanofibers performed poorly under solar irradiation 

conditions (Figure 4-16-A). On the contrary, the BiVO4 nanofibers outperformed 

Aeroxide® P25 (8.87 x 10
-4

 min
-1

) and TiO2 nanofibers (7.66 x 10
-4

 min
-1

) under VL 

irradiation while still being outshined by the Ag-TiO2 nanofibers (1.26 x 10
-3

 min
-1

; 

Figure 4-16-B). Altogether, the reactivity of TiO2 photocatalysts was reduced by ~99% in 

the presence of VL, where the reduction was only ~30% for BiVO4 nanofibers, indicating 

effective VL photocatalysis. The photocatalytic reactions of the BiVO4-G samples 

showed no visible trend between grain size and photoreacticity, as the rate constants were 

relatively stable as a function of average grain size (Figure 4-17).  

 

Figure 4-15: First order reaction rate constant (kobs) as a function of average diameter of BiVO4 nanofibers 

at different irradiation conditions. 
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Figure 4-16: First order reaction rate constant (kobs) as a function of average diameter of BiVO4 nanofibers 

under A) solar irradiation (λ > 305 nm) and B) VL irradiation (λ > 395 nm). Dotted lines indicate kobs of 

several TiO2 photocatalysts for comparison. 

 

Figure 4-17: First order reaction rate constant (kobs) as a function of average grain size of BiVO4 nanofibers 

under solar irradiation (λ > 305 nm) conditions. 
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The introduction of both Ag and Au co-catalysts to the BiVO4 nanofibers showed 

improved photocatalystic activity. Under solar irradiation, rate constant of the Ag-BiVO4 

nanofibers initially increased with increased Ag content, reaching a maximum at 1 at.% 

Ag ((2.34 ± 0.15)  x 10
-3

 min
-1

) (Figure 4-18). Afterwards, reactivity decreased when Ag 

content was greater than 1 at.% Ag, indicating an optimal Ag content level for enhanced 

reactivity. The Au-BiVO4 nanofibers also outperformed unmodified BiVO4 under solar 

irradiation conditions, but not to the extent of the Ag-BiVO4 nanofibers. Similar to the 

Ag-BiVO4 nanofibers, the optimal performance was seen 1 at.% Au ((1.79 ± 0.04) x 10
-3

 

min
-1

). Still, their performance was unsatisfactory compared to TiO2 photocatalysts under 

solar irradiation from Figure 4-16.  

 

Figure 4-18: First order reaction rate constant (kobs) as a function of co-catalyst content of Ag- and Au-

BiVO4 nanofibers under solar irradiation (λ > 305 nm) conditions. 
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Reactivity of the Ag-BiVO4 nanofibers under VL irradiation (Figure 4-19-A) 

resulted in a trend similar to the outcome under solar irradiation, where reactivity was 

optimal at 1 at.% Ag ((1.55 ± 0.07)  x 10
-3

 min
-1

). Considering that reactivity trends of 

solar and VL irradiation were similar, the enhanced photocatalytic performance of the 

Ag-BiVO4 nanofibers is attributed to increased carrier traps by the Ag nanoparticles, 

promoting greater electron-hole separation and reducing carrier recombination.
[52],[53]

 

Under VL irradiation, reactivity of the Au-BiVO4 increased rapidly with increased Au 

content, surpassing the solar irradiated kinetics (Figure 4-19-B). This indicates strong 

surface plasmon resonance from the Au nanoparticles.
[54]–[56]

 The optimal performance 

under VL irradiation was seen from 2 at.% Au ((2.12 ± 0.06)  x 10
-3

 min
-1

), 

outperforming the unmodified BiVO4 nanofibers by a factor of 2. An optimum found in 

both composite nanofiber trends denotes an optimal size or surface area-to-volume ratio 

of the co-catalyst nanoparticles, similar to the results in Chapter 3.
[57]

 Although the 

addition of the co-catalysts reduced band gap, optimal reactivity was observed in the 

samples with larger band gaps, not indicative of the band gap narrowing mechanism. 

Additionally, the decrease in reactivity with increased co-catalyst content can stem from 

either the increase in co-catalyst nanoparticle size or the increase in the nanofiber 

diameter (Figure 4-20).
[58]

 Altogether, the Ag-BiVO4 nanofibers saw enhanced reactivity 

due to increased carrier traps that help facilitate electron-hole separation and reduce 

carrier recombination,
[53],[59],[60]

 while the Au-BiVO4 nanofibers saw enhanced reactivity 

due to both carrier traps for electron-hole separation and local surface plasmon resonance 

that concentrate VL photons to promote increased electron excitation.
[55],[56],[61],[62]
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Figure 4-19: First order reaction rate constant (kobs) as a function of co-catalyst content of A) Ag-BiVO4 

and B) Au-BiVO4 nanofibers under VL irradiation (λ > 395 nm). Dotted lines indicate kobs of several TiO2 

photocatalysts for comparison. 

 

Figure 4-20: First order reaction rate constant (kobs) as a function of co-catalyst content and average 

diameter of Ag- and Au-BiVO4 nanofibers under VL irradiation (λ > 395 nm). 
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4.5 Conclusions 

 Although TiO2 photocatalysts have shown to be a very efficient material for 

photo-oxidation throughout the years, its limitations in the solar spectrum have brought a 

push towards non-titania semiconductors, such as BiVO4, for VL-activated 

photocatalysis. This study presents the facile synthesis of BiVO4 nanofibers as a possible 

next-gen photocatalyst for the removal of organic contaminants in impaired water 

sources. Through strenuous experimental design, including solution properties, 

electrospinning parameters, ambient parameters and calcinations parameters, nanofiber 

size was optimized to 33 nm, showing controlled diameter tuning through the synthesis 

technique, as well as morphological and optical property control. Photocatalyic reactivity 

studies showed the greatest performance from the smallest sized nanofibers, due to the 

increased surface area-to-volume ratio. The addition of co-catalysts Ag and Au separately 

resulted in enhanced photoreactivity of the BiVO4 in both solar and VL irradiation 

conditions. Although performance was diminutive compared to TiO2 photocatalysts 

under solar irradiation conditions, the co-catalyzed BiVO4 nanofibers outperformed TiO2 

under VL. The 2 at.% Au-BiVO4 nanofibers, which showed the greatest photocatalytic 

performance, outperformed unmodified BiVO4 nanofibers by a factor of 2. Electrospun 

BiVO4 nanofibers, with their ease in synthesis and tenability and their high reactivity, 

have shown to be a novel material for VL-activated photocatalysis and potential 

adaptability in nanotechnology-integrated treatment systems. 
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Chapter 5: Synthesis and Optimization of Fe2O3 Nanofibers 

 

5.1 Abstract 

In this work, α-Fe2O3 nanofibers were synthesized via electrospinning and 

characterized to observe optimal morphological and dimensional properties towards 

heavy metal removal. The Fe2O3 nanofiber samples were tested in aqueous solutions 

containing chromate (CrO4
2-

) to analyze their adsorption capabilities and compare them 

with commercially-available Fe2O3 nanoparticles. Synthesized Fe2O3 nanofibers were 

observed with a variety of different average diameters, ranging from 23 to 63 nm, while 

having a constant average grain size at 34 nm, point zero charge at pH 7.1, and band gap 

at 2.2 eV. BET analysis showed an increase in specific surface area with decreasing 

average diameter, from 7.2 to 59.2 m
2
/g, due to the increased surface area-to-volume 

ratio with decreasing nanofiber size. Based on CrO4
-2

 adsorption isotherms at pH 6, 

adsorption capacity of the Fe2O3 nanofibers increased with decreasing diameter, with the 

23 nm sized nanofibers having an adsorption capacity of 90.9 mg/g, outperforming the 

commercially-available Fe2O3 nanoparticles by nearly 2-fold. Additionally, adsorption 

kinetics was also analyzed, increasing with decreasing nanofiber diameter. The enhanced 

performance of the nanofiber is suggested to be caused solely due to the increased surface 

area, impart by its size and morphology. Electrospun Fe2O3 nanofibers provide a 

promising solution for effective heavy metal removal through nanotechnology-integrated 

treatment systems. 
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5.2 Introduction 

5.2.1 Iron Oxide (Fe2O3) 

 Iron (Fe) is the second most abundant metal (after aluminum) in the earth’s crust 

and contributes to a third of the entire earth’s mass.
[1],[2]

 Due to its great natural 

abundance, its uses, such as tools and weapons, date back to the 2
nd

 millennia BC during 

prehistoric times.
[3]

 Through its use from then on into the industrial revolution and 

today’s modern era, iron accounts for 95% of worldwide metal production, being the 

foundation of the steel industry for the construction of infrastructure, mobile machinery 

and other engineering applications. Iron ore minerals are the basic raw material used to 

produce iron and steel,
[4]

 and come in the form of iron oxides, hydroxides or oxide-

hydroxides, as these are the naturally occurring forms of iron on earth.
[5]

 Collectively, the 

different oxidized forms of iron are all grouped together as iron oxides. The main ore 

minerals mined for iron consumption, as well as the three most widely used iron oxide 

species, are magnetite (Fe3O4), goethite (α-FeOOH), and, most importantly and sought 

after, hematite (α-Fe2O3)
[4],[6]

. 

 

 

Figure 5-1: Common iron oxide minerals and their color plates.
[7]

 

 

Hematite (α-Fe2O3) Magnetite (Fe3O4) Goethite (α-FeOOH)
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Hematite (α-Fe2O3) is one of the most abundant and most stable forms of oxidized 

iron minerals found on the Earth.
[7]

 α-Fe2O3, alongside other iron oxides and hydroxides, 

can be introduced naturally into the pedosphere and hydrosphere from the lithosphere 

during rock weathering.
[7]

 In these environments, iron oxides have shown to regulate the 

concentration of organic and inorganic constituents. In addition to its dominant usage in 

the iron and steel industry, α-Fe2O3 has also been used in a wide variety of applications, 

such as pigments, gas-sensors, field effect transistors, batteries, magnetic storages, and 

photoelectrolysis reactors.
[8],[9]

 One prominent application of iron oxides, especially α-

Fe2O3, is as an adsorbent for the removal of harmful heavy metals in water sources.
[10]

 

 

5.2.2 Fe2O3 in Water Treatment 

In addition to PPCPs, heavy metals present another prevalent water supply 

dilemma through their discovery in groundwater sources, a significant supply of available 

drinking water. Heavy metals have been used for thousands of years, so their emergence 

and adverse effects have been known and understood for a long time.
[11]

 However, 

exposure to these contaminants continues around the world and increasingly in 

developing countries.
[11]

 For example, arsenic (As) is a widely utilized element, as 

arsenic compounds have been heavily used in pesticides, herbicides, and wood 

preservation due to its recognized toxicity towards multicellular life.
[12]

 Although it is 

also naturally occurring in inorganic and organic forms,
[13]

 arsenic is a well-known 

carcinogen, can also cause gastrointestinal and cardiac damage,
[12]

 and has been 

connected to human mortality.
[14]

 In the United States, arsenic has been found in 
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groundwater sources in the southwestern states in concentrations well over the limits of 

the World Health Organization guidelines and the U.S. Environmental Protection Agency 

drinking water standards.
[15]

 Chromium (Cr), another carcinogenic heavy metal, is very 

common in diverse metal industry processes, such as electroplating, leather tanning, 

wood preservations and chemical industries.
[13],[16]

 It has been reported that occurrences 

of Cr entering the environment are due to leakage, poor storage or unsafe disposal 

practices from such metal industry processes.
[13]

 Altogether, these heavy metals are found 

in water systems as anions (e.g., chromate CrO4
2−

). 

 

 

Figure 5-2: Chromium(VI) concentrations from different testing sites around the United States.
[17] 
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Adsorption, the common treatment method for heavy metal removal, is the 

adhesion of atoms or molecules (adsorbate) on the surface of a highly porous material 

(adsorbent).
[18]

 Fe2O3 is one of the most commonly used adsorbent materials for heavy 

metal removal. There has been extensive research on the performance of different iron 

minerals, such as iron oxides, iron hydroxides, iron oxide-hydroxides, and ferrihydrite, 

towards adsorption of heavy metals.
[18]

 Of them all, α-Fe2O3 has attracted considerable 

attention as an adsorbent in water treatment due to its favorable properties, including its 

non-toxicity and being the most stable form of Fe2O3 under ambient conditions.
[9]

 

Additionally, research has shown that α-Fe2O3 has the greatest adsorption kinetics and 

capacity towards heavy metals compared to other Fe2O3.
[14]

 

 

5.2.4 Fe2O3 Nanofibers 

As with commercial TiO2 used for photo-oxidation, Fe2O3 used for heavy metal 

removal is commonly in the form of nanoparticles. Fe2O3 nanoparticles are injected into 

the water supply, such as a groundwater basin, and slowly move with the flow of water 

flow while accumulating contaminants on its surface, and are subsequently captured by 

some filtration membrane at the endstream.
[20]

 As previously stated, the use of 

nanoparticle suspensions is discouraged due to the possible inadvertent release into the 

environment. Therefore, it is imperative to establish systems that utilize immobilized 

nanomaterials to encourage the future use of nanotechnology for water quality 

applications. 
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Figure 5-3: Schematic of nanoparticle injection well.
[20]

 

 

For this work, electrospun Fe2O3 nanofibers were investigated as an adsorbent for 

heavy metals. Fe2O3 nanofibers have been synthesized by various methods and applied 

towards different applications, such as gas sensors, magnetic devices, and information 

storage.
[8],[9],[21]

 Normally, iron(III) nitrate (Fe(NO3)3) is the popular iron precursor of 

choice during electrospinning, but precursors such as iron(II) acetate (FeAc2) and 

iron(III) 2-ethylhexanoate diispropoxide (C14H29FeO4) have also been used.
[9],[20],[22]

 

Zheng et al.
[8]

 studied the synthesis of Fe2O3 nanofibers via electrospinning using 

Fe(NO3)3 as the Fe precursor. The as-synthesized nanofibers were subsequently annealed 

at 800 °C to form Fe2O3 nanofibers. From dimensional and morphological 

characterization, the Fe2O3 nanofibers had an average diameter of 150 nm and an average 

grain size of 30 nm. The Fe2O3 nanofibers showed great gas sensing properties based on 
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response, recovery sensitivity and stability based on an array of different gases, including 

H2, CH3, CO and NO2. 

Zhu et al.
[9]

 studied the synthesis of Fe2O3 nanofibers via electrospinning using 

FeAc2 as the Fe precursor. Fe content was varied from 20 to 50 wt.% of FeAc2 and 

annealing temperature was varied from 400 to 800 °C. The average diameter of the as-

synthesized nanofibers prior to annealing increased from 70 to 150 nm with increased 

FeAc2 content from 20 to 50 wt.%. At the 40 wt.% FeAc2, the average diameter of the 

annealed nanofibers increased from 40 to 130 nm with increased annealing temperature 

from 400 to 800 °C, as well as nanofiber roughness. Hysteresis experiments determined 

that the Fe2O3 nanofibers exhibited tunable ferromagnetic properties. 

Ren et al.
[16]

 worked on the synthesis of Fe2O3 nanofibers via hydrothermal 

process using FeCl3 as the Fe precursor. After synthesis, the nanomatierial powder was 

annealed at 400 °C to form Fe2O3 nanofibers. SEM and TEM analysis determined the 

average diameter to be 40 nm. Based on Cr(IV) adsorption studies, the Fe2O3 nanofibers 

outperformed its commercial counterpart, having over double the removal efficiency of 

Fe2O3 commercial powder. In addition to its superb adsorption kinetics and capacity, 

Fe2O3 nanofibers also exhibited great performance cyclability. 

Shao et al.
[21]

 worked on the synthesis of Fe2O3 and Fe nanofibers via 

electrospinning using Fe(NO3)3 as the Fe precursor. The as-synthesized nanofibers were 

annealed at 550 °C to form Fe2O3 nanofibers, which could then be annealed in a hydrogen 

environment at 750 °C to create Fe nanofibers. The average diameter of the Fe2O3 and Fe 

nanofibers was 350 and 180 nm, respectively. 
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Li et al.
[22]

 studied the synthesis of NiFe2O4 nanofibers via electrospinning. The 

Fe precursor that was used during synthesis was C14H29FeO4. The as-synthesized 

nanofibers were subsequently annealed at 550 °C. The NiFe2O4 nanofibers had an 

average diameter of 46 nm. Hysteresis studies showed significant changes in magnetic 

properties between the NiFe2O4 nanofibers and sol-gel synthesized NiFe2O4 powder. 

Wu at al.
[23]

 studied the synthesis of Fe2O3 nanofibers via sol-gel/electrospinning 

process using Fe(NO3)3 as the Fe precursor. The as-synthesized nanofibers were 

subsequently annealed at 500 °C. SEM analysis revealed that the Fe2O3 nanofiber 

diameter before and after annealing was 210 and 40 nm, respectively. The Fe2O3 

nanofibers were annealed again at 400 °C in a hydrogen atmosphere to obtain Fe 

nanofibers, which had an average diameter of 25 nm. 

Eid et al.
[24]

 worked on the synthesis of Fe2O3 nanofibers via electrospinning 

using FeAc2 as the Fe precursor. The ratio between FeAc2 and the polymer PVP was 

varied. The as-synthesized nanofibers were subsequently annealed at 550 °C. Based 

diameter measurement from SEM images, the average diameter was controlled from 100 

to 200 nm, increasing with increased FeAc2 to PVP ratio. TEM analysis showed that the 

annealing process transformed the Fe2O3 nanofibers into hollow nanotubes, having a wall 

thickness ranging from 13 to 70 nm. 

Chen et al.
[25]

 studied the synthesis of Fe2O3 nanofibers via electrospinning using 

Fe(NO3)3 as the Fe precursor. The annealing temperature was varied from 200 to 500 °C. 

SEM analysis showed that the diameter of the nanofibers decreased with increased 

annealing temperature up to 300 °C. The average diameter plateaued after 300 °C, as 
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DSC/TGA measurements confirmed that all the PVP had evaporated appropriately by 

that temperature. The diameter of the Fe2O3 nanofibers ranged from 100 to 150 nm. TEM 

analysis showed that by 400 °C, the nanofibers obtained core transformation, becoming 

nanotubes. 

Despite the large amount of research surrounding electrospun Fe2O3 nanofibers, 

the average diameter of these nanofibers is relatively large (100-300 nm)
[8],[20],[24]

 and 

there is very little work on electrospun Fe2O3 nanofibers used for heavy metal 

adsorption.
[16]

 As a result, there is little work on optimizing tunable nanofiber properties 

towards heavy metal removal. This project undertook the synthesis and optimization of 

electrospun Fe2O3 nanofibers for the removal of heavy metals in impaired water sources. 

Nanofiber morphology and dimensions were heavily exploited to take advantage of the 

greater surface area-to-volume ratio compared to that of nanoparticles and larger sized 

nanofibers, where surface adsorption can be optimized. 

The overall objective of this study is to synthesize Fe2O3 nanofibers and optimize 

their adsorption capacity for the adsorption of heavy metal pollutants in water.  Fe2O3 

nanofibers were synthesized through the electrospinning process and synthesis 

parameters were manipulated to control the dimensional and morphological properties. 

Synthesized nanofibers were characterized via various techniques to first relate observed 

changes in nanofiber properties to specific adjustments in our electrospinning procedure. 

Different isotherm experiments were conducted to analyze the adsorption performance of 

the Fe2O3 nanofibers towards CrO4
2-

. Based on their adsorption capabilities, the structural 

modifications critical to optimizing treatment efficiency were identified. 
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5.3 Experimental Methods 

5.3.1 Reagents 

All chemicals were reagent grade or better and used as received. The synthesis of 

the Fe2O3 nanofibers involved iron(III) 2-ethylhexano-isopropoxide (Alfa Aesar, 10% 

w/v in isopropanol) as the iron precursor, acetic acid (Fisher Scientific, glacial 99.7%) as 

an additive and polyvinylpyrrolidone (PVP) (Sigma Aldrich, MW: 1,300,000 g/mol) as 

the polymer. A buffer prepared from 25 mM sodium chloride, NaCl (Sigma Aldrich, 

>99.0%) was used in all adsorption experiments. A buffer prepared from 10 mM NaCl 

was used in all zeta potential experiments. Lastly, potassium chromate (K2CrO4) (Fisher 

Scientific) was used as the heavy metal pollutant for the adsorption studies. 

 

5.3.2 Synthesis of Fe2O3 nanofibers 

The synthesis of Fe2O3 nanofibers began with the preparation of the polymer 

solution. 3 mL of iron(III) 2-ethylhexano-isopropoxide, 0.3 mL acetic acid and a 

designated amount (4-5 wt. %) of  PVP were added in a 30 mL glass beaker and stirred 

with a magnetic stirrer at a rate of 300 rpm for an hour, insuring that all of the PVP has 

dissolved. For the electrospinning set-up, the needle was set at a distance of 10 cm from 

the drum collector, the feed rate was varied from 0.2-0.45 mL/hr and the voltage was 

varied from 10-24 kV.  After electrospinning, the Fe/PVP nanofibers were annealed at 

500 °C at rate of 3 °C/min and held for 3 hours. After annealing, the nanofibers were kept 

as dry samples in 20 mL glass vials for characterization and were later used to make 1 

g/L stock suspensions in DI water for zeta potential and adsorption tests. 
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5.3.3 Nanofiber Characterization 

Fe2O3 nanofibers were characterized using several different techniques to quantify 

their size, morphological and optical properties. Nanofiber diameter was examined by a 

Phillips XL30 FEG scanning electron microscopy (SEM). For SEM, samples were 

prepared by placing approximately a 0.5 cm x 0.5 cm area of nanofibers onto a SEM 

sample holder. SEM imaging of n = 40 nanofibers yielded average diameters (with 

standard deviation) that were used to create sizing histograms.  

Crystal phase, crystal orientation and average grain size were determined by a 

Bruker D8 Advance x-ray diffraction (XRD) analyzer. XRD samples were prepared in 

the same manner as described for the TiO2 nanofibers. The 1 x 1 cm
2
 samples were 

analyzed from 20° to 80° for the Bragg angle with an interval of 0.03°. Grain size was 

quantified by means of the Scherrer-Debye equation, which relates grain size to the 

diffraction peak properties.
[28]

 The prominent hematite peak (104) was used for this 

calculation. 

Zeta potential was determined by a Brookhaven Instrumental Corporation 

ZetaPALS zeta potential analyzer. Just like the protocol for the TiO2 nanofibers, 100 µL 

of the 1 g/L nanofiber stock suspension was added to 3.5 mL of 10 mM NaCl set at 

various pH values between 2 and 9. The point of zero charge (pzc) was calculated by 

interpolation between data points in which a zeta potential equal to 0 was achieved. 

Band gap energy was quantified by a Thermo Scientific Evolution 300 UV-Vis 

spectrophotometer via diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS). For analysis, the dry samples were analyzed over a wavelength scan from 200 
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to 800 nm and absorbance was measured. The band gap was calculated by taking the 

derivative of the absorbance curve, yielding a prominent negative peak.
[29],[30]

 The 

wavelength value at the global minimum was converted into energy, thus yielding the 

band gap of the nanofibers. 

Surface area was determined by BET analysis via Micromeritics ASAP 2020 

Physisorption Analyzer in order to investigate any surface property change towards 

enhancement of adsorption. All samples were degassed at 300 °C for 3 hours prior to 

analysis. 

 

5.3.4 Adsorption Experiments 

Adsorption tests were conducted to quantify the performance capabilities of the 

Fe2O3 nanofibers. Six individual 10 mL vials contained 25 mM NaCl solution at pH 6, 

0.1 g/L Fe2O3 nanofiber loading, and an initial CrO4
2-

 concentration, which ranged from 5 

to 200 μM. After the addition of the CrO4
2-

 to the reactor vial, an initial sample of 0.5 mL 

is immediately withdrawn and passed through a 0.2 μm PFTE filter to remove the Fe2O3 

nanofibers. Afterwards, the reaction vials are set on a circular rotator and mixed for 2 

hours to reach equilibrium. After 2 hours of agitation, a 0.5 mL aliquot from reach vial is 

withdrawn and filtered as the final sample. The dissolved concentrations of CrO4
2- 

were 

determined via atomic absorbance spectrometer (AAS) (Perkin Elmer AAnalyst 800). 

Prior to the adsorption experiments, a calibration curve was created to correlate the light 

absorbance from the AAS to CrO4
2- 

concentration. The supernatant from the reaction 

vials was run through the flame and the light absorbance was recorded. Based on the 
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difference between the light absorbance of the initial and final sample, the amount of 

CrO4
2- 

adsorbed by the Fe2O3 nanofibers was calculated. The data set was fitted into a 

Langmuir model isotherm to quantify adsorption properties (i.e., maximum adsorption 

capacity). Additionally, adsorption kinetics was analyzed by mixing a reaction vial, 

containing the NaCl solution, Fe2O3 nanofibers and an initial CrO4
2- 

concentration of 50 

μM. 0.5 mL aliquots were withdrawn and filtered with respect to time (0 to 120 min). 

Samples were analyzed via AAS and adsorption kinetic rates were calculated by fitting 

the data into a pseudo-second-order adsorption kinetic model. 

 

5.4 Results and Discussion 

5.4.1 Nanofiber Characterization 

Average diameter was tuned by controlling several parameters: PVP polymer 

content, applied voltage and solution feedrate. Based on previous research, initial 

synthesis tuning was conducted with the following parameters: 4 and 5 wt.% PVP, 10 and 

12 kV, and 0.25 and 0.3 mL/hr. Figure 5-4 shows the average diameter as a function of 

the three different parameters. Increased voltage and decreased polymer content led to 

decreased diameter as expected; however, higher feedrate yielded smaller nanofibers, 

although lower feedrate would normally decrease diameter. By these parameters, the 

average diameter was controlled from 62 (± 16) to 36 (± 7) nm, where the smallest sized 

nanofibers at 36 nm was synthesized at 4 wt.% PVP, 12 kV and 0.3 mL/hr. 
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Figure 5-4: Average diameter of Fe2O3 nanofibers as a function of voltage and feedrate. 

 

Subsequent synthesis tuning concentrated on only 4 wt.% PVP, as lower polymer 

content would lead to beaded non-uniform nanofibers, while extending the range of 

applied voltage (10-28 kV) and feedrate (0.2-0.45 ml/hr) to its limitations. Figure 5-5 

shows a 3D plot of the effect of both applied voltage and feedrate on the average 

diameter of the Fe2O3 nanofibers. The plot conveys a bowl-shape trend, having an 

optimal value for both applied voltage and feedrate. It is known that increased voltage 

will decrease the nanofiber diameter in part by the increased electrostatic forces; 

however, too high of an applied voltage can lead to an unstable Taylor cone, which can 

lead to increased nanofiber diameter.
[31]

 Decreased feedrate leads to smaller diameter, 

but, similar to the results seen in the initial synthesis tuning, diameter increased at a 

certain low feedrate. Applied voltage and feedrate are known to be interrelated, since at a 

certain voltage a corresponding feedrate is required to maintain a stable feedrate.
[31]

 The 

5 wt.% PVP

4 wt.% PVP
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increase in nanofiber diameter seen at the lower feedrate could have been instigated by an 

unstable Taylor cone during electrospinning. Through the entire synthesis tuning, average 

nanofiber diameter was reduced to 23 (± 6) nm at an applied voltage of 20 kV and a 

feedrate of 0.3 mL/hr. 

 

 

Figure 5-5: 3D surface plot of average diameter of Fe2O3 nanofibers as a function of voltage and feedrate. 

 

For the subsequent analyses, select samples were utilized based on the synthesis 

experiments to analyze physical characteristics and performance as a function of different 

diameter sizes. Figure 5-6 provides the diameter histograms, and associated SEM images, 

of 5 selected nanofiber sample used henceforth. The samples, all synthesized at a feedrate 

of 0.3 mL/hr with select polymer content and applied voltage, were chosen based on 

varied average diameter and will be referenced as 62, 48, 40, 33 and 23 nm. 
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Figure 5-6: Histogram of Fe2O3 nanofiber average diameter with associated SEM images. 

 

XRD characterization was conducted to analyze crystal phase and crystallinity of 

the Fe2O3 nanofibers (Figure 5-7). The XRD spectra of the synthesized Fe2O3 nanofibers 

at all diameter sizes were identified as hematite (α-Fe2O3) in conjunction with the JCPDS 

card (#33-0664). XRD analysis also identified the average grain size of the nanofibers to 

be 34 nm, independent of nanofiber average diameter, as seen in Figure 5-8. 

Interestingly, the average grain size was equal to or greater than some of the smaller 

nanofiber sizes, indicating the absence of dimensional confinement and possible ellipsoid 

grains. Additionally, texture coefficient calculations verified that the synthesis yielded 

random crystal orientation (Table 5-1). 
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Figure 5-7: XRD patterns of the Fe2O3 nanofibers at different average diameter sizes. 
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Figure 5-8: Average grain size as a function of Fe2O3 nanofiber diameter. 

 

Table 5-1: Texture coefficients of Fe2O3 nanofibers. 

 

 

Zeta potential measurements (Figure 5-9) showed little change in material surface 

charge among the different Fe2O3 nanofibers and commercial Fe2O3 nanoparticles. The 

average pH of pzc for all of the analyzed Fe2O3 nanofibers was 7.08 (±0.01), with no 

significant change based on average diameter. Additionally, the commercially-available 

Fe2O3 nanoparticles had a pzc value of 7.12. These results are comparable to values 

reported for Fe2O3, having an average pzc value of ~7.3.
[32],[33]
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Figure 5-9: Zeta potential of Fe2O3 nanofibers at different average diameters. 

 

Diffuse reflectance was conducted to characterize the band gap of the Fe2O3 

nanofibers. Figure 5-10-A shows the absorbance curves of the nanofibers at different 

nanofiber diameters, showing little variation with nanofiber size. Regardless of average 

diameter, the band gap values of the Fe2O3 nanofibers were stable at an average of 2.18 

(±0.01) eV, as seen in Figure 5-10-B, which is in accordance with the accepted range of 

2.1-2.2 eV. 
[34],[35]

 There should not be any expected changes in band gap of the 

nanofibers since the Bohr radius of Fe2O3 is around 5 nm, roughly a quarter the size of 

the smallest nanofibers.
[34]
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Figure 5-10: A) Diffuse reflectance absorbance curves of different nanofiber diameter and B) band gap 

energy as a function of average diameter of Fe2O3 nanofibers 

 

BET analysis provided the information of specific surface area and pore 

dimension of the Fe2O3 and Al2O3-Fe2O3 composite nanofibers (Table 5-2). Based on the 

BET data, specific surface area increased with decreasing nanofiber diameter, as 

expected. As seen in Figure 5-11, the specific surface area increased from 7.2 to 59.2 

m
2
/g with decreased average diameter from 62 to 23 nm. These values were expected, as 

surface area-to-volume ratio would increase with decreasing nanofiber diameter while 

still within the range of hematite from published work (1-90 m
2
/g).

[19]
 Additionally, pore 

volume increased with decreasing diameter, while average pore width decreased 

accordingly. The specific surface area of the commercial Fe2O3 nanoparticles with an 

average diameter of ~25 nm was significantly lower, having a value of 28.4 m
2
/g.  
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Table 5-2: BET analysis data of Fe2O3 nanofibers as a function of average diameter. 

 

 

    

Figure 5-11: Specific surface area of Fe2O3 nanofibers and commercially-available Fe2O3 nanoparticles as 

a function of average diameter. 
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5.4.2 Adsorption Performance 

Adsorption kinetics was determined to quantify adsorption rates of the Fe2O3 

nanofibers. The adsorption of CrO4
2- 

(C0 = 50 μM) on synthesized Fe2O3 nanofibers and 

commercially-available nanoparticles with respect to time can be seen in Figure 5-12. 

Adsorption was initially rapid up to 30 minutes and plateaued gradually afterwards as 

adsorption reaches equilibrium. Furthermore, adsorption increased with decreasing 

diameter, indicating increased adsorption kinetics with decreasing diameter or increased 

surface area. The adsorption data was fitted into a pseudo-second-order adsorption kinetic 

model, described in the following equation:
[27],[37]

 

 

                                        (5.1) 

 

where t is time in minutes, qt is the amount of CrO4
2- 

adsorbed at time t in mg/g, qe is 

equilibrium adsorption capacity in mg/g, and k is the second-order adsorption rate 

constant in g/mg∙min. The value of kqe
2
 can be defined as h, the initial adsorption rate in 

mg/g∙min, and used to compare among the different nanofiber materials. After integrating 

equation 5.1 as a function of time, the integrated equation can be rearranged to obtain: 

 

                                          (5.2) 

 

Plotting t/qt as a function of time, as seen in Figure 5-13-A, will linearize the kinetic 

model to yield adsorption rate, h. The adsorption rate increased with decreasing diameter, 

dqt

dt
= k qe − qt 
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which indicates that the increase in surface area, and subsequently increase in surface 

sites, can promote faster adsorption kinetics (Figure 5-13-B). 

  

Figure 5-12: Adsorption of CrO4
2- 

as a function of time of Fe2O3 nanofibers. 

 

 

Figure 5-13: A) Pseudo-second-order adsorption kinetic fit of Fe2O3 nanofibers and B) initial adsorption 

rate h as a function of average diameter of Fe2O3 nanofibers. 
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 Adsorption isotherms were conducted to analyze CrO4
2-

 adsorption capacity of the 

Fe2O3 nanofibers. The isotherms based on mass of Fe2O3 showed an increase in CrO4
2-

 

adsorption with decreased nanofiber diameter, seen in Figure 5-14. The greatest 

adsorption performance came from the smallest nanofibers with an average diameter of 

23 nm, having the greatest surface area-to-volume ratio. The 23 nm sized nanofibers, as 

well as the 33 nm sized nanofibers, noticeably outperformed the commercial Fe2O3 

nanoparticles. Additionally, Figure 5-15 shows the CrO4
2
 isotherms normalized by 

specific surface area. The normalized isotherms collapsed into a uniform curve, showing 

that the nanofibers all behaved similarly based on specific surface area. This illustrates 

that CrO4
2-

 removal is solely specific surface area dependent, in which maximum surface 

area per unit of mass is optimal. 

 

 

Figure 5-14: CrO4
2- 

adsorption isotherm of Fe2O3 nanofibers. 

0

10

20

30

40

50

60

0 5 10 15 20

q
e

(m
g

/g
)

ce (mg/L)

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20

q
S

S
A

(m
g

/m
2
)

ce (mg/L)

23 nm

33 nm

40 nm

48 nm

62 nm

NPs



186 

 

 

Figure 5-15: Specific surface area-normalized CrO4
2-

 adsorption isotherm of Fe2O3 nanofibers. 

 

The CrO4
2-

 adsorption isotherms were then fitted towards an adsorption model to 

quantify the amount of the toxic adsorbate on the Fe2O3 adsorbent. The data curves 

behaved similarly to that of the commonly used Langmuir adsorption model, which is 

defined as: 

 

                                     (5.3) 

 

where ce is the equilibrium concentration of CrO4
2-

 in mg/L, qe is equilibrium adsorption 

capacity of CrO4
2-

 on Fe2O3 in mg/g, qm is the maximum adsorption capacity in mg/g, 

and b is the Langmuir equilibrium constant in L/mg.
[16]

 The equation can be modified to 

linearize the adsorption isotherm curve and yield a maximum adsorption capacity value. 
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The adsorption data points were fitted to a Langmuir linear regression, which is defined 

as:  

                                 (5.4) 

 

Figure 5-16 shows the linearization of the Langmuir fitted isotherms of the 

different Fe2O3 nanofibers. The inverse of the slope of each linear fit provides the 

magnitude of the adsorption capacity. Therefore, a decrease in the slope would lead to a 

larger adsorption capacity value. Figure 5-17 provides the maximum adsorption capacity 

of the Fe2O3 nanofibers. Based on the linear Langmuir plots, the maximum adsorption 

capacity of CrO4
2- 

increased with decreasing nanofiber diameter, which coincides with 

the increased specific surface area. Additionally, the adsorption capacity plot observed 

the same trend as the specific surface area plot shown earlier in Figure 5-11. The 

adsorption capacity of the Fe2O3 nanofibers increased from 10.2 to 90.9 mg/g with 

decreasing nanofiber average diameter from 62 to 23 nm. Additionally, the 23 nm sized 

nanofibers had a greater adsorption capacity than that of the commercially-available 

Fe2O3 nanoparticles, having value of 49.3 mg/g. The Langmuir constant b was stable as a 

function of nanofiber diameter with an average value of 0.079 ± 0.002 L/mg, similar to 

the value of the commercial nanoparticles (0.078 L/mg), indicating no change in 

adsorption bond strength of Fe2O3.
[18],[36]

 Altogether, the enhanced adsorption of CrO4
2-

 

by the Fe2O3 nanofibers is attributed solely to the surface area effect. With the decrease in 

average diameter, the surface area-to-volume ratio increased, thus improving specific 

surface area and porosity to enhance the adsorption of the heavy metal anion.
[19]
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Figure 5-16. CrO4
2-

 adsorption isotherm of Fe2O3 nanofibers fitted to linearized Langmuir model. 

 

  

Figure 5-17. Maximum adsorption capacity of Fe2O3 nanofibers as a function of average diameter. 
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5.5 Conclusion 

The results from this study show promise of metal oxide nanofiber materials for 

heavy metal treatment of water systems.  Electrospinning provides a simple synthesis 

route to create nano-sized Fe2O3 nanofibers for contaminant adsorption applications. 

Tuning of different electrospinning parameters allows for control of nanofiber property 

manipulation towards performance optimization. Hematite Fe2O3 nanofibers with average 

diameters ranging from 23 to 64 nm and average grain size of 34 nm were developed. 

While most properties were stable (e.g., such as crystallinity, band gap, and zeta 

potential), specific surface area was drastically augmented with the reduction of the 

nanofiber diameter. Adsorption isotherm studies were performed to connect the 

nanofibers’ physical properties toward heavy metal adsorption. Results show the Fe2O3 

nanofibers with average diameter of 23 nm provided the greatest CrO4
2-

 adsorption 

capacity, outperforming commercial Fe2O3 powder. Additionally, the 23 nm sized 

nanofibers also had the greatest adsorption kinetics. Altogether, the smallest Fe2O3 

nanofibers had optimal adsorption performance, solely dependent on surface area. With 

such results, electrospun Fe2O3 nanofibers are promising for nano-engineered heavy 

metal remediation systems, as they are more potent and pertinent to application systems 

than suspension-driven commercial Fe2O3 powders. 
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Chapter 6: Synthesis and Optimization of Al2O3-Fe2O3 Composite 

Nanofibers 

 

6.1 Abstract 

Al2O3-Fe2O3 composite nanofibers were synthesized via electrospinning and 

optimized towards enhanced heavy metal adsorption. The composite nanofibers were 

characterized for their morphological and dimensional properties and tested in aqueous 

solutions containing chromate (CrO4
2-

) to analyze their adsorption performance. 

Synthesized Al2O3-Fe2O3 nanofibers were observed with stable average diameter from 23 

to 26 nm. Additionally, the composite nanofibers maintained other stable characteristics 

including average grain size at 35 nm, point zero charge at pH 7.1, and band gap at 2.2 

eV. BET analysis showed an increase in specific surface area with increasing Al content 

from 59.2 to 92.8 m
2
/g, which suggests a direct effect from the contribution of the highly 

porous Al2O3. Based on CrO4
-2

 adsorption isotherms at pH 6, adsorption capacity of the 

Fe2O3 nanofibers increased with increased Al content, with the 32% Al/Fe composite 

nanofiber yielding an adsorption capacity of 169.5 mg/g, twice the value of the 

unmodified Fe2O3 nanfibers and over a 3-fold increase compared to the commercial 

Fe2O3 nanoparticles. Moreover, adsorption kinetics was also enhanced with increased Al 

content. The combination of Fe2O3 and Al2O3 promotes synergy in specific surface area 

and, in turn, enhanced adsorption properties. Electrospun composite nanofibers have 

great potential for removal of heavy metals compared to commercial materials due to 

their enhanced performance and integrability into hybrid treatment systems. 
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6.2 Introduction 

 Through the advancement of nanotechnology, iron oxide (Fe2O3) nanoparticles 

are finding homes in a large array of different application, with sensing, catalysis and 

water purification just being a few examples.
[1]–[3]

 While facile syntheses of these 

materials are readily accessible, manipulation of nanotechnology, via size, shape, 

composition, etc., is increasingly more prevalent in order to take advantage of all the 

nano-scale properties can offer. Specifically for the removal of heavy metals, Fe2O3 

nanomaterials, as well as other adsorbents like alumina (Al2O3), have garnered attention 

for their great treatment capabilities, yet there is large room for improvement, especially 

in terms of pollutant removal capabilities and kinetics. Modifications of Fe2O3 

nanoparticles, most notably nanocomposites, are becoming more common in order to 

utilize their recognized adsorption properties and, through nanoscale synthesis, enhance 

their performance further than their unmodified counterparts can possibly achieve. There 

have been several reports on Fe2O3-containing nanocomposites for different applications 

including water treatment. 

 Li et al.
[5]

 reported on the synthesis of NiFe2O4 nanofibers via electrospinning. 

The Fe precursor that was used during synthesis was C14H29FeO4. The as-synthesized 

nanofibers were subsequently annealed at 550 °C. The NiFe2O4 nanofibers had an 

average diameter of 46 nm. Hysteresis studies showed significant changes in magnetic 

properties between the NiFe2O4 nanofibers and sol-gel synthesized NiFe2O4 powder. 

Kleiman-Shwarsctein et al.
[6]

 reported on Fe2O3 thin films doped with aluminum 

(Al) via electrodeposition. The thin films had particles ranging in size from 50 to 150 nm 
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at all Al content levels. Additionally, band gap of the thin films ranged from 2.05 to 2.15 

eV with no clear trend as a function of Al content. Photoelectrochemical performance 

was shown to be enhanced due to Al doping, where 0.46 at.% Al showed optimal 

performance. 

 Li et al.
[4]

 reported on Al-doped Fe2O3 nanoparticles via hydrothermal process for 

arsenite (As
+3

) adsorption. Nanoparticles with molar ratios of 0 to 50% Al/Fe were 

synthesized, having an average diameter of 80 nm and protuberances within the 

nanoparticles with an average diameter of 10 nm. Surface area was shown to increase 

with increased Al content, starting from 23 m
2
/g for the pure Fe2O3 nanoparticles to 52 

m
2
/g for the 50 mol.% Al/Fe nanocomposites. Adsorption capacity and kinetics were 

enhanced due to the addition of Al and correlated with the increase surface area, where 

optimal performance was observed by the 50 mol.% Al/Fe sample. The enhanced 

performance was attributed to the increase in adsorption sites by the addition of Al via X-

ray photoelectron spectroscopy (XPS), which provided the increase in surface area and 

adsorption capabilities. 

Li et al.
[7]

 reported on the synthesis of Fe2O3-Al2O3 core-shell nanofibers via 

electrospinning for heavy metal adsorption. Nanofibers containing a core of Fe2O3 and a 

shell of Al2O3 were fabricated with an average diameter of 300 nm. The core-shell 

structures exhibited ferromagnetic properties and good adsorption performance towards 

hexavalent chromium (Cr
+6

). El-Latif et al.
[8]

 reported on Al2O3-Fe2O3 nanocomposites 

for the removal of Cd
2+

. The nanocomposites were synthesized in a hydrothermal method 

and exhibited paramagnetic properties for magnetic adsorption. The nanocomposites 
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were around 25-29 nm in diameter and contained grains of Fe2O3 and Al2O3 ranging from 

7 to 18 nm. Adsorption tests showed that the nanocomposites were excellent adsorbent 

for Cd
+2

. 

Mohapatra et al.
[9]

 reported on Mg-doped Fe2O3 nanoparticles via sol-gel method 

for the removal of heavy metal ions, including Pb
+2

, Cd
+2

, Cu
+2

, and Co
+2

. The optimal 

sample of 0.38% Mg yielded structures of 2-10 nm in size and a surface area of 174 m
2
/g, 

resulting in greater adsorption of heavy metal ions compared to the unmodified Fe2O3 

nanoparticles. Increased Mg content above 0.38% led to decreased adsorption 

performance for Pb
+2

 and Cd
+2

 removal, but still relatively decent performance for Cu
+2

 

and Co
+2

 removal. Mahapatra et al.
[10]

 reported on Fe2O3-Al2O3 nanocomposite fibers via 

electrospinning for the removal of heavy metal ions. The nanofibers were synthesized in 

alpha phases for both metal oxides, having diameters ranging from 200 to 500 nm, and a 

surface area of 9.6 m
2
/g. Adsorption tests regarding Cu

+2
, Pb

+2
, Ni

+2
, and Hg

+2
 removal 

showed great adsorption capacity and kinetics for the nanocomposite fibers. 

Although the amount of research surrounding composite Fe2O3 nanoparticles is 

reasonable, there is very limited work on nanocomposites towards water treatment, let 

alone work from electrospun nanofibers, which have great potential for treatment 

integration. And while there are a few reports on electrospun composite Fe2O3 nanofibers 

towards heavy metal adsorption, they don’t offer extensive property and performance 

studies, alongside comparisons with commercial materials. Additionally, the reported 

composite nanofibers are also relatively large (200-500 nm), indicating necessary 

improvement to maximize surface area-to-volume ratio. The overall objective of this 
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study is to synthesize Al2O3-Fe2O3 composite nanofibers and optimize their adsorption 

performance for the removal of heavy metal pollutants in water. The composite 

nanofibers were synthesized through the electrospinning process, as synthesis parameters 

were manipulated to control the nanofiber’s dimensional and morphological properties. 

Synthesized nanofibers were characterized via various techniques to first relate observed 

changes in nanofiber properties to specific adjustments in the electrospinning procedure. 

The composite nanofibers were run through different isotherm experiments to analyze the 

adsorption performance towards CrO4
2-

. Based on their adsorption capabilities, the 

structural modifications critical to optimizing treatment efficiency were identified. 

 

6.3 Experimental Methods 

6.3.1 Reagents 

All chemicals were reagent grade or better and used as received. The synthesis of 

the Fe2O3 nanofibers involved iron(III) 2-ethylhexano-isopropoxide (Alfa Aesar, 10% 

w/v in isopropanol) as the iron precursor, acetic acid (Fisher Scientific, glacial 99.7%) as 

an additive and polyvinylpyrrolidone (PVP) (Sigma Aldrich, MW: 1,300,000 g/mol) as 

the polymer. The Al precursor used to fabricate Al2O3-Fe2O3 composite nanofibners was 

aluminum oxide hydroxide (AlOOH) nanopowder, which was synthesized based on 

previous research
[10],[11]

 using aluminum isopropoxide (AlIP) (Sigma Aldrich, >98%), 

acetic acid, DI water and isopropanol (Fisher Scientific, Certified ACS Plus). A buffer 

prepared from 25 mM sodium chloride (NaCl) (Sigma Aldrich, >99.0%) was used in all 

adsorption experiments. A buffer prepared from 10 mM NaCl was used in all zeta 
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potential experiments. Lastly, potassium chromate (K2CrO4) (Fisher Scientific) was used 

as the heavy metal pollutant for the adsorption studies. 

 

6.3.2 Synthesis of Al2O3-Fe2O3 nanofibers 

The synthesis of unmodified Fe2O3 nanofibers began with the preparation of the 

polymer solution. 3 mL of iron(III) 2-ethylhexano-isopropoxide, 0.3 mL acetic acid and 4 

wt. % of  PVP were added in a 30 mL glass beaker and stirred with a magnetic stirrer at a 

rate of 300 rpm for an hour, insuring that all of the PVP has dissolved. For the composite 

nanofibers, a select amount of the AlOOH powder was added to the eletrospinning 

solution with content loading from 10 to 50 at.% Al to Fe. The total amount of metal 

precursor (Al and Fe) to the entire electrospinning solution was kept at 9 wt.%, just as the 

pure Fe2O3 nanofibers, in effort to prevent any increase of average diameter due to an 

increase in metal content.
[12],[13]

  In short, the AlOOH powder was synthesized by mixing 

1 g of AlIP, 6 μL of acetic acid, 353 μL of DI water and 7.1 mL of isopropanol in a 

beaker for 6 hours until a well-mixed suspension was formed.
[10],[11]

 The AlIP sol-gel was 

then placed in an oven at 80 °C for 24 hours, forming the AlOOH powder.  

For the electrospinning set-up, the needle was set at a distance of 10 cm from the 

drum collector, the feed rate at 0.3 mL/hr and the voltage at 20 kV, as described in 

Chapter 4. After electrospinning, the unmodified nanofibers were annealed at 500 °C at 

rate of 3 °C/min and held for 3 hours, while the composite nanofibers  were annealed at 

1000 °C in order for both metal oxides to crystallize.
[10],[14]

 After annealing, the 

nanofibers were kept as dry samples in 20 mL glass vials for characterization and were 
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later used to make 1 g/L stock suspensions in DI water for zeta potential and adsorption 

tests. 

 

6.3.3 Nanofiber Characterization 

Fe2O3 nanofibers were characterized using several different techniques to quantify 

their size, morphological and optical properties. Nanofiber diameter was examined by a 

Phillips XL30 FEG scanning electron microscopy (SEM). For SEM, samples were 

prepared by placing approximately a 0.5 cm x 0.5 cm area of nanofibers onto a SEM 

sample holder. SEM imaging of n = 40 nanofibers yielded average diameters (with 

standard deviation) that were used to create sizing histograms. Energy dispersive x-ray 

(EDX) analysis was conducted following SEM imaging for the Al2O3-Fe2O3 nanofibers 

to quantify elemental composition. 

Crystal phase, crystal orientation and average grain size were determined by a 

Bruker D8 Advance x-ray diffraction (XRD) analyzer. XRD samples were prepared in 

the same manner as described for the TiO2 nanofibers. The 1 x 1 cm
2
 samples were 

analyzed from 20° to 80° for the Bragg angle with an interval of 0.03°. Grain size was 

quantified by means of the Scherrer-Debye equation, which relates grain size to the 

diffraction peak properties.
[15]

 The prominent hematite peak (104) was used for this 

calculation. 

Zeta potential was determined by a Brookhaven Instrumental Corporation 

ZetaPALS zeta potential analyzer. Just like the protocol for the TiO2 nanofibers, 100 µL 

of the 1 g/L nanofiber stock suspension was added to 3.5 mL of 10 mM NaCl set at 
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various pH values between 2 and 9. The point of zero charge (pzc) was calculated by 

interpolation between data points in which a zeta potential equal to 0 was achieved. 

Band gap energy was quantified by a Thermo Scientific Evolution 300 UV-Vis 

spectrophotometer via diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS). For analysis, the dry samples were analyzed over a wavelength scan from 200 

to 800 nm and absorbance was measured. The band gap was calculated by taking the 

derivative of the absorbance curve, yielding a prominent negative peak.
[16],[17]

 The 

wavelength value at the global minimum is converted into energy, thus yielding the band 

gap of the nanofibers. 

Surface area was determined by BET analysis via Micromeritics ASAP 2020 

Physisorption Analyzer in order to investigate any surface property change towards 

enhancement of adsorption. All samples were degassed at 300 °C for 3 hours prior to 

analysis. 

 

6.3.4 Adsorption Experiments 

Adsorption tests were conducted to quantify the performance capabilities of the 

composite nanofibers. Similar to the procedure explained in Chapter 4, six individual 10 

mL vials contained 25 mM NaCl solution at pH 6, 0.1 g/L Fe2O3 nanofiber loading, and 

an initial CrO4
2-

 concentration, which ranged from 5 to 200 μM. After the addition of the 

CrO4
2-

 to the reactor vial, an initial sample of 0.5 mL is immediately withdrawn and 

passed through a 0.2 μm PFTE filter to remove the Fe2O3 nanofibers. Afterwards, the 

reaction vials are set on a circular rotator and mixed for 2 hours to reach equilibrium. 
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After 2 hours of agitation, a 0.5 mL aliquot from reach vial is withdrawn and filtered as 

the final sample. The dissolved concentrations of CrO4
2- 

were determined via atomic 

absorbance spectrometer (AAS) (Perkin Elmer AAnalyst 800). Prior to the adsorption 

experiments, a calibration curve was created to correlate the light absorbance from the 

AAS to CrO4
2- 

concentration. The supernatant from the reaction vials was run through the 

flame and the light absorbance was recorded. Based on the difference between the light 

absorbance of the initial and final sample, the amount of CrO4
2- 

adsorbed by the Fe2O3 

nanofibers was calculated. The data set was fitted into a Langmuir model isotherm to 

quantify adsorption properties (i.e., maximum adsorption capacity). Additionally, 

adsorption kinetics was analyzed by mixing a reaction vial, containing the NaCl solution, 

Fe2O3 nanofibers and an initial CrO4
2- 

concentration of 50 μM. 0.5 mL aliquots were 

withdrawn and filtered with respect to time (0 to 120 min). Samples were analyzed via 

AAS and adsorption kinetic rates were calculated by fitting the data into a pseudo-

second-order adsorption kinetic model. 

 

6.4 Results and Discussion 

6.4.1 Nanofiber Characterization 

Al2O3-Fe2O3 composite nanofibers were synthesized using the protocol that 

yielded 23 nm-sized unmodified Fe2O3 nanofibers (4 wt.% PVP, 20 kV voltage, 0.3 

mL/hr feedrate) Based on SEM analysis, there was no significant change in average 

diameter of the Al2O3-Fe2O3 composite nanofibers. As seen in Figure 6-1, the average 
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diameter slightly increased from 23 (± 6) to 25-26 (± 6-7) nm with the addition of Al, but 

was still well within the standard error of the unmodified nanofibers.  

 

Figure 6-1: A) Average diameter as a function Al content for the Al2O3-Fe2O3 nanofibers and 

corresponding SEM images of B) 0, C) 10, D) 30, and E) 50 at.% Al content levels. 
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EDX was conducted to ensure the presence of Al in the composite nanofibers. 

Figure 6-2 provides the EDX spectra of the Al2O3-Fe2O3 nanofibers, showing the 

presence of Al with increasing Al content. In accordance with previous work,
[4]

 the 

atomic percent of oxygen (O) reached around ~60 at.% while the atomic percentage of Al 

and Fe together was ~40 at.% The ratio of Al to Fe analyzed from EDX was slightly 

lower than anticipated from synthesis, with Al to Fe ratio values 9.7, 18.7, and 32.4 at.% 

for 10, 30, and 50 at.%, respectively. In addition, since the atomic percent of oxygen (O) 

stays stable at ~60 at.% with increased Al content, the species of Al oxide in the 

nanofibers is highly likely to be Al2O3. Henceforth, the composite nanofibers will be 

designated as 10, 19, and 32% Al/Fe. 

 

 

Figure 6-2: EDX spectra of the A) 0, B) 10, and C) 30, and D) 50 at.% Al2O3-Fe2O3 nanofibers. 
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XRD characterization was conducted to analyze crystallinity and crystal phase of 

the composite nanofibers. Firstly, XRD analysis was carried out on the AlOOH 

nanopowder to verify its crystal structure. The XRD spectra, seen in Figure 6-3, verified 

that the synthesized nanopowder was boehmite, γ-AlOOH (#21-1307) and, annealed at 

1000 and 1200 °C, the nanopowder transformed into θ-Al2O3 (#11-0517) and α-Al2O3 

(#10-0173), respectively, in accordance to previous work,
[10],[18]

 although their intensities 

were nearly 10-20% that of hematite. In Figure 6-4, the Al2O3-Fe2O3 nanofibers showed 

hematite pattern (#33-0664) for all samples and a very small (230) alumina peak for both 

19 and 32% Al/Fe ratio, possible due to the low intensity of the θ-Al2O3 spectra. Previous 

work has shown similar results, where no substantial Al peaks from XRD spectra were 

observed, even up to 50 mol% Al to Fe.
[4]

 The 32 at.% Al/Fe nanofiber sample annealed 

at 1200 °C maintained the hematite pattern and exhibited several α-Al2O3 peaks (Figure 

6-5). Additionally, there was no significant change in average grain size of the composite 

nanofibers despite the higher annealing temperature (Figure 6-6), where the average grain 

size was stable at 35 nm regardless of the Al/Fe ratio. Similar to the results seen in 

Chapter 4, the average grain sizes were slightly larger than the nanofiber diameter, 

indicating possible ellipsoidal grains existing within the nanofibers.  
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Figure 6-3: XRD pattern of the sol-gel synthesized boehmite (AlOOH) and annealed alumina (Al2O3) 

nanopowders. 
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Figure 6-4: XRD patterns of the Al2O3-Fe2O3 nanofibers at different Al/Fe ratios. 
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Figure 6-5: XRD patterns of 32% Al2O3-Fe2O3 nanofibers at different annealing temperatures. 

  

 
Figure 6-6: Average grain size as a function of Al/Fe ratio of the Al2O3-Fe2O3 nanofiber diameter. 
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Zeta potential measurements of the composite nanofibers were conducted to 

observe any change in the surface charge of the Fe2O3 nanofibers that could have 

occurred due to the addition of Al, possibly altering the pzc. As seen in Figure 6-7, zeta 

potential did not show any significant shift with the addition of Al. The pH of pzc 

increased from 7.08 for the pure nanofibers to 7.13-7.15 for the composite nanofibers, 

still within the value of the commercially-available Fe2O3 nanoparticles (7.12) and 

comparable to reported values.
[19],[20]

 

 
Figure 6-7: Zeta potential of Al2O3-Fe2O3 nanofibers at different Al content levels. 
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insulating (5-8 eV),
[22]–[24]

 the composite nanofibers maintained a band gap value to that 

of pristine hematite, which has been reported in previous work.
[6],[25]

 

 

 

Figure 6-8: A) Diffuse reflectance absorbance curves of different Al2O3-Fe2O3 nanofibers and B) band gap 

energy as a function of Al/Fe ratio of Al2O3-Fe2O3 nanofibers 
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decreased alongside increased Al/Fe ratio. Nevertheless, the surface area of the 

composite nanofibers is greater than the calculated surface area from the contributions of 

its two metal oxide components according to XRD and BET data, which suggests 

synergy between the Fe2O3 and Al2O3 to yield increased porosity and enhanced surface 

area. The different in average grain size of the Fe2O3 (~35 nm) and Al2O3 (~15 nm) 

within the nanofiber could lead to increased surface roughness and promote increased 

surface area. Comparatively, the composite nanofibers had significantly greater surface 

area than the commercially Fe2O3 nanoparticles (28.4 m
2
/g). 

Moreover, the BET analysis of the 32 at.% Al/Fe nanofibers provides more 

evidence of Al’s strong influence on the surface area of the composite nanofibers. 

Annealed at a higher temperature of 1200 °C, the surface area of the 32 at.% composite 

nanofibers decreased significantly (53.3 m
2
/g), most likely due to the phase 

transformation of the Al2O3 from theta to alpha (10.9  m
2
/g). Similar to the other 

composite nanofibers, the surface area was greater than the calculated contributions, 

which could be due to the change different in grain size between the Fe2O3 and α-Al2O3 

(~25 nm). However, the low surface area of the α-Al2O3 led to a considerable decrease in 

surface area of the α-composite nanofibers, which could be detrimental to adsorption 

performance. 
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Table 6-1: BET analysis data of A) Al2O3-Fe2O3 composite nanofibers as a function of Al/Fe ratio, and B) 

32 at.% Al2O3-Fe2O3 composite nanofibers and alumina nanopowders as a function of alumina phase. 
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6.4.2 Adsorption Performance 

Firstly, adsorption kinetics was determined to identify the rate of CrO4
2- 

adsorption on the Al2O3-Fe2O3 composite nanofibers. The adsorption of CrO4
2- 

(C0 = 50 

μM) on the composite nanofibers with respect to time can be seen in Figure 6-10. 

Adsorption was initially rapid up to 30 minutes and plateaued gradually afterwards as 

adsorption reaches equilibrium. The adsorption data was fitted into a pseudo-second-

order adsorption kinetic model, described in the following equation:
[4],[10]

 

 

                                        (6.1) 

 

where t is time in minutes, qt is the amount of CrO4
2- 

adsorbed at time t in mg/g, qe is 

equilibrium adsorption capacity in mg/g, and k is the second-order adsorption rate 

constant in g/mg∙min. The value of kqe
2
 can be defined as h, the initial adsorption rate in 

mg/g∙min, and used to compare among the different nanofiber materials. After integrating 

equation 5.1 as a function of time, the integrated equation can be rearranged to obtain:  

 

                                          (6.2) 

 

Plotting t/qt as a function of time, as seen Figure 6-11-A, will linearize the kinetic model 

to yield adsorption rate, h. Initial adsorption rate of the composite nanofibers increased 
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work.
[4]

 The increased surface area brought upon by the introduction of Al in the 

composite nanofibers led to increased adsorption kinetics. 

 

Figure 6-10: Adsorption of CrO4
2- 

as a function of time of Al2O3-Fe2O3 composite nanofibers. 

 

 

Figure 6-11: A) Pseudo-second-order adsorption kinetic fit of Al2O3-Fe2O3 nanofibers and B) initial 

adsorption rate h as a function of Al/Fe ratio of Al2O3-Fe2O3 nanofibers. 
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Additionally, adsorption isotherms helped quantify the CrO4
2-

 adsorption capacity 

of the composite nanofibers. Figure 6-12 shows that the increasing Al content leads to 

greater adsorption according to the isotherm curves, which is expected due to the Al’s 

contribution to surface area.
[4]

 Furthermore, the adsorption isotherm curves normalized 

by specific surface area showed uniformity at all Al/Fe ratios (Figure 6-13), which also 

has been reported by previous work.
[4]

 This indicates that adsorption performance is 

significantly linked to specific surface area.  

 

 

Figure 6-12: CrO4
2- 

adsorption isotherm of Al2O3-Fe2O3 nanofibers. 
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Figure 6-13: Specific surface area-normalized CrO4
2-

 adsorption isotherm of Al2O3-Fe2O3 nanofibers. 
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                                     (6.3) 

 

where ce is the equilibrium concentration of CrO4
2-

 in mg/L, qe is equilibrium adsorption 
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[26]
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                                 (6.4) 

 

As seen in Figure 6-15, the adsorption capacity increased dramatically due to Al 

introduction, where the maximum adsorption capacity value increased from 90.9 mg/g 

for the unmodified Fe2O3 nanofibers to 163.9 mg/g for the 32 at.% Al/Fe composite 

nanofibers. 

 

 

Figure 6-14: CrO4
2-

 adsorption isotherm of Al2O3-Fe2O3 nanofibers fitted to linearized Langmuir model. 
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Figure 6-15: Maximum adsorption capacity of Al2O3-Fe2O3 nanofibers as a function of Al/Fe ratio. 
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Figure 6-16: CrO4
2- 

adsorption isotherm of 32% Al/Fe composite nanofibers and Al2O3 nanopowders. 
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Figure 6-18. Maximum adsorption capacity of Al2O3-Fe2O3 nanofibers and Al2O3 nanopowders at different 

alumina phases as a function of Al content. 
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suggest that increased Al content in the composite nanofibers will increase the specific 

surface area via increased and retainable adsorption sites (-OH).
[4]

 Additionally, as 
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previously stated, the differences in average grain size between Al2O3 and Fe2O3 could 

introduce increased surface roughness, and subsequently, increased surface area. 

The isotherm studies revealed that adsorption capacity of the composite 

nanofibers increased due to the addition of Al, and that the performance was directly 

related to surface area based on the normalized isotherms. Since the adsorption 

performance of Fe2O3 was greater than that of Al2O3, it is proposed that the combination 

of Al2O3 and Fe2O3 in the composite nanofibers provides enhanced adsorption of 

chromate synergistically. As previously stated, reports state that Fe2O3 is a better 

adsorbent than Al2O3 due to stronger adsorption bonds,
[27],[28]

 which is in accordance with 

this work’s adsorption isotherm data; the calculated Langmuir constant b, which is 

directly related to adsorption bond strength, was greater for the Fe2O3 (0.08 mg/L) 

nanofibers than it was for the Al2O3 nanoparticles (0.053 L/mg).  

Interestingly, the Langmuir constants of the composite nanofibers they did not 

increase, but actually decreased steadily with Al content towards the value of the Al2O3 

nanoparticles. Analysis of the Langmuir constants based on metal oxide composition 

suggests that the adsorption bond strength of both Al2O3 and Fe2O3 was not altered within 

the composite nanofibers. Given that adsorption performance increased while adsorption 

bond strength was stable with increased Al content, the number of adsorption sites on the 

composite nanofibers must have increased, resulting in greater adsorption capacity in 

relation to increased surface area.
[4]

 Furthermore, since the Langmuir constant of  the 

composite nanofibers steadily decreased towards the value of the Al2O3 nanoparticles, it 

is likely that further addition of Al content could disrupt or reduce the reactive adsorption 
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sites of Fe2O3 surface and disturb the adsorption performance, indicating an optimal 

Al2O3/Fe2O3 composition.
[9]

 

 

6.5 Conclusion 

Electrospun Al2O3-Fe2O3 composite nanofibers were fabricated to further enhance 

heavy metal removal of conventional Fe2O3 nanomaterials.  Through facile property 

modifications via electrospinning parameter tuning, composite nanofibers were 

synthesized allows for control of nanofiber property manipulation towards optimization 

of CrO4
2- 

adsorption. Al2O3-Fe2O3 nanofibers were developed with controlled average 

diameter (~25 nm), crystallinity (hematite), and average grain size (~35 nm). 

Additionally, band gap and zeta potential were unaltered with the addition of Al. 

However, specific surface area of the composite nanofiber was greatly enhanced due to 

the addition of Al, increasing surface area value with increased Al content. As a result, 

adsorption capacity and kinetics were enhanced based on adsorption studies with CrO4
2-

. 

With a specific surface area of 92.8 m
2
/g, the 32 at.% Al/Fe composite nanofibers had 

outperformed the unmodified Fe2O3 nanofibers by nearly a factor of 2 and the 

commercially-available Fe2O3 nanoparticles by over a factor of 3. Based on the 

adsorption studies, synergy between Al2O3 and Fe2O3 resulted in greater adsorption 

performance, likely due to increased surface adsorption sites. Composite Al2O3-Fe2O3 

nanofibers represent an innovative nanomaterial for future heavy metal removal systems, 

having greater treatment potential than conventional Fe2O3 materials. 
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Chapter 7: Conclusions 

 

In this work, electrospun nanofibers of different metal oxide materials were 

fabricated and optimized to analyze their performance towards several treatment 

applications and ultimately understand their functions for future approaches of nanofiber-

integrated advanced treatment systems. Solution characteristics, electrospinning system 

parameters and calcination conditions were all varied and controlled in efforts to 

manipulate nanofiber properties best suited for their individual applications. 

In Chapter 2, TiO2 nanofibers were successfully synthesized as photocatalysts for 

organic degradation. Through systematic tuning, TiO2 nanofibers were fabricated with 

controlled diameter, crystal phase, grain size and band gap. Through varying polymer 

content and applied voltage of the electrospinning system, average diameter was 

controlled from 33 to 209 nm. Through varying temperature and duration of the 

calcinations process, crystal phase was controlled from pure anatase to pure rutile and 

grain size was controlled from 19 to 49 nm. Through variation of crystal phase 

composition, band gap was controlled from 3.02 to 3.21 eV. Additionally, surface area, 

zeta potential and crystal orientation were characterized. Photoreactivity studies towards 

the model pollutant phenol were conducted to analyze nanofiber performance based on 

different property changes. Reactivity showed to increase with decreased nanofiber 

diameter, impart by the increased surface area-to-volume ratio; also, reactivity was 

optimal at the mixed phase ratio of 76/24 anatase/rutile, similar composition to 

commercially-available TiO2 photocatalyst Aeroxide® P25. The optimal material, having 
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the smallest average diameter (d = 33 nm) nanofibers and mixed phase composition, 

outperformed the Aeroxide P25 nanoparticles, indicating that dimension and crystal 

phase were two prominent factors affecting photoreactive performance. 

In Chapter 3, Ag-TiO2 nanofibers were synthesized to yield enhanced 

performance due to the introduction of the co-catalyst Ag. The composite materials were 

fabricated from the optimal TiO2 protocol, having a diameter of 33 nm and mixed phase 

of 76/24% anatase/rutile. Average diameter, crystal phase, grain size and band gap were 

all characterized to identify any changes in nanofiber properties due to the co-catalyst, 

which was added from 0.25 to 10 at.%. Average diameter increased very slightly with 

increased Ag content until reaching over 2 at.%, where nanofiber size increased 

substantially with Ag content. The introduction of Ag caused the composite nanofibers to 

come out nearly all anatase phase, which indicated inhibition of anatse-to-rutile 

transformation during calcinations. Grain size was not altered by the Ag co-catalyst, 

having a constant value of 32 nm. Band gap was readily reduced with increased Ag 

content to as low as 2.79 eV for the 10 at.% nanofibers. Ag-TiO2 nanofibers were also 

recalcined to induce rutile phase in efforts to replicate the optimal crystal phase 

compositon. The band gap of these materials showed a decrease in band gap due to the 

increased rutile content, similar to findings seen in the unmodified TiO2 nanofibers. 

Photoreactivity studies based on Ag content showed optimal performance at 0.5 at.% Ag, 

outperforming the unmodified nanofibers by nearly a factor of 3. This indicated an 

optimal Ag nanoparticle size correlating with enhanced performance. Additionally, a 

decrease in reactivity was observed with increased presence of rutile, indicating 
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maximum performance from only anatase phase while rutile maintained its inactivity. 

Altogether, enhanced reactivity was associated with increased electron traps due to the 

Ag co-catalyst, as these traps inhibit carrier recombination and facilitate carrier 

separation for augments surface reactions. While the interfacial connection of rutile and 

anatase provide activation for this mechanism in unmodified TiO2, the connection 

between anatase and the Ag nanoparticles provide it for the composite material. 

In Chapter 4, BiVO4 nanofibers were successfully synthesized as visible light-

activated photocatalysts. Through systematic tuning, BiVO4 nanofibers were fabricated 

with controlled diameter, crystal phase, grain size and band gap. Through design of 

experiment that factored in solution chemistry (i.e., viscosity, conductivity, surface 

tension) and electrospinning parameters (i.e., applied voltage, feedrate), average diameter 

was controlled from 33 to 71 nm. Crystal phase was monoclinic BiVO4 and stable 

throughout nanofiber diameter, along with grain size (24 nm) and band gap (2.39 eV). 

Photoreactivity studies towards phenol showed increased performance with decreased 

average diameter, indicating a strong surface area-to-volume ratio effect. BiVO4 

nanofibers with embedded co-catalysts (e.g., Ag, Au) were synthesized to enhance 

photocatalytic performance. While having stable morphological properties, the co-

catalyzed nanofibers enhanced photo-induced characteristics as seen from diffuse 

reflectance analysis. Based on photocatalytic studies towards phenol, both Ag- and Au-

BiVO4 nanofibers yielded enhanced performance compared to unmodified BiVO4. Under 

visible light irradiation, the co-catalyzed nanofibers outperformed synthesized TiO2 

nanofibers and commercially-available TiO2 nanoparticles, with 2 at.% Au-BiVO4 having 
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the greatest performance. The mechanisms attributed to the enhanced photocatalytic 

reactivity were increased carrier traps for the Ag-BiVO4 nanofibers and surface plasmon 

resonance for the Au-BiVO4 nanofibers. 

In Chapter 5, Fe2O3 nanofibers were successfully synthesized for adsorption of 

heavy metals. Through varying polymer content, applied voltage and feedrate of the 

electrospinning system, average diameter was controlled from 23 to 63 nm. Crystal phase 

analysis revealed all the nanofibers to be hematite and grain size was stable at 34 nm. 

Specific surface area increased substantially with decreasing diameter due to the 

increased surface area-to-volume ratio. For example, the smallest sized (d = 23 nm) 

nanofibers yielded a surface area of 59.2 m
2
/g. Additionally, zeta potential and bang gap 

characterization were also conducted. Adsorption isotherm studies of chromate showed 

increased adsorption capacity with decreased diameter. These findings are solely 

associated with increased specific surface area, as the isotherm results normalized by 

surface area showed negligible variation. The 23 nm sized nanofibers, with an adsorption 

capacity of 90.9 mg/g, outperformed commercially-available Fe2O3 nanopowder (49.3 

mg/g) by a factor of ~2.  

Finally, In Chapter 6, Al2O3-Fe2O3 composite nanofibers were successfully 

synthesized and examined in order to enhance adsorption performance. Although most 

characteristics, such as diameter, grain size, band gap and zeta potential, were not altered, 

specific surface area dramatically increased with increased Al content, where the highest 

Al/Fe ratio of 32 at.% yielded a specific surface area of 92.8 m
2
/g. As expected, 

adsorption performance was enhanced due to the introduction of Al, where the 32 at.% 
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Al/Fe composite sample (163.7 mg/g) outperformed the unmodified Fe2O3 nanofibers by 

nearly 2-fold and the commercial nanopowder by over 3-fold. Again, surface area was 

identified as the only factor that augmented adsorption performance of the composite 

nanofibers, as other properties stayed stable despite the introduction of Al. Based on BET 

analysis and adsorption studies, the introduction of Al in the composite nanofibers 

promoted synergy in surface area, which enhanced adsorption capabilities. The Al2O3 

improved the surface area of the composite nanofibers in part by its own high surface 

area, yet resulted in higher surface area than anticipated, possibly due to increased 

increased surface roughness, which altogether resulted in a greater amount of adsorption 

sites. The adsorption performance of the composite nanofibers was far greater than the 

sum of its parts, indicating a synergy of adsorption between Al2O3 and Fe2O3. 

Considering that the adsorption energy was unchanged via isotherm results, the enhanced 

adsorption of the composite nanofibers was attributed to an increase in adsorption sites 

and an adsorption synergy between the two metal oxide components. 

 




