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Preface

Water is essential for life, but for many years it was generally taken for granted until

increasing pollution and diminishment of potable water supplies delineated a need

to protect our water supplies and develop new technologies to purify water for

consumption. For example, it is imperative that pollutants in wastewater effluents

from both industrial and domestic sources be removed or destroyed before dis-

charge to the environment. These pollutants, produced as the by-products of

industrialization and social development, are posing serious challenges to existing

municipal water treatment technologies. This includes conventional and emergent

contaminants such as harmful heavy metal ions, toxic dye molecules, radionuclides,

pharmaceuticals, personal care products, and endocrine disruptor compounds.

The public concern about the effectiveness of conventional water treatment pro-

cesses for the removal of emergent environmental pollutants has generated a need

for the development of novel water treatment methods. At the same time, as natural

water resources continue to diminish due to overuse, waste, and pollution, the

current water treatment capacities for securing clean water will be unable to meet

the needs of our growing population. New treatment plants and facilities should

be built to have high-energy efficiency, improved water treatment abilities, and a

long service life. Conventional water treatment technologies fail to satisfy these

requirements, prompting the need for new technologies. Furthermore, access to

clean drinking water is a development issue faced by billions of people in devel-

oping and near-developed countries. Sustainable development in these regions

requires innovative technologies to provide safe drinking water in a cost and energy

efficient manner.

Nanotechnology offers practical solutions to the problems associated with pro-

curing clean drinking water and protecting natural waters from being contaminated.

Nanotechnology is one of the most significant technological achievements of

the twentieth century. This importance results from the fact that at the nanoscale

(1–100 nm) materials can display dramatically different physical and chemical

properties from their bulk counterparts. Radically improved specific surface

areas, significant increases in surface reactivity, and tunable energy gaps and

electronic structures provide the means to achieve useful water treatment
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capabilities such as highly efficient surface adsorption, nanofitration, photocatalytic

degradation, and solar disinfection. Nanotechnology can be utilized to safeguard

our critically important water resources by providing a diverse range of tools and

technologies for water treatment and purification. This involves harnessing the

unique physicochemical, electronic, magnetic, and surface properties of

nanoparticles along with the engineering applications of nanotechnologies to ensure

a supply of safe drinking water for a growing population, generating freshwater from

seawater, preventing contamination of the environment, and creating effective

efficient methods for remediation of polluted waters.

Nanotechnology for Water Treatment and Purification is designed to serve as a

desktop reference for the field at the boundary between nanotechnology, water

science, analytical chemistry, and environmental engineering. Although this inter-

disciplinary topic is of current specialized research interest, the authors have also

provided introductory materials and have utilized presentation styles and organi-

zation structures that make the book accessible to both students and scholars outside

the field. To this end, the book consists of 11 chapters that reflect the progression

from introductory to specialized topics.

Chapter 1 introduces the fundamentals of nanotechnology for water treatment.

Starting from basic water treatment methods, the principles of membrane filtration,

reverse osmosis, advanced oxidization, and photocatalytic degradation are

reviewed. Chapter 2 presents the synthesis of TiO2 nanowires, the fabrication

methods for nanowire membranes, characterization of nanowire membranes, and

then their application for water treatment through surface adsorption, photocatalytic

degradation, disinfection of by-products and bio-pollutants, and nanofiltration.

In Chap. 3, Zhang and Li show the application of other metal oxide semiconductor

nanomaterials to decompose the persistent organic environment pollutant perfluor-

ooctanoic acid (PFOA). The authors provide an overview of recent advances in the

photocatalytic decomposition mechanism of PFOA by In2O3 and Ga2O3,

nanostructures that are more effective than TiO2 for the removal of PFOA. Potential

applications in wastewater treatment are also discussed.

In Chap. 4, S. Tabe demonstrates that electrospun nanofiber membranes (ENMs)

are a cutting-edge new generation of membranes that offer significantly higher flux

at similar rejection rates in comparison to conventional membranes.

Electrospinning has allowed for fabrication of highly porous ENMs with control-

lable pore size in the range required for microfiltration and ultrafiltration. These

ENMs could replace conventional water treatment membranes with smaller sys-

tems that operate at lower pressures. In the next chapter (Chap. 5), Li and Seymour

introduce fullerenes and carbon nano-onions as sorbents, photocatalysts, and mem-

branes for wastewater treatment. These materials have emerged as promising

candidates for environmental applications due to their unique properties.

In Chap. 6, S. Muley and N. Ravindra present graphene-based nanomaterials for

water and air remediation via a variety of mechanisms. They extensively discuss the

effects of adsorbents on the electronic properties, magnetic properties, and photo-

conductivity, along with the relevant mechanisms. They show that graphene

nanosheets and graphene oxides, due to their ease of chemical modification, have
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emerged as ideal materials for adsorbents to eliminate heavy metal ions, inorganic

ions, and organic dyes from water. Use of graphene as a photocatalyst in water

remediation is also discussed. A brief overview of the latest scientific advances

in the development of graphene-based devices to overcome the present short-

comings for fabricating sensors in the field of gas sensing, biosensing, and photon-

ics for image sensing applications, along with their operating principles, is also

presented.

Leshuk and Gu show the potential of magnetic separation of superparamagnetic

nanoparticles from water for recycling and reuse as an efficient, practical, and

low-cost slurry-type water treatment method. In this chapter they review the

fundamental theory and concepts of magnetic nanoparticle separations and present

both a synthesis process for size-tunable superparamagnetic iron oxide nanospheres

and the application of these nanospheres as a core material for the immobilization

of TiO2, to be used in photocatalytic water treatment as magnetically recyclable

composite particles.

In the following chapter, Trad and Apblett focus on the production of magnetic

activated carbon materials that, when combined with magnetic filtration, provide

efficient technology for removing arsenic and dyes from water. In Chap. 9, Susan

Andrew’s group reviews the progress of nanotechnologies for drinking water

treatment. They demonstrate that various nanomaterials can provide concurrent

disinfection, disinfection by-product (DBP) precursor reduction, and degradation

of recalcitrant compounds. Research into DBP formation in water treatment pro-

cesses employing TiO2 photocatalysis is limited, but the studies that have

been conducted to date suggest that these technologies create few DBPs directly

and have site-specific effects on DBP precursor formation. UV/TiO2 compares

favorably to existing disinfection and DBP precursor removal technologies in

terms of both DBP formation and DBP precursor removal. Hybrid systems incor-

porating UV/TiO2 along with another DBP precursor removal technology such as

coagulation, adsorption, or membrane filtration are also promising for both

applications.

Last but not least, in Chap. 10, Oakes et al. describe how nanotechnologies could

further allow economic utilization of mine water as a source of commercial viable

products. They provide an overview of recent and future developments in nano-

technology that would benefit contemporary mine water treatment regimes, while

investigating novel abate approaches possible through the use of nanotechnology.

The chapter discusses candidate nanomaterials, their advantages and limitations

relative to existing processes, and the unique properties and surface-active mech-

anisms that enable their adoption in mine water treatment applications.

The application of nanotechnology to drinking water purification is a rapidly

expanding field with ever accelerating technical achievements and dramatic expan-

sion of knowledge in this field. This book provides a snapshot of present-day

technologies and provides a strong foundation for future developments. The rapid

growth of the field means that the book cannot be all encompassing, but it does

represent all of the important areas where nanotechnology is favorably impacting

drinkingwater supplies.We owe special thanks to individual authors in each chapter.
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It was our great honor to work with all those who have collaborated, shared,

reviewed, helped, explained, and, in general, taught us about this interdisciplinary

field. We thank Sara Kate Heukerott, who helped to organize, discuss, and edit

this book.

Knoxville, TN, USA Anming Hu

Stillwater, OK, USA Allen Apblett
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Foreword

Provision of clean safe water is one of the major challenges facing societies around

the globe. The continued urbanization of human populations, the escalating exploi-

tation of natural resources, and the resulting pollution are putting tremendous

pressure on water resources. Increasing demands for food, energy, and natural

resources are expected to continue to accelerate into the near future in response

to the demands of these changing human populations. In addition, the complexity of

human activities is leading to a diversity of new chemical contaminants in the

environment that represents a major concern for water managers. This will create

increased pressure on both water quantity and quality, making it increasingly

difficult to provide a sustainable supply of water for human welfare and activities.

Although protection of the water resources is the best long-term solution, we will

also need innovative new approaches and technologies to treat water to ensure an

adequate high-quality supply to meet these needs.

Solving tomorrow’s water issues is going to require innovative new approaches

that incorporate emerging new technologies. Great advances have recently been

made in material sciences especially in the area of nanotechnology. Nanoparticles

can have distinctly different properties from their bulk counterparts creating the

opportunity for new materials with a diversity of applications. Recent develop-

ments related to water treatment include the potential use of carbon nanotubes,

nano-onions, nanospheres, nanofibers, and nanowires for the removal of a diversity

of contaminants. By exploiting the properties and structure of these new materials,

such as increased surface area, reactivity, and photocatalytic activity, it will be

possible to create technologies that can be very efficient at removing and degrading

environmental contaminants of concern. Understanding and using these unique

properties should lead to innovative cost-effective applications for addressing the

complexities of emerging needs for water treatment and protection. Although in

early stages, research into the application of nanotechnology is showing great

promise for solving some of these major global water issues.

Provision of clean water is becoming more complex and challenging.

The traditional approaches are unlikely to be adequate to address the diversity of

emerging issues and chemicals of concern. Solutions will require consideration of
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the complexity of human activities and their impacts on drinking water, water use,

and ecosystems. Addressing this complexity will require interdisciplinary teams

with complementary skills applied to the development of practical treatment

options, approaches, and technologies.

Several of the researchers involved in this publication came together initially

through a common interest in applying their research to emerging water issues.

The collaboration was accelerated by a seed grant from the Canadian Water

Network promoting innovative technologies for water treatment. Once this team

came together they applied their combined expertise and resources to attract top

students and maintain a focus on exploring the science and engineering aspects of

creating innovative application of nanotechnology to water treatment. Funding

agencies such as the National Science and Engineering Research Council of

Canada and the Canada Research Chairs Program have played a critical role in

supporting research and training making this research possible. We have been

fortunate to have had the opportunity to work in an interdisciplinary group that

has advanced the field by incorporating several disciplines including chemistry,

biology, materials science, and water treatment. The advances and opportunities

described in this book are the result of researchers actively seeking the expertise of

other disciplines to enhance the understanding, application, and impact of their

work. Although challenging at times because of the added complexity, the advan-

tages and results of this type of interdisciplinary collaboration will be apparent in

the papers presented. Together with a variety of other collaborators and researchers,

this book presents the recent developments and opportunities for the application of

nanotechnology to address the critical issue of water treatment and protection.

Waterloo, ON, Canada Mark R. Servos

xii Foreword



Contents

1 Fundamentals on Adsorption, Membrane Filtration,

and Advanced Oxidation Processes for Water Treatment . . . . . . . 1

Robert Liang, Anming Hu, Mélisa Hatat-Fraile,

and Norman Zhou

2 Development of TiO2 Nanowires for Membrane

Filtration Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Robert Liang, Anming Hu, Mélisa Hatat-Fraile,

and Norman Zhou

3 Photocatalytic Degradation of Perfluorooctanoic Acid . . . . . . . . . 79

Pengyi Zhang and Zhenmin Li

4 Electrospun Nanofiber Membranes and Their Applications

in Water and Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . 111

Shahram Tabe

5 Fullerenes and Carbon Nano-onions for Environmental

Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Yusong Li and Megan Seymour

6 Graphene–Environmental and Sensor Applications . . . . . . . . . . . 159

Sarang V. Muley and Nuggehalli M. Ravindra

7 Magnetically Recyclable Nanomaterials

for Water Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

Tim Leshuk and Frank Gu

8 Removal of 4,6-Dinitro-o-Cresol, Congo Red Dye,

and Decane from Water Using Magnetic-Activated Carbons . . . . 261

Tarek Trad and Allen Apblett

xiii


