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Preface

This book stems from the class, “Nanotechnology in Water Research,” which I have been offering to both graduate students and senior undergraduates for over a decade, first at the University of Florida and then at Rensselaer Polytechnic Institute. When I began my teaching career, nanotechnology emerged as one of the most promising technologies in the environmental field, particularly with respect to water research, opening many new frontiers for improving water quality and sustainability. Finding no textbook that could provide a comprehensive exploration of the intersection between nanotechnology and water research, I developed my own course materials. These materials cover not only the fundamentals of environmental nanotechnology but also the applications and impacts of nanoparticles on water quality. Part of my own research also focuses on environmental nanotechnology and water quality. During course development and delivery, I continually updated the materials by integrating the findings from my research group into the class. I feel it necessary to organize and refine these materials and contents into a book on nanotechnology in water research, hoping it will serve as a valuable resource for students, educators, researchers, engineers, and stakeholders interested in improving water quality and sustainability using nanotechnology in environmentally friendly ways. This book would not have been possible without the incredible support from my family, students, collaborators, and colleagues. To my wonderful wife and daughters, thank you for your patience and understanding during the countless hours I spent writing and revising the manuscript. The unwavering support from my students, including assistance with copyright requests, is truly appreciated. I would also like to extend my gratitude to my collaborators and colleagues, including visiting scholars, for their inspiring encouragement. 


1

1

Nanotechnology and Environmental Nanotechnology

1.1

Nanoscale

Nano is derived from the Greek word  v ̃ ανo 𝜍 (meaning “dwarf”) and is often used as a prefix to denote “one-billionth,” or a factor of 10−9. For example, one nanometer ( nm) is one-billionth of a meter ( m) and one nanogram ( ng) is one-billionth of a gram ( g). In the International System of Units (SI), the base unit for length is the meter ( m). 

We are familiar with commonly used SI length units such as meter ( m), decimeter ( dm, 10− 1 m), centimeter ( cm, 10− 2 m), and millimeter ( mm, 10− 3 m), which are mainly used to describe the macroworld (Figure 1.1). In contrast, for the microworld, however, SI units such as micrometer ( 𝜇m, 10− 6 m),  nm, and picometer ( pm, 10− 12 m) are rarely used in our daily life (Figure 1.1). 

In chemistry, a commonly used length unit to describe atoms and molecules is angstrom ( Å), which is 10−10  m  or 0.1  nm. For example, the diameter of a hydrogen atom is about 1  Å  or 0.1  nm. This tells us that one nanometer is roughly the length of ten connected hydrogen atoms in a row, which can help us understand just how small the nanoscale is. 

Table 1.1 gives examples of the dimensions of some commonly known objects in both the macro- and microworld. Most things in the macroworld such as the Golden Gate Bridge and ants are visible and tangible, allowing us to observe them and “feel” their existence. The finest objects visible to the naked eye are often larger than 50 μm, even for those with the best eyesight. Therefore, the dimension scale of the macroworld is typically larger than 10  𝝁m (Figure 1.1). 

On the other hand, the dimension scale of the microworld is less than 10  𝝁m. In the microworld, therefore, things are often smaller than the resolution of human eyes. That is why we do not “see” the living organisms in the microworld such as Escherichia coli ( E. coli) bacterium, which is about 2 μm long and about 0.25 μm in diameter (Table 1.1). Nowadays, we know that microorganisms are everywhere on the Earth and account for a large percentage of its biodiversity. Before the Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 

© 2025 John Wiley & Sons, Inc. Published 2025 by
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Figure 1.1

Dimension scales of macro-, micro-, and nanoworld. 

Table 1.1

Examples of the dimensions in macro- and microworld. 

Macroscale

Microscale

Golden Gate Bridge

2.74  km

Blood cell

6.2–8.2  𝝁m

Empire State Building

443  m

 E. coli

∼2  𝜇m

Alligator

3–4.6  m

Coronavirus

80–120  nm

Ant

0.75–52  mm

Glucose molecule

∼1  nm

Paper thickness

∼0.1 mm

Water molecule

0.275 nm

invention of the microscope, it was hard to imagine that there are living organisms at the microscale. In some Buddhist texts and tales, Buddha once told his students and followers that there are eighty-four thousand (means “many” in Buddhism) beings in a drop of water, which might be one of the earliest perceptions of the microworld. With the invention of tools such as microscopes, people have made great progress in exploring and understanding the microworld. Antonie Van Leeuwenhoek, a Dutch businessman and scientist, designed a single-lensed microscope and was the first to observe bacteria in 1676 (Robertson, 2015). He also determined their size and thus is considered to be the father of microbiology. 

Later developments in visualization and other detection technologies further expand the capacity to explore the microworld at an even smaller scale, the nanoworld (the dimension scale is less than 100  nm). For example, modern microscopes such as the atomic force microscope (AFM) can detect and reveal objects at atom levels, exposing phenomena at the nanoscale (1–100 nm). The US National Nanotechnology Initiative (NNI) defines nanotechnology as “a science, engineering, and technology conducted at the nanoscale (1 to 100 nm), where unique phenomena enable novel applications in a wide range of fields, from chemistry, physics and biology, to medicine, engineering and electronics” (https://

www.nano.gov). This definition has also been extended to include nanomaterials that have at least one dimension smaller than 100 nm. In practice, the boundary of 100 nm could be relaxed (to several hundred nm) as long as the properties of the materials are inherently size dependent. 

 1.2 Nanotechnology: A Short History

3

At the nanoscale, it is possible to manipulate matter and create “new” materials by changing individual atoms and molecules, which may lead to dramatic changes in the physical, chemical, biological, and optical properties of the materials. Unlike their larger counterparts (in bulk form), nanoparticles can exhibit unique properties in reactivity, conductivity, strength, flexibility, or reflectivity. 

Nanoparticles, particularly engineered nanoparticles (ENPs), thus have attracted increasing research attention in various fields including water research, which is also the focus of this book. 

1.2

Nanotechnology: A Short History

The history of man-made nanomaterials and nanostructures can be traced back to more than one thousand years ago (Bayda et al., 2020). Even without understanding or being aware of the concept of nanotechnology, skilled craftsmen in ancient times were able to use their empirical experience to manipulate and create nanomaterials and nanostructures. In the 4th century, the Romans had already developed technologies to use nanosized/colloidal gold and silver particles to control the color of glass. Those technologies further developed and applied in the stained-glass windows in European cathedrals in the 6th–15th centuries and in glowing ceramics in the Islamic world in the 9th–17th centuries. 

Modern nanotechnology, however, only has a relatively short history. In fact, the term “nanotechnology” was first introduced by a Japanese scientist Norio Taniguchi in 1974 during a conference of Japan Society of Precision Engineering. 

When describing nanoscale semiconductor processes, Taniguchi pointed out:

“‘Nanotechnology’ mainly consists of the processing of separation, consolidation, and deformation of materials by one atom or one molecule.” (Taniguchi, 1974). 

It is widely accepted in the scientific communities that the concept of nanotechnology was first formally outlined by Richard Phillips Feynman, an American theoretical physicist and Nobel Prize winner. At an American Physical Society meeting in 1959, Prof. Feynman gave a famous lecture “There’s Plenty of Room at the Bottom” (Feynman, 1960). Many would like to set this as the beginning of modern nanotechnology. 

In the lecture, Prof. Feynman pointed out that: “The principles of physics, as far as I can see, do not speak against the possibility of maneuvering things atom by atom.” This provides the theoretical support for the “bottom-up” approach, which is now widely used in the fabrication of nanomaterials. Nowadays, nanomaterials or nanostructures can be produced by way of either a top-down approach (i.e., reducing the size of a bulk material to nanoparticles) or a bottom-up approach (i.e., nanoparticles are built atom by atom or molecule by molecule) (Figure 1.2). 

At the end of his talk, Prof. Feynman also posed two challenges with a prize of

[image: Image 3]
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Figure 1.2

“Top-down” and “bottom-up” approaches in nanotechnology. Source: Rawat (2015)/IOP Publishing/CC BY 3.0. 

1000 dollars each to promote the development of nanotechnology. The first one was on a tiny motor and the second one was on fitting the entire encyclopedia on the head of a pin. The two changes were achieved in 1960 and 1985, respectively. 

In addition to Prof. Feynman, others have also made great contributions to the conceptualization of nanotechnology. As mentioned previously, Prof. Norio Taniguchi coined the term “nanotechnology” (Taniguchi, 1974). As the founder of molecular nanotechnology (Drexler, 1981), Dr. K. Eric Drexler, an American engineer, further developed and popularized the concept of nanotechnology. 

The breakthroughs in supramolecular chemistry in the 1960s–1980s also contributed greatly to the further development of nanotechnology, particularly with respect to the synthesis of nanomaterials (Toma and Araki, 2009). 

Unlike traditional chemical that centers on individual atoms or molecules, supramolecular chemistry deals with organized entities of molecules, which are conceptually similar to nanomaterials. Some of the important concepts of supramolecular chemistry, such as molecular self-assembly and noncovalent interactions, are also crucial to the nanofabrication processes (Figure 1.3). In fact, most of the bottom-up syntheses of nanomaterials in nanotechnology are based on supramolecular chemistry (Schubert et al., 2003). In other words, supramolecular chemistry provides a powerful tool for researchers and scientists to develop novel nanomaterials from concept to reality. 

Because nanomaterials are in the tiny nanoworld, it is critical to have an instrument that can observe and characterize these materials, like the optical microscopes in the microworld. In the 1980s, the inventions of the scanning tunneling microscope (STM) and then the AFM helped researchers and scientists

“see” and experience the materials and phenomena in the nanoworld at the atomic level (Toumey, 2012). Drs. Gerd Binnig and Heinrich Rohrer at IBM

Zurich Research Laboratory were awarded the Nobel Prize in Physics for the invention of the STM in 1986 (Binnig and Rohrer, 1986). Both STM and AFM use atomic tips to closely scan the surface of an object to provide the atomic-scale

[image: Image 4]
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Figure 1.3

Self-assembly of supramolecular complexes. Source: Ariga (2016)/with permission of Elsevier. 

visualization (Figure 1.4). Details about STM and AFM are discussed in Chapter 8. These powerful visualization tools can provide insights into the synthesis, characterization, and applications of nanomaterials and thus have promoted the further development of nanotechnology. 

It seems that all the essential components were ready for the booming of nanotechnology. Great minds have pointed out the directions; supramolecular chemistry has enabled the synthesis and production, and STM and AFM have allowed the visualization and characterization. The boom of nanotechnology is a pile of dry wood that only needs a match to ignite the fire. The discovery of the buckminsterfullerene (C60, buckyball, Figure 1.5) by Drs. Harry Kroto, Richard Smalley, and Robert Curl in 1985 is the match because of the unique and promising properties of carbon nanomaterials (Kroto et al., 1985). The three professors received the Nobel Prize in Chemistry for this discovery in 1996. The discovery of carbon nanotubes (CNTs, Figure 1.5) further fueled the boom in nanotechnology. 

Although CNTs have been reported previously, Dr. Sumio Iijima of NEC in Japan
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Schematic description of STM. Source: Michael Schmid/Wikimedia Commons/CC BY-SA 2.0. 
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Figure 1.5

Schematics of buckminsterfullerene, single-walled carbon nanotube, and graphene. Source: Hong et al. (2015)/with permission of American Chemical Society. 

is often cited as the inventor of CNT. His 1991 Nature paper, “Helical microtubules of graphitic carbon” (Iijima, 1991), generated unprecedented interest in carbon nanomaterials and thus has attracted much research and public interest in nanotechnology. Using a mechanical exfoliation process called the scotch tape technique, Drs. Andre Geim and Kostya Novoselov at the University of Manch-ester extracted single-layer graphene (Figure 1.5) from bulk graphite in 2004

(Novoselov et al., 2004). For their pioneering research on graphene, Drs. Geim and Novoselov were awarded the Nobel Prize in Physics in 2010. Although research on graphene can be traced back to the beginning of the last century (Kohlschütter
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and Haenni, 1919), the emergence of graphene and its derivatives (e.g., graphene oxide) in the 2000s has fueled intense research in nanotechnology. 

1.3

Nanotechnology in Water Research

Based on the NNI definition, nanotechnology deals with matter with at least one dimension sized from 1 to 100 nm, at which the matter may demonstrate special properties. This novel technology has attracted much interest from both the scientific community and the public because of its promising applications in improving quality of life. It is widely accepted that nanotechnology could create new materials and products to advance a variety of fields including medicine, energy, defense, electronics, and consumer products. In fact, engineered nanomaterials such as nanosized metal, metal oxides, and carbonaceous materials are already used in various industries and consumer products in our daily lives (Figure 1.6). For example, silver, titanium dioxide, and zinc oxide nanoparticles, as well as CNTs, are used in personal care products because of their unique properties including color, transparency, solubility, chemical reactivity, and biological activity (Gupta and Xie, 2018; Iavicoli et al., 2018). 

As one of the most promising technologies, nanotechnology has shown advantages in many industrial sectors such as electronics, health, agriculture and food, energy, and environment (Figure 1.7). In the semiconductor industry, engineered nanomaterials and nanofabrication play a crucial role in controlling the size and efficiency of electronic devices. Nanotechnology also has strong impacts on the development of biomedical field by creating new medicines, devices, and methods for more effective and precise, faster, and safer cures. Engineered nanomaterials such as nanosized silver and copper have been widely used in agriculture and food industry for a long time because of their antimicrobial activities (Chen, 2018). Nanotechnology is also the backbone of the recent development of clean and renewable energy and has many potential applications in the energy sector to improve efficiency and sustainability of energy sources, conversion, distribution, storage, and usage. All these developments obviously would greatly benefit the environment. As a double-edged sword, however, nanotechnology may also introduce unintended negative impacts. There are increased public concerns over the emission, exposure, and toxicity of engineered nanomaterials. Nevertheless, the great promise held by nanotechnology to the environment makes it especially attractive to environmental scientists and engineers. Several books have been published on environmental applications and impacts of nanotechnology. 

 Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways  is also a book on environmental nanotechnology; however, it mainly focuses on nanotechnology in water research. 
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Figure 1.6

Examples of nanomaterials in daily life. Source: Iavicoli et al. 

(2018)/MDPI/CC BY 4.0. 
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Novel applications of nanotechnology. 

The goal of this book is to provide an overview as well as examples for students, researchers, and environmental professionals on the applications and implications of nanotechnology in water research. After introducing the basic knowledge and potential benefits of engineered nanomaterials in Chapter 2, four applications of nanotechnology in water research including water quality monitoring (nanosensors, Chapter 3), groundwater remediation (Chapter 4), membrane filtration (Chapter 5), and adsorption (Chapter 6) are presented. The rest of the book is more focused on the implications of engineered nanomaterials in water research. 

Chapter 7 introduces the basic characterization techniques of nanoparticles in water, while Chapters 8 and 9 focus on the stability and removal of nanoparticles from water, respectively. The last two chapters (10 and 11) are on the fate and transport of nanoparticles in surface and subsurface flow. 
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2

Overview of Engineered Nanoparticles

2.1

Nanoparticle Basics

Nanotechnology mainly deals with nanomaterials or nanostructures. Nanoparticles, particularly engineered nanoparticles, thus become the focal point of nanotechnology. While engineered nanomaterials can be produced at nanoscale in one dimension (e.g., membranes and films), in two dimensions (e.g., wires and tubes), or in all three dimensions (e.g., dots and cubes), they are often called two-dimension, one-dimension, and zero-dimension nanoparticles, respectively. 

At nanoscale, properties of nanoparticles are controlled by the quantum effect that describes the physics of electron properties in solids with great reductions in particle size (Milburn and Woolley, 2008). Because this effect only appears within the nanoscale, nanoparticles have many unique properties that differ from their bulk and microscale forms. The quantum effect on nanoparticles is size dependent and increases with decreasing particle size, i.e., particles of a few nanometers would be affected the most. When their sizes are reduced to the nanoscale, materials can suddenly change their physicochemical properties such as optical, electrical, magnetic, and reactive properties. For example, gold nanoparticles show unique, size-dependent optical properties (Figure 2.1). It is well known that bulk gold is yellow, and nanoscale gold can have various colors such as red or purple (Figure 2.1), which can adapt to various applications such as biomedical sensing and treatment and environmental screening (Sabela et al., 2017). At the nanoscale, the motion of gold’s electrons is confined. Because this movement is restricted, gold nanoparticles react differently with light compared to larger-scale gold particles. Many other metals may dramatically change their properties when their sizes are reduced to the nanoscale, at which copper may become transparent, aluminum may turn combustible, gold may melt at room temperature, etc. 

 Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 
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Figure 2.1

Size-dependent color change of gold nanoparticles: (a) ‘Solutions’ of different colors, and (b) Corresponding particle sizes. Source: Ajdari et al. (2017)/with permission of Elsevier. 

As we know, quantum forces affect every atom in a material, so why are there no quantum effects on the bulk? This is because there are so many atoms in a bulk material that its physicochemical properties are merely the average of all the quantum forces of the atoms that make up the material. When the size of the material reduces, the number of atoms also dramatically decreases. For example, when the diameter of a solid sphere reduces by 10 times, its mass and number of atoms decrease by 1000 times. At the nanoscale, the number of atoms in a nanoparticle are “countable” and the averaging no longer works. Therefore, the specific behaviors of individual atoms or molecules come to the forefront, making the properties of nanoparticles size-dependent and dramatically different from the bulk materials. Because of the quantum effects, scientists and researchers are able to fine-tune the properties of nanoparticles by changing their sizes. 

2.2

Two Important Properties

Due to the differences in elemental compositions, nanoparticles of different kinds may have distinctive properties. For example, gold and silver nanoparticles of the same size and shape may have dramatically different physicochemical properties. 

However, all the nanoparticles regardless of their compositions have two common properties that are essential to their applications. These two important properties are also critical to the environmental applications and impacts of nanotechnology, especially with respect to nanotechnology in water research. 

[image: Image 10]
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Figure 2.2

Relationship between particle size and total surface area. 

The first one is that nanoparticles have an extremely high surface area to mass/volume ratio (i.e., high specific surface area). In comparison to their bulk forms, nanoparticles have a much larger exposure of surface per unit mass or volume. When a bulk material is turned into nanoparticles, the total mass would remain unchanged, but the total surface area would increase dramatically. In other words, nanotechnology may not create mass but greatly increase the surface area. Figure 2.2 gives an example of how specific surface area increases with decreasing size. As shown in the figure, a solid cube with sides of 1 cm has a total surface area of 6 cm2, which can only cover two-quarter coins. If we have a tool that breaks or cuts the cube into smaller cubes of 1 mm sides, there would be no changes in mass or volume. However, the total surface area of the smaller cubes becomes 60 cm, which can barely cover a smart phone. If we go further to take the top-down approach to turn the cube into 1 nm cubes, the total surface area becomes 60,000,000 cm2, enough to cover the whole floor area of the White House (∼5,100 m2). Let’s take a general example of a cube with a side of  L. From geometry, we know the surface area and volume of the cube are 4L2 and L3, respectively. The ratio between the surface area and the volume should be 4L2/L3, which is equal to 4/L. At a fixed volume, the total surface area thus increases as the side of the cube decreases. This means that when a bulk material is divided into smaller particles, the total surface area of the material increases. It also mathematically explains why nanoparticles have extremely high specific surface areas. 

For the nanoparticles of several nanometers, almost all the atoms are exposed to the surface and that can increase chemical reactivity. For example, a 3 nm iron particle has 50% of its atoms on the surface, which are not bonded on one side and thus are far more active than the ones bonded inside. This leads to materials in nanoparticle form being more chemically reactive than the bulk form. This means that materials that are inert in their bulk form are reactive when produced in their nanoparticle form. For example, engineered nanoparticles with improved
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chemical activities have been used in many green energy applications such as solar panels, batteries, and fuel cells. A large specific surface area is also a key property of adsorbents for the removal of environmental contaminants. Nanoparticles, such as carbon nanotubes, graphene, and metal oxide nanoparticles, have demonstrated strong sorption ability to a variety of contaminants in the environment (Suthar and Gao, 2017). 

The surface area of nanoparticles mainly refers to their external surface area. 

Many porous materials such as activated carbon also have very high specific surface area due to the contributions from their internal pores (internal surface area). Most of those internal pores are nanostructures; however, they are often called macro-, meso-, and micropores. This is because the International Union of Pure and Applied Chemistry (IUPAC) has defined porous materials based on the pore diameters with the diameter of macropores, mesopores, and micropores being  >  50 nm, 2–50 nm, and  <  2 nm, respectively. Nevertheless, many of the porous materials, particularly microporous materials, are nanostructured and thus have a large specific surface area even though they are not nanoparticles. 

The second important property of nanoparticles is related to their “solubility” 

or dispersion in liquid and gas phases. In terms of particle dispersion in a fluid, the gravity law of bulk materials does not apply to nanoparticles. The law of gravity indicates that, without external forces, a stone would sink to the bottom of a river because its density is higher than water, while a piece of wood with lower density would float to the surface. Similarly, density also affects the movement of bulk objects in the atmosphere, such as floating hot air balloons. At the nanoscale, however, the gravity law becomes less important. The effect of gravity on nanoparticles actually diminishes with decreasing particle size. In other words, if the stone and wood are turned into nanoparticles, they will not sink or float in water. Instead, they will suspend in water to form “solutions,” in which the stone and wood nanoparticles are well dispersed. 

The dispersion of fine particles in a fluid was first reported by botanist Robert Brown in 1827. He used a microscope to observe plant pollen in water and found that the particles were randomly moving in the water (Figure 2.3). This motion is named after him as “Brownian motion,” which is used to describe the dispersion of colloids and nanoparticles in a fluid (Figure 2.3). The famous physicist Albert Einstein developed a mathematical model to describe the motion of particles in water due to their collisions with water molecules in 1905. Based on his theory, Einstein first determined that the average random displacement (L) of a nanoparticle is controlled by its diffusivity (D):

√

 L =

2 Dt

(2.1)

where  t  is time. This equation also means the Brownian travel distance of a nanoparticle in a fluid should be proportional to square root of time. In addition, 

[image: Image 11]
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Figure 2.3

Brownian motion of

nanoparticles in a fluid. 

Brownian motion

Einstein’s theory also led to a famous equation to calculate the diffusivity of a spherical nanoparticle in a fluid:

 k T

 D =

 b

3 𝜋d𝜂

(2.2)

where  k  is the Boltzmann’s constant,  T  is the absolute temperature,  d  is the b

diameter of the particle, and  𝜂  is the dynamic viscosity. This equation has been widely applied in the determination of the dynamics and sizes of colloidal and nanosized particles. 

2.3

Prime Nanoparticles

There are too many types of nanoparticles to enumerate; however, they can be divided into two categories: engineered and natural. The focus of nanotechnology is mainly on engineered nanoparticles, which mainly include carbons, metals, and metal oxides (Table 2.1). Natural minerals such as silica and clay have a wide size range and their nanosized forms belong to the natural nanoparticles. In addition to abiotic nanoparticles, viruses are also nanoparticles, which can spread airborne diseases due to their small sizes. 

2.3.1

Carbon Nanoparticles

Carbon nanoparticles and their derivatives are the most famous engineered nanoparticles in the research community. Since the discovery of fullerenes, carbon nanoparticles have been the focal point of nanotechnology and have led to two Nobel prizes in recent years. Due to their unique properties, carbon nanoparticles such as carbon nanotube and graphene have been extensively studied for their potential applications and impacts on water quality. Carbon nanoparticles usually have extremely high specific surface area that can reach 2630 m2/g, which favors their environmental applications. Furthermore, they can be chemically modified (e.g., functionalization) to fit different needs for various applications in water research (Yang et al., 2019). There are many types of carbon
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Table 2.1

Engineered nanoparticles and their main applications. 

Type

Example

Main applications

Carbon

Fullerenes (Cn)

Biomedical

Carbon nanotubes

Electrical, mechanical, energy, biomedical, 

environmental

Graphene/Graphene oxide

Electrical, mechanical, energy, biomedical, 

environmental

Metal

Silver

Antimicrobial, biomedical, food, textile

Iron

Environmental

Gold

Biomedical

Platinum

Catalytic, biomedical

Metal oxide

Titanium dioxide (TiO )

Cosmetic, paint, coating, photocatalytic

2

Zinc oxide (ZnO)

Cosmetic, paint, coating, photocatalytic

Copper oxide

Antimicrobial, biomedical

Other

Quantum dot

Biomedical, energy, electric

Silicon oxide (silica)

Paint, coating, additive

Organic nanoparticle

Biomedical, food, agricultural

nanoparticles; fullerenes, carbon nanotubes, and graphene are the most popular ones and thus are further discussed below. 

In 1985, Harold Kroto, James Heath, Sean O’Brien, Robert Curl, and Richard Smalley discovered fullerenes with exact masses of sixty (C60), seventy (C70), or other carbon atoms (Cn clusters, Figure 2.4), in the sooty residue created by vaporizing carbon in a helium atmosphere (Kroto et al., 1985). They chose the name "buckminsterfullerene" for C60 after the famous American architect Buckminster Fuller for his signature design of geodesic domes. Since then, the shortened name "fullerene" has been widely used for the related class of carbon nanoparticles. Because C60 has a closed cage structure with a shape similar to a soccer ball, it is often called “buckyball.” For the discovery of buckyball, Curl, Kroto, and Smalley shared the 1996 Nobel Prize in Chemistry. With a diameter of around one nanometer, fullerenes are zero-dimensional carbon nanoparticles with good “solubility” in many organic solvents. They are mainly used in biomedical applications such as biomedical imaging and cancer treatment. 

Carbon nanotubes sometimes are called cylindrical fullerenes, which are nanosized tube-like carbon structures with single-wall and multiwall forms (Figure 2.5). They are one-dimensional carbon nanoparticles that have a tube shape with a diameter at the nanoscale and a variable length that can be up
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Figure 2.4

Schematic of fullerene nanoparticle (Cn clusters). Source: Kausar et al. 

(2023)/MDPI/CC BY 4.0. 

SWCNT

MWCNT

0.5 to 1.5 nm

>100 nm

Figure 2.5

Schematic representation of single-walled and multiwalled carbon nanotubes. Source: Ribeiro et al. (2017)/SciELO - Scientific Electronic Library Online/CC

BY 4.0. 

to tens of centimeters. In 2013, researchers created half-meter (55 cm) carbon nanotubes, probably the longest one ever synthesized. While several researchers of various times can be credited to the discovery of carbon nanotubes, Dr. Sumio Iijima, a senior research fellow at Nippon Electric Company (NEC), is one of the most important pioneers. In the 1990s, Iijima reported the discovery/rediscovery and characterization of single-wall and multiwall carbon nanotubes, which have

[image: Image 14]
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inspired the research communities and greatly promoted the development of nanotechnology. 

In terms of potential applications, carbon nanotubes are one of the most promising nanomaterials because of their remarkable physicochemical properties. As a pure carbon material, carbon nanotubes show comparable or even better physicochemical properties than metals. In terms of mechanical properties, carbon nanotubes have high aspect ratios and are much lighter (1/6 the density) but 100 times more robust than steel. In addition, they are superconductive and can be used in heat and electricity conductors to replace metals such as copper. In comparison to metals, carbon nanotubes are more stable and won’t be oxidized in air, which introduces additional benefits. 

While some carbon nanotubes are metallic, others are semiconductors and have been used in many electrical and electronic applications such as transistors, photovoltaics, fuel cells, sensors, semiconductor devices, and displays. Because of their extremely high specific surface area and tunable surface chemistry, carbon nanotubes and their derivatives are also excellent adsorbents and thus can be used as filter media to remove various contaminants including heavy metals and organics from water (Figure 2.6) (Tian et al., 2012, 2013). 

Graphene is a two-dimensional carbon nanomaterial made of a single layer of carbon atoms in a honeycomb structure (Figure 2.7). It is the thinnest nanoparticle at one atom thick. In the early days, graphene was also called monolayer graphite, which is essentially a stack of graphene sheets with an interplanar spacing of around 0.3 nm. The graphene sheets in graphite are held together by van der Waals forces, making it possible to produce graphene from graphite through exfoliation. In 2004, Drs. Andre Geim and Konstantin Novoselov used a facile scotch tape method to peel graphene flakes off a chunk of graphite and
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Carbon nanotube-enabled sand filters effectively remove sulfamethoxazole (SMX) at different flow rates. Source: Adapted from Tian et al. (2013). 
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Figure 2.7

Honeycomb

lattice of graphene and its unit

cell (indicated by the dashed

line). Source: Balasubramanian

and Chowdhury (2015)/with

permission of Royal Society of

Chemistry. 

demonstrated the feasibility of stable graphene from exfoliation (Novoselov et al., 2004), which sparked a “graphene gold rush” in the research community. 

Drs. Geim and Novoselov were awarded the Nobel Prize in Physics in 2010 “for groundbreaking experiments regarding the two-dimensional material graphene.” 

In comparison to carbon nanotubes, graphene has comparable or even better physicochemical properties, making it one of the hottest nanoparticles in research and development. It is the lightest material and has an extremely large specific surface area (2,600 m2/g). Similar to carbon nanotubes, graphene also has excellent mechanical, conductive, and catalytic properties. It is the strongest material (100–300 times stronger than steel), the best electric conductor, and an excellent heat and light conductor. Because of all these properties, graphene holds great promise for various applications, including mechanically enhanced composites (e.g., building materials and polymer composites), electronic devices (e.g., mobile devices, touch screens, flexible screens), energy storage (e.g., batteries, fuel cells, and supercapacitors), heat-spreading thermal applications, photovoltaics, sensors, etc. 

Because of their extremely high specific surface area, graphene and its derivatives (e.g., graphene oxide) also show excellent adsorption performance to various environmental pollutants including heavy metals and organic pollutants (Ding et al., 2014; Dong et al., 2016). In comparison to graphene, graphene oxide is the oxidized form with oxygen containing functional groups (e.g., carboxyl and hydroxyl groups) on its surface. As a result, graphene oxide has better “solubility” 

than graphene in water and often shows higher adsorption capacities to various contaminants in aqueous solutions (Chen et al., 2015; Bai et al., 2016). 
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The modified Hummers’ method is one of the most reliable methods to produce graphene in the lab. This method first uses strong oxidants to treat graphite to produce graphene oxide and then chemically reduce it into graphene for various applications. For optimal environmental applications, however, it is not necessary to reduce graphene oxide. In fact, the oxygen contents play an important role in controlling the adsorption capacity of graphene oxide for contaminants in water. 

Bai et al. (2016) used a high-energy electron beam to irradiate graphite for the preparation of graphene oxide with controllable oxygen content. The authors found that increasing irradiation dosage can increase the oxygen-containing groups of graphene oxide and thus enhance its sorption of heavy metal ions (lead) in water (Figure 2.8). Additional information on carbon nanomaterials as effective adsorbents for the removal of contaminants from water is detailed in Chapter 6. 

2.3.2

Metal Nanoparticles

Metal nanoparticles are composed of pure metals such as gold, silver, iron, platinum, copper, and zinc. They have the longest history of manufacture and application among all the engineered nanoparticles. In ancient times, nanosized or colloidal noble metals were used to control the colors of stained glass and ceramics. 

The color of pure metal nanoparticles (e.g., gold, silver, and platinum) is controlled by the resonant oscillation of its free electrons in response to light. This phenomenon is known as localized surface plasmon resonance (LSPR). Because LSPR is dependent on both the size and shape of the nanoparticles, their optical properties can be finely tuned for various applications, including color-based sensing (Yockell-Lelievre et al., 2015). As mentioned previously, while bulk gold appears yellow, gold nanoparticles exhibit different colors: those sized at 20 nm appear red ruby, while those at 200 nm appear bluish (Figure 2.1). 

In addition to their special optical properties, metal nanoparticles also show improved catalytic activities due to the increased surface area and chemical activities. They are commonly used as catalysts to promote chemical reactions (Rodrigues et al., 2019). A bulk metal has a standard melting point; however, the melting temperatures of metal nanoparticles are size dependent and could be hundreds of degrees lower than the standard. People have taken advantage of this special property of metal nanoparticles and applied it in nanosoldering and sintering for electronic assemblies and manufacturing. At the nanoscale, metal nanoparticles may have enhanced mechanical properties such as increased strength, hardness, and tensile strength. When consolidated into larger structures, they may show much better mechanical performance than the corresponding bulk materials. In addition, some metal nanoparticles have strong antimicrobial (e.g., silver) or decontamination (e.g., iron) abilities. These two unique properties
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Figure 2.8

Adsorption kinetics and isotherms of lead on graphene oxide prepared with different electron beam irradiations (i.e., different oxygen contents). Source: Bai et al. 

(2016)/with permission of Royal Society of Chemistry. 

are very important to the applications and impacts of metal nanoparticles on the environment, especially with respect to water quality. Nanosized silver and nanosized zero-valent iron (NZVI or nZVI) are thus selected as the examples in the following discussion. 

Some metal nanoparticles are effective antimicrobial agents against a broad range of pathogens. Among them, silver nanoparticles are the most popular and

[image: Image 16]
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Figure 2.9

Antimicrobial ability of silver nanoparticles of different sizes. Source: Agnihotri et al. (2014)/with permission of Royal Society of Chemistry. 

have been used as antimicrobial agents in different fields, including household applications, textiles, cosmetics, food preservation, and biomedical applications. 

It has been reported that the antimicrobial effect of silver nanoparticles is size dependent (Agnihotri et al., 2014). When the particle size is less than 10 nm size, the antimicrobial activity of silver nanoparticles may be significantly enhanced (Figure 2.9). Most of the silver nanoparticles are spherical, however, some may be in diamond, octagonal, and thin sheet forms. Traditionally, silver nanoparticles are synthesized through wet chemistry methods from silver ions through chemical reduction. For example, AgNO as the precursor can react with alginate, 3

a natural polymer that serves as both a reduction and stabilization agent, to produce silver nanoparticles (Valdez and Gomez, 2016). During the synthesis, silver nanoparticle size and shape are controllable through adjusting the dosage of alginate and solution pH. Biological synthesis of silver nanoparticles has been also developed recently to reduce the cost as well as the pollution risk associated with the use of chemical agents (Banerjee and Rai, 2018). Mycosynthesis of nanoparticles relies on microorganisms such as fungi and bacteria. This method is feasible and effective because microorganisms are abundant, cost-effective, and may even be genetically modified to fit the needs. For example, fungi  Aspergillus niger  and  Fusarium semitectum  have been used as the reducing agents for extracellular synthesis of silver nanoparticles of different size distributions and resultant silver nanoparticles show excellent antibacterial properties (Madakka et al., 2018). 

Like all metal nanoparticles, the surface of the silver nanoparticles is coated with silver oxide, which can protect them from further oxidation. When dispersed

[image: Image 17]
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in pure water, silver nanoparticles are generally stable. However, they may release silver ions through dissolution in the presence of oxidation species such as oxygen or hydrogen peroxide. Furthermore, the release of silver ions may generate reactive oxygen species to further dissolve the nanoparticles. This process has been adopted in several applications of silver nanoparticles in chemotherapy, disinfection, and decontamination. Because silver nanoparticles are used in many consumer products, their environmental occurrences have been reported in many environmental studies (Glover et al., 2011). For example, silver nanoparticles and their derivatives have been frequently detected in effluents of wastewater treatment plants, sludge, biosolids, and agricultural soils with sludge or reclaimed water applications. The environmental fate and transport of silver nanoparticles, particularly their fate and transport in water, have attracted increased attention (Tian et al., 2010). Chapters 10 and 11 of this book provide the details including research methods and mathematical models on the fate and transport of nanoparticles in surface and subsurface flow systems. 

Iron nanoparticles, often referred to as NZVI, are widely used in environmental remediation of soils and groundwater. With unique nanoscale structures (Figure 2.10), NZVI has been widely used in environmental remediation to treat various pollutants. In fact, it can be directly injected into the field on a large scale for  in situ  remediation of soils and groundwater (Zhang, 2003). The synthesis of NZVI is mainly through chemical reduction, which is similar to that of silver and other metal nanoparticles. The decontamination ability of NZVI mainly arises from the corrosion of iron in water, which yields Fe2+ and hydrogen to serve as reducing agents to treat a variety of contaminants, such as dechlorination of toxic chlorinated organic compounds (organochlorides). While other metal nanoparticles (e.g., zinc) also have similar decontamination abilities, NZVI is more cost-effective. Furthermore, during the decontamination, NZVI is consumed into iron ions, which are relatively safe and have low secondary contamination risks. The application of NZVI in environmental remediation is an important topic of nanotechnology in water research and thus is described in detail in Chapter 4. 

Figure 2.10

SEM images

of NZVI (a) and

starch-stabilized NZVI

(SNZVI, (b)). Source: Chen

et al. (2016)/with

permission of Elsevier. 
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2.3.3

Metal Oxide Nanoparticles

Metal oxide nanoparticles are an important class of nanomaterials attracting increasing interest because of their promising potential technological applications in the fields of biomedicine, electronics, catalysis, energy storage, sensing, environmental cleanup, etc. While top-down approaches have been developed recently, the synthesis of metal oxide nanoparticles is mainly through the wet chemistry methods (Figure 2.11), which can alter their characteristics and control their physicochemical properties such as surface structures, phases, shapes, and sizes (Nikam et al., 2018). The functionalities and potential application of metal oxide nanoparticles heavily rely on their chemical composition, crystallographic structure, shape, surface morphology, and surface chemistry. Similar to metal nanoparticles, metal oxide nanoparticles show special optical and electronic properties that are unique and differ from their corresponding bulk materials. 

Because of these novel optical and electronic properties, various commercial products such as sensors, batteries, solar panels, and electronic devices have been developed based on metal oxide nanoparticles. Some metal oxides such as titanium oxide (TiO2) and zinc oxide (ZnO) have strong interactions with ultraviolet (UV) light. TiO2 and ZnO nanoparticles are commonly used in sunscreens to block UV radiation. They are also produced as additives to cosmetics, paints, plastics, and cement, as well as other consumer products. In fact, TiO and ZnO

2

nanoparticles are among the most produced nanomaterials. 

Metal oxide nanoparticles have also been used in various environmental applications to remove contaminants (Figure 2.12). In general, metal oxide nanoparticles have good chemical and thermal stability, large specific surface area, and tunable surface charge, which make them a good adsorbent to effectively remove heavy metals, organic pollutants, and nutrients from aqueous solutions (Kumar et al., 2013). Some metal oxide nanoparticles such as copper oxide (CuO) and ZnO
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Wet chemical synthesis of metal oxide nanoparticles. Source: Nikam et al. 

(2018)/with permission of Royal Society of Chemistry. 
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Environmental applications of metal oxide nanoparticles. 

nanoparticles exhibit strong antimicrobial properties and thus have been applied in water disinfection (Hrenovic et al., 2012). As a semiconductor, many metal oxide nanoparticles such as nanosized TiO , ZnO, and cerium dioxide (CeO ) have 2

2

also been extensively used as photocatalysts to degrade environmental contaminants. Among them, nanosized TiO is the most studied material because of its 2

efficient photoactivity, high stability, low cost, and good safety. TiO2 nanoparticles are often coated on or doped with other functional materials as nanocomposites for enhanced distribution and photocatalytic efficiency (Ge et al., 2016). 

2.3.4

Other Inorganic Nanoparticles

In addition to the pure metal and metal oxide nanoparticles, various metallic nanoparticles of different chemical compositions (e.g., hydroxides, sulfides, phosphates, fluorides, and chlorides) have been developed for biomedical and agricultural uses (Gahlawat and Choudhury, 2019). Hybrid/composite metal nanoparticles combine metal with other elements and have been developed for

26

 2 Overview of Engineered Nanoparticles

advanced materials with multiple functionalities derived from unique material combinations. 

As a hot topic in nanotechnology, quantum dots are hybrid semiconductor nanoparticles that are manufactured and have unique optical and electronic properties. They are fluorescent nanoparticles and can emit light of various colors under UV light excitation. Quantum dots have found applications in light-emitting diodes (LEDs), sensors, solar cells, quantum computing, medical imaging, etc. (Bera et al., 2010). 

Silicon dioxide nanoparticles, also known as silica nanoparticles, are among the most produced engineered nanomaterials. With tunable surface functionality, excellent stability, high hydrophobicity, and good biocompatibility, silica nanoparticles are the most commonly used inorganic nanoparticles for drug delivery. They are optically transparent, inert to pH, and have strong durability; therefore, they are also used in optical imaging and nanostructuring. Furthermore, silica nanoparticles have been used in environmental applications such as oil recovery and water purification (Jeelani et al., 2020). 

2.3.5

Organic Nanoparticles

Organic nanoparticles such as polymeric nanoparticles have demonstrated promising applications in medical, food, and agricultural fields as carriers for slow and controlled release of drugs, nutrients, and fertilizers (Ahmed et al., 2009; Mitragotri and Stayton, 2014). Both bottom-up and top-down approaches are applied to prepare organic nanoparticles such as dispersing/breaking pre-formed polymers into nanoparticles and polymerization of monomers into polymeric nanoparticles. Organic nanoparticles can be prepared in the form of nanobeads or nanocapsules and are often made from “green” (natural, bio-based, or biodegradable) polymers through facile and cost-effective syntheses. Because of these advantages, many types of organic nanoparticles have been developed and evaluated for pharmaceutical and food uses (Pan and Zhong, 2016). 

2.3.6

Natural Nanoparticles

Many natural materials have sizes within the nanoscale. In fact, nature-borne nanoparticles are ubiquitous in the environment (Sharma et al., 2015). They can be formed naturally through physicochemical and biological processes (Figure 2.13). 

For example, a natural forest fire can produce many nanoparticles such as soot and carbon black nanoparticles. Human activities such as mining, combustion, and other industrial processes can strongly affect the formation, release, and fate of natural nanoparticles in the environment. Natural nanoparticles are often divided into two categories, abiotic and biotic. Abiotic natural nanoparticles
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Natural processes lead to the formation of nanoparticles in the environment. (Natural NPs – natural nanoparticles; T – temperature; O – oxygen). 
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Source: Sharma et al. (2015)/with permission of Royal Society of Chemistry. 

such as silica, clay, and other mineral nanoparticles are widely distributed in the natural environment and move along global biogeochemical cycles. Viruses are biotic nanoparticles that can infect all types of living organisms including human beings. Because they are nanoparticles, many viruses are airborne and may cause global outbreaks such as the COVID-19 pandemic. 

2.3.7

Nanoplastics

Plastic debris in the environment is often divided into different size ranges as microplastics ( <  0.5 cm), mesoplastics (0.5–5 cm), macroplastics (5–50 cm), and megaplastics ( >  50 cm) (Lebreton et al., 2018). Nanoplastics belong to microplastics and are plastic particles with at least one dimension smaller than 100 nm, which is becoming a “new” type of nanosized environmental pollutant. There are primary and secondary nanoplastics, which may be labeled as engineered and seminatural nanoparticles, respectively. Primary nanoplastics are intentionally produced as additives in personal care products (e.g., cosmetics, washing powders, and toothpaste) and released into the environment after use (Barnes et al., 2009). Secondary nanoplastics are formed in the natural environment (e.g., soil and water) from the degradation of large plastic waste (Barnes et al., 2009). As an emerging nanocontaminant, nanoplastics are derived from various sources, affected by different environmental conditions, and have multiple transport and transformation pathways (Figure 2.14). They are frequently detected in the aquatic environment, particularly in oceans and rivers. With a strong impact on
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the environment and water quality, nanoplastics have become an important topic of nanotechnology in water research. 

2.4

Case Study: Nanoparticles and Sustainable

Agriculture

Nanoparticles have been increasingly used in many fields to improve quality of life, such as the development of new medicines, green energy, electronics, and environmental techniques. Recent studies have indicated that nanoparticles also have promising potential in promoting sustainable agriculture (Lombi et al., 2019). This section provides some examples of the applications of engineered nanoparticles in agriculture to improve crop production including their direct effect on plants (2.4.1) and their uses in controlled-release fertilizers (CRFs) (2.4.2). 

2.4.1

Direct Effect of Engineered Nanoparticles on Plants

To explore the potential applications and impact of nanoparticles on crop production, researchers have investigated their effect on plant growth. In laboratory studies, carbon nanoparticles such as carbon nanotubes and graphene have been directly applied to explore how they affect seed germination, seedling growth, and plant development. Khodakovskaya et al. (2009) reported that carbon nanotubes can penetrate the husk of tomato seeds and increase the rate of seed germination greatly. In addition, the expression of the tobacco aquaporin ( NtPIP1) gene as well as production of the NtPIP1 protein significantly increases in the cells exposed to carbon nanotubes (Khodakovskaya et al., 2012). Using a graphene concentration range from 500 to 2,000 mg/L, Begum et al. (2011) reported that the number and size of leaves of the graphene-treated cabbage, tomato, and red spinach reduced, which are associated with increased reactive oxygen species and cell death as well as visible symptoms of necrotic lesions. The adverse effect largely depends on the dose of graphene and exposure time, as well as plant species. On the other hand, Nair et al. (2012) found that graphene-treated rice seedlings are healthier with well-developed root and shoot systems compared to controls. Furthermore, Zhang (2015) demonstrated that graphene nanosheets can penetrate tomato seed husks to facilitate water uptake, resulting in faster germination and higher germination rates (Figure 2.15). Seedlings germinated from graphene-treated seeds had slightly lower biomass accumulation than the control but exhibited significantly longer stems and roots than the control. These results suggest that carbon nanomaterials, if applied properly, can stimulate plant growth and crop production for sustainable agriculture. 
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Graphene promotes seed germination: (a–d) comparisons between the graphene-treated seeds and the control, (e) schematic illustration of seed germination and seedling growth at different stages, and (f–h) TEM images of the presence of graphene inside the seed husk. Source: Zhang et al. (2015)/with permission of Springer Nature. 
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Metallic nanoparticles such as pure metal and metal oxide nanoparticles have been used as nanofertilizers and nanopesticides for crop production. 

For example, Zheng et al. (2005) studied the effect of nano-TiO2 on the growth of naturally-aged spinach seeds and found that the plant dry weight significantly increases due to the increased formation of chlorophyll, higher ribulosebisphosphate carboxylase/oxygenase activity and thus photosynthesis in nano-TiO2-treated plants. When applied at low concentrations, NZVI particles can stimulate seedling development and growth of peanuts because of the uptake, translocation, and accumulation of the nanoparticles in the plants (Figure 2.16), and the iron nanoparticles can easily penetrate into plant tissue and benefit the growth of peanuts (Li et al., 2015). On the other hand, several studies have indicated the toxicity of metallic nanoparticles to living organisms, including bacteria and plants. El-Temsah and Joner (2012) reported that nanoparticles including iron nanoparticles inhibit seed germination at high concentrations. The inhibition occurs during the seed incubation process rather than the seed soaking stage. Lin and Xing (2007) found that Zn and ZnO nanoparticles may have significant inhibition effects on seed germination and root growth. Because of the potential negative impact, additional investigations are still needed to further evaluate the applications of engineered nanoparticles in agriculture, particularly on the field scale. 

2.4.2

Nanoparticles for Controlled-Release Fertilizers

Fertilizers are commonly used in agriculture and contribute to 30–50% of crop yields (Stewart et al., 2005). However, more than 50% of fertilizers applied are not utilized by plants and result in economic loss and environmental pollution. To improve fertilizer quality and protect the environment, there has been increasing interest in developing new technologies for delivering fertilizers in a slow or controlled manner. 

One of the approaches to slow down the release of nutrients from fertilizers is to combine them with adsorbents such as biosorbents and carbonaceous materials during the application. With a large specific surface area and tunable surface chemistry, nanoparticles have advantages over traditional adsorbents in holding nutrients. Kabiri et al. (2017) reported that graphene oxide nanosheets can be used as a carrier of slow-release micronutrients for plants. In their study, two micronutrients, zinc (Zn) and copper (Cu), were loaded on the nanosheets as slow-release micronutrient fertilizers, which show a biphasic dissolution behavior with desirable fast and slow micronutrient release. The authors also conducted a pot trial to demonstrate that graphene oxide-based fertilizers can increase Zn and Cu uptake by crops. 

Fertilizer use efficacy can be dramatically increased by coating water-soluble fertilizers with either sulfur or synthetic polymer to obtain CRFs (Liu et al., 2016). 
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Low-concentration NZVIs stimulate peanut plant growth: (a,b) photographs of peanut plants of different treatments, (c,d) length of the stems and weight of the peanut plants, and (e,f) TEM images of root tissue of NZVI-treated sample and control. 

Source: Li et al. (2015)/PLOS / CC BY 4.0. 

 2.4 Case Study: Nanoparticles and Sustainable Agriculture 33

However, sulfur coating requires too much of coating materials (∼20% of CRF), which take up volume and have little use for plant growth. Synthetic polymer-coated fertilizers also need as much as 5% coating materials and residues of plastic shells left in crop fields, take a long time to break down. Recent developments have focused on natural and environmentally friendly coating materials for CRFs to reduce environmental impacts. Low-cost, renewable, and biodegradable biomaterials such as agricultural and forest residues, cooking oils, animal fat, lignin, and chitin have been applied directly or after modification as the coating materials (Liu et al., 2017; Xie et al., 2017; Zhang et al., 2017; Ma et al., 2018). 

Engineered nanoparticles have been applied to modify biopolymer coatings to improve their hydrophobicity, reduce their microporosity, and thus enhance the controlled-release performance (Zhang et al., 2016, 2017, 2020; Xie et al., 2017). 

Zhang et al. (2017) applied nanosized silica to modify a bio-based polyurethane derived from liquefied wheat straw as the coating for CRFs. The incorporation of nanosilica can increase the nanoscale surface roughness, block the micropores, and prevent water from contacting it, making the coating superhydrophobic, which greatly enhances the nutrient release characteristics of the coated fertilizers (Figure 2.17). Using a self-assembly approach, Xie et al. (2019) developed a facile method to construct superhydrophobic surfaces of uniform magnetic Fe O

3

4

nanoparticle layers on the outermost surface of biopolymer (derived from pig fat) coatings in a magnetic field during the reaction-curing process (Figure 2.18). The resultant CRFs have much longer slow-release longevity (more than 100 days) and better durability than the ones without the Fe3O4 nanoparticles. 

In addition to the modification of polymers, nanoparticles, particularly two-dimensional nanoparticles such as graphene, can be applied directly as the coating for CRFs. As a concept demonstration, Zhang et al. (2014) successfully coated granular KNO fertilizer with graphene-based film (Figure 2.19). 

3

The authors prepared paper-thin graphene oxide films through filtration to wrap KNO pellets. After heat treatment (90 ∘C), the graphene oxide coating 3

was reduced and glued on the fertilizer surface, leading to the formation of a thick graphene shell around KNO3 pellets and preventing KNO3 from fast release. As a result, the graphene-coated KNO pellets demonstrate improved 3

slow-release properties. Further development of this novel coating technology involves crosslinking of graphene oxide with natural polymers such as chitosan (Figure 2.19). Li et al. (2019) developed a cross-linked graphene oxide-chitosan nanocomposite to coat fertilizer pellets. The interaction between graphene oxide nanosheets and chitosan compounds formed homogeneous nanocomposites at different ratios. Using a simple dipping method, the authors encapsulated fertilizer pellets into graphene oxide-chitosan thin films and produced CRFs with enhanced nutrient release characteristics. In consideration of the amount of material used and the simplicity of production, the nanofilm coating technology
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Silica nanoparticle-enabled controlled-release fertilizer: (a–d) schematic diagrams of the mechanism of superhydrophobic surface and (e, f) surface energy and nutrient release characteristics of different fertilizer samples. Source: Zhang et al. (2017)/Royal Society of Chemistry. 
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Graphene-based thin film for controlled-release fertilizers (based on (Zhang et al., 2014; Li et al., 2019)). 
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has advantages over the conventional polymer coating methods. It thus has promising potential to be used to produce CRFs with inexpensive, nontoxic, controllable, and super thin coatings. 
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3

Nanotechnology and Water Quality Monitoring:

Nanosensors

3.1

Sensor Basics

3.1.1

Overview of Sensors

The definition of  sensor  by Webster dictionary is  a device that responds to a physical stimulus (such as heat, light, sound, pressure, magnetism, or a particular motion) and transmits a resulting impulse (as for measurement or operating a control). In fact, this definition should be expanded to reflect the true functions of a sensor, which responds to not only physical stimuli but also biological and chemical ones. In addition to the detection process, a sensor converts the stimulus into more accessible and perceptible information such as electrical, light, and quantum signals. While not a must, advanced sensors often have an information processing unit and/or a display. Most sensors process electrical signals and thus are often called electrical sensors. 

A typical sensor has four components (Figure 3.1). Among them, the sensing and conversion components are the most important parts that determine the functions and applications of the sensor. For example, the sensing component can collect and measure the input of a phenomenon, object, or material; while the conversion component can transform the collected input into output signals that are much easier to process and quantify. 

We can find sensors everywhere in our life. When a sensor is mentioned, one would first think about a device fabricated by humans. There are indeed many man-made (engineered) sensors in our daily lives such as thermometers, smoke detectors, smartphones, laptops, and other electronics. In a water research lab, all the water quantity and quality instruments, such as flow meters, moisture sensors, pH meters, and various spectrometers are engineered sensors. More importantly, human beings and other living organisms have natural sensors. The word  sensor  is derived from  sense. Many engineered sensors are bionic devices developed based Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 

© 2025 John Wiley & Sons, Inc. Published 2025 by
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Typical components of a sensor. 

Table 3.1

The five senses and the corresponding “natural sensors” of human beings. 

Sense

Sensor

Description

Sight

Eye

Sense lights into image signals (physical)

Hearing

Ear

Sense sound waves into sound signals (physical)

Touch

Skin

Sense pressures and heat into touch signals (physical)

Smell

Nose

Sense chemicals in the air into smell signals (biochemical) Taste

Tongue

Sense chemicals in the air into test signals (biochemical) on the senses of humans and other living beings. The five basic senses of human beings are the functions of “natural sensors” of our body parts (Table 3.1) that can respond to physical and chemical stimuli in the surrounding environment. 

The five senses are critical to the development of human society. We use these natural sensors to obtain and find out external information, and then convert and send the information to our brains (Figure 3.2). These five senses enable humans to study natural processes and understand nature, the environment, and society. 

As a result, we can build new tools and develop new technologies to improve quality of life. However, the sensory organs of humans all have limitations. In terms of smell, some animals such as dogs have much more sensitive noses than humans and they can respond to a range of substances that often have no

“detectable” odors. Because of that, some dogs are trained to assist police and the Sensory organ

Brain

Body action

Natural sensory system

Decision and

Outside

response

information

Engineered sensory system

Machinery

Sensor

Computer

operation

Figure 3.2

Natural and engineered sensory systems. 
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Examples of various sensors in a smart phone. 

army in detective duties such as detecting and searching for drugs and explosives, locating missing people, and finding crime scene evidence. In terms of sight, human eyes only have limited light response (400–700 nm) and cannot sense ultraviolet or infrared. To expand the capacities of natural sensory systems, engineered sensors have been developed based on the sensory mechanisms of natural systems (Figure 3.2). Nowadays, engineered sensors are almost everywhere from the deep oceans to far outer space and play important roles in our daily lives and activities. Take a smartphone for example, it has dozens of sensors including touch screens, cameras, GPS, WiFi, bluetooth, etc. (Figure 3.3). 

There are many types of sensors that may be classified into different categories based on the inputs, outputs, functions, and sensing mechanisms (Table 3.2). 

For example, sensors can be categorized into three types: physical, chemical, and biological sensors based on the stimulus or input signals. They may also be classified into different categories based on their features or functions such as temperature, pressure, light, and speed sensors. Based on their working Table 3.2

Sensors of different types. 

Basis

Description

Input type

Categorized based on the general types of stimuli, e.g., physical, chemical, and biological sensors

Functions/purposes

Categorized based on their functions, e.g., temperature, 

pressure, light, and speed sensors

Mechanisms

Categorized based on working/conversion mechanisms, 

e.g., resistive, capacitive, piezoelectric, and electromagnetic sensors

Output type

Categorized based on the types of output signals into analog and digital sensors. 
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 3 Nanotechnology and Water Quality Monitoring: Nanosensors mechanisms, sensors can be categorized into resistive, capacitive, piezoelectric, electromagnetic, and more. There are also analog and digital sensors that have different output signals. 

3.1.2

Characteristics

All sensors are designed to obtain outside information to help us explore the world. 

The ability to detect stimuli is thus the most important characteristic of a sensor. 

In other words, the most important characteristic of a sensor is its sensitivity, and a usable sensor must have sufficient sensitivity to satisfy the detection limit. For example, the human nose is a gas sensor that helps us perceive smells in daily life. Its sensitivity, however, is not high enough to meet the need for detecting drugs and explosives at the airport. In contrast, dogs have “better sensors” that can detect these substances because of their higher sensitivity. To promote the applications of sensors, significant effort has been devoted to sensor research to improve sensitivity. Many new technologies, including nanotechnology, have been applied to increase the resolution of sensors for enhanced sensitivity (Baruah and Dutta, 2009). 

In addition to sensitivity, selectivity is also an important sensor parameter. 

A good sensor should not only effectively detect weak stimuli but also single out the signals out of noise or other interferences. Bad selectivity may strongly impede the applications of various chemical and biological sensors even with high sensitivity. When selecting sensors for water quality monitoring, selectivity is one of the most important criteria that determines the accuracy of the data. As many contaminants may have similar properties, leading to similar or identical responses from some sensors and resulting in false readings. 

In a water quality lab, different analytical instruments (sensors) with high selectivity and sensitivity are used to measure chemical compounds in water. 

Different technologies have been applied to increase the selectivity of those chemical sensors to specific compounds. For instance, high-performance liquid chromatography (HPLC) has been developed to separate, detect, and quantify chemicals in water. As a chemical sensor, the key components of HPLC include pumps, a separation column, and detectors (Figure 3.4). During the measurement, a sample is pressurized with an eluent (mobile phase) by the pumps through the column packed with granular adsorbents such as resins, silica, and carbon, which separate each component of the sample for the detectors. The selectivity of the HPLC is mainly realized through the separation of the components of the sample because they have different degrees of affinity to the adsorbents in the column. Furthermore, mobile phase composition, pressure/flow velocity, and column size and length may also affect the separation and thus the sensitivity of HPLC. 
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Figure 3.4

An HPLC system as a chemical sensor for water quality analysis. 

Response time and repeatability (reversibility) are two other important parameters of sensors. Response time reflects the frequency and time of a sensor handling the outside stimulus. In general, an effective sensor should have a fast response time. For example, a speed sensor needs a very fast response to track the sensing object at high speed; otherwise, it becomes useless. Some of the sensors are designed based on certain biological or chemical reactions, which may take some time. It is thus important to accelerate the reaction kinetics of biological and chemical sensors to improve their response times. While some inexpensive and convenient sensors such as pH papers are disposable, most of the sensors are reusable and can be repeatedly used many times. Repeatability and reversibility thus are also very important parameters of sophisticated sensors including many analytical instruments used in water quality measurement. In summary, sensitivity, selectivity, response time, and repeatability (S2R2, Figure 3.5) are the most important parameters that control the applications of sensors, especially with respect to water quality monitoring. 

3.1.3

Sensors in Water Research

In the environmental field, sensors are mainly used in monitoring various chemical and biological pollutants in air, water, and soil. Environmental pollution is a serious problem caused by the release of harmful chemicals and biowastes

[image: Image 32]
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by industrial and human activities. Pollutants such as pathogens, viruses, heavy metals, pesticides, antibiotics, and other organic and inorganic compounds can cause serious harm to public health even at very low levels. The ability to monitor these pollutants in different environmental matrices in real time and  in situ becomes critical. Various sensors and sensor networks have been developed to satisfy this need to provide desirable and reliable technologies for sensing and monitoring environmental pollutants (Namour et al., 2010; Olatinwo and Joubert, 2019). To control and reduce the pollution from industrial production, sensors are required by environmental protection agencies as mandatory to monitor gas emissions and wastewater discharges. 

In water research, various sensors have also been adopted to monitor both water quantity and water quality in hydrological cycle. Meteorological sensors are widely applied to measure atmospheric parameters such as temperature, solar radiation, wind speed and direction, relative humidity, and precipitation to help understand water transfer processes in the atmosphere. In surface water, various types of sensors are installed in lakes, rivers, and oceans to obtain real-time water quality and quantity data such as speed, volume, depth, and chemistry of water. 

Sensors and sensor networks have also been installed in soils and groundwater to monitor moisture, flow rate, and contaminant fate and transport in subsurface. 

Sensors also play important roles in water treatment and are used in each step to monitor and optimize the treatment processes to ensure the effectiveness and final quality of the treated wastewater. 

3.2

Nanosensors and Their Applications

3.2.1

Overview

Nanotechnology has been applied in sensor development and has enabled many unique nanosensors. Similar to traditional sensors, nanosensors can respond to biological, chemical, or physical stimuli; however, they often take advantage of
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Nanosensors with new recognition and transducing mechanisms for various applications. 

the unique properties of nanoparticles to detect and convey information from the nanoworld to the macroworld. In comparison to traditional sensors, nanosensors have several advantages such as high sensitivity, high selectivity, fast response time, low cost, and convenience. 

When nanoparticles with a size smaller than the characteristic length of a specific phenomenon are used in sensors, they may often display new chemistry and new physics, leading to new recognition and transducing mechanisms (Figure 3.6). As a result, these nanosensors would have better sensitivity and selectivity than traditional sensors made from bulk materials. Sensor performance can also increase due to better conduction properties of nano-based sensing and converting units, which can lower the detection limits and increase the selectivity. 

Because nanoparticles have an extremely large specific surface area, nano-based sensor units would have high surface activities, leading to improved sensitivity of nanosensors. Due to their high surface reactivity and unique optical and biochemical properties, some nanoparticles in nanosensors can also reduce the quantity requirement of samples, minimize the use of reagents, and eliminate the need for labels, which can dramatically reduce the cost. Furthermore, the reduction in the size of the sensing and conversion units would dramatically reduce the size and cost of nanosensors, facilitating the development of convenient, inexpensive, and portable nanosensors. 

3.2.2

Carbon Nanoparticle-Based Sensors

Carbon nanoparticles such as carbon nanotubes (CNTs), graphene, and carbon dots (CDs) are widely applied in chemical and biological analysis. They have many unique properties such as tunable conductivity, controllable surface functionality, strong mechanical strength, and large specific surface area, which make them suitable for many sensory applications. With these properties, CNTs, graphene, and their derivatives are highly reactive. Furthermore, their electrical resistivity and conductivity are very sensitive to small changes or adjustments. These carbon

[image: Image 34]
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 3 Nanotechnology and Water Quality Monitoring: Nanosensors nanoparticles have been used as the cores of many electrochemical nanosensors, especially with respect to resistive nanosensors (Asadian et al., 2019). 

There are two main types of resistive nanosensors, which are often regarded as chemiresistors and field-effect transistors (FETs). Their governing sensing mechanisms are based on the phenomenon that the adsorption or desorption of chemical compounds on the surface of nanoparticles of tunable conductivity, including some carbon nanoparticles, can change their resistivity. Both chemiresistors and FETs are commonly used in gas sensing with detection limits reaching parts per billion (ppb) range (Afzal et al., 2012). 

Nano-chemiresistors such as CNT chemiresistors (Figure 3.7) have two terminals to monitor the changes in charge carrier density due to the adsorption or desorption of target compounds on the nanoparticle surface. Because of their simple structure and high sensitivity, CNT chemiresistors have been widely applied in various sensory applications for precision measurements of target analytes (Figure 3.7). The left diagram of Figure 3.7 shows a schematic of a functionalized CNT-based chemiresistor, in which functional CNTs are used as conducting channels between two terminal electrodes (Tang et al., 2017). The functional groups on the CNT surface can selectively interact with the target analyte compounds, which would cause changes in the resistance of the CNT channels and thus alter the electrical currents between the two electrodes. After calibration, this CNT

sensor can determine the analyte concentration based on the sensing responses. 

In comparison to nano-chemiresistors, nano-FETs are more stable and thus have attracted increasing attention recently. In fact, most CNT-based nanosensors are FETs. Because of their tunable conductivity, CNTs can be conductors, semiconductors, and insulators depending on their structure and morphology. As a result, the electrical properties of CNTs and their derivatives are highly sensitive to their interactions with other species. In a typical CNT-FET nanosensor, semiconducting CNTs are often deposited between two electrodes (source and drain) (Figure 3.7). 

The gate (Si) is electrically insulated from the CNT layer by a dielectric layer (SiO ) 2

CNT or net of CNTs

: Functional molecules

: Target analyte

SWCNT

Source

Drain

SiO2

SiO2

Si

Gate

Si

(a)

(b)

Figure 3.7

Examples of CNT-based chemiresistor (a) and FET (b) nanosensors. 

Source: From Tang et al. (2017) and Riu et al. (2006). 
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to create a parallel plate capacitor. During the measurement, a voltage is applied to the gate with respect to the source electrode, charge carriers are electrostatically accumulated or depleted in the semiconducting CNTs at the interface. The field effect can be used to control the charge carrier density and thus the resistivity of CNTs over orders of magnitude, which would greatly improve the sensitivity and performance of the nanosensors. 

In addition to CNTs, graphene and its derivatives are often used in chemiresistors and FETs. Coronavirus disease 2019 (COVID-19) is a global pandemic caused by the severe acute respiratory coronavirus. A graphene-based FET nanosensor has been developed for rapid detection of the virus in human nasopharyngeal swab specimens (Seo et al., 2020). In this nanosensor, graphene nanosheets of the FET are doped with a specific antibody for the coronavirus protein. The interactions between the antibody and the antigen protein can alter the charge carrier density and resistivity of the graphene nanosheets to produce accurate responses. As a result, this graphene-based nanosensor can successfully detect coronavirus in culture medium and clinical samples with limits of detection as low as 16 pfu/mL and 242 copies/mL, respectively. In addition to high sensitivity and good selectivity, this nanosensor is very convenient due to its rapid response time and lack of requirement for sample pretreatment or labeling (Seo et al., 2020). 

3.2.3

Metal Nanoparticle-Based Sensors

Metal nanoparticles, especially noble metal nanoparticles with robust resistance to corrosion and oxidation, are widely applied in sensory applications (Malekzad et al., 2017). With excellent conductivity, tunable optical properties, and large specific surface area, metal nanoparticles are often applied in electrical nanosensors to coat electrodes (Ding et al., 2013). Noble metal nanoparticles such as platinum, gold, and silver are commonly used in electrodes and show many sensory advantages including improved signal-to-noise ratio, enhanced diffusion and selection of electroactive species, and promoted electrochemical reactions. 

For example, platinum nanoparticle-coated electrodes exhibit a much better sensitive response to hydrogen peroxide (H O ) and nitrite than platinum bulk 2

2

electrodes (Miao et al., 2011; Turkmen et al., 2014; Ding and Su, 2015). Similarly, gold nanoparticle-based electrodes have also shown improved sensitivity and selectivity toward various electroactive species including heavy metals, glucose, and protein, etc. (Feng et al., 2009; Salunke et al., 2017; Wang et al., 2017; Huang et al., 2020). 

Due to their small size, some metal nanoparticles show intense adsorption of light in the visible/near-UV region that is absent in the spectrum of their corresponding bulk forms. This can cause the oscillations of the electrons in the conduction band of the metal nanoparticles, which is called plasmon
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Example of metal nanoparticle-based nanosensor using LSPR for analyte detection. Source: Riboh et al. (2003)/with permission of American Chemical Society. 

resonance. In particular, the oscillating electrons of some metal nanoparticles have characteristic surface plasmon bands, known as localized surface plasmon resonance (LSPR). LSPR is responsible for the unique size-dependent colors of metal (e.g., gold, silver, and copper) nanoparticles, which have been used for stained glass in cathedrals since ancient times. In addition, LSPR of metal nanoparticles is also very sensitive to surface interactions and thus is applied in nanosensor designs (Riboh et al., 2003; Riu et al., 2006). When target molecules are attached to the surface of metal nanoparticles (e.g., silver nanoparticles), their LSPR spectrum will be shifted (Figure 3.8) (Riboh et al., 2003). This phenomenon has been used in many metal nanoparticle-based nanosensors to detect molecules even at extremely low levels. The selectivity of the LSPR nanosensors is achieved by chemically modifying the metal nanoparticles with molecular recognition elements such as enzymes, antigens, or antibodies (Figure 3.8) (Riboh et al., 2003). 

3.2.4

Other Nanoparticle-Based Sensors

In addition to carbon and metal nanoparticles, other nanoparticles and nanostructures have also been used as the sensory cores of various nanosensors. Metal nanoparticles such as titanium oxides, iron oxides, cerium oxides, and zinc oxides iron oxides have a broad range of electronic, chemical, and physical properties that are often highly sensitive to changes in their chemical environment. As nanosized semiconductors, metal oxide nanoparticles are often used in chemiresistors and
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FETs in the forms of nanofilms, nanobelts, nanowires, or nanoribbons and have demonstrated extremely high sensitivity and selectivity to chemical compounds, especially with respect to molecules in gas (Afzal et al., 2012). 

With strong magnetic properties, iron oxides such as magnetite and maghemite are often doped with ligands, antibodies, and other recognition agents for water quality monitoring (Vikesland, 2018). Because the nanoparticles are magnetic, they can be easily separated from the samples even at low quantities, which can enhance the sensitivity of the nanosensors. Banerjee et al. (2016) developed magnetic iron oxide nanoparticle-based nanosensors that can detect bacterial contamination with concentrations as low as one colony-forming unit (Figure 3.9). 

The authors attributed the high sensitivity of the nanosensors to the magnetic relaxation property of the nanoparticles, which can selectively screen the samples. 

Quantum dots (QDs) are another type of semiconductor nanoparticles, which usually are binary compounds such as cadmium sulfide, cadmium selenide, zinc sulfide, etc. Because of their unique fluorescence emission property, QDs are often used as tags for the detection of various analytes by capping their surface with specific targets such as simple molecules, bio-compounds and polymers to introduce such special characteristics (Ng et al., 2016). The fluorescence emission wavelengths of QDs are tunable by adjusting their size, shape, or composition, Bacteria

Low CFU

3 0

y × 1

Fluorescence

Magnetic

Fe

T2 (ms)

detection

detection

ensit

Int

 E. coli O157:H7 (CFU)

Wavelength (nm)

MFnS

High CFU

Bacteria

Bacteria

Bacteria

Bacteria

Figure 3.9

Example of labeled magnetic iron oxide nanoparticles as fluorescent nanosensors for ultrasensitive detection of  E. coli. Source: Banerjee et al. (2016)/with permission of American Chemical Society. 
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 3 Nanotechnology and Water Quality Monitoring: Nanosensors making them ideal for multitask sensing, in which a single excitation source can be used to excite multiple QDs that emit different colors of fluorescence (Han et al., 2001). Furthermore, QDs can be engineered to achieve the required properties such as recognition ability and intended solubility to suit an application. Capping the surface with specific targets such as simple molecules, bio-compounds, and polymers can introduce such special characteristics. 

3.3

Case Studies of Nanosensors in Water Research

3.3.1

Graphene Film-Based Amperometric Sensors

Electrochemical sensors are widely used in water quality monitoring to measure both chemical and biological pollutants in water. Amperometric sensors are a group of electrochemical sensors that measure the electric current response at a fixed potential to determine the concentration of an analyte. The sensitivity of amperometric sensors relies heavily on the performance of electrodes. Various technologies have been developed to improve the performance of electrodes in amperometric sensors. Carbon nanomaterials such as graphene have been doped onto electrodes to improve their electrochemical activities for better performance. 

Zhang et al. (2014) developed a simple method to produce graphene film from graphene oxide suspensions. In this method, GO particles were first dispersed into different cation solutions. Droplets of GO suspensions were then applied to a solid surface to form a uniform layer. After heating at a low temperature (e.g., 90 ∘C) in air, single-to-few-layer graphene or reduced-GO films were successfully produced on the solid surface. In the synthesis, multivalent cations in the suspension can act as an electrical “glue” through cation bridging to crosslink adjacent graphene sheets to form continuous films, such that electric contacts between the sheets can be dramatically improved (Figure 3.10). 

To evaluate their potential applications in electrochemical probes, the graphene film (Re-GO-Mg) was coated on the tip of a typical platinum/iridium electrode. 

Platinum nanoparticles (nPt) were doped onto the film by electrodeposition following the common method in the literature (Guo et al., 2009; Claussen et al., 2011). Co-deposition of nPt can facilitate charge transfer from the graphene network to the electrode to improve its performance. In Zhang et al. (2014), the electrodeposition of nPt formed conductive junctions between and among the Re-GO-Mg network and the electrode surface, which can serve as electron bridges to promote overall electron transport from the solution to the electrode. 

Electrochemical characteristics of the graphene-modified electrode were determined in a three-electrode electrochemical cell setup by measuring the
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Preparation of graphene film from GO in MgCl (a) schematic illustration, 2
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cyclic voltammetry (CV) and direct current (DC) potential. Figure 3.11a shows a representative plot of quasi-reversible redox behavior of ferrocyanide ions at the surface of modified and unmodified electrodes. The graphene and nPt-coated electrode shows extremely high electrocatalytic activity, with the redox peak about 12 times higher than that of the uncoated one. The electroactive surface area of the graphene-nPt modified probe can be determined using the Randles–Sevcik equation (Zanello, 2003). Figure 3.11b shows that the mean electroactive surface area of the modified electrode is nearly 14 times higher than that of the unmodified one. 
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2

(2014)/with permission of Elsevier. 

Amperometric sensitivity of the probe was evaluated by testing its response to H2O2 in a stirred phosphate-buffered saline solution. H2O2 is one of the most relevant molecules for amperometric sensors because it is a by-product of oxidative reactions (e.g., enzymatic oxidation of glucose, sarcosine, and alcohol). 

Because there is a linear relationship between the concentration of H O and 2

2

the current output, the sensitivity values (μA/mM) can be calculated directly from the slopes of the calibration curves. Figure 3.11c shows a representative plot of the amperometric response of the graphene-nPt-modified electrode. The amperometric sensitivity of the modified electrode reached 117.3 ± 2.1 μA/mM, which is significantly higher than that of the unmodified electrode. In addition, the response time and the lower limit of detection of this graphene film-based nanosensor are comparable to the values of similar nanosensors reported in the literature. In summary, electrodes modified by graphene-based films present extremely large electroactive surface area and fast amperometric response, which is promising for amperometric nanosensor development. 

[image: Image 40]

 3.3 Case Studies of Nanosensors in Water Research

57

3.3.2

Carbon Dots for Heavy Metal Detection

CDs are small-sized carbon nanoparticles (1–10 nm) that were discovered acciden-tally during the purification of single-walled CNTs (Xu et al., 2004). In comparison to QDs, CDs also have similarly outstanding fluorescent properties, but higher stability and lower toxicity. As a result, CDs have attracted increasing attention in various fields, including sensing (Gao et al., 2019). CD-based nanosensors detect various biochemical species in water, including metal ions with high sensitivity and selectivity (Zhao et al., 2017; Radhakrishnan et al., 2020). 

Gao et al. (2018) developed a facile one-pot hydrothermal carbonization method to produce red-emissive fluorescent CDs and applied them as a fluorescent probe for the detection of Pt2+, Au3+, and Pd2+. The authors first doped citric acid with neutral red in an ultrapure water solution and then heated the mixture in a Teflon-equipped stainless autoclave at 180 ∘C for 4 hours. After centrifugation and filtration to remove the impurities, CDs were obtained by freeze-drying. UV–vis absorption, fluorescence excitation, and emission spectra were used to explore the optical properties of the CDs. The CD solution (Figure 3.12a) and powder (a)
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Optical properties of CDs: (a) UV–vis absorption, fluorescence excitation, and emission spectra (λ

= 530), (b, c) photograph of solid-state CDs under daylight ex

(top) and 365 nm UV light (bottom), (d) fluorescence emission spectra of CD aqueous solution, and (e) fluorescence decay curves of CDs with Pt2+, Au3+, and Pd2+. Source: Gao et al. (2018)/with permission of American Chemical Society. 
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(a) Relative fluorescence intensity of 0.1 mg mL−1 CD solution with excitation wavelength at 530 nm and emission wavelength at 632 nm in the presence of 160 μm different metal ions. (b–d) Fluorescence spectra of CD solution on addition of Pt2+, Au3+, and Pd2+

(0–160 μm). Source: Gao et al. (2018)/with permission of American Chemical Society. 
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(Figure 3.12b and c) clearly show red fluorescent under UV light. Figure 3.12d reveals that the fluorescence emission of the CD solution is very stable and is not affected by different excitation wavelengths, indicating a nearly uniform CD

surface. In addition, fluorescence lifetime decays of the CDs with different metal ions can be optimally fitted to a single exponential function (Figure 3.12e). 

To evaluate the CDs as metal nanosensors, different concentrations of the target metal ions (Pt2+, Au3+, and Pd2+ of 0–160 μM) were separately added into 2.5 mL of 0.1 mg mL−1 CD solutions. Then, the fluorescence spectra were recorded with excitation wavelength of 530 nm. In addition, a range of other metal ions including Ag+, K+, Na+, Pb2+, Ba2+, Zn2+, Mg2+, Ca2+, Cu2+, Hg2+, Fe3+, Cr3+, Al3+, Ir3+, Ru3+, Rh3+, and Os4+ were also tested to evaluate the selectivity of the CD probe. While the other metal ions showed no/little effect, the fluorescence emission intensities of the CDs were strongly affected by the addition of Pt2+, Au3+, or Pd2+ (Figure 3.13a). These results suggest that the red emissive fluorescent CDs can be applied as a nanosensor for selectively detecting Pt2+, Au3+, and Pd2+. In addition, there were strong linear correlations between the fluorescence intensities of CDs and the concentrations of the three metal ions (Figure 3.13b–d), indicating CD nanosensors can effectively quantify Pt2+, Au3+, and Pd2+. In summary, fluorescent CDs are promising carbon nanoparticles that can be used as highly sensitive and selective nanosensors for detecting metal ions including heavy metal pollutants in water. 
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4

Nanotechnology and Groundwater Remediation

4.1

Groundwater Pollution

4.1.1

Overview

Pollution is a global issue that has strong negative effects on the environment, ecosystem, and public health. It’s a notorious process that makes the air, water, and soil unsafe and unsuitable for use through the introduction of contaminants. While things like noise, heat, and light can cause pollution, chemical and biological wastes are the main contaminants, which are released into the environment by both natural processes and human activities. Man-made pollution kills millions of people every year, even higher than smoking, AIDS, malaria, tuberculosis, alcohol use, etc., in the world (Figure 4.1). In 2015 alone, pollution caused about 9 million premature deaths and the estimated financial cost from pollution-related death, sickness, and welfare losses is about $4.6

trillion, which is about 6.2% of the global economy (Lesne, 2018). 

As one of the most important natural resources, groundwater plays a significant role in human society and ecosystems. Groundwater is usually of good quality, widely distributed, and easy to obtain, so it is always a popular option for municipal, industrial, and agricultural water supplies. In the United States, groundwater supplies drinking water for 51% of the total population and 99%

of the rural population (USGS, 2018). In addition, it plays a vital role in many agricultural and industrial processes. It also helps maintain the balance of surface water by recharging lakes, rivers, wetlands, and other bodies of water. 

During the groundwater recharge, soil can serve as a natural filter to sorb various contaminants (Singer and Brown, 2018). Most of the natural groundwater aquifers thus contain clean water that is suitable for drinking water supplies. If groundwater is contaminated, it will endanger the water supplies and impose great risks on the ecosystem and public health. 

 Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 
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Figure 4.1

Global estimated deaths by major risk factors and causes of 2015. 

Source: Lesne (2018)/with permission of Elsevier. 

4.1.2

Sources of Groundwater Pollution

Groundwater contamination refers to the release of hazardous materials into the aquifers, deteriorating water quality by altering its physical, chemical, and biological properties. Both natural processes (i.e., natural groundwater contamination) and human activities (i.e., groundwater pollution) can cause the contamination of groundwater (Figure 4.2). Without any anthropogenic disturbances, groundwater quality is mainly affected by regional environmental conditions such as precipitation, soil properties, medium mineral composition, and aquifer geochemistry background. During the natural flow and transport processes, groundwater moving through the storage media (e.g., soils and rocks) may pick up a wide range of compounds. Due to the slow dissolution of constituent minerals, groundwater in some regions may have high salinity or even contain naturally occurring contaminants such as arsenic (Zkeri et al., 2015). Nevertheless, natural sources of groundwater contamination are much less frequent and less severe than those caused by human activities. In fact, groundwater contamination is nearly always caused by human activities. 

Many human activities, regardless of whether they are intentional or accidental, can cause the release of hazardous wastes into the environment to
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pollute groundwater. The sources of anthropogenic groundwater pollution can be grouped into three categories: industrial, agricultural, and municipal/residual sources (Figure 4.2). Groundwater in highly populated regions with a lot of industrial or agricultural activities is therefore especially vulnerable. 

Industrial activities require mining, transport, process, manufacture, storage, distribution, and disposal of materials. Parts of these materials become waste during each stage of their life cycles. Improper management of wastes by industry is a big contributor to groundwater pollution. During the industrialization of many countries in the past, land disposal of industrial waste materials and wastewater was a common practice that had caused serious soil and groundwater pollution problems (Iyer et al., 2016). For example, mining of fuel and nonfuel minerals is an important industrial process to obtain raw materials, however, it may introduce various pollutants into groundwater through processes such as spills and leaks of oils and chemicals, discharged mine effluents, and seepage from tailings and waste minerals. The recent growth of hydraulic fracturing in the United States has raised considerable concern over its potential risks of polluting groundwater (Hatzenbuhler and Centner, 2012). Several studies have indicated that fracturing fluid that contains lubricants, organic solvents and polymers, and biocides could potentially pollute groundwater directly and indirectly by mobilizing organic compounds, heavy metals, radionuclides, and colloidal pollutants in rock and soil (Kargbo et al., 2010; Sang et al., 2014). Leaks and spills from commercial and industrial sites are other big contributors to groundwater pollution. Furthermore, some plants may use cesspools, dry holes, and inject wells to store their wastewater, imposing great pollution risks to nearby groundwater. 
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Agricultural activities such as the application of fertilizers, herbicides, pesticides, animal waste, biosolids, compost, and amendments to cropland may also cause serious groundwater pollution. When agrochemicals such as fertilizers and pesticides are applied, most of them are lost to surface and subsurface runoff (Smith and Siciliano, 2015). Rainfall and irrigation events can accelerate the transport of these toxic chemical compounds through the soil vadose zone across the water table to pollute the groundwater. In addition, land application of biosolids and animal waste may cause the leaching of both chemical compounds and pathogenic microorganisms into the groundwater (Galbally et al., 2013). 

Residential and municipal wastes, particularly wastewater that contains various contaminants including pathogens, organics, and nutrients can also be a significant source of groundwater pollution. Many residential wastes including household electronics and chemicals are sent to landfills, where some recalcitrant chemicals and engineered nanomaterials (ENMs) eventually find their way into the groundwater (Przydatek and Kanownik, 2019). In some rural areas, septic tanks are used to store and treat sewage; however, they are inefficient at removing certain contaminants and thus could pollute nearby groundwater (Kasper et al., 2015). Stormwater runoff picks up many contaminants in urban areas, which may enter groundwater during the replenishment (Whittemore, 2012). 

4.1.3

Groundwater Contaminants

Groundwater can be contaminated by both biological (e.g., pathogens) and chemical (e.g., heavy metals and organics) substances. The most frequently detected groundwater contaminants are inorganic and organic chemicals including nutrients, metals/metalloids, and organics from different sources (Table 4.1). Among them, organic contaminants, especially nonaqueous phase liquids (NAPLs), have caused serious damage to groundwater quality (Figure 4.3). 

NAPLs are grouped into two categories: dense (DNAPL) and light (LNAPL). 

Typical groundwater NAPLs include chlorinated solvents and many petroleum products. Because of their low aqueous solubility and persistence, NAPLs trapped in the vadose zone and groundwater can be a long-term source of contamination (Cheng et al., 2016). In addition, the presence of NAPLs in soil and groundwater may also affect the migration and fate of other organic pollutants (Shi et al., 2019). 

Recent research on groundwater pollution has identified several emerging contaminants such as pharmaceuticals and personal care products (PPCPs), per- and polyfluoroalkyl substances (PFAS), microplastics (MPs), and ENMs (Wilkinson et al., 2017; Wu et al., 2019). PPCPs are defined by the US EPA as

“any product used by individuals for personal health or cosmetic reasons or used by agribusiness to enhance growth or health of livestock.” There are thousands of chemicals that are used in drugs, veterinary medicines, cosmetics, and other
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Table 4.1

The most frequently detected groundwater contaminants and their main sources. 

Main sources

Contaminants

Natural

Industrial

Agricultural

Residential

Chlorinated

Trichloroethylene

×

hydrocarbons

Tetrachloroethylene

×

×

Methylene chloride

×

1,1,1-Trichloroethene

×

Chloroform

×

1,1-Dichloroethane

×

1,2-Dichloroethene

×

1,1-Dichloroethene

×

×

Vinyl chloride

×

1,2-Dichloroethane

×

×

Di(2-ethylhexl)phthalate

×

Aromatic

Benzene

×

×

hydrocarbons

Toluene

×

Ethylbenzene

×

×

Xylenes

×

×

Phenol

×

Metals and

Lead

×

×

metalloids

Chromium

×

×

×

Zinc

×

×

Arsenic

×

×

Cadmium

×

×

×

×

Manganese

×

×

Copper

×

×

×

×

Barium

×

×

×

×

Nickle

×

×

×

Mercury

×

×

×

×

Selenium

×

×

×

×

Nutrients and

Fluoride

×

×

others

Nitrate

×

×

×

Nitrite

×

×

×

Sulfate

×

×

×

×

Sodium

×

×

×

Asbestos

×

×

×
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NAPLs released into the subsurface become a long-term pollution source. 

Source: Zhang et al. (2019)/with permission of Royal Society of Chemistry. 

PPCPs. Some common PPCPs frequently detected in the groundwater include caffeine, carbamazepine, gemfibrozil, ibuprofen, sulfamethoxazole, naproxen, etc. 

(Lee et al., 2019). PFAS are a group of fluorinated organic compounds (Figure 4.4) used to make fluoropolymer coatings and products that resist heat, oil, stains, grease, and water. They are widely used in daily items (e.g., food packaging, nonstick, stain-repellent, and waterproof items), industrial applications, and for firefighting. PFAS are very persistent and can enter the groundwater through various sources (Munoz et al., 2017). PPCPs and PFAS belong to chemicals of emerging concern. Their concentrations and accumulations in groundwater are generally much lower than the traditional groundwater contaminants listed in Table 4.1; however, they may have comparable or even higher potential risks in groundwater (Qiao et al., 2020). Both primary and secondary MPs are emerging contaminants of increasing public concern (Wu et al., 2019). Depending on the environmental conditions, colloidal and nanosized MPs may have high stability and mobility in soil and water and thus can enter the groundwater system through various pathways (Wu et al., 2020). With the rapid development of nanotechnology, the release of ENMs into the environment, including groundwater, is inevitable (Wang et al., 2016). Although this chapter is mainly on the application of nanotechnology in groundwater remediation, the potential pollution risks of ENMs to groundwater cannot be ignored. In fact, there is much concern over the fate and impact of ENMs in groundwater (Wang et al., 2016). ENMs thus
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Figure 4.4

Classification of major PFAS groups. Source: Schiavone and Portesi (2023)/MDPI / CC BY 4.0. 

should be used with caution when applied for groundwater remediation to avoid secondary pollution risks. With high specific surface area and mobility, MPs and ENMs may serve as “carriers” of other traditional and emerging contaminants such as heavy metals and organics, which can further increase their potential risk to groundwater quality. 

4.2

Groundwater Remediation Technologies

4.2.1

Environmental Remediation

Remediation refers to the elimination or detoxification of pollutants in environmental media such as soil, groundwater, surface water, sediment, and air for the general protection of human health and ecosystems. It is generally subject to an array of regulatory requirements. If there are no clearly defined legislated standards, environmental remediation can be based on risk assessments of the polluted sites. While remediation is a benevolent action, it is also a human redemption of their damage to the environment. In other words, the root of environmental remediation is due to the negative consequences of human activities that pollute the environment. Most of the environmental remediation practices are meant to correct the mistakes we made previously, so the biggest lesson one
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Figure 4.5
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should learn from environmental remediation is “DO NOT POLLUTE” in the first place. Once the environment is polluted, it becomes extremely hard to remediate it to its original status. 

Environmental remediation can be divided into different types based on the media, such as soil remediation, groundwater remediation, surface water remediation, sediment remediation, and air remediation. It’s a complicated process that requires knowledge from different fields such as ecology, biology, chemistry, meteorology, hydrogeology, soil science, and environmental engineering. This multidisciplinary engineering process often combines the advantages of physical, chemical, and biological technologies to minimize the impacts of pollutants in the environmental media and restore their functions. Figure 4.5 shows examples of different physical (e.g., sorption of contaminants to soil amendment), chemical (e.g., destruction of contaminants by reaction with soil amendments and precipitation of insoluble contaminant-bearing solids), and biological (e.g., contaminant uptake by plants and digestion of contaminants by microbes) technologies for soil remediation. 

4.2.2

Groundwater Remediation

Many technologies have been developed to clean up contaminants in groundwater, which is an important and precious natural resource. Because the groundwater systems include both soil and groundwater, the remediation efforts often consider both the soil and groundwater. The most important step in an effective groundwater remediation strategy is to cut off pollution sources. This relies on literature reviews, interviews, and site surveys to identify the sources and the distribution of contaminants. After the sources are eliminated, the focus of the remediation efforts should be on both soil and groundwater because contaminated soil above the groundwater can always serve as a source for releasing contaminants. 

Depending on the site conditions, a groundwater remediation project may also include the cleanup of the topsoil, vadose zone, and saturated soil. 

Typical groundwater remediation technologies can be divided into four groups (i.e., biological, physical, chemical, and integrated) based on the nature of the main
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Table 4.2

Examples of different types of groundwater

remediation technologies. 

Type

Example

Biological

Stimulating indigenous microorganisms

Introducing exogenous microorganisms

Physical

Impermeable walls

Guide and infiltration wells

Passive collection

Chemical

Chemical oxidation/reduction

Chemical precipitation

Chemical enhanced extraction

Integrated

Pump and treat

Reactive permeable barriers

Electrical chemical oxidation

methods (Table 4.2). To achieve the best effect, some groundwater remediation projects may combine different technologies. 

Bioremediation technologies are very popular in groundwater remediation because they are often low-cost, high-efficiency, and suitable for  in situ  operation (Farhadian et al., 2008).  In situ  bioremediation of groundwater contamination is mainly achieved through two ways: (1) injection of electron acceptors/donors and nutrients into the soil and groundwater to stimulate microbial degradation of contaminants, and (2) direct injection of cultured or engineered microorganisms for the targeted contaminants into the aquifer to purify the groundwater. Most of the current groundwater bioremediation technologies are for the pollution caused by hydrocarbons such as NAPLs (Zhu and Sun, 2016). Physical technologies for groundwater remediation are usually used for pollution that is less severe. These technologies mainly use physical constructions such as wells and impermeable barriers to alter groundwater flow dynamics and paths, seal and detain pollutants, or passively collect polluted water. Chemical groundwater remediation uses chemical reagents that have strong interactions with the target contaminants in soil and groundwater. Based on the chemical reagents and the interaction mechanisms, chemical remediation mainly includes chemical oxidation/reduction, chemical precipitation, surfactant-enhanced aquifer remediation (SEAR), and steam-enhanced extraction. Other commonly used groundwater remediation technologies such as pump and treat and permeable reactive barriers (PRBs) often combine physical, chemical, and biological methods in
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the treatment of groundwater contaminants. Four of the most commonly used groundwater remediation technologies are listed and discussed in the following sections (4.2.4–4.2.7). 

4.2.3

Pump and Treat

As one of the pioneering groundwater remediation technologies, pump and treat is a convenient and straightforward method. This technology pumps contaminated groundwater to the surface, treats it on site, and then pumps the treated water back into the aquifer or to other uses (Figure 4.6). Pump and treat is an integrated groundwater remediation technology combining physical, chemical, and biological treatments. It is often used to treat NAPL-contaminated groundwater. 

Pump and treat is very effective for LNAPLs but may take a long time to remove DNAPLs from groundwater because of their different physical and chemical properties. When applied in groundwater remediation, pump and treat technology has high power consumption, extensive equipment operation, and high maintenance costs associated with the extraction and separation of pollutants. Nevertheless, it is still one of the most commonly used groundwater remediation technologies around the world. 

4.2.4

Bioremediation

In comparison with pump and treat, bioremediation technologies have several advantages such as low cost, easy operation, and low maintenance. They are often  in situ  and rely on microbial activities to remove contaminants from soil and groundwater. Most of the  in situ  groundwater bioremediation technologies are developed to accelerate the growth of indigenous microorganisms Treatment train components
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Pump and treat of groundwater contamination (Ishara and Mekala, 2023). 
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(i.e., bioaugmentation) by injecting nutrients (if needed) and electron acceptors or donors in the contaminated groundwater (Poi et al., 2018). These bio-stimulation reagents are injected into groundwater mainly through liquid delivery (i.e., Raymond Process, Figure 4.7). The Raymond process is the most commonly used in situ  bioremediation technology that has shown excellent degradation of various groundwater pollutants including chlorinated solvents, aromatic compounds, gasoline, fuels, and petroleum residues. It also has good removal effects on some inorganic groundwater pollutants such as nitrate. During the remediation, the nutrients can promote the growth of the indigenous microorganisms in the contaminated zones, and the electron acceptors/donors can stimulate the biodegradation of the pollutants. An acceptor (often oxygen) or a donor (often hydrogen) is also injected into groundwater depending on whether the desired microbial metabolism is aerobic or anaerobic. In some cases, exogenous bacterial strains capable of degrading some specific contaminants are added into the liquid delivery to increase the biodegradation rate and bioremediation efficiency. 

Gas delivery processes such as bioventing (Figure 4.8), which inject air/oxygen flow into contaminated sites are also used to promote the growth of indigenous microbes to treat hydrocarbons such as NAPLs in soil and groundwater. Both
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Scheme of bioventing process: (a) active technology and (b) passive technology. Source: Raffa and Chiampo (2021)/MDPI / CC BY 4.0. 

bioventing and biosparging can also accelerate the biodegradation of volatile organic compounds (VOCs) as vapors move slowly through biologically active soil. 

4.2.5

Chemical Oxidation

 In situ  chemical oxidation has been applied in groundwater remediation to remove some toxic and persistent organic pollutants that are hard to be degraded by microorganisms. It is a very fast and effective decontamination technology that has a short cycle. When applied in groundwater remediation, chemical oxidation has several advantages such as low cost, immediate effect, and high treatment efficiency. Several previous studies of groundwater remediation have demonstrated that  in situ  chemical oxidation can effectively treat a number of typical groundwater contaminants, including chlorinated hydrocarbons, aromatic compounds, and other structurally stable organic pollutants. It can also be used in combination with other physical and biological groundwater remediation methods to achieve the rapid repair of the contaminated sites. In in situ  groundwater chemical oxidation technology, the most commonly used oxidants include Fenton reagent, permanganate, persulfate, ozone, and chlorine dioxide. Table 4.3 provides an overview of these oxidants used in groundwater remediation. 

4.2.6

PRB

PRB is an integrated groundwater remediation technology that has been recognized as one of the most effective technologies for  in situ  treatment of groundwater pollutants. PRB refers to the installation of a permeable wall packed with reactive media such as zerovalent iron (ZVI) powders in the groundwater to intercept pollutant plumes. The packed medium in the PRB can react with
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Table 4.3

Examples of oxidants commonly used in groundwater remediation. 

Type

Description

Fenton reagent

The Fenton reaction mainly relies on the reaction of Fe2+ and H O

2

2

to generate •OH. It has been adopted in groundwater remediation to oxidize and degrade pollutants and mineralize them into small molecules such as carbon dioxide, water, and inorganic salts (Yang et al., 2020). 

Chlorine dioxide

Chlorine dioxide is a common oxidant used in water treatment. 

When used in groundwater remediation, chlorine dioxide is usually injected directly into the polluted area in the form of gas (Zhu et al., 1998). During the remediation, it does not generate any carcinogenic byproducts or volatile organic chlorine. 

Ozone

Ozone can oxidize aromatic compounds and most organic

macromolecules in groundwater (Hu and Xia, 2018). When used to treat groundwater pollutants of high concentrations, ozone oxidation produces VOCs and thus may require to be combined with soil vapor extraction (SVE). 

Permanganate

Permanganate is a commonly used oxidant in chemical oxidation technology. It has an oxidation potential of 1.695 eV and can oxidize most high-molecular weight organic pollutants including polycyclic aromatic hydrocarbons (PAHs) in groundwater (Zhang and Dong, 2019). 

Persulfate

Sodium persulfate is the most commonly used persulfates in groundwater remediation (Yang et al., 2020). It has an oxidation potential of 2.6 eV, much higher than other common oxidants. 

Theoretically, persulfate can degrade almost all organic pollutants in groundwater and completely mineralize them into carbon dioxide, water, and inorganic salts. 

the pollutants in the plumes to eliminate them or reduce their concentrations to satisfy water quality standards. Depending on the site’s geochemical and hydrogeological conditions, PRB can be constructed in several configurations. 

Continuous trench PRB is the most commonly used configuration, where the trench is perpendicular to and intersects the pollutant plumes (Figure 4.9). 

Funnel and gate is another popular type of PRB that uses two low-permeability walls (the funnel) to direct the pollutant plumes into another wall (the gate) packed with granular reactive medium that has much higher permeability and decontamination ability (Figure 4.9). 

The success of the PRB technology for groundwater remediation depends on the reactive medium, which should meet the following four criteria: (1) strong ability to quickly remove pollutants through physical, chemical, or biological reactions without causing secondary pollution, (2) uniform size and high hydraulic
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Typical structures of PRB: (a) Continuous reactive wall and (b) funnel and gate. Source: Mokif and Faisal (2023)/Ecological Engineering & Environmental Technology (EEET)/ CC BY 4.0. 

conductivity meeting hydrogeological requirements, (3) relatively good physical and chemical stability in groundwater, and (4) low cost and high availability. 

Commonly used reactive media for PRB that satisfy these criteria include ZVI, iron oxide and hydroxide, activated carbon, zeolite, apatite, limestone, peat, ion exchangers, etc., which can effectively eliminate pollutants from the plumes through adsorption, precipitation, reduction/oxidation, and degradation. 

ZVI is the first-ever reactive medium of its kind and the most popular choice in PRB for  in situ  groundwater remediation. Iron is one of the most abundant elements and accounts for 4.75% of the Earth’s crustal elements. The raw material for ZVI used in groundwater remediation is thus cheap and easy to obtain. 

Furthermore, iron is active in chemistry and has a redox potential of −0.44 V, which can easily degrade and detoxify a range of typical groundwater pollutants. More importantly, ZVI is environmentally friendly, and the remediation process has no or low risks of secondary pollution. Because of these advantages, hundreds of ZVI-based PRBs have been installed at various sites for groundwater remediation around the world. 

4.3

Applications of Nanotechnology in Groundwater

Remediation

4.3.1

Overview

Although nanomaterials are promising reagents to treat contaminants in water, there are concerns over their potential toxicities. Many engineered particles, including quantum dots, metal nanoparticles, metal oxides, etc., have potential toxic effects on aquatic organisms when they are released into water. Nevertheless, various ENMs such as nanosized ZVI (nZVI or NZVI), other metal nanoparticles, metal oxide/hydroxide nanoparticles, and nanocomposites have been evaluated
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in laboratory experiments for their potential applications in groundwater remediation (Stefaniuk et al., 2016; Lyu et al., 2020). These nanomaterials have low risk, high reactivity, and high availability to be used in contaminated sites. 

Among them, nZVI is the most promising and has been intensively studied for its applications in removing groundwater pollutants under various conditions (Yan et al., 2013). Because nZVI is safe and suitable to be directly injected into soil and groundwater with low or no secondary contamination risks, the nZVI groundwater remediation technology has been rapidly developed in recent years (Stefaniuk et al., 2016). Several field tests have confirmed the excellent performance of nZVI (Yan et al., 2013), which has led to its commercialization for large-scale  in situ  groundwater remediation. The following sections are thus focused on nZVI and its application in groundwater remediation. 

4.3.2

Synthesis and Stability of nZVI

The rapid development of nZVI technology can be attributed, at least in part, to the success of ZVI in PRBs for groundwater remediation. Due to their large sizes, ordinary ZVI particles only have a small specific surface area and may not be efficient enough to eliminate some pollutants passing through the barriers. On the other hand, nZVI is made of nanoparticles with a very high specific surface area. 

As a result, it exhibits excellent reactivity, which is 10 to 100 times greater than that of ordinary ZVI. 

When ordinary ZVI is used in PRBs for groundwater remediation, the most time-consuming and resource-consuming step is the installation of the reactive barrier, which needs to be installed deeply into the soil and groundwater system to cross the whole aquifer to intercept the pollutant plumes (Figure 4.10A). Because nZVI nanoparticles can be suspended and delivered with flow, their utilization in groundwater remediation is much more convenient than that of ordinary ZVI. 

Suspensions of nZVI particles can be applied through injection wells into groundwater to either form a reactive barrier by attaching to the soil (Figure 4.10B) or directly attack the contaminants via chemical degradation (Figure 4.10C). These facile utilization features make nZVI more cost-effective than ZVI in groundwater remediation, even though nZVI has a higher price tag. In addition, nZVI has much higher reactivity and thus has become the most promising groundwater remediation reagent that has attracted intensive attention recently. 

Several methods based on both top-down and bottom-up approaches have been developed to synthesize nZVI for groundwater remediation (Table 4.4). The top-down approaches are based on physical processes such as milling and grind-ing to break down bulk iron into nanosized particles. The bottom-up approaches mainly rely on the chemical reduction of ferrous or ferric salts into nZVI particles. 

Sodium borohydride (NaBH ) is the most commonly used chemical reduction 4
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Different utilizations of ZVI (a) and nZVI (b and c) in groundwater remediation. Source: Tratnyek and Johnson (2006)/with permission of Elsevier. 
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agent in laboratories to prepare nZVI from ferric or ferrous salts based on the following reactions (Wang and Zhang, 1997):

4Fe3+ + 3BH −

−

↑

4

+ 9H2O → 4Fe0 ↓ + 3H2BO3 + 12H+ + 6H2

(4.1)

2Fe2+ + BH −

O → 2Fe0 ↓

BO −

↑

(4.2)

4

+ 3H2

+ H2

3

+ 4H+ + 2H2

Large-scale production of nZVI for groundwater remediation is mainly achieved through high-temperature hydrogen reduction of goethite/hematite or electrol-ysis that uses a solution containing ferrous iron, electrodes (cathode and anode), and electric current (Yan et al., 2013). Several studies have also indicated that low-cost carbonaceous materials such as biochar and carbon black can also be used to produce nZVI from iron compounds through high-temperature ( >  500 ∘C) endothermic reactions (Hoch et al., 2008). Recently, the green synthesis of nZVI using naturally derived polyphenolic compounds such as plant extracts to reduce iron compounds has emerged, which is clean, eco-friendly, and inexpensive (Kuang et al., 2013). Because the bio-based reducing reagents are nontoxic and environmentally friendly, they may be injected directly into soil and groundwater to react with dissolved iron for  in situ  production of nZVI for groundwater remediation. 

The physical and chemical stability of nZVI is one of the most important factors determining its commercial success in groundwater remediation. The strong magnetic-attractive energy as well as the attractive van der Waals interaction energy between nZVI particles cause their poor physical stability and lead to rapid aggregation and sedimentation (Phenrat et al., 2009). To enhance nZVI’s physical stability and reduce its aggregation, several technologies have been developed using various polymers and surfactants as stabilizers (He et al., 2007). Stabilizers such as carboxymethyl cellulose (CMC) (Raychoudhury et al., 2014), olefin maleic acid (Phenrat et al., 2010), polyacrylic acid (Raychoudhury et al., 2010), polystyrene sulfonate (Phenrat et al., 2009), polyacrylamide (Cirtiu et al., 2011), sodium dodecylbenzenesulfonate (Saleh et al., 2008), and starch (Chen et al., 2016) have been utilized to modify nZVI surface to introduce repulsive forces such as electrostatic, steric, and hydrophobic repulsions to prevent aggregation and thus improve physical stability. Among them, CMC is regarded as one of the most effective nZVI stabilizers, which has shown strong performance in dispersing nZVI in aqueous solutions in both laboratory and field tests (Zhang et al., 2017). Chemical modification methods have also been developed to reduce the dissolution and surface passivation of nZVI particles in aqueous solutions for extended lifetime and enhanced reactivity. Recent studies have demonstrated that sulfidation of nZVI can not only improve the chemical stability of nZVI but also enhance its ability to degrade contaminants (Kim et al., 2011; Rajajayavel and Ghoshal, 2015; Fan et al., 2016). Based on these advantages, sulfidation

Table 4.4

Summary of reported methods for the synthesis of nZVI. 

Diameter

Surface

Method
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Reduction of the iron salts

Simple and easy to

The use of toxic

1–100

33.5

Wang and
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2
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properties)
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Electrochemical
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Green synthesis
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5.8
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Source: Stefaniuk et al. (2016)/with permission of Elsevier. 
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Physical settling and chemical dissolution of (a) CMC-S-nZVI and (b) CMC-nZVI after 55 min under various ionic conditions, where  C  and  C  represent the 0

 t

initial and final particle concentration. Source: Gong et al. (2020)/with permission of Elsevier. 

and CMC surface modification are often combined to make CMC-S-nZVI with strong physical and chemical stability. Gong et al. (2020) found that CMC-S-nZVI has better physical stability than nZVI modified with CMC only (CMC-nZVI) and shows no obvious signs of settling under various solution ionic strength conditions (Figure 4.11). More importantly, the dissolution of CMC-S-nZVI (loss of Fe0) is much lower than that of CMC-nZVI (Figure 4.11) under the same experimental conditions, confirming that sulfidation can enhance the chemical stability of nZVI. The authors pointed out that the incorporation of sulfur into nZVI can limit the reaction of Fe0 with water because the covered S atoms on the CMC-S-nZVI surface weaken the interactions of H O molecules with 2

Fe0, rendering the CMC-S-nZVI surface inefficient for H O dissociation (Gong 2

et al., 2020). 

4.3.3

De-Contamination Mechanisms

Because of their high surface reactivity, nZVI can be applied to treat various types of groundwater contaminants including halogenated organics, heavy metals, nutrients, and other organic compounds (Figure 4.12). While the main decontamination mechanism is reduction, nZVI can also remove contaminants from water through other mechanisms such as adsorption, oxidation, and precipitation (Yan et al., 2013). It is widely used in groundwater remediation for reductive degradation of halogenated organics such as chlorinated hydrocarbons (RCl, Eqs. (4.3, 4.4)) that are persistent and have significant toxicity. 

While the reductive reaction is heterogeneous, nZVI is a moderately strong reductant with a redox potential of −0.44 V. For metal ions with more positive reductive potentials (e.g., Pb2+), they may also be sequestered by nZVI from

82

 4 Nanotechnology and Groundwater Remediation

Examples:

• Nitrate, nitrite

• Chlorinated

Nonmetal

• Perchlorate

inorganic

methanes

• Bromate

species

Halogenated

• Brominated

aliphatics

methanes

• Cr(VI)

• Chlorinated

ethenes

• As(III), As(V)

Types of

• U(VI)

Metals

contaminants

treated

• Pd(II)

• Chlorinated

• Cd(II)

benzenes

Halogenated

• Chlorinated

aromatics

• Dyes

Other organic

phenols

• Explosives

compounds

• Chlorinated

biphenyls

• Pesticides

Figure 4.12

Summary of various types of contaminants treated by nZVI. Source: Yan et al. (2013)/with permission of The Royal Society of Chemistry. 

contaminated groundwater through the following reduction equations: Fe0 + RCl + H+ → Fe2+ + RH + Cl−

(4.3)

2Fe2+ + RCl + H+ → 2Fe3+ + RH + Cl−

(4.4)

Fe0 + Pb2+ → Fe2+ + Pb

(4.5)

Because of the core-shell structure, nZVI can also adsorb metal ions because of the large amount of active sites and functional groups on its shell (iron oxide). 

The sorption process is often combined with and can promote other processes, such as reduction/oxidation and precipitation, to remove these contaminants from groundwater (Figure 4.13). 

Even though nZVI is a reductant, it may generate reactive oxidants in some groundwater remediation systems, making the oxidation process the main decontamination mechanism. In the presence of oxygen, nZVI in water can produce reactive oxygen species (ROS) including hydrogen peroxide, and hydroxyl and peroxyl radicals (Joo et al., 2004). For example, nZVI may first react with oxygen and water to generate hydrogen peroxide, which can further react with iron ions (the Fenton reaction) to generate different ROS depending on the solution pH

conditions (Joo et al., 2004). 

Fe0 + O

O

(4.6)

2 + H+ → Fe2+ + H2

2

Fe2+ + H O → Fe3+

2

2

+ OH + OH . 

(Acidic pH)

(4.7)

Fe2+ + O → Fe3+

O

− . 

2

+ H2 + O2

(Neutral pH)

(4.8)
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Sorption-induced removal of metal ions by nZVI. Source: Yan et al. 

(2013)/with permission of The Royal Society of Chemistry. 

4.4

Case Studies of nZVI for  In Situ Groundwater Remediation

The first field evaluation of nZVI for  in situ  groundwater remediation was carried out in 2001 by Elliott and Zhang (2003) in Trenton, New Jersey, USA. The authors selected a site that had a history of groundwater contamination due to the leakage of trichloroethene (TCE) from a storage tank. The tested site had a surface area of approximately 4.5 × 3.0 m with a saturated thickness of about 6.0 m. The TCE contamination was encountered at a depth of 1.8–2.1 m below the ground surface. Based on the results from laboratory evaluation, the authors selected Pd-nZVI of 100 to 200 nm for the  in situ  degradation of TCE in the porous aquifer. The nanoparticles were injected without any suspending agent into a monitoring well (MW) (DGC-15, Figure 4.14). As shown in the figure, three pairs Flowmeter
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First field test of Pb-nZVI for  in situ  remediation of TCE-contaminated groundwater. Source: Elliott and Zhang (2003)/with permission of American Chemical Society. 
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of piezometers labeled as PZ-1S and 1D, PZ-2S and 2D, and PZ-3S were installed at 1.5-m intervals at the downstream of the injection well along the direction of groundwater flow. Because the test area is located in the middle of a large TCE

contamination plume, one-time injection of a small amount of Pd-nZVI particles could not completely eliminate the TCE from the groundwater. Nevertheless, the degradation rate of the nanoparticles for TCE in the contaminant plume reached 96% within two weeks (Figure 4.14). After completing the experiment, the authors also pointed out that the suspension and transportation of nZVI in soil and groundwater are the key points for its  in situ  application in groundwater remediation. 

To improve the dispersion and transport of nZVI, Quinn et al. (2005) used corn oil and sorbitan trioleate as emulsifiers to coat nZVI particles and obtained well-suspended emulsified nZVI (ENZVI in Figure 4.15). The authors carried out a field-scale experiment in Launch Complex 34 at Cape Canaveral Air Force Station (LC34), Florida. The site was used for Saturn rocket launches from 1960

to 1968, and the launch pad was cleaned with chlorinated organic solvents, including TCE, which caused the contamination (mainly TCE) of the soil and groundwater underneath. The authors used a small area (15 × 9.5 ft) underneath the Engineering Support Building (ESB) in the field experiment to conduct the  in situ  remediation of TCE-contaminated groundwater by the ENZVI and obtained good results (Figure 4.15). They found that the ENZVI effectively removed TCE from the contaminated groundwater plume, and the overall degradation rate of TCE reached more than 80% within 90 days (Figure 4.15). 

In another field experiment of nZVI for  in situ  groundwater remediation, He et al. (2010) used CMC-stabilized nZVI that contained a trace amount of Pd catalyst for degradation of TCE, perchloroethylene (PCE), and polychlorinated biphenyls (PCBs). The test site was a former manufacturing facility located in the Southern United States. The test area was approximately 15 × 10 ft. and was located within a secondary contaminant source zone in a residuum over limestone. The author installed one injection well (IW-1) and three MWs that were 5 ft. 

apart along the direction of groundwater flow (Figure 4.16). CMC-stabilized nZVI suspensions were applied as two consecutive injections (the second injection was four weeks after the first one) into the injection well to treat the contaminated groundwater. They observed rapid degradation of PCE and TCE in both MW-1

and MW-2 following each injection (Figure 4.16), confirming the strong ability of nZVI to degrade chlorinated hydrocarbons through chemical reactions. 

Furthermore, the authors also found that the total contaminant concentration decreased by about 40% and 61% in MW-1 and MW-2, respectively, after 596 days. 

This result indicates that CMC-stabilized nZVI can also stimulate slow but persistent biodegradation processes for  in situ  groundwater remediation in the long term. 
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Field test of emulsified nZVI for  in situ  remediation of TCE-contaminated groundwater. Source: Quinn et al. (2005)/with permission of American Chemical Society. 
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Field test of CMC-stabilized nZVI for  in situ  remediation of groundwater contaminated by TCE, PCE, and PCBs. Source: He et al. 

(2010)/with permission of Elsevier. 
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5

Nanotechnology and Water Purification: Membrane

Filtration

5.1

Overview of Membrane Technology

The word “membrane” may have different meanings depending on its origins, properties, and functions. It is a widely used term that covers biological and engineered materials and their applications. In biology, a membrane is defined as “a thin sheet of tissue or layer of cells acting as a boundary, lining, or partition in an organism,” while in engineering, it is often regarded as “a very thin piece of material that covers an opening.” The main function of a membrane is separation, and it can selectively permit the separation of certain species in a fluid. Because membranes can separate molecules and particles over a wide range of molecular weights and sizes, they are becoming popular in water purification to remove suspended particles and chemical compounds by only permitting the filtration of purified water through the membrane barrier. In some cases, membranes are also used to concentrate and extract contaminants from fluids (Castelblanque and Salimbeni, 2004). 

Large-scale commercialization of membrane filtration was triggered by its breakthrough applications in seawater desalination in the late 1950s/early 1960s (Uemura et al., 2011). In addition to desalination and water treatment, membrane filtration has also been applied in other industrial processes such as separation in food, biomedical, petroleum, and chemical industries (Figure 5.1). Various membrane processes have been developed for these applications. Among them, reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), and electrodialysis (ED) technologies are the most popular ones that have been commercialized for water treatment. Recently, forward osmosis (FO) membrane process has received much attention due to its promising potential usages for desalination and wastewater treatment; however, its industrial applications still face several challenges (Chung et al., 2012). 

 Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 
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When used in water purification, all the membrane technologies rely on certain driving forces for the separation, which can be physical, chemical, or electrical. ED

technology mainly uses electrical potential as the driving force with ion exchange membranes being applied between the anode and cathode (Hansima et al., 2021). 

The driving force of FO separation is an osmotic pressure gradient, relying on the chemical potential to "draw" water from a feed solution through a semipermeable membrane to a solution of higher concentration. MF, UF, NF, and RO processes mainly use physical potential in the form of hydraulic pressure as the driving force to purify water. In water treatment, MF, UF, NF, and RO are much more popular than ED and other membrane processes (e.g., Figure 5.2). This chapter thus mainly focuses on the four hydraulic pressure-driven membrane processes (i.e., MF, UF, NF, and RO). 
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5.2

Membranes in Water Purification

5.2.1

Hydraulic Pressure-Driven Membranes

In comparison with other water treatment technologies, pressure-driven membrane filtration has several advantages such as being environmentally friendly (no chemicals are used), stable and sustainable output, and easy operation and maintenance. As a result, membrane filtration is becoming one of the most popular technologies for water purification. The four hydraulic pressure-driven processes, MF, UF, NF, and RO have all achieved great commercial success for various applications in water treatment. While these membranes are different (Table 5.1), they all have a thin-film structure with high permeability and strong mechanical and chemical resistance. In addition, these membranes have very small pore openings for selective separations, which depend on the size of the target species. Figure 5.3

shows the ranges of the pore sizes of the four hydraulic membranes following the order of MF  >  UF  >  NF  >  RO. Because pore size strongly affects the hydraulic resistance of the membranes, it would require a much higher pressure gradient in a Table 5.1

Properties and characteristics of pressure-driven membranes. 
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membrane with smaller pores than that with larger pores to obtain the same flow rate (Table 5.1). Table 5.1 also summarizes and compares the properties and characteristics of the four hydraulic pressure-driven membranes. 

5.2.2

MF and UF

Both MF and UF rely on porous thin-film membranes that can effectively remove dispersed particles but do not have the ability to separate ions or dissolved compounds from water. They can be made from both inorganic materials such as ceramic and organic polymers such as cellulose acetate, polylactic acid, polysulfone (PSf), and polypropylene. The hydraulic pressure gradients across the MF/UF membrane drive the filtration to only let water and ions pass through the membrane, which are collected as permeate. The retention of the suspended colloidal and some nanosized particles is controlled by the pore size of the membrane through the surface filtration or sieve filtration mechanism. The pore size of the MF membrane is larger than that of the UF membrane, and it can only block colloids while nanoparticles can pass through with the permeate. With pore size smaller than 100 nm, the UF membrane can effectively block some nanoparticles including viruses. 

During operation, MF and UF systems can use either crossflow or dead-end flow configurations (Figure 5.4). The flow direction of the feed water in a dead-end

[image: Image 66]
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filtration is perpendicular to the membrane and the suspended solids are intercepted and form a “cake” layer on the top of the membrane. The build-up of the cake layer would dramatically reduce membrane efficiency, so the dead-end membrane filtration is more suited to treat water with low suspended solids. The flow direction of the feed water in a crossflow system is parallel to the membrane surface, which can reduce the formation of the cake layer and mitigate the growth of resistance. Because crossflow filtration systems are not sensitive to the perturbations of particle size and concentration, they are more suitable for large-scale water treatment operations than dead-end systems. 

In water treatment, MF is mainly used to remove bacteria and colloidal particles (Figure 5.5). Because it is less energy intensive than other membrane processes, MF can also be used as a pretreatment or a safeguard for UF, NF, and RO to provide a product stream that is free of colloidal contaminants. MF can completely remove bacteria, including pathogens, and provides an alternative means for disinfection of potable water. As a physical process, MF disinfection is safer than the traditional chemical disinfection technology, which produces carcinogenic disinfection byproducts because of the reactions between disinfectants (e.g., chlorine) and natural organic substances in water. In addition to drinking water treatment, MF membranes are used in secondary wastewater effluents to remove turbidity and bacteria for disinfection. When combined with coagulation, MF

may also be able to remove some soluble contaminants such as organics and heavy metals when they are precipitated or sorbed by the coagulants. 

UF can effectively remove most of the nanoparticles and macromolecules from the inflow to obtain purified water (Figure 5.5). Because of its convenience, low cost, and constant product rate and quality, UF has been widely applied in the
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Comparison of different membrane processes. 

production of potable water, especially by the beverage industry. It is also used in wastewater treatment to replace some traditional secondary and tertiary treatment technologies. For feed water with high loading of colloids, UF is often integrated with other pretreatment processes such as the traditional primary and secondary treatment technologies for wastewater treatment. UF can also be used as a pretreatment method for other water purification processes (e.g., RO, NF, and ED). 

5.2.3

NF and RO

Because of their extremely small pore openings, NF and RO require a dense membrane structure to reach high permeability. Both NF and RO have the ability to block ions from water to reduce its hardness and salinity. Their membranes are mainly made of organic polymers, which need to satisfy the requirement of good mechanical stability to withstand high operating pressures. NF and RO

membranes have pore sizes in the nano- and subnanorange and thus are only permeable to water (RO) and monovalent ions (NF) that pass through. Compared with MF and UF filtration, RO and NF require additional energy to overcome the osmotic potential. Due to the high operating pressure, NF and RO systems only use the crossflow configuration (Figure 5.4). 

RO process can effectively remove ions, macromolecules, and suspended colloids and nanoparticles from inflow to produce super clean water (Figure 5.5). 

Under natural conditions, water in an RO system should move from the lower salinity side to the more concentrated side because of the osmotic pressure, which

 5.2 Membranes in Water Purification

99

is proportional to the solute concentration (chemical potential) gradient. RO

filtration reverses this natural flow process by employing large external pressure to overcome the osmotic pressure. Water flow is pushed through the pores of RO

membrane by the extra hydraulic pressure, similar to the flow process in other membrane systems. The most common application of RO in water treatment is desalination and many large-scale RO filtration plants have been established in the coastal areas and islands around the world to produce potable water from seawater. RO can also be combined with other technologies to purify industrial wastewater and reclaim municipal wastewater. Small RO units have also been installed in many homes to further purify tap water for cleaner and safer drinking water. 

NF is a relatively new membrane filtration technology that was commercialized in the early 1970s. NF membrane is developed based on the RO membrane and thus is often called open or loose RO. The opening pore size of NF is between that of UF and RO. As a result, NF can also remove some of the ions, and all the macromolecules, suspended colloids, and nanoparticles from the feed water (Figure 5.5). UF has limited ability to reject monovalent ions such as sodium chloride (∼0–70%) but is very effective at rejecting di- and multivalent ions ( >  99%), particularly anions such as sulfate (SO 2−) and phosphate (PO 3−). One of the 4

4

major uses of NF in water treatment is for softening hard water for industrial and home uses. NF process is also commonly used in drinking water treatment to remove the precursors (e.g., natural organic matters) of disinfection byproducts. In addition, it can be combined with other membrane processes in water purification to reduce operating costs. 

5.2.4

Membrane Configuration

When used in water purification, membranes are often arranged into different configurations based on the designs, often called modules. The most common configurations/modules for pressure-driven membranes are plate-and-frame, hollow fiber, tubular, and spiral wound (Figure 5.6). Plate-and-frame has the simplest configuration, consisting of a series of flat membrane sheets, supporting plates, and spacers (Figure 5.6a). When water passes through each of the membranes, it will be collected in a channel in the corresponding supporting plate. Hollow fiber membrane module is made of bundles of hundreds to thousands of hollow fibers (0.1–1 mm diameter) that are inserted into a pressure vessel (Figure 5.6b). The feed water can be applied either to the inside or outside of the fibers. Most of the hollow fibers are made of unsupported membrane polymers and thus require rigid support on the ends. Tubular membrane is often coated on the inside of a tube with an outer diameter between 5 to 25 mm (Figure 5.6c). The feed water is pumped through the tube and pushed through the wall. Purified water is collected on the
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Main configurations of membranes in water purification: (a) plate and frame, (b) capillary fiber, (c) tubular, and (d) spiral wound. Source: Daramola et al. (2012)/MDPI/

CC BY 4.0. 

outside of the tube. As the most popular module for NF and RO, spiral wound module commonly consists of membranes, feed spacer, permeate spacer, and permeate tube (Figure 5.6d). It is made from an envelope of sheet membrane wrapped around the collection tube with the support of flexible spacers. During operation, feed water passes through one side of the membrane to become purified water spiraling into the permeate tube at the center. 

5.3

Theories of Membrane Filtration

The most important parameter of hydraulic pressure-driven membrane processes in water treatment is the flux ( q), which is also defined as the amount of the flow passing through a unit membrane area in a unit time (SI unit:  m/s). One of the common units of flux in water treatment is litters per square meter per hour ( LMH) and the pressure-driven membrane processes usually operate at 10–1000

 LMH, depending on the net driving pressure (NDP), membrane resistance, and hydraulic conditions of the membrane system. For water treatment, the recovery rate is controlled by the flux and the membrane surface area. In a crossflow
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membrane system, the mass balance of the water flow ( Q) and a specific contaminant ( C) can be written as:

 Q

(5.1)

 in =  Qout +  Qper

 Q C

 C

 C

(5.2)

 in

 in =  Qout

 out +  Qper

 per

where  Q  and  C ,  Q

, and  Q

,  Q

are total flow and contam-

 in

 in

 ou t and  Cout

 pe r and  Cper

 out

inant concentrations of the feed (in), retentate/concentrate (out), and permeate (per), respectively. The total water recovery rate ( R ) and contaminant rejection w

efficiency ( R ) of the membrane are:

 c

 R

(5.3)

 w =  Qper∕ Qin

 Rc = (1 −  Cper∕ Cin)

(5.4)

During practice, the operating conditions should be optimized to make both  Rw and  R  as close to one as possible. In the crossflow membrane filtration systems, c

 R  values are often smaller than one and  R  values for targeted contaminants are w

 c

generally close to one. The  R  value of a membrane reflects its selectivity toward c

different types of contaminants in water, where one and zero denote complete and no separation, respectively. For example,  R  values of MF, UF, NF, and RO

 c

to  Escherichia coli  are all close to one, indicating they are all effective in removing it from water. On the other hand, only RO has an  R  of one to NaCl, indicating c

the others have no or limited ability to separate this salt from water. Both  R  and w

 R  may vary with time during membrane operation for water purification. In par-c

ticular, membrane fouling may cause  R  to decline if other hydraulic conditions w

remain the same. On the other hand, cracking or breaking of the membrane can increase  R  and decrease  R  values. 

 w

 c

The hydraulic pressure gradient across the membrane is the driving force of flow in MF, UF, NF, and RO filtration. Because the flux in a membrane system is controlled by the driving force, understanding their relationship is critical to modeling the flux and mass transport in the membrane filtration systems. For porous membranes like MF and UF, it is reasonable to model them as thin porous media made of small pipes. As a result, flow equations of porous media can be applied directly to describe the flux in MF and UF membrane systems. Similar modeling approach can be applied to dense membranes like NF and RO because they have many tiny pores with high permeability. However, both NF and RO are semipermeable membranes that are strongly affected by osmosis, which would drive water to move water in the permeate side across the membrane to the other side to dilute the retentate through diffusion. Therefore, extra hydraulic pressure is required to first overcome the osmotic pressure and then drive the water flux in the NF and RO

systems. 
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 5 Nanotechnology and Water Purification: Membrane Filtration If all the pores of the pressure-driven membranes can be modeled as small cylindrical pipes, the flow in each pore can be described by the Hagen–Poiseuille equation:

 Qp =  𝜋r 4 𝛥p∕(8 𝜇Lm)

(5.5)

where  Q  is the pore flow rate, r is the pore radius,  𝛥p  is the net pressure difference p

between the two sides of the membrane,  𝜇  is the viscosity, and  L  is the thickness m

of the membrane. Assuming all the pores of the membrane have uniform shape and size, and overall porosity of the membrane is  𝛩, the number of pipes of the membrane with a contact area of  A  can be written as: m

 N =  A 𝛩

 m

∕ 𝜋r 2

(5.6)

The permeate flow rate of the membrane thus can be written as: Q

 𝛩r 2 𝛥p

 per =  NQp =  Am

∕(8 𝜇Lm)

(5.7)

The flux ( J) then can be written as:

 J =  𝛩r 2 𝛥p∕(8 𝜇Lm)

(5.8)

Equation (5.8) is the simplest expression of flux through a hydraulic pressure-driven membrane that has identical uniform cylinder pores. In the real world, however, the pores of the membranes are often heterogeneous and irregularly shaped. In addition, the flow through these membranes may also be affected by other physicochemical factors such as surface chemistry, elasticity, pore structure, and pore tortuosity. Nevertheless, there should be a linear relationship between  𝛥p  and  J. If all the factors related to membrane properties are lumped into one parameter as membrane resistance ( R ), the pressure-driven m

flux through the membrane thus can be written as:

 J =  𝛥p∕( 𝜇Rm)

(5.9)

For membranes with identical uniform cylindrical pores,  R  is equal to 8 L /𝛩r 2. 

 m

 m

Equation (5.9) can be applied directly to describe the flux in MF and UF systems based on the applied hydraulic pressure. For NF and RO systems, the net pressure Δp should be smaller than the applied hydraulic pressure due to osmosis. 

The applied hydraulic pressure needs to first offset the osmotic pressure and then be counted as the net pressure to drive the flux. When the solute concentration is relatively low, the osmotic pressure ( 𝛱) is proportional to the molar concentration of solute ( C) and can be written as:

 𝛱 =  iRTC

(5.10)

where  i  is the dimensionless van’t Hoff index (a measure of the effect of a solute on colligative properties),  R  is the ideal gas constant, and  T  is the absolute
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temperature. When the solute is diluted, the value of  i  is close to one and Eq. (5.10) is very close to the ideal gas law:

 𝛱 =  iRTn∕ V ≈  nRT∕ V

(5.11)

where  n/V  is the solution concentration  C. When the solute concentration is medium, the  i  value can be taken as 0.7. At high salinity, however, the relationship between Π and C becomes nonlinear. 

Under constant operation pressure, the flux through a membrane system may decrease with time due to membrane fouling that imposes additional membrane resistance ( R ) to the system. The membrane flux equation thus can be written as: f

 J =  𝛥p∕( 𝜇( Rm +  Rf )) (5.12)

5.4

Nanoparticles in Membranes for Water Purification

Some of the engineered particles such as graphene and its derivatives may be used solely or with other nanomaterials to assemble nanoparticle membranes without any substrates (support). However, most of the nanoparticles are combined with traditional membrane materials as nanocomposite membranes for enhanced filtration performance (Kim and Van der Bruggen, 2010; Bassyouni et al., 2019; Wen et al., 2019). 

As discussed in previous sections, the pressure-driven membranes for water treatment are mainly made of organic thin films of different configurations. There are some inorganic membranes such as ceramic membranes that have been developed for MF and UF. The inorganic membranes are typically used under harsh environmental conditions to satisfy special needs when the organic membranes cannot be used (Goh and Ismail, 2018). That is to say inorganic membranes are not commonly used in water purification. This is because inorganic membranes have relatively poor control of pore size distribution, high price tags, and are often inconvenient in operation. Engineered nanoparticles such as metal oxide nanoparticles have been applied to the synthesis and modification of inorganic membranes (Bhattacharya et al., 2020); however, most of the nanoparticle-based inorganic membranes also suffer the same issues as traditional inorganic membranes, which impede their use in water purification. 

The majority of the membranes for water purification are based on polymers; therefore, this section mainly focuses on the applications of nanoparticles in polymeric membranes. In the past, the limitations of conventional polymeric membranes have led to the development of various modification techniques to improve their surface properties, structure, mechanical strength, thermal stability, and chemical resistance. Because of their unique properties, engineered nanomaterials are often used as modifiers or fillers in polymers to produce nanocomposite
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 5 Nanotechnology and Water Purification: Membrane Filtration membranes with better chemical, thermal, and mechanical stability. With tunable sizes, structures, and surface functionalities, engineered nanoparticles in the nanocomposites can make the membrane design and production processes more controllable than the traditional techniques. In addition, the application of nanotechnology in nanocomposite membrane synthesis can also introduce other benefits such as low fouling, high permeability, and high reactivity. For example, the presence of hydrophilic nanoparticles on the membrane surface can increase the hydrophilicity of the membrane to reduce the fouling tendency (Homayoonfal et al., 2013). Similarly, some engineered nanoparticles with antimicrobial ability such as silver nanoparticles are also incorporated into polymeric membranes to reduce fouling (Wang et al., 2019). 

5.4.1

Arrangement of Engineered Nanoparticles in Membranes

When engineered nanoparticles are used in membranes, most of them are applied with polymers as modifiers or fillers to form different nanocomposites. Depending on properties of the nanoparticles and the structures of the nanocomposites, there are different arrangements of nanoparticles in the membranes (Figure 5.7): (1) For a membrane without any substrate, nanoparticles can be coated on the surface of the membrane (Figure 5.7a); (2) For a membrane without any substrate, nanoparticles can be mixed with the feedstock materials during the production to form a conventional nanocomposite membrane, in which the nanoparticles are distributed uniformly within the membrane (Figure 5.7b); (3) For a membrane with a substrate, they can be coated on the surface of the thin film of the membrane on top of the substrate (Figure 5.7c); (4) For a membrane with a substrate, nanoparticles can be mixed with the feedstock materials of the thin film during the production to form a nanocomposite thin film on the top of the substrate (Figure 5.7d); (5) For a membrane with a substrate, nanoparticles are applied as (a)

(b)

(c)

(d)

(e)

(f)

ENPs

Membrane

Substrate

Figure 5.7

Different arrangements of engineered nanoparticles in membranes. 
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an interlayer between the thin film and the substrate (Figure 5.7e); and (6) For a membrane with a substrate, nanoparticles can be mixed with the feedstock materials of the thin film during the production to form a nanocomposite thin film on the top of the substrate (Figure 5.7f). 

Although they are much less popular than polymer nanocomposite membranes, nanoparticle-based inorganic membranes have also been developed for water purification. The arrangements of nanoparticles in the inorganic membranes are mainly through surface coating or as fillers. For example, silver nanoparticles are often coated on the surfaces of ceramic membranes to reduce the growth of biofilms (Lv et al., 2009). Metal oxide nanoparticles such as nanosized aluminum oxide (Al O ), titanium dioxide (TiO ), and iron oxide (Fe O ) are often cast 2

3

2

2

3

onto ceramic materials to produce more nanoscale pore structures as well as to introduce catalytic functions (Lu et al., 2016; Ewis et al., 2021). 

5.4.2

Overview of Carbon Nanoparticle-Based Membranes

As a popular type of nanomaterials, carbon nanoparticles are regarded as the most promising and most suitable building blocks for multifunctional membranes for water purification. As shown in Chapter 4, there are various types of carbon nanoparticles including carbon nanotubes (CNTs), graphene and its derivatives (e.g., graphene oxide (GO)), fullerenes, carbon dots, etc. Based on their structural dimensions, they are as often classified into zero-dimensional (0D, e.g., fullerenes), one-dimensional (1D, e.g., CNTs), and two-dimensional (2D, e.g., graphene) forms carbon materials. Several 0D carbon nanoparticles including fullerenes have been combined with polymers to develop some novel nanocomposite membranes for water purification (Jani et al., 2020). However, most of the current research on carbon nanoparticle-based membranes mainly focuses on 1D and 2D forms of carbon, especially CNT- and graphene-based membranes (Goh et al., 2016; Khan et al., 2016). A number of studies have demonstrated the advantages of CNT- and graphene-based membranes for water treatment due to their ultrafast water transport properties and excellent sieving capabilities (Cheng et al., 2017; Obaidullah, 2019). 

5.4.3

Carbon Nanotube-Based Membranes

Because of their unique structures and surface properties, CNTs have been widely applied in membranes for enhanced physicochemical properties and water filtration performance (Chowdhury et al., 2018). Similar to other engineered nanoparticles, CNTs are mainly combined with polymers into thin-film nanocomposite membranes for high-efficiency water purification applications. 

Based on the synthesis methods, CNT-based membranes are divided into three

[image: Image 70]

106

 5 Nanotechnology and Water Purification: Membrane Filtration Water

Salt

VA-CNT membranes

CNTs

Mixed CNT membranes

SWCNTs

MWCNTs

Dispersed

CNTs

Filtration

Bucky-paper CNT membrane

Figure 5.8

Different types of CNT-based membranes. Source: Obaidullah (2019) with permission of Elsevier. 

main categories: mixed nanocomposite (MN), self-standing bucky paper (BP), and vertically aligned (VA) CNT membranes (Figure 5.8). 

5.4.3.1

MN-CNT Membranes

The most common and convenient way to prepare CNT-based membranes is to mix the nanoparticles with polymers to form MN-CNT membranes with improved properties and performance. In this kind of membrane, CNTs are often added as a filler to the polymers during the synthesis. Therefore, the typical polymeric membrane synthesis methods can be employed directly to prepare MN-CNT

membranes. Traditional technologies such as phase inversion (Silva et al., 2015) and interfacial polymerization (Kim et al., 2014) have been successfully adopted in the production of MN-CNT membranes. For example, Wu et al. (2010) applied the phase inversion technique in the preparation of a novel MWNT/brominated polyphenylene oxide (BPPO) membrane using N-methyl-2-pyrrolidinone (NMP) as the solvent and water as the coagulant (Figure 5.9). During the synthesis, the polymer was dissolved in NMP with other reactants necessary for a traditional polymeric membrane. CNT nanoparticles were then added to the polymer
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Schematic of synthesis (a) and SEM images of cross-section (b) and surface (c) of MWNT/brominated polyphenylene oxide (BPPO) membrane. Source: Wu et al. (2010) with permission of Elsevier. 

solution followed by stirring and sonication. The mixture was cast onto a clean glass plate to form a thin film and then immersed in water at 30 ∘C for 24 hours to remove the solvent. After the final step of the phase inversion, the MN-CNT

membrane was obtained. 

5.4.3.2

BP-CNT Membranes

BP-CNT membranes are made of self-supporting and self-assembled CNT

particles that are held together into a thin film by the van der Waals attraction force. In this type of membrane, 1D cylindrical CNTs are randomly distributed and form a large porous 3D network with a high specific surface area. Most of the BP-CNT membranes are solely made of CNTs; however, some of them may have polymeric substrates as support. In comparison to traditional polymeric membranes, BP-CNT membranes exhibit much better chemical and physical stability (Wang et al., 2008). The synthesis of BP-CNT membranes is relatively simple and often relies on self-assembly techniques such as vacuum-assisted filtration, electrospinning, and layer-by-layer deposition (Ma et al., 2017). In a typical vacuum-assisted filtration process, CNTs are first dispersed in a suitable solution with the aid of ultrasonication (Figure 5.10). The CNT dispersions are filtered onto a support membrane under a positive pressure usually by a vacuum, resulting in the formation of a CNT thin film often called BP. 
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(a) Process for manufacturing Bucky-papers, (b) SEM image showing the Bucky-paper surface and (c) Bucky-paper origami aeroplane demonstrating their flexibility and mechanical robustness. Source: Sears et al. (2010)/MDPI/CC BY 3.0. 

5.4.3.3

VA-CNT Membranes

Different from MN and BP membranes, in which CNTs are randomly oriented, VA-CNT membranes are made of perpendicularly aligned CNTs on polymeric substrates (Figure 5.11). This arrangement allows water to pass only through the hollow CNT interior tubes or between the bundles. As a result, VA-CNT

membranes have several advantages over other CNT-based membranes including uniform pore distribution, controllable pore size distribution, and high water flux due to the compact nanotube forest and short nanochannel length. For example, Majumder et al. (2005) produced VA-CNT membranes with pore diameters of 7 nm, which have much higher water permeability than a simple macroscopic membrane. Nevertheless, the synthesis of VA-CNT membranes is mainly through the chemical vapor deposition process to embed CNTs into a matrix or to grow them directly onto a substrate, which is much more complicated than that of MN-CNT and BP-CNT membranes. This has impeded the large-scale production of VA-CNT membranes for water purification. Furthermore, the alignment control and agglomeration control of CNTs also present huge challenges to the large-scale production of VA-CNT membranes. 

5.4.4

Graphene-Based Membranes

Graphene is a 2D nanosheet made of pure carbon atoms in a hexagonal honeycomb lattice with atomic thickness. It has a membrane structure with tiny

“pores” and has thus been extensively explored in molecular separation (Boretti et al., 2018). The research and development of graphene-based membranes for
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water purification have become a hot topic in membrane science and technology. 

Various types of graphene-based membranes have been developed from graphene and its derivatives, GO and reduced GO (rGO), mostly with the support of polymers. For water purification, graphene-based membranes can be put into three main categories: nanoporous graphene (NG), GO/rGO thin-film, and graphene-polymer composite membranes (Figure 5.12). The graphene-polymer composite membranes are similar to other MN membranes to utilize the unique properties of graphene, GO, or rGO nanoparticles. The NG and GO/rGO thin-film membranes are self-standing membranes, however, they are often supported by a polymeric substrate for hydraulic pressure-driven water filtration applications. 

5.4.4.1

NG Membrane

Theoretically, a single-layer graphene sheet has great potential for the separation of impurities from water. However, the “pore” size of graphene is similar to or smaller than that of a water molecule (0.275 nm). Furthermore, graphene is hydrophobic. These two factors make it almost impossible for water to pass through a self-standing graphene nanosheet. To increase water permeability, 
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Figure 5.12

Main types of graphene-based membranes: (a) porous graphene layer (i.e., nanoporous graphene), (b) assembled graphene laminates (i.e., GO/rGO thin-film); and (c) graphene-based composite. Source: Liu et al. (2015)/with permission of The Royal Society of Chemistry. 

NG membranes are prepared by introducing nano- and subnanopores on the surface of graphene. Li et al. (2016) irradiated graphene nanosheets supported by polyethylene terephthalate (PET) substrates with swift heavy ions, which can perforate the graphene and PET layer (Figure 5.13). They found that this process can create graphene nanopores with carboxyl groups and thus create a monolayer (a)
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Figure 5.13

Effect of electron beam etching on graphene nanopores created by Kr ion bombardment. (a) HR-TEM of pristine graphene, the etching time is 0 min; (b) HR-TEM of pristine graphene, the etching time is 5 min; (c) HR-TEM of pristine graphene, the etching time is 10 min; (d) HR-TEM of graphene after bombardment with 1 × 1011 ions, and the white arrows identify the nanopores. The image includes two nanopores marked as No. 1

and 2. The top right corner shows an enlarged image of the No. 1 nanopore, and the blue arrow indicates the TEM diffraction of the bombarded graphene in bottom right corner; (e) HR-TEM of the pores after 5 min of etching with the electron beam, white arrows point to No. 1 nanopore; (f) HR-TEM of pores for 10 min after etching with electric beam, and the white arrows identify the No. 1 nanopore. Source: Li et al. (2016)/with permission of American Chemical Society. 
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NG membrane on a PET substrate. Sint et al. (2008) used molecular dynamic simulations to show that NG membranes with different functional groups on their nanopores have high ionic selectivity and thus can be used in desalination. 

Koenig et al. (2012) developed an ultraviolet-induced oxidative etching technique to prepare NG membranes with angstrom-sized pores and confirmed that the NG membranes can be used as molecular sieves. Almost all the NG membranes are developed in labs and have not been applied for large-scale water purification in the real world. Nevertheless, findings from laboratory experiments and model simulations have demonstrated the strong potential of the application of NG membranes in water purification and their desalination performance and ion rejection efficiency can be controlled by adjusting the size, density, and surface functionality of the nanopores on the graphene nanosheets (Cheng et al., 2017). 

5.4.4.2

Self-Standing GO/rGO Membranes

Self-standing GO/rGO membranes are multilayer thin-film membranes that are made of stacks of GO/rGO nanosheets. The common synthesis routes of GO/rGO

membranes include vacuum filtration, layer-by-layer self-assembly, and spin coating, along with other methods such as drop, spray, and dip coating. 

The vacuum filtration process is a convenient method to prepare self-standing carbon nanoparticle-based membranes including GO/rGO and BP-CNT (see 5.4.3) membranes. The process usually requires the GO/rGO to be well dispersed in the solvent before being deposited on the substrate under vacuum suction. 

Because GO suspensions can also facilitate the dispersion of other nanoparticles, vacuum filtration has also been applied to prepare nanocomposite membranes. 

Mi (2014) summarized the advantages of self-standing GO membranes prepared by the vacuum filtration method for water purification, including high flux, energy efficiency, ultrathin design, and tunable filtration properties (e.g., thickness, pore size, and the spacing between GO nanosheets). Sun et al. (2015) applied the vacuum filtration method to prepare a GO/silver nanoparticle composite membrane on cellulose acetate substrate for water purification (Figure 5.14). The resultant GO/silver nanoparticle membrane showed not only high flux but also excellent antibacterial properties. 

The layer-by-layer self-assembly method relies on the strong electrostatic attraction between positively charged crosslinkers or substrates and negatively charged GO/rGO nanosheets to form the membrane. By adjusting the crosslinkers, this method can be used to control the spacing, pore size, and functionality of the resultant GO/rGO membranes. For example, biologically functional macromolecules, conductive polymers, photosensitive polymers, and other engineered nanoparticles can be easily incorporated into the membranes

[image: Image 78]

112

 5 Nanotechnology and Water Purification: Membrane Filtration Modified

Modified

(a)

Hummers' method

Turkevich method

Dispersion of

GO-AgNPs

(b)

(c)

(d)

C

membrane

A membrane

Ceramic support

1 μm

Figure 5.14

(a) Possible mechanism for the formation of GO–AgNPs. (b) Preparation procedures of GO–AgNPs membrane. (c) Digital image and (d) SEM image of GP–AgNPs membrane. Source: Sun et al. (2015)/with permission of Elsevier. 

through self-assembly. Hu and Mi (2013) used 1,3,5-benzenetricarbonyl trichloride as the crosslinker to prepare a layer-by-layer self-assembly GO membrane on a polydopamine-coated PSf substrate. They suggest that the layer-by-layer GO membrane is a promising next-generation, cost-effective, and sustainable alternative to traditional polymeric membranes for water purification. 

Spin coating is widely used for coating GO/rGO for functional membranes (Becerril et al., 2008). It is a simple coating method to control the formation of GO/rGO film on a substrate. It usually requires dispersing GO/rGO nanoparticles in a solvent, which is also the first step for preparing other coated GO/rGO

membranes. After dropping the suspension on a substrate, the base plate starts rotating at a high speed to form a thin liquid layer on the substrate. The thickness of the membrane can be adjusted by controlling the time of spin coating, the speed of rotation, the amount and concentration of the liquid drop, and the size of the substrate. Using the spin coating method, Nair et al. (2012) synthesized submicrometer-thick GO membranes that allow unimpeded permeation of water. Other coating methods such as spray coating (Gilje et al., 2007), dip coating (Nguyen et al., 2012), and drop coating (Zhang et al., 2014) have also been developed for the fabrication of GO/rGO membranes. All these coating methods often use a substrate to support the formation of a thin layer of GO/rGO

suspension. After drying, a thin membrane can be formed on the top of the substrate. 
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5.4.4.3

Graphene-Polymer Composite Membranes

Graphene-polymer composite membranes are commonly prepared by blending graphene/GO/rGO nanoparticles with the feedstock of polymeric membranes for improved efficiencies. Using the immersion phase inversion process, Wang et al. 

(2012) mixed GO with polyvinylidene fluoride (PVDF) solution by a blending process and prepared GO-PVDF UF membranes via casting. Owing to the hydrophilic nature of GO, the GO-PVDF composite membranes appeared to be more hydrophilic and have larger pore channels (Figure 5.15) and thus higher pure water fluxes recovery ratio than the conventional PVDF membranes. The authors also found that the presence of GO in the composite membranes can improve their antifouling ability. Ravishankar et al. (2018) blended different amounts of GO

(0–1 wt %) in PSf UF membranes and found the composite membranes having the maximum GO in their blend (1 wt %) showed better hydrophilicity (water contact angle 34.2∘), porosity (82.2%), permeability (52.1 L/m2 h bar), and pure water flux (163.71 L/m2 h) at 3-bar pressure in comparison to other compositions. They concluded that GO as an additive in polymeric membranes can facilitate the water flow (higher flux) and filtration efficiency (higher rejection) for water purification. 

(a) PVDF (0% GO)

(b) PVDF (0.10% GO)

PVDF

(c) PVDF (0.20% GO)

(d) PVDF (0.30% GO)

Figure 5.15

SEM cross-sections of the GO-blended PVDF membranes with (a) 0, (b) 0.1, (c) 0.20 and (d) 0.30 wt.% GO. Source: Wang et al. (2012)/with permission of Elsevier. 
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Schematic of the fabrication and application of Ag NPs/CNFs membrane. 

Source: Chen and Peng (2017)/with permission of Elsevier. 

5.4.5

Metal Nanoparticle-Polymer Composite Membranes

Pure metal nanoparticles such as silver (Ag) and copper (Cu) nanoparticles are also widely incorporated into polymeric membranes because of their excellent antimicrobial ability (Mauter et al., 2011; Garcia et al., 2021). These metal nanoparticles in the membranes can not only destroy bacterial cell structure to kill the microbes attached to the membranes but also reduce the attachment of bacteria. Several studies have demonstrated that these metal nanoparticles can effectively reduce the biofouling of the nanocomposite membranes (Koseoglu-Imer et al., 2013; Zhang et al., 2016). Chen and Peng (2017) developed a silver nanoparticle-decorated cellulose nanofibrous (Ag/CNF) membrane using a simple filtration process (Figure 5.16). This Ag/CNF shows not only excellent antibacterial ability but also high water permeability. Ben-Sasson et al. 

(2016) deposited copper-based nanoparticles (Cu-NPs) on the surface of an RM

membrane and found that the modified membrane exhibited surface properties comparable to or slightly better than those of the pristine membrane. However, the Cu-NPs on the membrane surface showed a strong antibacterial activity, leading to a 90% reduction of attached live  E. coli  on the modified RO membrane compared to the pristine one. 

5.4.6

Metal Oxide Nanoparticle-Polymer Composite Membranes

As effective semiconductors, many metal oxide nanoparticles are effective photocatalysts that can be combined with light irradiation for decontamination

[image: Image 81]

 5.4 Nanoparticles in Membranes for Water Purification 115

2.5

UV irradiation

UV irradiation

UV irradiation

UV irradiation

UV irradiation

off

on

off

on

off

2.0

lux at 20°C

e f

1.5

meat

1.0

ed per

maliz

0.5

Nor

0.0

0

100

200

300

400

500

600

700

Permeate volume (L/m2)

Figure 5.17

Normalized Permeate flux versus volume during pure water filtration for TiO -PVDE (T20P5) membrane with discontinuous UV irradiation at 1 bar. Source: Mericq 2

et al. (2015)/with permission of Elsevier. 

including bacterial deactivation. Low-cost metal oxide nanoparticles such as titanium oxide (TiO ), zinc oxide (ZnO), and iron oxide (Fe O /Fe O ) are commonly 2

2

3

3

4

used to modify polymeric membranes for enhanced durability, improved efficiency, and reduced maintenance cost (e.g., self-cleaning membrane) (Damodar et al., 2009; Ursino et al., 2018; Shen et al., 2020). For example, the modification of a PVDE membrane with TiO2 NPs can greatly improve its structure and permeability (Mericq et al., 2015). When combined with UV irradiation, the TiO -PVDE

2

composite membranes show great increases in permeate fluxes due to the activation of superhydrophilicity properties of TiO under UV light (Figure 5.17). More 2

importantly, UV irradiation can facilitate the cleaning of the fouled composite membranes to enable total recovery of performance (Mericq et al., 2015). In another study, Ahmad et al. (2015) blended ZnO NPs into polyethersulfone (PES) with different ratios to obtain composite membranes that have smaller pore sizes than that of the pristine PES membrane. They also found that the addition of ZnO NPs in the composite membranes can decrease their humic acid fouling tendency. 

5.4.7

Other Nanocomposite Membranes

Other natural and engineered nanoparticles such as clays (Abedini, 2019), zeolites (Marioryad et al., 2020), and silica (Yu et al., 2009) are also used as fillers or coating to prepare various nanocomposite membranes for water purification. 

These nanocomposite membranes are developed to enhance their filtration
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 5 Nanotechnology and Water Purification: Membrane Filtration performances because the addition of nanoparticles can improve their selectivity, permeability, hydrophilicity, durability, chemical and thermal stability, antifouling ability, etc. (Bassyouni et al., 2019; Buruga et al., 2019; Wen et al., 2019). 
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6

Nanotechnology and Water Purification: Adsorbents

6.1

Overview of Adsorption

Sorption technology is one of the most commonly used techniques in water purification because of its convenience and relatively low cost. Sorption is a general term that describes the incorporation or attachment of a sorbate to a sorbent. It can be referred to more specifically as either adsorption or absorption. 

Adsorption is the attachment of a sorbate in gaseous, liquid, or suspended solid form onto the surface of a solid sorbent, which occurs on the solid surface. 

Absorption mainly describes the incorporation of a gaseous or liquid sorbate into a liquid or solid material through entering its bulk phase. While both adsorption and absorption phenomena are commonly observed in the natural environment, adsorption technology has much broader applications than absorption technology in engineered systems (Gao, 2020). In fact, adsorption is one of the most popular water purification technologies used to remove contaminants from water. This chapter therefore mainly focuses on adsorption phenomena and nanoparticle-based adsorbents. 

Adsorption is ubiquitous and happens everywhere. It has been used by human beings in many applications even before understanding the fundamentals and mechanisms of the adsorption processes. For example, in ancient times, people in China and Egypt used charcoal powders and wood ashes as antidotes because they can adsorb some of the toxicants such as heavy metals. During the Medieval period, the Romans conducted some scientific experiments to investigate the adsorption processes. The first adsorption measuring instrument, a hygrometer that can measure the humidity based on the adsorption of moisture in air on wool, was described by Nicholas of Cusa in 1405. In 1481, Leonardo da Vinci took the description and built the first hygrometer. However, a deep understanding of adsorption arose from the development of advanced scientific instruments and modern chemistry. It is suggested that the first systematic adsorption experiment Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 

© 2025 John Wiley & Sons, Inc. Published 2025 by
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was conducted by Carl Scheele, who used a volumetric apparatus to measure the adsorption of air by charcoal in 1773 (Robens, 1994). Ever since many scientific measuring devices have been developed with high enough sensitivity to quantify small changes at adsorbent surfaces. In 1912, Friedrich Emich, the founder of microchemistry, developed an electronic beam microbalance to investigate adsorption (Kiefer and Robens, 2008). With the further invention and development of surface analytical instruments and techniques in the 19th century, surface characterization methods including adsorption isotherm measurements of porous and finely distributed adsorbents were established (Robens and Jayaweera, 2014). The volumetric gas adsorption isotherm method established by Stephen Brunauer, Paul Emmett, and Edward Teller was the most successful one and became the prototype for many instruments devoted to measuring specific surface areas and characterizing pore structures of adsorbents (Robens, 1994). 

Nowadays gas adsorption isotherms are measured gravimetrically by means of electrodynamically compensating microbalances for characterizing adsorbents (Thommes et al., 2015). 

Adsorption has a wide range of applications including water purification. 

Charcoal was used as an adsorbent in water treatment plants in the United States in the nineteenth century to purify water (Crittenden et al., 2012). With the development of water purification technologies, activated carbon (AC) soon replaced charcoal and has become one of the most popular adsorbents for water purification. AC was first used in water treatment in Hamm, Germany, in 1929

and Bay City, Michigan, in 1930 (Crittenden et al., 2012). Because AC has excellent adsorption ability for various contaminants, especially organics, including natural organic matter and disinfection byproducts, it has become the most commonly used adsorbent in water treatment plants (Khan et al., 2015). Other effective adsorbents such as zeolites, ion exchange resins, and biochar have also been applied in modern water purification technologies in water and wastewater treatment facilities to remove contaminants from aqueous solutions through adsorption processes. Detailed information about some of the commonly used adsorbents and nanoparticle-based adsorbents in water purification can be found in later sections. 

Early development of the theories and models of adsorption was mainly based on the surface interactions between gaseous compounds and solid surfaces (Yang, 2003). This is probably because the adsorption processes in aqueous solutions are more complicated than that in the atmosphere as water molecules can affect both the adsorbate and the adsorbent. It would be straightforward and more convenient to use gas adsorption to explore the fundamentals and governing mechanisms. 

Nevertheless, most of the theories and models based on gas adsorption are still applicable for describing the adsorption of contaminants on adsorbents in aqueous solutions. 

[image: Image 82]
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Figure 6.1

Excessive energy at the

surface of an adsorbent. 

Atoms at the surface

Adsorption is a surface phenomenon, controlled by the attraction and repulsion forces between the adsorbate compound and the surface of the adsorbent. 

Because the atoms at the surface are not fully surrounded by other constituent atoms, the surface of an adsorbent always has excessive energy (i.e., surface energy, Figure 6.1). When a compound approaches the adsorbent surface, it may be attracted by the atoms on the surface depending on the magnitude of the surface energy and the species involved. Based on the strength of the bonding, the adsorption process is often classified as physisorption (physical adsorption) and chemisorption (chemical reaction). Physisorption of a compound on a solid surface is mainly controlled by the Van der Waals forces (e.g., dipole–dipole and London dispersion forces), which are long range and relatively weak interaction forces. It decreases with an increase in temperature (exothermic) and has a heat of adsorption of 10–40 kJ/mol. Physisorption is reversible and thus is often used to characterize the specific surface area and pore structure of an adsorbent. 

Chemisorption involves strong chemical bonding between the adsorbate and the adsorbent. It is endothermic and has a much higher heat of adsorption ( >  200 kJ/mol) than physisorption. Because of the strong chemical bonding between the adsorbate and the adsorbent, chemisorption is often regarded as an irreversible process. 

The classification of physisorption and chemisorption is mainly used to distinguish the reversible and irreversible adsorption of gas molecules to solid surfaces. 

For water purification, however, there is no clear definition and boundary between physisorption and chemisorption. In aqueous solutions, the adsorption of the adsorbate on the adsorbent is the result of three competitive interactions of water and adsorbate, water and adsorbent, and adsorbate and adsorbent. The adsorption of an aqueous contaminant on the adsorbent surface often involves interaction(s) that are stronger than typical physisorption but weaker than typical chemisorption. This is why adsorption technology in water and wastewater treatment is commonly regarded as a physicochemical process. In the literature on water purification, the differences in adsorption processes are thus distinguished by classifying them into different combinations of specific mechanisms such as
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Typical adsorption mechanisms of heavy metals (a) and organic pollutants (b) on carbonaceous adsorbents. Source: Yang et al. (2019) and Cheng et al. (2021). 

precipitation, covalent bond, surface complexation, ion exchange, electrostatic attraction, hydrogen bond, π-π attraction, hydrophobic bond, and Van der Waals attraction (Figure 6.2). 

Laboratory batch sorption experiments are commonly used to investigate the adsorption behaviors of adsorbents toward contaminants in water. The experiments are conducted under different conditions with scenarios designed
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for obtaining isotherms, kinetics, influential factors, and regeneration efficiencies of a contaminant to the tested adsorbent. Adsorption isotherms and kinetics obtained from batch experiments can be used to answer the most important questions about the adsorbent, such as how much and how fast it can adsorb the contaminant. With the aid of different theoretical and empirical models, batch adsorption isotherms and kinetics can be combined with findings from other batch experiments (e.g., influential factors and regeneration) to identify the governing adsorption mechanisms. Therefore, adsorption isotherms and kinetics are the most studied subjects of adsorption in aqueous systems. 

6.2

Adsorption Isotherms and Models

Adsorption isotherms describe the equilibrium relationship between the partial pressure (gaseous) or concentration (aqueous) of the adsorbate and the amount sorbed on the surface of the adsorbent at a fixed temperature. The amount sorbed is normalized by the weight of the adsorbent. Adsorption isotherm curves are often used to not only reveal the affinity of an adsorbent to an adsorbate but also to determine the capacity of the adsorbent. In addition, isotherms of the adsorption/desorption of inert gases such as nitrogen (N at 77 K), argon (Ar 2

at 87 K), and carbon dioxide (CO at 273 K) are commonly used to determine 2

the specific surface area, pore volume, and pore size distributions of adsorbents (Thommes et al., 2015). Several mathematical models have been applied to determine these surface characteristics based on the gas adsorption isotherms (Yang, 2003). Because this book is on water research, the isotherm models listed in the following sections are mainly for the adsorption in aqueous solutions. 

6.2.1

Langmuir Model

The Langmuir model is probably the most famous isotherm model, which was developed by Nobel laureate Irving Langmuir (1918). The original Langmuir isotherm equation was derived based on gases adsorbed on solid surfaces; however, it is applicable and commonly used to describe the adsorption processes in water (Yao et al., 2011; Swenson and Stadie, 2019). The Langmuir model is a mechanistic model based on the following four important assumptions: (1) the surface of the adsorbent is uniform, that is, all the adsorption sites are equivalent and all adsorption occurs through the same mechanism; (2) adsorbed molecules do not interact; (3) there are no phase transitions; and (4) monolayer adsorption occurs on localized sites on the surface and adsorbate molecules deposit only on the free surface sites. In reality, it is almost impossible for an adsorbent to have an absolutely uniform surface with equivalent adsorption sites. The surface imperfections and heterogeneities may affect the performance of the Langmuir model in describing adsorption isotherms of both gaseous and aqueous systems. 

[image: Image 85]

126

 6 Nanotechnology and Water Purification: Adsorbents

Many gas adsorption processes are controlled by the Van der Waals attraction forces that exist between all molecules; therefore, the second assumption of an inert adsorbate and the fourth assumption of monolayer adsorption sometimes become invalid. For the adsorption of gaseous molecules, the Langmuir model thus mainly applies to microporous (pore size smaller than 2 nm) adsorbents. 

Other multilayer adsorption models, particularly the model developed by Brunauer, Emmett, and Teller (BET), are applied to describe the adsorption isotherms of gaseous molecules on mesoporous (2–50 nm) and macroporous ( >  50 nm) adsorbents. Furthermore, gas molecules in micropores may condense into liquid due to capillary condensation, making the third assumption invalid. 

These limitations have restricted the application of the Langmuir model in gas adsorption isotherms. 

The adsorption of aqueous compounds on the surface of an adsorbent is usually monolayer because it is often not dominated by the Van der Waals interactions. 

In fact, the interaction forces among the adsorbate, adsorbent, and water are usually electrostatic or due to chemical bonding, which are much stronger than the Van der Waals forces. As a result, the Langmuir model finds its success and popularity in fitting the adsorption isotherm data for aqueous systems (Gerente et al., 2007). It is well known that adsorption for water purification is often controlled by multiple mechanisms and homogeneous adsorption seldom occurs. 

Other isotherm models such as Freundlich, Temkin, and Dubinin–Radushkevich have also been applied to simulate the adsorption isotherms of aqueous systems. 

The Langmuir isotherm equation is nonetheless the first choice because it is mechanistic and highly effective in describing the adsorption processes of aqueous contaminants on the surface of various adsorbents. 

As shown in Figure 6.3, the adsorption of a compound on the surface sites of an adsorbent can be described in a way similar to that of a chemical reaction: S

↔  S

(6.1)

 v +  Ca

 o

where  S ,  C , and  S  represent the concentrations of vacant surface sites, v

 a

 o

adsorbate, and occupied sites, respectively. Based on chemical reaction thermodynamics, the equilibrium constant (K) is a ratio of the resultant and the reactant concentrations:

 S

 K =

 o

(6.2)

 S C

 v

 a

 C

Figure 6.3
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The total (maximum) surface sites ( S ) can be thus written: t

1 +  KC

 S

 a

(6.3)

 t =  So +  Sv =  So

 KCa

After solving  S , the equation can be written as

 o

 KS C

 S

 t

 a

(6.4)

 o = 1 +  KCa

In aqueous systems,  S ,  C , and  S  are often written as  q ,  C , and  q , respec-o

 a

 t

 e

 e

 m

tively, which gives the Langmuir isotherm equation for the adsorption of aqueous contaminants:

 Kq C

 q

 m

 e

(6.5)

 e = 1 +  KCe

where  K  is also called the Langmuir bonding term,  q denotes the Langmuir

 m

maximum capacity,  C  is the equilibrium solution concentration of the adsorbate, e

and  q  is the equilibrium solid-phase concentration of the adsorbate. Adsorp-e

tion isotherms are usually obtained from the batch adsorption experiment by

“reacting” a fixed amount ( M) of adsorbent with a fixed volume ( V ) of adsorbate solutions of various initial concentrations ( C ) till equilibria. After measuring the 0

 C  at the end of the experiment, the values of  q  can be determined based on mass e

 e

balance calculation:

 V ( C

 q

 o −  Ce)

(6.6)

 e =

 M

A good fit of the Langmuir model is often used as an indication of homogeneous monolayer adsorption mechanism, which is not necessarily true. Instead, a bad fit of the model should be used as evidence that the adsorption in aqueous systems (mainly monolayer) is controlled by heterogeneous processes. More importantly, the results of the Langmuir model can provide the Langmuir maximum capacity, which is one of the most important parameters for evaluating and comparing adsorbents for water and wastewater treatment. 

6.2.2

Freundlich Model

The Freundlich model was developed by Herbert Freundlich (1909). It is a famous and popular model that is commonly used to describe the adsorption isotherms of aqueous contaminants on heterogeneous surfaces (Crittenden et al., 2012). 

Although it was derived by attributing the change in the equilibrium constant of adsorption process to surface heterogeneity, the Freundlich model is an empirical model that is used as an alternative to Langmuir model. The equation of aqueous systems can be expressed as

 q

 C n

(6.7)

 e =  Kf

 e
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where  K  and  n  are empirical constants that are related to Freundlich adsorp-f

tion affinity and intensity, respectively. Because the Freundlich model lacks a fundamental thermodynamic basis, it should be used with caution and only as a supporting tool to evaluate adsorbents or explore adsorption mechanisms. 

6.2.3

Temkin Model

The Temkin isotherm model was developed by Temkin and Pyzhev (1940). It assumes that the adsorption heat decreases linearly with the increase in the coverage of the adsorbent surface and that adsorption is characterized by a uniform distribution of binding energies, up to the maximum binding energy. 

The model is mainly used to describe the heterogeneous adsorption processes but is much less popular than the Freundlich model. The governing equation of the Temkin model for aqueous systems can be written as

 RT

 q

ln

 C

 e =

( K

 b

 t

 e)

(6.8)

 t

where R is the universal gas constant, T is the temperature, b is a constant related t

to the adsorption heat, and K is a constant related to the maximum binding energy. 

t

Because ln(0) is undefined, the Temkin isotherm does not start from zero. 

6.2.4

Dubinin–Radushkevich Model

The Dubinin–Radushkevich (D–R) model was developed by Dubinin and Radushkevich for gas adsorption (Dubinin and Radushkevich, 1947). It is an empirical model based on Polanyi’s potential theory that the distribution of pores in an adsorbent follows the Gaussian energy distribution (Polanyi, 1932). 

This model is mainly used for describing the adsorption of gases on microporous adsorbents controlled by the pore-filling mechanisms (Lashaki et al., 2012; Hu and Zhang, 2019). However, the D–R model has also been applied to fit the adsorption isotherms of aqueous contaminants (Hsieh and Teng, 2000; Vijayaraghavan et al., 2006). The generalized D–R equation for aqueous systems can be written as (

(

) )

 C

2

 q

exp

RTln  s

(6.9)

 e =  qm

− KDR

 Ce

where  K

is related to mean surface energy of adsorption ( E  and  E

 )− 1/2), 

 DR

 f

 f =  (2KDR

C is the solubility of adsorbate, and the term  RTln Cs  represents the adsorption s

 Ce

potential ( 𝜀) of the Polanyi’s potential theory. 

The D–R model was modified by Dubinin and Astakhov (D–A) to a more generalized D–A model with one more fitting parameter (Dubinin and Astakhov, 1971):

⎛ ⎛

 n

RTln  Cs ⎞ ⎞

 C

 q

exp ⎜ ⎜

 e ⎟ ⎟

(6.10)

 e =  qm

⎜−⎜

⎟ ⎟

⎝ ⎝  EDA ⎠ ⎠
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where  E

is the characteristic energy and n is a constant related to the percent DR

of pore filling. Although both D–R and DA models have been applied to describe isotherms of the adsorption of aqueous contaminants on porous adsorbents, they should be used with caution because they may not provide much useful information for understanding the mechanisms. 

6.2.5

Hybrid Isotherm Models

For adsorption isotherms of aqueous contaminants, Langmuir and Freundlich models are the most used ones. Because the two models, especially the Langmuir model, can provide a valuable insight into the adsorption process and mechanisms, they should be prioritized in modeling the isotherms of aqueous systems. In fact, other isotherm models such as Temkin, D–R, and D–A are not needed if the isotherms can be fitted by either the Langmuir or Freundlich model. 

Adsorption in water often is heterogeneous and involves multiple processes, which may not be well described by the Langmuir or Freundlich model. Several hybrid models have been developed based on the Langmuir and/or Freundlich model(s) to describe the adsorption isotherms of aqueous contaminants on heterogeneous adsorbents, especially composite materials including nanocomposites (Cao et al., 2009; Yao et al., 2011). This section lists the equations of some of the hybrid isotherm models that have the characteristics of Langmuir, Freundlich, or their combinations. 

The Langmuir–Langmuir (L–L) model is a dual-process model to describe the adsorption of an aqueous contaminant onto a heterogeneous/composite adsorbent with two different types of surface adsorption sites. It assumes that the adsorption on each site is independently controlled by the Langmuir process (Cao et al., 2009). 

The L–L equation can be written as

 K q

 C

 K q

 C

 q

1  m 1

 e

2  m 2

 e

(6.11)

 e =

+

1 +  K C

 C

1

1

 e

+  K 2  e

where the subscripts “1” and “2” of the Langmuir model parameters represent sites 1 and 2, respectively. 

Langmuir–Freundlich (L–F) model, which is often called the Sips isotherm model, also describes the two-site adsorption phenomena that are controlled by both Langmuir and Freundlich processes (Gerente et al., 2007). The L–F equation can be written as

 Kq C n

 q

 m

 e

(6.12)

 e = 1 +  KC n

 e

The Redlich–Peterson (R–P) model is a hybrid model incorporating features of both the Langmuir and Freundlich isotherm equations (Redlich and

[image: Image 86]
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Peterson, 1959). Although the R–P model can be treated as a dual-process model, it is empirical. The R–P equation can be written as

 Kq C

 q

 m

 e

(6.13)

 e = 1 +  KC n

 e

6.3

Adsorption Kinetics and Models

Adsorption kinetics describes the accumulation of adsorbate on the adsorbent surface with time and reflects the speed or rate of the adsorption process. A good adsorbent should have a fast adsorption kinetic rate in addition to a large adsorption capacity. In water purification, the adsorption kinetics of contaminants onto adsorbents can be affected by many factors such as temperature, interaction energy, initial concentration, specific surface area, and pore structure and distribution. These factors control adsorption kinetics mainly through affecting the rates of contaminants approaching or attaching to the active sites of adsorbents. 

6.3.1

Rate-Limiting Process and Kinetic Models

In aqueous systems, adsorption of contaminants onto porous adsorbents (e.g., AC, zeolite, resin, and biochar) mainly involves an initial bulk transport and three sequential mass transfer processes (Figure 6.4). The initial step is convective-diffusive bulk transport, where the adsorbate is transported by water flow and molecular diffusion from the bulk solution to a thin water film surrounding the solid adsorbent. The second step is controlled by external film diffusion that delivers the adsorbate across the surface liquid film surrounding the solid Adsorbate

Liquid film

Mass transfer steps

1

1: External diffusion

2

3

2: Internal diffusion

3: Adsorption on active sites

Pores

Active sites

Adsorbent

Figure 6.4

Key processes of adsorption kinetics. Source: Wang and Guo (2020)/with permission of Elsevier. 
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particles. The third step relies on intraparticle diffusion (pore diffusion) of the adsorbate within the internal pores to reach the adsorbent surface. The final step is the binding of the adsorbate onto the surface of the adsorbent. The adsorption kinetic rate reflects the change in the concentration of “free” adsorbate in the bulk solution, which is affected by the speed of each of the above four steps. In general, the first and the last steps are several orders faster than the diffusional processes, in which the intraparticle diffusion process is much slower than the film diffusion processes. Therefore, for a porous adsorbent such as AC, zeolite, resin, or biochar, intraparticle diffusion is the rate-limiting process that dominates the kinetics of its adsorption of contaminants in water. For contaminant adsorption onto these porous adsorbents, their pore size and tortuosity are the most important factors affecting the pore diffusion process and thus the adsorption kinetics. Macro- and mesoporous adsorbents should have a faster adsorption kinetic rate of aqueous contaminants than microporous adsorbents. 

Many nanoparticle adsorbents such as nanometal oxides are nonporous, and their adsorption kinetics are mainly controlled by the film diffusion process. 

As a result, nanoparticles often show faster adsorption kinetics than porous adsorbents. Nanoparticles have a strong aggregation tendency in water, so their adsorption kinetics may be delayed due to the slow diffusion of contaminants within the pores of the aggregates, where the interparticle diffusion process becomes the rate-limiting factor. 

Various models have been developed to describe the adsorption kinetics of contaminants onto adsorbents in aqueous solutions. In general, the kinetic models can be categorized into two groups: (1) reaction-based models that consider the aforementioned four kinetic processes as a lump sum reaction rate constant, such as pseudo-first-order, pseudo-second-order, pseudo-N-order, and Elovich models and (2) process-based models that take into account for the four kinetic processes emphasizing the rate-limiting factor, such as internal diffusion and homogeneous surface/pore diffusion models. 

6.3.2

Pseudo-Kinetic Models

If we consider the adsorption process as a chemical reaction such as in Eq. (6.1). 

The adsorption kinetic rate is the net reaction rate between left and right sides, which reflects the adsorption and desorption rates, respectively. Assuming the desorption is negligible, the adsorption kinetics are thus controlled by the left-side reaction of  S  and  C , which are the concentrations of vacant surface sites and the v

 a

adsorbate, respectively. Based on this reaction, the adsorption kinetic rate should be proportional to the product of  S  and  C . When the adsorbent attaches to the v

 a

adsorbent surface, it may occupy multiple sites. As a result, the adsorption kinetic rate is controlled by the product of  Sn ( n

 v

= 1, 2, …N). The pseudo-first-order, 
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pseudo-second-order, and pseudo-N-order models are based on this multisite reaction concept and thus are often written as (Yao et al., 2011) dqt =  k

 dt

1( qe −  qt )

(6.14)

 dqt =  k

 dt

2( qe −  qt )2

(6.15)

 dqt =  k

 dt

 n( qe −  qt ) N

(6.16)

where  q  and  q  are the amount of occupied sites at time  t  and at equilibrium, t

 e

respectively; and  k ,  k , and  k  are the first-order, second-order, and N-order 1

 2

 n

apparent adsorption rate constants, respectively. The difference between  q  and  q e

 t

is  S , the concentration of vacant surface sites. With the initial condition of zero v

adsorption at time zero, the three equations can be solved, and solutions can be written as

(

)

 q

1

(6.17)

 t =  qe

−  e− k 1 t

 k q  2 t

 q

2  e

(6.18)

 t = 1 +  k q t

2  e

(

) 1

 q

 q  1− N

 t  1− N

(6.19)

 t =  qe −

 e

− (1 −  N) kn

When these models are applied to simulate experimental kinetic data, they may not provide much information about the governing mechanisms because they are pseudo-mechanistic models. If the adsorption is a heterogeneous process or involves multiple mechanisms, the second-order and N-order models usually perform better than the first-order model. In particular, the N-order model would be the best among them due to the extra-fitting parameter  N, which may have a noninteger value of between 1 and 2 for heterogeneous adsorption processes (Yao et al., 2011). 

6.3.3

Elovich Model

Elovich equation is another commonly used reaction-based kinetic model that is often used to interpret the kinetics of adsorption on a heterogeneous surface. The governing equation of the Elovich model can be written as (Yao et al., 2011) dqt =  𝛼e− 𝛽qt

(6.20)

 dt

where  𝛼  is the initial adsorption rate and  𝛽  is the desorption constant. With the initial condition of zero adsorption at time zero, the governing equation can be solved as

1

 qt =  𝛽  ln( 𝛼𝛽t + 1)

(6.21)
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Although it is reaction based, the Elovich model is an empirical adsorption kinetic equation without much physical meaning. 

6.3.4

Internal Diffusion Models

For the adsorption of contaminants on porous adsorbents or nanoparticle aggregates, internal diffusion (i.e., intraparticle or interparticle diffusion) is the rate-limiting factor. By assuming the influences of other processes are negligible, several adsorption kinetic models have been developed based on the internal diffusion rate. Among them, the intraparticle/interparticle diffusion models such as the Weber and Morris model are the most commonly used ones. Instead of using a complex partial differential equation to describe the internal diffusion of adsorbent compounds within the pore networks of the adsorbent, the Weber and Morris model takes a simple approach by assuming the adsorption rate is a linear function of the square root of time. This assumption is valid and reliable because the travel distance of a compound by molecular diffusion is approximately proportional to square root of time. Therefore, the Weber and Morris model is often written as

 q

 t 1∕2

(6.22)

 t =  ki

+  qi

where  k  and  q  are empirical rate constants. For adsorbents with relatively low i

 i

external surface area,  q  term can be omitted (set as zero). It is worth noting i

that the Weber and Morris model only applies to describe the earlier stage (pre-equilibrium) of the adsorption kinetic data, where there are plenty of adsorption sites and thus internal diffusion is the only rate-limiting factor. In practice, experimental data of  q  are often plotted against  t1/2  to obtain the adsorption i

kinetic curve, in which the earlier stage data would exhibit a linear plot. From linearization of the earlier stage data, values of  k  and  q  can be obtained as the i

 i

slope and intercept, respectively. 

6.3.5

Homogeneous Surface Diffusion Model

The homogeneous surface diffusion model (HSDM) is a true process-based mechanistic model that has coupled partial differential equations describing the delivery of the adsorbate to the external surface of the adsorbent (advection-dispersion-reaction equation) and the interparticle diffusion of adsorbate into the pore network of the adsorbent (intraparticle diffusion equation). The model assumes the adsorption process at the adsorbent surface within the pore network is instantaneous and thus would not affect the overall adsorption kinetic rate. More importantly, the porous adsorbent is assumed to have a homogeneous surface and pore network, in which the adsorbate is transported by surface
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diffusion. Unlike the aforementioned adsorption kinetic models that are only applicable to the batch system, HSDM can be used to simulate the adsorption kinetics of various adsorption systems, including fixed-bed filtration, continuous flow mixer, and batch sorption. In the batch sorption system, the delivery of the adsorbate to the external surface of the adsorbent is controlled by the film diffusion process. As a result, the governing equations of HSDM can be written in simplified forms as

 dC

(

)

 t =  k C

(6.23)

 dt

 f

 t −  C∗

 t

(

)

 𝜕q

 𝜕q

 𝜕q

 t

2

=  D

 t +

 t

(6.24)

 dt

 s

 𝜕r 2

 r 𝜕r

where  C*  is the liquid-phase adsorbent concentration at the external surface of t

the adsorbent, D is the surface diffusion coefficient of the adsorbent in the pore s

network, and r is the radial coordinate originating at the center of the porous adsorbent. To connect the two governing equations, a solid-phase adsorbent concerta-tion at the external surface of the adsorbent, q *  needs to be expressed as a function t

of  C*  using either the Freundlich or the Langmuir equation. With appropriate t

boundary and initial conditions, HSDM can be solved analytically (with approximations) or numerically to describe the adsorption kinetic data of the batch system. 

6.4

Nanomaterial-Based Adsorbents

6.4.1

Overview of Adsorbents

Adsorbents are usually solid materials in powdered and granular forms with sizes of  <  0.5 and 0.5–10 mm, respectively. Depending on their compositions and the specific applications, adsorbents can be in different shapes such as spherical pellets, rods, monoliths, sheets, and fibers. While solid grains such as sand and limestone can be used as adsorbents for some applications that do not require high adsorption capacities, most of the adsorbents are porous with well-connected pore networks and thus a relatively large surface area. In addition, adsorbents for water filtration must have high abrasion resistance, high thermal stability, and good chemical resistance, enabling them to be used in large-scale applications such as packed filters and continuous flow mixers. Good adsorbents usually are rich in micro-/mesopores with a distinct pore structure (i.e., fast adsorption kinetics) and large specific surface area (i.e., large adsorption capacity). For water treatment, commonly used adsorbents can be categorized into different groups: (1) carbonaceous adsorbents that are carbon-based with large specific surface area
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and abundant pores and functionalities, such as biochar and AC; (2) polymeric adsorbents that are made of synthetic (most) and natural (some) polymers with porous matrices and abundant surface functional groups, such as ion exchange resins; (3) molecular sieve adsorbents that are usually microporous crystalline aluminosilicates, such as zeolites; and (4) low-cost adsorbents that are usually natural or waste materials such as biomass, minerals, and byproducts. Examples of commonly used adsorbents for water treatment are briefly discussed below. 

6.4.1.1

Biochar

Biochar is a low graphitic carbon derived from carbon-rich biomass, especially agricultural and forest wastes, through thermal treatment in an oxygen-limited environment. While slow pyrolysis and hydrothermal carbonization are the most commonly used methods to prepare biochar, other methods such as fast pyrolysis, gasification, microwave pyrolysis, molten salt pyrolysis, and torrefaction can also produce biochar. Biochar was originally developed for soil applications to improve soil quality and productivity (Yu et al., 2019). Further investigations on biochar have shifted the focus to its environmental applications, especially with respect to biochar for environmental remediation. Because of its relatively low price (much lower than AC) and unique structure and surface properties, biochar has been applied as a low-cost adsorbent in wastewater treatment for the removal of various contaminants (Figure 6.5) (Xiang et al., 2020). More importantly, various novel syntheses and modification techniques have been developed to produce engineered biochars with enhanced adsorption capacities to contaminants in water (Figure 6.6) (Wang et al., 2019). Biochar, especially engineered biochar, has been recognized as the most famous and favored low-cost adsorbent for water treatment. 

6.4.1.2

Activated Carbon

Activated carbon is a highly porous and amorphous carbonaceous material consisting of microcrystallites with a graphite lattice and large carbon surface (usually  >  1000 m2/g). It was first “invented” in the early 1800s and was first applied in water treatment to produce potable water by Frederick Lipscombe in 1862 (Ponnuraj and Kumar, 2022). AC gained popularity in water purification in the 20th century, leading to rapid development in its commercialization and large-scale production. 

Commercial AC for water treatment is derived from carbon-rich feedstock such as hardwoods, nutshells/husks, coals, pitches, and polymeric resins through both carbonization and activation. It has been produced in different forms, but the two most commonly used forms in water treatment are granular and powered AC. As shown in its name, AC requires either physical or chemical activation during its production to create pores, surface area, and functionalities
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Figure 6.5

Biochar application in wastewater treatment. Source: Adapted from Xiang et al. (2020). 

(Zhang et al., 2017). Physical activation of AC takes two steps by first converting feedstock into pyrogenic carbon at a relatively low temperature and then activating it with steam, CO2, air, or other gases at a high temperature. Chemical activation only involves one heating/pyrolysis process to carbonize feedstock pretreated with a chemical activator such as phosphoric acid, zinc chloride, and potassium hydroxide into AC. After that, the AC is cooled and washed to remove the residual activator. 

Because AC has an extremely large and easily tunable surface, it has become one of the most popular adsorbents for water treatment, demonstrating high efficiency and long-lasting durability. It has demonstrated strong adsorption ability
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Typical engineered biochar production methods. Source: Adapted from Wang et al. (2019). 

to various contaminants in water, especially organic pollutants and heavy metals, under various conditions through different adsorption mechanisms (Hamdaoui and Naffrechoux, 2007). 

6.4.1.3

Ion Exchange Resins

Ion exchange resins are synthetic polymer beads with diameters of 0.5–2 mm. 

They are usually yellowish or sometimes white, fabricated from an organic polymer substrate such as polystyrene through cross-linking. Ion exchange resins include cation resins that are strongly or weakly acidic and anion resins that are strongly or weakly basic. They are widely used in different separation, purification, and decontamination processes. Water treatment technologies based on ion exchange resins have been developed and applied for various applications for a long time (Alexandratos, 2009). They are most commonly used in water softening for many industrial applications to remove hardness and alkalinity from water through ionic exchange between the resin beads and the feed water. In drinking water supplies, ion exchange resin technologies are often used to remove dissolved organic matter to reduce risks of disinfection byproducts, as well as other pollutants such as arsenic, nitrate, organic compounds, and radionuclides (Hu and Boyer, 2018). Although ion exchange resins often have a high price tag, they are highly effective, highly selective, and have a very long service life because they can be easily and almost completely regenerated many times. 

6.4.1.4

Zeolite

Zeolites are microporous adsorbents that usually have a chemical composition of varying amounts of aluminum silica, oxygen, and other metal elements such as calcium, potassium, and sodium. Natural zeolites are aluminosilicate
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minerals formed by the reactions between volcanic rock/ash and alkaline water. 

With the understanding of the crystallization process, many (thousands of) synthesized zeolites with unique compositions and designed properties have also been developed and produced on a large scale for many industrial applications including water treatment. Zeolites have micropores of uniform size and are often used as molecular sieves for separation. In addition, their distinctive compositions endow them with cation exchange capabilities to treat cationic contaminants in water. Natural and synthesized zeolites have been broadly applied in water purification and softening for various applications to remove ammonium; mineral ions such as calcium, magnesium, and iron; and heavy metal ions such as lead, copper, cadmium, mercury, and zinc (Kumari et al., 2024). 

6.4.2

Nanoparticle Adsorbents

With extraordinarily high specific surface area, all the nanoparticles have the capability to be promising adsorbents for contaminants in water because adsorption is at the surface. There are many types of natural and engineered nanoparticles that have different compositions, structures, and surface properties (see Chapter 2) and thus can be applied in different adsorption applications for the removal of various contaminants from water. Among them, carbon nanoparticles and metal-based nanoparticles (metal and metal oxide nanoparticles) are the most favored ones that have been evaluated in many studies for their adsorption ability to numerous aqueous contaminants. Therefore, the rest of this chapter mainly focuses on the adsorbents based on these two types of nanomaterials, especially carbon nanomaterials. 

While the surface area of commonly used porous bulk adsorbents (e.g., AC) is mainly contributed by the internal pore surface, nanoparticles have a huge external surface area. Theoretically, nanoparticle adsorbents should have exceed-ingly fast adsorption kinetics for various contaminants in water. However, this only applies if the nanoparticle adsorbents remain well dispersed during the adsorption processes. In most cases, nanoparticle adsorbents tend to form aggregates due to the strong attractive Van der Waals forces among them. Due to the interparticle diffusion effects, the adsorption kinetics of many nanoparticles (aggregates) toward aqueous contaminants are similar to that of porous bulk adsorbents (Chen et al., 2015). The aggregation would certainly impair the adsorption ability of nanoparticles by reducing their adsorption capacities and delaying the mass transfer of the adsorbate. 

Several methods such as surface functionalization, surfactant coating, and polymer coating have been developed to enhance dispersion of nanoparticles in water to optimize their adsorption ability (Tian et al., 2012a). In real-world applications, however, well-dispersed nanoparticles in water treatment may present some challenges, such as (1) how to collect the spent nanoparticle adsorbents after
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use and (2) how to prevent the escape of the nanoparticles (contaminant-laden) from the treatment systems into the treated water. Magnetic nanoparticles have been proposed and evaluated as a collectable and controlled adsorbent to meet the challenges of water purification (Pinto et al., 2020). However, commercial applications of magnetic nanoparticles in water treatment require not only sub-stantial capital investment and intensive energy consumption for industrial-scale magnetic fields but also a major overhaul of traditional water treatment infrastructures. Several novel technologies (see Sections 6.4.3–6.4.5) have been developed to promote the practical applications of nanoparticles in water purification. 

6.4.3

Nanoparticle-Enabled Sand Filters

Due to their small size and high mobility, nanoparticles cannot be applied directly as adsorptive media in fixed-bed filters. Innovative methods have been developed to pack small amounts of nanoparticles, especially carbon nanomaterials with natural sand, to create “nanoparticle-enabled” sand filters (Tian et al., 2012b). 

When a small amount of carbon nanomaterials such as carbon nanotubes (CNTs) and graphene oxide (GO) are packed with natural sand in fixed-bed columns (Figure 6.7), the sand mainly serves as the supporting media to help not only distribute the flow but also stabilize the carbon nanomaterials and prevent their 1.00 (a)
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Carbon nanomaterial-enabled sand filters to treat heavy metals and antibiotics in water (based on Tian et al. (2013), Ding et al. (2014), and Dong et al. (2016)). 
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escape from the system. On the other hand, the small amount of CNTs/GO in the filter serves as the functional adsorption site for contaminant removal. As shown in Figure 6.7, the CNTs or GO nanosheets in the sand columns have greatly enhanced the filtration performance of the sand columns for heavy metals and antibiotics in the feed water (Tian et al., 2013; Ding et al., 2014; Dong et al., 2016). 

For example, Dong et al. (2016) evaluated the performance of GO-enabled sand filters for the removal of levofloxacin (LEV) and lead (Pb) from water. They sand-wiched different amounts (0–50 mg) of GO within sand layers in packed columns and found that the removal efficiencies of both LEV and Pb by the GO-enabled sand filters increased with increasing GO content. When the input water was contaminated with both LEV and Pb, the GO-enabled sand filter still showed high removal efficiencies for both contaminants. These findings clearly demonstrate that nanomaterials such as GO, when combined with supporting media in fixed-bed filters, have exceptional filtration performance for heavy metals and antibiotics in water. Therefore, this nanoparticle-enabled filter technology can boost the real-world applications of nanoparticles in water purification. 

6.4.4

Nanocomposite Adsorbents

Because of their distinctly small size, nanoparticles may be attached to the surface of bulk adsorbents to form various nanocomposites that can conveniently and safely be applied in large-scale water treatment applications. Bulk adsorbents, especially porous ones such as biochar, AC, resin, and zeolite in the nanocomposites, mainly serve as the hosts to support the distribution and stabilization of the nanoparticles on their surface. On the other hand, the nanoparticles fixed on the adsorbent surface are the main functional sites to adsorb contaminants from water. Tian et al. (2012b, 2013) coated natural sand with CNTs and found that the CNT-sand nanocomposite adsorbents can effectively remove both heavy metals (lead and copper) and antibiotics (sulfamethoxazole and sulfapyridine) from water. Solid adsorbents such as sand have limited surface area, so they are generally not good base materials for nanocomposite adsorbents. Porous adsorbents, especially low-cost ones such as biochar, usually have well-developed pores and large exposed surfaces and thus are commonly used to host and stabilize various nanoparticles to develop novel functional nanocomposite adsorbents for various aqueous contaminants (Figure 6.8). With the support of bulk adsorbents such as biochar, nanocomposite adsorption can be applied directly in water purification for large-scale applications, promoting the use of nanoparticles in the water industry. 

There are mainly two synthesis routes for biochar-based nanocomposites. The first one involves two main steps: first to produce biochar from biomass feedstock through thermal carbonization and then deposit/impregnate nanoparticles on
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Biochar-based nanocomposites for the removal of heavy metals, organic pollutants, and nutrients from water. Source: Tan et al. (2016)/with permission of Elsevier. 

the biochar surface through precipitation or chemical reduction. Using the precipitation method, Hu et al. (2015) prepared a goethite (FeOOH)-biochar nanocomposite adsorbent, which has not only good filtration ability for arsenic in water but also satisfactory reusability. Wang et al. (2017) loaded nanosized zero-valent iron (nZVI) particles on biochar through the chemical reduction method and found that the resulting nZVI-biochar nanocomposite showed 100

and 90% removal of arsenic in completely mixed reactors at influent arsenic concentrations of 2.1 and 5.5 mg/L, respectively. 

The second synthesis route is a one-pot process that involves direct carbonization of feedstock pretreated with nanoparticles or their precursors. This one-pot synthesis is more convenient and environmentally friendly, so it becomes a favorable and commonly used method to prepare biochar-based nanocomposites. 

For example, when biomass feedstock is pretreated by carbon nanomaterials such as graphene, CNTs, or GO, graphene-biochar, CNT-biochar, or GO-biochar nanocomposites can be produced directly through slow pyrolysis (Zhang et al., 2012b; Inyang et al., 2014; Liu et al., 2016). Previous studies have demonstrated that these carbon nanomaterial-biochar nanocomposites are effective adsorbents for various contaminants in water including dyes, heavy metals, and antibiotics (Zhang et al., 2012b; Inyang et al., 2014, 2015; Liu et al., 2016). 

The one-pot synthesis has also been widely used to prepare metal oxyhydroxide-biochar nanocomposites mainly for the removal of anionic contaminants such as phosphate and nitrate from water (Zhang et al., 2012a; Zhang and Gao, 2013; Wang et al., 2015, 2016). Zheng et al. (2020) used the one-pot method to prepare a series of metal oxyhydroxide-biochar nanocomposites (including Mg, Fe, and Al) with four levels of metal loadings and two types of biomass. They optimized the synthesis of the nanocomposites mainly based on their adsorption ability to phosphate and concluded that metal oxyhydroxide-biochar nanocomposites
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are promising phosphate adsorbents that can satisfy the specific needs of water treatment. Instead of chemical pretreatment, Yao et al. (2013b) took a novel approach to enrich Mg into plant biomass through bioaccumulation and found that pyrolysis of the biomass can produce an Mg-biochar nanocomposite with nanosized Mg(OH)2 and MgO particles on the biochar surface. They also found that the Mg-biochar nanocomposite can effectively adsorb phosphate from water under various environmental conditions (Yao et al., 2013a). 

6.4.5

3D Gel Adsorbents

Previous studies have shown that carbon nanomaterials such as graphene, GO, and CNTs are good building blocks for three-dimensional gels (3D

gels) with distinctive structures and properties (Sui et al., 2012). Carbon nanomaterial-assembled 3D gels (CNAGs) have been broadly used as adsorbents in water purification because of their high porosity, low density, large specific surface area, and excellent mechanical strength (Jayakumar et al., 2020). Figure 6.9

summarizes the most commonly used methods to synthesize CNAGs, including template-assisted, self-assembly, 3D printing, and thermal/electrochemical expansion methods (Zhang et al., 2022). Using these methods, a series of CNAGs with specialized 3D porous structures and extremely high specific surface area CVD*
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Synthesis methods of carbon nanomaterial-based 3D-gels. Source: Zhang et al. (2022)/with permission of Elsevier. 
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have been developed from carbon nanomaterials as effective adsorbents for the removal of various contaminants from water. Zhang et al. (2013) applied the self-assembly method to prepare 3D gels from GO and CNT dispersions with ferrous ions (FeSO ) as the catalysts and cross-linkers. The resulting GO/CNT

4

gels possess 3D carbon structures with microsized pores and immensely large specific surface area with density as low as 0.011–0.087 g/cm3. As a result, the 3D gels can effectively adsorb lead ions in water with the adsorption capacities of 230–451 mg/g. Because their shape and structure are easily tunable, CNAGs are promising adsorbents for water treatment applications on a large scale. 
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7

Nanoparticles in Water: Characterization

7.1

Sediments, Colloids, and Nanoparticles

Particles, especially fine particles, are ubiquitous in the aquatic environment and thus are important for water quality. In water quality monitoring, one of the most important parameters is turbidity, caused by the presence of particles that can change water clarity. Turbidity is measured by passing light through the water sample to detect the amount of light being scattered. The higher the intensity of scattered light, the higher the turbidity. High turbidity means a large number of particles in water, which can strongly deteriorate water quality. In water quality analysis, particles in surface water are generally divided into three categories: bed-load particles, suspended particles, and dissolved particles (Figure 7.1). 

Bed-load particles are large-sized particles that have high settling velocity. 

They are usually in the form of sand and gravel that can be carried by the flow downstream due to shear stress. Suspended particles are waterborne particulates that maintain stability in water due to their sufficiently small size. They can be anything that can be suspended in water such as sediments, colloids, planktons, natural organic matters (NOMs), and nanoparticles. Common suspended solids in natural water include sand, silt, clay, and microorganisms (Figure 7.1). Dissolved particles typically refer to those that can pass through a 0.45 μm filter, which is commonly used in water quality analysis. The filtered water samples are often called “solutes,” which is not true because small colloids and nanosized particles can pass through the filter too. Nevertheless, the concept of suspended particles and solutes/dissolved particles is still commonly used in water quality monitoring. While there are different types of particles in water that can affect its quality, they mostly belong to three overlapping groups, sediments, colloids, and nanoparticles. These three groups are often used to refer to suspended solids in water. Details about each of them are discussed below. 
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Figure 7.1

Different types of particles in water and their relative sizes. 

7.1.1

Sediments

Sediments refer to solid particles that are moved by water flow and eventually are deposited as a layer of solid materials on the bed or bottom of a water body. 

Because aqueous solids regardless of their sizes would settle from water in the end, sediments in natural water include almost all suspended solids, including colloids and nanoparticles. Sediments, especially the large ones, are deposited on the sides and beds of water bodies such as rivers, lakes, and oceans. They play an important role in the formation of beaches and estuaries. Layered sediments may also provide valuable information about past geological processes, climates, geography, etc., to interpret the history of depositional environments. The presence of sediments in water may not only increase turbidity but also deteriorate its quality that may harm aquatic plants, animals, and health of ecosystems. 

7.1.2

Colloids

Colloids are suspended particles that have a diameter smaller than 10 μm, which are well mixed with the solution and remain stable and dispersed for a long time. 

There are two types of colloids in natural water bodies: abiotic colloids include clays, silica, other mineral particles, and NOMs; and biocolloids include viruses, bacteria, and some protozoa. 

Abiotic colloids such as clays are ubiquitous in natural water bodies and their sizes have a wide range from a few nm to 10 μm. Even though some of the abiotic colloids are nanosized (i.e.,  <  100 nm), they are commonly called colloids in water quality studies. NOMs such as humic acid and fulvic acid are large organic compounds, existing in all groundwater and surface waters. They are complex organic polymers with extremely high molecular weight (size) and are often called organic colloids. As “soft particulates,” NOMs behave similarly with other inorganic colloids in water. They are also natural polymers and thus can be coated on the surface of other colloids/nanoparticles to enhance their stability in water. 

Biocolloids refer to microorganisms including pathogenic ones. There are mainly three types of biocolloids in water. Viruses are the smallest biocolloids
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and have a diameter of around 100 nm. Because they are at nanoscale, viruses can be transmitted by both air and water flows. During the COVID-19 pandemic, wastewater surveillance data have been used to monitor viral infections and support the response around the world (Lahrich et al., 2021). Bacteria are much larger than viruses and are usually in the micrometer range. For example, Escherichia coli ( E. coli), one of the most studied microorganisms, is rod-shaped with a length of around 2.0 μm and a diameter of 0.25–1.0 μm. Bacteria are the most common biocolloids in water and are readily transported by water flow in aquatic systems (Bai et al., 2022). While the mobility of most bacteria in water is controlled by the flow, some of them, such as  E. coli  have flagella and thus can “swim” in the flow in response to a chemical stimulus. This phenomenon is called chemotaxis. In comparison to the speed of water flow in the surface and subsurface, chemotaxis of bacteria is generally much slower. Therefore, the movement of bacterial biocolloids in water is still controlled by flow under most environmental conditions. The word protozoan means “little animal” and it is the largest among all the biocolloids. Protozoa are usually in the micrometer to millimeter range, but some large ones can reach several centimeters. Therefore, only part of the protozoa that are at the microscale are biocolloids. They require a moist habitat and have been detected in various water systems including fresh, brackish, and salt water. 

7.1.3

Nanoparticles

Nanoparticles are smaller than most of the colloids and sediments. Nevertheless, little attention was paid to natural nanoparticles in water quality analysis in the past. They are generally treated either as colloids or solutes in water. 

Therefore, most of the current characterization techniques for nanoparticles in water are based on the knowledge obtained from research on colloids in water. 

Recently, the rapid development of nanotechnology has dramatically increased the production and disposal of engineered nanomaterials such as carbon nanomaterials, metal-based nanoparticles, and inorganic and organic nanoparticles. 

There are increasing research interests and public concerns over the potential contamination risks of engineered nanomaterials to water. For example, silver nanoparticles have been frequently detected in the effluents of wastewater treatment plants (Kuhr et al., 2018), which may have already contaminated the receiving water bodies. Metal-based nanoparticles such as zinc oxide, titanium dioxide, and silver nanoparticles have often been found in landfill leachate (Vaidh et al., 2022), indicating potential contamination of groundwater by engineered nanoparticles (ENPs). Unlike natural nanoparticles, engineered nanomaterials are manufactured with more uniform physicochemical properties such as shape, size, surface charge, functionality, and composition. This provides opportunities
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to develop unique analytical techniques based on these properties to determine ENPs in water. Nevertheless, analysis of nanoparticles in water is still in its infancy (Reagen and Zhao, 2022). Additional research and development are still needed to enhance the current ability of water quality analysis for nanoparticles, especially engineered nanomaterials. 

7.2

Particles and Water Quality

Suspended particles such as sediments, colloids, and nanoparticles in water can strongly affect its quality. Regardless of their sizes, these particles in water increase their turbidity and reduce the clarity. In surface water bodies, high turbidity means low clarity, which limits the depth of sunlight that can enter. As a result, increased suspended particles in water would reduce the photosynthetic production of the aquatic system. In addition, the interactions between these particles and sunlight as well as aqueous chemicals may also cause an increase in temperature and a decrease in dissolved oxygen levels, affecting water quality. 

While large sediments usually settle out of the water quickly with relatively low inherent toxicity, colloids and nanoparticles, especially pathogenic biocolloids and ENPs, are hazardous materials that can present great toxicity and contamination risks to water. 

7.2.1

Waterborne Pathogens

Waterborne pathogens including viruses, bacteria, and protozoa can significantly deteriorate water quality and accessibility because they can cause serious diseases such as diarrhea, vomiting, cramps, fever, and rashes. Common pathogens in water include viral (e.g., norovirus and Hepatitis A), bacteria ( E. coli  O157:H7

and salmonella), and parasitic (cryptosporidium and giardia) microbes that can cause waterborne infections. Because they are biocolloids, pathogens can remain suspended in water and be moved easily by flow. The widespread presence of these pathogens in water bodies has caused many outbreaks in both developing and developed countries (Magana-Arachchi and Wanigatunge, 2020). 

According to the World Health Organization (WHO), waterborne pathogens killed more than 3.4 million people, mostly children, every year before 2002

(WHO, 2002). The Centers for Disease Control and Prevention (CDC) of the United States reported 444 cryptosporidiosis outbreaks during 2009–2017. Most of the outbreaks ( >  35%) were related to water contamination such as swallowing contaminated water in pools or water playgrounds. One of the most notorious
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outbreaks of cryptosporidium in the United States was in Milwaukee, Wisconsin in 1993 (ref). More than 400,000 people were infected because the city water supply system was contaminated by cryptosporidium, which resists conventional chlorine disinfection. This waterborne pathogen infection caused about 100 deaths. 

7.2.2

Engineered Nanoparticles

Unlike natural sediments and colloids, ENPs are deliberately designed and manufactured with unique properties for various life-improving applications such as electronic, biomedical, pharmaceutical, cosmetic, and functional material applications (Hochella et al., 2019). Nanotechnology is among the fastest-growing industries with an estimated global market of more than $125 billion in 2024

(Giese et al., 2018). The increasing production and applications of nano-based products have inevitably caused the lease of ENPs into the environment including water bodies (Figure 7.4). On the global scale, the estimated production of ten major ENPs has already exceeded 100 metric tons per year since 2010 (Keller and Lazareva, 2014). They are not only used for industrial applications in products such as automobiles, electronics, and solar panels but also for commercial applications in household products such as paints, pigments, coatings, and personal care products. At the end of their life cycle, most of these ENPs are released into major waste disposal facilities including wastewater treatment plants, incinera-tion plants, and landfills and eventually into water, air, and soil (Figure 7.2a). The estimated environmental release of ENPs was highest in Asia, followed by Europe and then North America (Figure 7.2b), reflecting the differences in population, industrialization, and waste management. 

While the toxicities of some ENPs, especially carbon-based nanoparticles, are still under research evaluation (Madannejad et al., 2019), other ENPs such as some metal-based nanoparticles are well-known contaminants showing strong aquatic toxicities (Sengul and Asmatulu, 2020). The occurrence, fate, and impacts of ENPs in water systems thus have received increasing research and public attention. For example, aquatic silver nanoparticles have become a research hotspot because they are not only frequently detected in wastewater treatment effluents and natural water bodies but also have strong harmful effects on the ecosystems (Gottschalk et al., 2015). Silver nanoparticles are extensively used in many commercial and household products and are unavoidably leached into the aquatic systems during their production, use, and disposal. They and other ENPs are regarded as a new group of emerging contaminants that are of great importance to water quality (Gao, 2022). 
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(a) Estimated global mass flow of ten major engineered nanoparticles in quantities, applications, and end-life disposal in 2010 and (b) global distribution of their environmental release. Source: Keller and Lazareva (2014)/with permission of American Chemical Society. 

7.3

Analytical Methods for Nanoparticles in Water

Although both natural and ENPs can greatly affect water quality, there are limited analytical tools for their quantification in the environment. For natural water samples, the most commonly used analytical method for particles is still measuring turbidity. In order to understand the real impact of nanoparticles, especially
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ENPs, on water quality, it is of critical importance to apply existing methods or to develop new analytical tools that can accurately measure their types, concentrations, sizes, structures, surface properties, and other properties in aqueous solutions. Nevertheless, many existing techniques that have been successfully applied to the measurements of sediments and colloids in natural water samples are also applicable to nanoparticles. 

Table 7.1 summarizes some of the commonly used analytical methods that can be applied to detect ENPs in the natural water sample. It is obvious that current technology for analyzing and monitoring ENPs in natural water systems still faces great challenges. The basics of selected analytical methods for ENPs in water are outlined in the following sections. 

7.3.1

Direct Separation

For the quantification and characterization of ENPs in natural water, direct separation of ENPs from the aqueous phase is the most straightforward analytical method. Different techniques have been developed or applied to extract ENPs from water samples with the goal of complete separation for intact analysis. It should be noted that separation is just one of the steps to analyze ENPs in water. Other characterizations, quantifications, or their combinations are often needed to further analyze the ENPs separated from natural water samples. In other words, direct separation may serve as a pretreatment or sample preparation step for water samples for ENP analysis. 

Centrifugation is commonly used to separate particles including sediments and colloids from water samples. Because of their extremely small particle sizes, ENPs are too light to be separated from water by normal centrifuges. High-speed centrifuges such as ultracentrifuges thus have been used to separate ENPs of different sizes from water by different centrifuge speeds (Akbulut et al., 2012). Even for high-speed centrifuges, it still requires long operation times to separate ENPs from supernatants without a guarantee of complete recovery (Figure 7.3). Because natural water samples contain organic matter that may also be extracted from the supernatants by high-speed centrifugation to contaminate ENPs, water samples are often chemically oxidized before separation. This, however, can oxidize ENPs to affect the analysis. In addition, high-speed centrifugation inevitably causes the aggregation of ENPs, which may also affect the analysis. 

Because ENPs are ultrafine particles with sizes on the nanoscale, they may be separated from natural water samples through serial filtration. Chapter 5 shows that reverse osmosis (RO), nanofiltration (NF), and ultrafiltration (UF) can be used to filter nanosized particles including ENPs from water, while microfiltration (MF) can remove colloidal particles. Therefore, serial filtration with these or other membranes with different pore sizes would be able to separate nanoparticles

Table 7.1

Examples of analytical methods for ENPs in water. 

Method

Application

Note

References

Separation

Centrifugation

Phase separation

Incomplete, aggregation, 

Laborda et al. (2016)

high energy, long time, etc. 

Filtration

Obtain size fractions

Incomplete, aggregation

Schultz et al. (2015)

Size-exclusion chromatography

Size-based separation

Incomplete

Zhang et al. (2018)

(SEC)

Visualization

Optical microscopy

Surface morphology, particle

Low resolution, usually for

Shrivastava et al. (2019)

size, shape, etc. 

aggregates

Scanning electron microscopy

Surface morphology, particle

Coupled with

Shrivastava et al. (2019)

(SEM)

size, shape, etc. 

energy-dispersive X-ray

spectroscopy (EDS) for

elemental mapping

Transmission electron microscopy

Surface morphology, particle

Coupled with EDS for

Koh et al. (2009)

(TEM)

size, shape, etc. 

elemental mapping

Scanning tunneling microscopy

Surface morphology, particle

High resolution (atom level)

Koh et al. (2009)

(STM)

size, shape, etc. 

Atomic force microscopy (AFM)

Surface morphology, particle

High resolution (atom level)

Shrivastava et al. (2019)

size, shape, etc. 

Invisible spectra

X-ray diffraction (XRD)

Phase and composition

Crystalline ENPs only

Shrivastava et al. (2019)

X-ray photoelectron spectroscopy

Speciation and functionality

Surface only

Shard (2020)

(XPS)

Nuclear magnetic resonance (NMR)

Surface ligands

Surface or organic only

Xing et al. (2016)

Raman spectroscopy

Phases and phase transitions

Crystalline ENPs only

Vandenabeele et al. (2012)

Fourier transform infrared

Composition and

Surface or organic only

Xing et al. (2016)

spectroscopy (FTIR)

functionality

Other

Dynamic light scattering (DLS)

Size distribution

Hydrodynamic diameter

Bhattacharjee (2016)

Zeta potential

Surface potential

Dispersion only

Bhattacharjee (2016)

Brunauer–Emmett–Teller (BET)

Specific surface area

Internal and external

Tiede et al. (2008)
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Schematic depicting (a) and UV–vis spectra (b) of the separation of nanoparticles (AgNP) by centrifugation. Source: Xi and Bothun (2014)/with permission of Royal Society of Chemistry. 

from water into different-size fractions. Direct filtration, however, would perform better for three-dimensional (3D) ENPs of relatively good uniformity than irregular ones such as one-dimensional (1D) carbon nanotubes and two-dimensional (2D) graphene in water. In addition, some of the ENPs may be lost during filtration by clogging into the pores of the membranes (Ladner et al., 2012). 

Size-exclusion chromatography (SEC), a technique developed to separate molecules/particles in solution based on molecular weight/particle size, can provide continuous monitoring of ENPs in natural water samples. The heart of SEC is the chromatography column, which is often packed with rigid, porous, and ultrafine beads with particle sizes of 3–20 μm and pore sizes of 50–107 Å. Polymer and silica beads are commonly used in SEC columns as packed media. SEC separation is based on the mechanism that nanoparticles with larger hydrodynamic diameters would be excluded more from the column pore networks. When the nanoparticle solution passes through the SEC column, the larger ones are eluted out before the smaller ones because larger ones enter fewer pores of either the column or the beads. However, SEC faces the challenge of potential interactions between nanoparticles and the column media. For example, adsorption of nanoparticles onto column media may cause not only delayed breakthrough but also incomplete recovery of nanoparticles (Pitkanen and Striegel, 2016). 

7.3.2

Visualization

Visualization is the most powerful way to characterize ENPs. It can be used to study nanoparticles in natural water samples and determine their particle
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sizes, numbers, shapes, surface morphology, composition, etc. Two types of visualization instruments have been applied in characterizing nanoparticles in water: optical and electron microscopy. In comparison to optical microscopy, electron microscopy has a much higher resolution and thus is more commonly used in nanoscale research. The obtained images are often analyzed with the aid of computer software to determine the properties and characteristics of the nanoparticles. 

As mentioned in Chapter 1, optical microscopy is a powerful tool that has greatly expanded our capacity to explore the world. The invention of the first single-lensed microscope in 1676 by Antonie van Leeuwenhoek opened the door of the microworld (Robertson, 2015). This microscope is an optical one that uses lenses to magnify the object with visible light. Since then, many advanced optical microscopes such as digital, compound, comparison, inverted, fluorescent, confocal, bright/dark field, and phase-contrast microscopes have been developed with enhanced resolutions and applications. Because all optical microscopes rely on visible light, their resolutions or detecting limits are usually above nanoscale and thus have restricted applications in ENP analysis. Only some advanced microscopes such as fluorescent ones are applied to detect and measure nanoparticles, especially their aggregates. 

In comparison to optical microscopy, electron microscopy has a much higher resolution because it is based on electron beams for visualization. The wavelength of an electron beam is in the subnanometer range, much shorter than that of visible light. As a result, electron microscopes are the most useful visualization tools to measure the morphology, sizes, and shapes of ENPs. Commonly used electron microscopes include scanning electron microscopy (SEM) and transmission electron microscopy (TEM). They are often coupled with energy-dispersive X-ray spectroscopy (EDS) to map the distribution of elements on the sample surface. 

SEM has many advantages over traditional optical microscopes. Instead of light, it uses low-energy electron beams as probes to scan sample surface to form the SEM image (Figure 7.4a). The scanning electrons interact with surface atoms and are reflected in producing signals that can be interpreted into high-resolution images of nanoscale. Because the SEM uses electromagnets rather than lenses, its degree of magnification is easy to control, and closely spaced nanoparticles can be magnified at much higher levels. In addition, it has a large depth of field, allowing it to focus on multiple samples at the same time. Because of its high resolution and convenience, SEM has become one of the most popular characterization tools for nanotechnology. Special preparation of SEM samples is often needed to increase their electrical conductivity, which is usually achieved by evaporating a film of metal (e.g., gold) in a vacuum. Low-energy SEM, however, can even visualize nonconducting samples without the metallic coating. 
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The first TEM was demonstrated by Drs. Max Knoll (1897–1969) and Ernst Ruska (1906–1988) from the Technical University of Berlin in 1931. In 1986, Ruska was awarded the Nobel Prize in Physics for the invention of the electron microscope. Similar to SEM, TEM also uses electrons as a probe for visualization. 

Instead of scanning its surface, however, the electrons are transmitted through a sample to produce images (Figure 7.4b). As a result, TEM analysis may be affected by the thickness, composition, density, and crystallinity of the samples. TEM

specimen often has an ultrathin section of  <  100 nm thickness on a grid. An image is developed based on the interaction between the electrons and the specimen when the beam is transmitted through it. This enables it to capture fine details of the sample to construct an extraordinary variety of nanometer/atomic-resolution information, revealing not only where all the atoms are but also what kinds of atoms and how they are bonded to each other. All these make TEM an essential tool for nanoscale research in many fields including environmental sample analysis. 

Scanning tunneling microscopy (STM) was invented in 1981 by two IBM

engineers, Drs. Gerd Binnig and Heinrich Rohrer, who were awarded the 1986

Nobel Prize in Physics for their invention. STM is a powerful technique for
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viewing surfaces at the atomic level. It is based on the quantum mechanical effect of tunneling. STM probes the density of states of samples using tunneling current and has a very high resolution of  <  0.1 nm (1 Å). When the STM tip scans across the surface, the tunneling current is a function of the tip position, which can be used to produce images. Therefore, STM can scan sample surfaces at the atomic level to produce a map of individual atoms as well as electron densities. However, STM usually can only image conducting or semiconducting surfaces. 

Atomic force microscopy (AFM) also has the ability to visualize sample topog-raphy on the atom scale. During the scan, it uses interatomic forces to not only image morphology of sample surface at the atom level but also determine inter-molecular forces to visualize atomic structures. Similar to STM, AFM also relies on a mechanical probe to gather information on the sample surface for visualization, using a laser beam deflection system instead of tunneling current. Therefore, AFM has advantages over STM and can be applied to characterize almost all types of surfaces including polymers, glasses, ceramics, and biological samples. It thus has been widely used in nanoscale research to characterize ENPs for various applications, including environmental applications. 

7.3.3

Invisible Spectra

In addition to microscopes, many other electromagnetic wave (EW)-based instruments have been applied to characterize ENPs in water. There are different types of EWs including radio, microwave, infrared, visible, ultraviolet, X-ray, etc., and visible light (380–700 nm) is only a tiny part of the spectrum. Some of the invisible EWs such as infrared (780 nm–1 mm) and X-ray (0.01–10 nm) have been used as a powerful probe in many investigations for material characterizations including ENP analysis. 

X-ray is used by several analytical instruments such as EDS, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray fluorescence (XRF), and X-ray absorption spectroscopy (XAS). As mentioned previously, EDS is often coupled with electron microscopes for elemental mapping. XRD is a versatile nondestructive analytical technique that is extremely useful in determining the crystal structure and composition of ENPs (Figure 7.5a). It can be applied to determine the size of nanoparticles using the Scherrer equation, which indicates crystallite size is inversely proportional to XRD peak width. 

XPS is another commonly used X-ray-based characterization tool for ENPs. It can be used to determine nanoparticle behaviors, especially their surface chemistry. XPS can also reveal the structure and thickness of the surface coatings of ENPs. A typical XPS spectrum has many peaks corresponding to various elements (except hydrogen and helium) of the sample surface (Figure 7.5b). Each element has its own characteristic XPS peaks showing electrons detected at specific binding
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Schematic diagrams of X-ray diffraction (a). Source: Harrington and Santiso (2021)/with permission of Springer Nature and (b) X-ray photoelectron spectroscopy. 

Source: Thapa et al. (2021)/with permission of Springer Nature. 

energies. Peak fitting is often used to extract information from the XPS data to generate atomic percentage values and chemical states. XPS has been widely used in nanoscience to understand the nature of the surfaces of ENPs. 

Nuclear magnetic resonance (NMR), Raman spectroscopy, and Fourier transform infrared spectroscopy (FTIR) are two other commonly used EW-based instruments for nondestructive chemical analysis of ENPs. NMR can explore the internal structures of ENPs and their surface coatings. Raman spectroscopy can provide information related to chemical structure, phase, crystallinity, and molecular symmetry of ENPs. FTIR is mainly used to characterize chemical bonding between ENPs and organic coatings. 

7.3.4

Other Methods

Dynamic light scattering (DLS) measures the intensity of light scattering from a laser that passes through nanoparticle suspension to determine their hydrodynamic diameters (Figure 7.6). As mentioned in Chapter 2, nanoparticle hydrodynamic diameter correlates with Brownian motion. DLS measures the Brownian motion of individual particles and uses built-in software to calculate their size distribution using the Stokes-Einstein equation:  D

 k

=

 b T , where k

3 𝜋d𝜂

b is the Boltz-

mann’s constant, T is the absolute temperature, d is the diameter of the particle, and η is the dynamic viscosity. 

Electrophoretic light scattering (ELS) measures electrophoretic velocities (i.e., electrophoretic mobility) of nanoparticles to determine their Zeta potentials (ζ-potentials) in suspension under different pH conditions. Several theories have been developed to calculate ζ-potentials based on electrophoretic mobility measurements. ζ-potential is an important parameter to understand the surface charge/potential as well as stability of ENP suspensions. Point of zero charge of nanoparticles can also be determined by plotting their ζ-potential against solution pH. 
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The Brunauer–Emmett–Teller (BET) theory is an extension of the Langmuir theory for multilayer gas adsorption process, which is widely applied in the measurements of ENP-specific surface area (SSA) based on the analysis of N adsorption–desorption isotherms. For solid ENPs such as nanometal and 2

nanometal-oxide particles, the BET-SSA is controlled by interparticle porosity. 

While for the porous ENPs such as metal-organic frameworks (MOFs), the BET-SSA mainly reflects the intraparticle porosity. 
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8

Nanoparticles in Water: Stability

8.1

Particle Aggregation

Because of their extremely small sizes and highly reactive surfaces, engineered nanoparticles (ENPs) in water are often unstable and have a strong tendency to aggregate. However, as indicated in Chapter 2, ENPs have an important property of forming colloidal suspensions in water due to Brownian motion (i.e., diffusion). 

The diffusion rate (i.e., diffusivity) of a nanoparticle in water is inversely proportional to its diameter, and thus nanoparticles should have relatively high diffusion rates. While diffusion can overcome gravity or buoyancy to maintain its suspension in water, it also causes nanoparticle collisions that may destroy the stable colloidal system. Aggregation is a common phenomenon of nanoparticles in water. 

It describes the aggregate of nanoparticles in the suspension, where particles start to attach to each other, causing the collapse of the stable colloidal system. 

When the particles are nonaqueous colloidal or nanosized fluids, their destabilization and aggregation processes are often called coalescence. During coalescence, the fluid particles merge to form larger drops or bubbles, which can be separated by either flotation or sedimentation (Figure 8.1). Coalescence is also a physical process that can be reversed by breaking larger particles into colloidal or nanosized particles. Because most of the ENPs are solid particles under normal conditions, the aggregation processes described in this book are mainly focused on solid particles in water. 

During aggregation, solid ENPs first clump together (coagulation) and then grow over time into larger flocs (flocculation) (Figure 8.1). Depending on their densities, the flocs may float to the top or settle down as sediments, separating ENPs from the liquid phase. Coagulation and flocculation are also physical processes that allow the transformation of ENPs from nanoscale particles to flocs for macroscopic phase separation. The aggregation rate of ENPs in water is affected by environmental conditions. Wang et al. (2018b) found that the coagulation and Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 

© 2025 John Wiley & Sons, Inc. Published 2025 by
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Aggregation processes of nanoparticles in water. 

flocculation of graphene oxide (GO) nanoparticles in water are strongly affected by not only solution chemistry such as cation type and electrolyte concentration but also temperature. 

Aggregation is an important process for the sedimentation of suspended particles including ENPs in natural water. In addition, it has also been applied in drinking water and wastewater treatment to remove suspended particles as well as other pollutants that are sorbed on the particles. Particle aggregation in water treatment is accelerated to gain rapid removal through well-developed coagulation and flocculation techniques. 

In water treatment, coagulation and flocculation are mainly used to remove suspended colloidal particles by adding chemical reagents (i.e., coagulants/

flocculants) to accelerate their aggregation and sedimentation (Figure 8.2). 

During operation, the coagulation process is usually rapid and closely linked with the longer flocculation process. While most of the stable ENPs in water are negatively charged, coagulants/flocculants added during the coagulation can destabilize them by neutralizing the negative charges and/or crosslinking or Coagulant
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Figure 8.2

Coagulation and flocculation in wastewater treatment. Source: Teh et al. 

(2016)/with permission of American Chemical Society. 
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bridging charged surfaces (Wu et al., 2013b). After that, the coagulated particles further accumulate and may be further crosslinked or bridged by the coagulants/flocculants to solidify the flocs and settle down to the bottom during the flocculation process. The coagulation-flocculation process in water treatment can successfully separate most of the colloidal and nanosized particles from water. 

The treatment process continues after this coagulation-flocculation phase with filtration and sedimentation to clear water from impurities (Freitas et al., 2015). 

Various coagulants/flocculants have been developed to facilitate the aggregation and sedimentation of particles in water. The most commonly used ones in water treatment are aluminum- or iron-based (inorganic), polymer-based (organic), or their combination (El-taweel et al., 2023). Recently, natural polymers such as cellulose- and chitosan-based reagents have been applied in water treatment for the coagulation-flocculation process (Nath et al., 2021). These natural polymer-based coagulants/flocculants are much more environmentally friendly than traditional metal cations and synthetic polymers. 

8.2

DLVO Theory

The stability of particles (colloids) in water has been a hot research topic for a long time in the literature. Based on the understanding of fundamental interaction forces between colloids in solution under various chemical conditions, theories of colloid stability were established in the 19th century, which have been extended to describe the dispersion and aggregation of ENPs in water. These are generally referred to as the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, named after two Russian and two American pioneers in this field. 

“DLVO” comes from the first letter of the last name of four scientists, Derjaguin, Landau, Verwey, and Overbeek, respectively. It is widely accepted that they have established the theory of particle stability in water. Derjaguin B.V. and Landau L.D. 

are two Russian scientists, who published a paper titled “Theory of the stability of strongly charged lyophobic sols and the adhesion of strongly charged particles in solutions of electrolytes” in 1941 (Derjaguin and Landau, 1941). At the same time, Verwey E.J.W. and Overbeek J.Th.G. in the United States also developed the colloid stability theory and published their book titled “Theory of the Stability of Lyophobic Colloids” (Verwey and Overbeek, 1948). The term “lyophobic” means the suspended particles (i.e., sols or colloids) lack a strong affinity to the liquid medium. 

The DLVO theory assumes the interactions between suspended particles in water are mainly controlled by the balance of attractive and repulsive forces (Figure 8.3). If the repulsive force is greater than the attractive force, the colloidal system is stable with very low aggregation. Conversely, the system becomes
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Figure 8.3

DLVO interactions between

Van der Waals Attraction

ENPs in water. 

Electrostatic repulsion

unstable with a high particle aggregation rate. Based on the classic DLVO theory, the total interaction energy ( 𝜙 ) between ENPs in water is the sum of the attraction t

energy ( 𝜙 ) and repulsion energy ( 𝜙 ).  𝜙  is usually due to the Van der Waals a

 r

 a

(VDW)-London force, while  𝜙  results from the electrostatic repulsion forces. As r

a result,  𝜙  is a function of particle separation distance. 

 t

The VDW attraction energy ( 𝜙 ) between two ENPs can be written as (Elimelech a

et al., 1995):

 A

 r r

ϕ

132 1 2

(8.1)

 a = − 6 h( r 1 +  r 2)

where  A

is the Hamaker constant for materials “l” and “2” in the presence of 132

medium “3,” which can be determined from the Hamaker constant of each material,  h  is the separation distance, and  r  is the radius of the nanoparticles. 

For charged ENPs in electrolytes, free ions in the solution may be attracted to the vicinity of the particle surface to screen the charges. Based on that, the distribution of the electrostatic potential around the charged ENP in the solution is also described by the electric double layer (EDL) model (Wu, 2022). The repulsion energy ( 𝜙 ) between two ENPs can thus be written as (Elimelech et al., 1995): r

128 𝜋r r nkT

[ ze𝜓 ]

[ ze𝜓 ]

ϕ

1 2

 tanh

1

 tanh

2

 exp

 r =

(− 𝜅h)

(8.2)

 𝜅 2( r

4 kT

4 kT

1 +  r 2)

where  n  is the density of ions in solution,  k  is the Boltzmann’s constant,  T  is the temperature,  z  is the valence of electrolyte,  e  is the electron charge,  𝜓 1 and  𝜓 2

are the surface potential of the two particles, and  𝜅  is the reciprocal of the Debye length. From measured ζ, the surface potential of particles and grain can be determined following van Oss et al. (1990):

(

)

 𝜓

 d

=  𝜁  1 +

 exp( 𝜅d)

(8.3)

 r

where  d  is the distance between the surface of the charged particle and the slipping plane and is usually taken as 5 Å. The total DLVO interaction energies between the particles and the grain can be determined using (Eqs. (8.1–8.3)) and normalized with  kT. 
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For the same ENPs in water, the interaction energy ( 𝜙 ) between two particles t

of the same radius (r) thus can be written as:

(

[

])

 Ar

64 𝜋rnkT

 ze𝜓

2

ϕ

 tanh

 exp

 t = −

+

(− 𝜅h)

(8.4)

12 h

 𝜅 2

4 kT

In combination with the short-range Born repulsion energy (Ruckenstein and Prieve, 1976), the representative DLVO energy profile of two charged ENPs in electrolytes under unfavorable conditions can be plotted as a function of normalized total energy ( 𝜙 /kT) against separation distance (Figure 8.4). The generalized t

DLVO curve shows one energy barrier ( 𝜙

) and two energy wells, which are

 max

often called primary minimum ( 𝜙

) and secondary minimum ( 𝜙 ). The shape, 

 min

 sec

intensities, and positions of the maximum and minimum are determined by the interactions between particle surfaces, which change with the surface properties of particles and the solution, and interfacial characteristics. In general, when the DLVO energy barrier of two nanoparticles is much higher than 10 kT, the ENP

system should be very stable with a low aggregation rate. Aggregation of nanoparticles in solution occurs when their collision kinetic energy with decreasing separation distance is higher than  𝜙

to enter the primary minimum energy well. 

 max

Some trapped particles may have high enough kinetic energy to climb up and overcome the energy well ( 𝜙

) with increasing separation distance, they

 max −  𝜙min

may be separated and remobilized into the suspension. During aggregation, ENPs may attach to each other via a secondary minimum, especially for the flocculation process. 

Changes in solution chemistry, especially ionic strength, may strongly affect the aggregation and thus the stability of ENPs in the electrolyte solution. This is because the increase in ions in the solution can promote the ionic screening effect of the surface charges of ENPs, which would compress the EDL to reduce the Figure 8.4
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electrostatic repulsion energy ( 𝜙 ). According to Eqs. (8.2)/(8.4),  𝜙  is a function r

 r

of the reciprocal of the Debye length ( 𝜅), which depends on ionic strength. 

√

 𝜅

2 e 2 I

=

 𝜀 𝜀

(8.5)

 kT

0  r

where  I  is the ionic strength,  𝜀  is free space permittivity, and  𝜀  is relative permit-0

 r

tivity. When ionic strength increases, the Debye length decreases and  𝜅  increases, causing the reduction of  𝜙 . Adding salts (coagulants) to increase solution, ionic r

strength thus could be an effective way to aggregate and destabilize ENPs in water. 

Because the classic DLVO theory only includes attractive VDW and repulsive EDL forces, its predictions often show large discrepancies with the experimental results (Morales et al., 2009; Tian et al., 2010). Extended DLVO (XDLVO) theories have been developed to include various non-DLVO forces for consideration. This improves the accuracy of the DLVO prediction but may also reduce the simplicity of the theory by using more sophisticated and complicated calculations. Overall, both DLVO and XDLVO theories can qualitatively describe the stability of ENPs in aqueous solutions under various chemical conditions. 

8.3

DLVO Model of CNTs

The classic DLVO theory was derived based on the assumption that the particles are spherical or planar, and describes the interactions between two particles or a particle and a plane (van Oss et al., 1990). When the theory is applied to irregular ENPs, especially carbon nanotubes (CNTs), it has to make some unreasonable assumptions. For example, early studies considered tubular CNTs as spheres in DLVO calculations and used different approaches to approximate their “effective diameters” using length, diameter, average, or hydrodynamic diameters (Liu et al., 2009; Tian et al., 2010, 2012b,c). As a result, all the DLVO calculations for CNTs can be only used as exploratory estimations and could not provide any precise predictions or simulations on the interaction energy for practical applications (Wang et al., 2008; Tian et al., 2011, 2012a). 

Wu et al. (2013a) made the first attempt to extend the DLVO theory to CNTs. As the first step, the study only focused on the interaction between a single-walled CNT (SWNT) and an infinite isotropic plane with arbitrary rotation angles (Figure 8.5). As shown in Figure 8.5, the surface element integration (SEI) technique was successfully applied to determine the attractive and repulsive forces between the CNT and the planar surface (Wu et al., 2013a). The SEI technique takes into account curvature effects over the whole object, by integrating the interaction energy between a surface element of the object and the plane surface using the exact surface geometry of the object (Bhattacharjee and Elimelech, 
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Schematic illustration of interaction of an SWNT with an infinite isotropic planar surface. Body-fixed coordinates ( xyz) and space-fixed coordinates ( XYZ) both originate at  O. The body-fixed coordinates rotate at an arbitrary angle  𝜙  relative to the space-fixed coordinates. The two required geometrical properties for SEI technique are the local unit normal,  ̂n, to the surface of the SWNT (at point  P), and the local distance  h of the point  P  from the infinite planar surface.  H  is the closest distance between the SWNT surface and the planar surface.  D  is the distance between the center of SWNT and planar surface. Source: Wu et al. (2013a)/with permission of American Chemical Society. 

1997). It can precisely determine the interaction forces between a planar surface and a curved body with any defined shape (Petosa et al., 2010). 

Coupling SEI technique and DLVO theory, Wu et al. (2013a) obtained the first analytical formula of the interaction energy between not only pristine but also surface-charged SWNT and the planar surface. The new DLVO equations for CNTs are more convenient and accurate than the classic ones. They can also be applied to other types of CNTs after minor adjustments and thus can be used as a robust tool to describe the DLVO interaction between CNTs and planar surfaces under various conditions. While the details about the DLVO model of CNTs are not repeated here in this book, the representative formulae for two cases are listed. 

8.3.1

A Pristine SWNT and an Isotropic Planar Surface

The interaction between a pristine SWNT (without charge) and an isotropic planar surface is dominated by the attractive VDW force. For this case, mathematical
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analysis of the interaction energy between a pristine SWNT and an isotropic planar surface with an arbitrary angular position yields the analytical solution: ϕ
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Detailed math derivations of Eq. (8.4) can be found in the appendix of Wu et al. 

(2013a). 

8.3.2

A Surface-Modified SWNT and a Charged Isotropic Planar Surface

Both attractive VDW and repulsive EDL forces are important to the interaction between a surface-modified SWNT and a charged isotropic planar surface. 

While the attractive VDW interaction energy is the same as discussed previously (Eq. (8.7), the analytical expression for the EDL interaction energy between the surface-charged SWNT and the planar surface with an arbitrary angle can be written as:
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where N1 =  L−1( 𝜅a  sin  𝜑); N2 =  I 0( 𝜅a  sin  𝜑) −  I 2( 𝜅a  sin  𝜑); N3 =  I 0( 𝜅( a −  R) sin  𝜑)

−  I ( 𝜅( a

( x), 

2
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 I ( x), and  I ( x) are modified Bessel function of order zero, first, and second, 0

 2

respectively; and  L ( x) is a modified Struve function of order −1. Detailed math

− 1

derivations of Eq. (8.5) can be found in the appendix of Wu et al. (2013a). 

8.4

Nanoparticle Aggregation Kinetics

The stability of ENPs in water can be directly observed and compared by watching their aggregation and sedimentation over time (Wu et al., 2013b). In addition to the naked eye, ultraviolet–visible (UV–Vis) spectrophotometry has also been applied to determine the stability of ENPs in water under various conditions (Wang et al., 2012, 2019). Tian et al. (2012a) used a UV–Vis spectrophotometer to compare the stability of SWNTs with different surface modifications. The results indicate that oxidation, surfactant coating, and humic acid coating can effectively stabilize SWNTs in water for at least 24 hours (Figure 8.6). These methods are mainly used as an initial assessment of the stability of ENPs in water. 

Aggregation kinetics of ENPs in water are often determined through the dynamic light scattering (DLS) method to understand their dynamics and stability under various environmental conditions (Chen and Elimelech, 2007; Smith et al., 2009). In a typical setting, well-dispersed ENP suspension is prepared for the DLS to measure the hydrodynamic diameter ( D ) using a DLS instrument such h

as a ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, United Kingdom) equipped with a laser (Wu et al., 2013b). The DLS technology measures the diffusion coefficients of particles, which are then converted to  D  values using the h

Stokes-Einstein equation (Hong et al., 2012). The early-stage aggregation kinetics of the ENPs can be obtained from the initial rate of change of hydrodynamic diameter with time  t. In the early aggregation stage, the initial aggregation rate constant ( k ) is proportional to the initial rate of increase in  D  and inversely a

 h
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proportional to the initial ENP concentration in the suspension ( N ) (Chen and 0

Elimelech, 2006):

(

)

1

 dD
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(8.8)

 a ∝  N

 dt

0

 t→0

A linear least squares regression analysis of the initial increase in  D  can be h

conducted to obtain ( dD ( t)/ dt)

 h

 t → 0. For most of the cases, the analysis should be performed over the time period in which  D  increases to 1.3 times the ini-h

tial value (Chen and Elimelech, 2006). By normalizing  k  against the fastest rate a

constant ( k

), the attachment efficiency (

 a fast

α) of ENPs in the solution under the

experimental conditions can be obtained:
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The term with the subscript “fast” denotes favorable nonrepulsive conditions. 

After the measurement,  𝛼  is determined directly by normalizing the initial slope of the  D  growth profile (Eq. (8.8)) for a specific background solution chemistry by h

the initial slope under diffusion-limited conditions. Experimental critical coagulation concentrations of ENPs can be determined from the intersection of extrap-olated lines through the diffusion and reaction-limited regimes. 

Theoretically, the attachment efficiency, α, can also be derived from the DLVO

theory based on the inverse stability ratio (Chen and Elimelech, 2009; Li et al., 2011). Because the DLVO theory assumes VDW attraction is the sole attractive force for ENP aggregation and all particles are spherical, these assumptions make the predicted α values inconsistent with the measured ones. Zhang et al. (2012) applied the statistical Maxwell approach to describe the distribution of kinetic energies and primary energy minima of ENPs, which can provide a much better prediction of α than the inverse stability ratio method. It has been suggested that the aggregation of ENPs may only happen in the primary energy minimum because secondary energy minimum is only critical for particles greater than 0.5 μm (Hahn and O’Melia, 2004; Zhang et al., 2012). However, for nonspherical ENPs such as GO with lateral sizes ranging from a few nanometers to tens of micrometers, their aggregation in secondary energy minimum are very important and should also be included in the Maxwell approach. Wu et al. (2013b) have successfully applied this new approach in predicting α of GO aggregation in water under various conditions. 

Previous studies on ENP aggregation kinetics have demonstrated that their stability is controlled by solution physicochemical conditions such as temperature, ionic strength, and pH, as well as ENP surface characteristics such as surface functional groups (Saleh et al., 2008; Khanh An et al., 2012; Wang et al., 2018a). For example, Wang and Hu (2013) found that ionic strength plays an
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Effect of cation valence on GO aggregation: (a) photograph illustrating the influence of mono- and di-valence on aggregation behaviors of GO suspension (10 mg/L) after 2 h; (b) attachment efficiency of GO as a function of electrolyte concentration; (c) electrophoretic mobilities (EPMs) of GO as a function of electrolyte concentration; (d) evaluating the Schulze–Hardy (SH) rule and its extension. Source: Wu et al. (2013b)/with permission of American Chemical Society. 
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important role in controlling the stability of GO in water, and a change in acid, base, or salt concentration can easily destabilize the suspension. Chowdhury et al. 

(2013) confirmed the importance of solution ionic strength in controlling the aggregation and stability of GO over a wide range of aquatic chemistries relevant to natural and engineered systems. Wu et al. (2013b) studied the aggregation kinetics and attachment efficiencies of GO in different electrolytes (NaCl, CaCl , 2

and MgCl2) and found that both ionic strength and cation type are important for the stability of GO in water (Figure 8.7). Wang et al. (2018a) determined 2000
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Effects of temperature on GO aggregation: (a–c) changes of GO

hydrodynamic radii in 100 mM NaCl, 100 mM KCl, and 0.8 mM CaCl , respectively; 2

(d–f) initial aggregation rates of GO in NaCl, KCl, and CaCl , respectively; 2

(g–i) attachment efficiencies of GO in NaCl, KCl, and CaCl , respectively; (j–l) photograph 2

illustrations of GO suspension at different temperatures after a given time. The numbers in the colored rounded rectangles in (g–i) represent the CCC values of GO in the corresponding electrolyte solutions, and red, yellow, and blue colors stand for 40, 25, and 6 ∘C, respectively. Source: Wang et al. (2018a)/with permission of Elsevier. 
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the effects of temperature on GO aggregation kinetics under different solution chemistry conditions (Figure 8.8). Their results confirm that both temperature and solution chemistry are the governing factors of the stability and fate of ENPs such as GO in aquatic systems. 
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9

Nanoparticles in Water: Filtration

9.1

Particle Filtration

Fixed-bed filters packed with granular media such as sand, garnet, magnetite, and coal are commonly used to remove suspended solids including colloids and nanoparticles from water. They are low-cost nonporous solid materials that are different from adsorptive filter media such as activated carbon (AC), zeolite, and ion exchange resin. As a result, these low-cost granular medium filters are not effective in removing soluble chemical compounds from water. Nevertheless, granular medium filters still find their popularity in water treatment because they provide a convenient and cost-effective way to remove “dirt” (particles) from water. 

When water passes through a packed filter with a granular medium such as sand, the particles in the flow may be removed by three different mechanisms depending on the sizes of the particles and the pores of the media (Figure 9.1). 

Surface filtration of large suspended solids is also referred to as cake filtration, reflecting a filter cake formed on the surface of the filter media as the particle size of the suspended solid is larger than the pore size of the filter media. During surface filtration, the suspended solid cannot enter the filter media and accumulates to form a cake layer at the very beginning (Figure 9.1a). After that, the surface cake itself acts as a filter layer to further trap the solid particles, increasing the thickness of the cake. The growth of the surface cake will reduce the flow rate and thus the water productivity of the filter. The surface cake thus should be removed periodically to maintain the flow rate of the granular medium filter. 

Physical straining of suspended particles (colloids) from water flow happens within the filter media, where the colloids are trapped in some of the three-dimensional pore structures of the media because they are too big to pass through (Figure 9.1b). This mechanism has been studied by many researchers in the literature to describe the retention and transport of colloidal particles in Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 

© 2025 John Wiley & Sons, Inc. Published 2025 by
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Figure 9.1

Filtration mechanisms of particles in water flow by granular medium filters: (a) Surface (cake) filtration of large suspended solids; (b) physical straining of large colloids; and (c) physical–chemical filtration of fine colloids and nanoparticles. Source: McDowell-Boyer et al. (1986)/with permission of John Wiley & Sons. 

saturated porous media including sand filters (Wang et al., 2016). Since straining is a physical process, researchers have proven that it is controlled by the physical structures of the colloids and the filter media (Bradford et al., 2002, 2003). While the particles are often assumed to be spherical with a diameter of  d , the pore p

structure of the filter media is almost impossible to define. Nevertheless, it is commonly accepted that the average pore size of packed media is inversely proportional to the grain size. For granular medium, it is also commonly assumed to be spherical with a diameter of  d . According to the physical straining theory, g

larger  d  and smaller  d  would be more favorable for the particles to be retained p

 g

within the filter. A semiquantitative way thus has been developed to use the ratio of the particle diameter to grain diameter ( d / d ) to predict the physical p

 g

straining of colloids in granular filter media (Bradford et al., 2002). A critical d / d  value has also been used as the benchmark to determine whether colloids p

 g

would be retained in the media by physical straining mechanism. Early studies have reported the critical  d / d  value could range from 0.002–0.15 (Bradford et al., p

 g

2002, 2003; Xu et al., 2006). Xu et al. (2006) conducted a range of packed column experiments with latex microspheres and quartz sand as the colloids and granular medium, respectively. By changing the size combination of microsphere and sand, they determined the critical  d / d  value of colloids in sand media was 0.008. 

 p

 g

They also reported that, above this threshold value, the physical straining rate of the colloids in the sand filters increased linearly with  d / d . For a commonly used p

 g

sand filter, the average grain diameter is around 0.5–0.6 mm. This type of sand filter would only be able to physically trap suspended particles with diameters above 4–4.8 μm. Therefore, physical straining mechanism mainly applies to the filtration of large colloids by granular media. 
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For fine colloids and nanoparticles, especially engineered nanoparticles (ENPs), their removal from water flow by granular filter media is controlled by a physical–chemical mechanism (Figure 9.1c). Even though colloids and ENPs are much smaller than the pore throats of the granular media, they can still be retained through attachment on grain surfaces and thus be filtered from the water flow by the packed filter. Once they enter the granular media, colloids and ENPs may be carried by water flow to make contact with the grain surfaces at different locations within the media and some are trapped due to the attractive Van der Waals or other electrostatic forces. The interactions between these particles and grain surfaces can be described by the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory detailed in the previous chapter (Chapter 8). Because the grain size is several orders of magnitude larger than the particle size, the grain surface is assumed to be a flat surface to attract the colloids/ENPs. The DLVO theory of a spherical particle and an isotropic flat surface is often used to describe the interaction energy profiles. Chapter 8 also provides the DLVO theory for the interaction between carbon nanotubes (CNTs) and grain surfaces, detailed in a study by Wu et al. (2013). 

Based on the three mechanisms of particle filtration by granular medium filters, the removal of ENPs by the filters is governed by the physical–chemical process as described in Figure 9.1c. This suggests that granular medium filters such as sand filters can be used as a low-cost water treatment technology for the removal of ENPs from water. 

9.2

Classical Filtration Theory

During water treatment, granular medium filtration is often used as a follow-up step after coagulation, flocculation, and sedimentation processes to remove suspended particles from water (Figure 9.2). Sand is the most commonly used filter medium for this type of water treatment application. The design of sand filters for effectively removing the remaining suspended solids (mainly colloids and nanoparticles) from the water flow has become an important task for environmental engineers. Classical colloid filtration theory, also called clean-bed filtration theory, was developed by Yao et al. in 1971 to predict the value of the first-order deposition rate of colloids in a fixed-bed sand filter under different physicochemical conditions (Yao et al., 1971). This theory considers that the removal rate constant ( k ), which is a first-order kinetic rate constant, of the sand d

filter can be derived directly from the removal efficiency ( 𝜂) of an individual sand grain in the pack, assuming all the sand grains are identical spheres with the same diameter ( d ). Because these sand grains in the filter mainly collect suspended c

particles from the flow, they are commonly called collectors. Therefore, the sand

[image: Image 113]

[image: Image 114]

184

 9 Nanoparticles in Water: Filtration

Alum/RAC

Chroline

River water

Presedimentation

Coagulation

Sedimentation

Sand-bed

Supply to consumers

flocculation

filtration

Primary treatment process

Secondary treatment process

Tertiary treatment process

Figure 9.2

Conventional water treatment processes for the removal of suspended particles: coagulation, flocculation, sedimentation, and granular medium filtration. 

Source: Katrivesis et al. (2021)/MDPI/CC BY 4.0. 
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Figure 9.3

Schematic description of the single collector efficiency theory: (a) Sand filter as an assemblage of elementary cells and (b) an elementary cell collector. Source: Huang et al. (2021)/with permission of Elsevier. 

filter can be modeled as an assemblage of many single collectors (Figure 9.3). The k  of the filter is thus also an assemblage of  𝜂  of the single collectors: d

3(1 −  f ) v

 k

 𝜂

(9.1)

 d =

2 dc

where  f  is the porosity of the filter bed,  v  is the flow velocity, and  𝜂  is defined as: 𝜂

 rate at which particles are removed by the collector

=

(

)

(9.2)

 𝜋d  2

 vC

 c

4

Considering the geometric conversion of a number of collectors in a unit volume of the filter, Eq. (9.2) can be directly converted to Eq. (9.1). This novel concept

 9.2 Classical Filtration Theory

185

of using one collector to represent the whole filter for particle filtration is called the single collector efficiency theory, which is the core of the classical filtration theory. To directly predict the particle removal efficiency, the single collector efficiency theory makes following two bold assumptions: (1)  𝜂  of each collector in the assemblage is the same regardless of its location; and (2) the removal process of suspended particles by the collector can be divided into two independent steps, in which particles first make contact with the collector and then attach or detach from the collector. Therefore, the single-collector removal efficiency, 𝜂, now becomes the simple product of single-collector contact efficiency ( 𝜂 ) 0

and single-collector attachment efficiency (α). The definitions of  𝜂  and 0

α are as

follows:

 𝜂

 rate at which particles make contact with the collector (

)

(9.3)

0 =

 𝜋d  2

 vC

 c

4

 rate at which particles are removed by the collector

α =

(9.4)

 rate at which particles make contact with the collector As an independent factor, α is determined by the short-range interaction forces between the particle and collector surface. Similarly,  𝜂  is determined by the 0

flow dynamics around the collector. The single collector efficiency theory further assumes that  𝜂 0, the contact efficiency, is controlled by three independent physical processes (Figure 9.3b) and can be expressed as the sum of the efficiencies of interception ( 𝜂 ), diffusion ( 𝜂 ), and sedimentation ( 𝜂 ) (Yao et al., 1971): I

 d

 s

3 d  2

 𝜂

 p

(9.5)

 I = 2 d  2 c

(

)2

3

 𝜂

 kT

(9.6)

 d = 0.9

 𝜇d d v

 p c

(

)

 𝜌

 gd  2

 𝜂

 p −  𝜌

 p

(9.7)

 g =

18 𝜇v

where  k  is the Boltzmann constant (1.38 × 10−23 J/K),  T  is the absolute temperature,  𝜇  is the viscosity, and  𝜌  and  𝜌  are the densities of the particles (colloids p

or nanoparticles) and fluid, respectively. These expressions of the single-collector contact efficiencies are based on the analytical solutions of particles in laminar flow approaching toward a spherical collector under the controls of the three independent processes. For large colloidal particles, the diffusion process may not be as important as the interception and sedimentation processes. For small nanoparticles,  𝜂  would dominate the contact efficiency. 

 d
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The analytical solutions of the single-collector efficiency model (i.e., Eqs. (9.5–9.7)) were developed based on the assumption that there is no influence of the neighboring collectors in the media, which obviously is not true. 

Happel’s sphere-in-cell model was then used to account for the packing effect (Happel, 1958), including both the collector and pore water (Figure 9.3a). This sphere-in-cell model is one of the most popular models to provide the analytical solutions of flow field in a packed bed with identical, spherical collectors. The model assumes that each of the collectors is enveloped in a shell of fluid and the thickness of the shell is determined by the overall porosity (saturation) of the packed bed. Although the assumptions of Happel’s model may be too ideal to reflect the real hydrodynamics of pore flow in a packed bed, it simplifies the analysis of the convective transport of particles in the field flow within the fluid shell around the collector. 

Based on Happel’s sphere-in-cell flow model, two numerical approaches have been taken to further improve the accuracy of the single-collector contact efficiency. Rajagopalan and Tien (1976) performed a force and torque balance on non-Brownian particles (diffusion was neglected) to determine their trajectory for the computation of  𝜂  and  𝜂 . The main forces and torques in their trajectory anal-I

 g

ysis included gravity, the London-Van der Waals force, the convective force of the Happel flow field, and the drag forces and torques that result from the hydrodynamic retardation effect (Nelson and Ginn, 2005). After a regression analysis of the numerical simulations, they obtained the RT equation of the single-collector contact efficiency, including the Brownian diffusion term,  𝜂 . Details about the RT

 d

equation can be found in the original paper of Rajagopalan and Tien published in AIChE Journal in 1976 with the title of  Trajectory Analysis of Deep-Bed Filtration with Sphere-in-Cell Porous-Media Model  or other follow-up research papers on  𝜂 0

using trajectory analysis (Rajagopalan and Tien, 1976; Nelson and Ginn, 2005). 

The other approach is based on the numerical solution of the convection–

dispersion equation of particles in the Happel’s fluid shell. Elimelech (1994) provided an excellent summary of the mathematical models and numerical simulations of particle deposition on ideal collectors including spherical ones with the Happel’s fluid shell. Furthermore, Tufenkji and Elimelech (2004) used the convection–dispersion approach to obtain a new correlation equation of the single-collector contact efficiency,  𝜂 0, as the sum of  𝜂 ,  𝜂 , and  𝜂 . Details I

 d

 s

about the TE equation can be found in the original paper published in Environmental Science & Technology in 2004 titled  Correlation Equation for Predicting Single-Collector Efficiency in Physicochemical Filtration in Saturated Porous Media (Tufenkji and Elimelech, 2004). 

The RT and TE equations provide a very convenient way to directly calculate the particle removal rate coefficient,  k , of a packed sand filter under favorable d

conditions (i.e.,  𝛼 = 1, every contact will result in attachment). For most of the
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Figure 9.4

Particle breakthrough experiment to obtain the single-collector attachment efficiency: (a) a packed sand column and (b) typical breakthrough curve. Source: Tian et al. 

(2012a)/with permission of Elsevier. 

water treatment systems, however, the conditions are unfavorable for particle attachment (i.e.,  𝛼 <  1). Some lab tests with packed columns (Figure 9.4) are often used to determine the attachment efficiency,  𝛼, from particle breakthrough curves for a given physicochemical condition. 

Based on the plateaus of the breakthrough curves,  𝛼  can be calculated using the following equation:

(

)

2 d

 C

α = −

 c

ln

(9.8)

3(1 −  f ) L𝜂

 C

0

0

where L is the packed medium/filter length, and  C  and  C  are the particle 0

breakthrough concentration and input concentration, respectively. An alternative format of Eq. (9.8) is often used to determine the depth (L) of sand filters for the removal of suspended particles (colloids and nanoparticles) from water flow: (

)

(

)

2 d

 C

 v

 C

L =

 c

0

=

ln

0

(9.9)

3(1 −  f ) 𝜂  ln

 C

 k

 C

 a

where a  C / C

0

= 1000 is often used in the design to determine the minimum depth required for 99.9% removal of the particles. While  k  can be obtained inversely a

from simulating the breakthrough curves of laboratory column experiments (e.g., Figure 9.4), the single-collector efficiency model provides a convenient and robust way to directly calculate  𝜂  and  k  based on the physiochemical conditions. 

 a

Theoretical approaches have also been taken to directly calculate the attachment efficiency,  𝛼, based on physicochemical conditions (Hahn and O’Melia, 2004; Shen et al., 2007). These methods rely on the accuracy of the DLVO energy potential profiles between the particles and the collectors. Hahn and O’Melia (2004) applied a simple Maxwell model based on particle deposition into and re-entrainment from secondary minima to determine α, which depends on the depth of the secondary minimum and the height of the energy barrier. They also pointed out that α
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may no longer be considered a constant for a given physical and chemical system. 

The Maxwell approach has also been applied in the follow-up studies to refine the single-collector attachment efficiency equation based on both primary and secondary minima (Shen et al., 2007, 2010). 

9.3

Nanoparticle Filtration (Case Studies)

9.3.1

CNTs and Sand Columns

Laboratory columns packed with quartz sand are commonly used to study the deposition and transport of ENPs in porous media under various conditions (Wang et al., 2016). This approach builds on a series of studies by Tian et al. 

(2011, 2012a,c) focused on the behavior of CNTs in laboratory sand columns. 

In one study, Tian et al. (2012c) conducted a range of laboratory column and modeling experiments to compare the deposition and transport of two types of functionalized CNTs including single-walled CNTs (SWNTs) and multi-walled CNTs (MWNTs) in three types of sand media (natural, baked, and acid-cleaned) under various conditions. They hypothesized that there would be a strong bonding affinity between the functionalized CNTs and natural sand because of the interactions between CNTs (functional groups and main tube structures) and sand surface impurities (metal oxyhydroxides and trace organics). To test the hypothesis, they removed the surface impurities from the sand through baking (removing trace organics) and acid-cleaning (removing both), and then compared the breakthrough behaviors of the CNTs in the three types of sand columns. 

They found that both CNTs were highly mobile in the acid-cleaned sand columns but showed little transport in both natural and baked sand columns (Figure 9.5). In addition, the deposition of the CNTs in the baked and natural sand was strong and almost irreversible even after reverse, high-velocity, or surfactant flow flushing. This clearly indicates that the surface impurities, especially metal oxyhydroxides, played a dominant role in the retention of CNTs in the sand columns, validating their hypothesis. The authors calculated the DLVO energy profiles between the CNTs and the sand surfaces and found that the experimental conditions were unfavorable (i.e.,  𝛼 <  1) for CNT deposition on the sand surfaces. 

Nevertheless, the strong electrostatic attraction between CNTs and the metal oxyhydroxides on natural/baked sand surface made the natural sand columns filter almost all the CNTs in the flow under the tested conditions. 

To further confirm the important role of electrostatic attraction, the authors also raised the pH of the flow and found that the CNT filtration ability of the sand columns dramatically reduced. This is because the surface charge of the metal oxyhydroxides is pH dependent; raising flow pH turned the deposition sites neutral
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Deposition and transport of functionalized CNTs (left) and the corresponding distribution of retained CNTs (right) in (a) acid-cleaned sand, (b) baked sand, and (c) natural sand. Source: Tian et al. (2012c)/with permission of Elsevier. 
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or negatively charged, thus reducing or even reversing the electrostatic interaction between the CNTs and the sand surface. Nevertheless, results of Tian et al. (2012c) confirm that sand can be used as an effective packing medium in fixed beds to remove nanoparticles, especially surface-functionalized CNTs from water. 

Building on this finding, Tian et al. (2012b, 2013) developed CNT-enabled sand filters (see Chapter 6), which use natural sand as a support of CNTs, to remove various contaminants from water. In Tian et al. (2012b), laboratory fixed-bed columns were packed with functionalized CNTs and natural sand in three arrangements: layered, mixed, and deposited, and all of them enhanced the filtering efficiency of the sand columns to lead (Pb2+) and copper (Cu2+) (Figure 9.6). 

Although the amount of the CNTs added into the fixed-bed columns was only 0.006% (w/w) of the sand, they significantly improved the fixed-bed’s filtering efficiency of Pb2+ and Cu2+ by 55–75% and 31–57%, respectively. In a similar Water
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CNT-enabled sand filters effectively remove heavy metals from water (Tian et al., 2012b). 
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study, Tian et al. (2013) also tested the performance of CNT-enabled sand filters to remove two antibiotics, sulfamethoxazole (SMX) and sulfapyridine (SPY), from water. They also found that a small amount of CNTs dramatically enhanced the filtration ability of the sand columns with the bed adsorption capacity of 67.9 and 91.9 mg/g for SMX and SPY, respectively. Findings from these studies demonstrate that natural sand filters not only can effectively retain functionalized ENPs including CNTs but also leverage the confined ENPs to efficaciously remove other contaminants from water flow. 

9.3.2

Biochar and Activated Carbon

In another case, laboratory carbon filters were used to remove three types of ENPs: silver nanoparticles (AgNP), CNTs, and nano titanium dioxide (NTiO ) 2

from water (Inyang et al., 2013). Hickory chips (HC) biochar and AC were selected as the carbon filter media. To enhance their bonding affinities to the ENPs, the two carbons were impregnated with iron oxyhydroxides through the chemical precipitation method. Table 9.1 lists the basic physicochemical properties of the filter media (including acid-cleaned sand as a control) and ENPs. Iron impregnation dramatically increased the surface (zeta) potential values of HC and AC

dramatically, confirming the precipitation of iron oxyhydroxides on the carbon surface. 

In the packed columns, the control and unmodified carbon-enabled sand columns showed little to no removal efficiency for the ENPs (Figure 9.7). 

However, the columns enabled with iron-modified carbons had better filtration ability for the ENPs, particularly NTiO and AgNP. Among all the carbons, the 2

Table 9.1

Physiochemical properties of filter media and ENPs. 

Zeta

Surface area

Pore volume

potential

Size

Density

Sample

pH

(m2/g)

(cc/g)

(mv)

(nm)

(g/cm3)

HC

8 .  5

431 .  0

0 .  2

−43 .  7

–

0 .  4

HC-Fe

4 .  9

–

–

−18 .  8

–

0 .  4

AC

7 .  1

956 .  2

0 .  3

−28 .  9

–

0 .  6

AC-Fe

4 .  7

–

–

−19 .  8

–

0 .  5

Sand

6 .  5

–

–

−40 .  4

–

1 .  4

CNT

6 .  6

142 .  0

0 .  1

−46 .  3

140 .  0

–

TiO

6 .  8

58 .  8

0 .  0

−11 .  0

90 .  0

–

2

AgNP

7 .  9

30 .  7

0 .  0

−35 .  1

52 .  4

–

Source: Inyang et al. (2013)/with permission of Elsevier. 
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iron-modified biochar was the best at filtering the ENPs. The authors concluded that iron-modified biochar can be used as a low-cost filter medium to remove ENPs from water. 
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10

Nanoparticles in Surface Runoff

10.1

Overview

Water is one of the most important natural resources of our home planet. According to the US Geological Survey (USGS), the Earth is estimated to hold about 1,386,000,000 cubic kilometers of water, but most of it ( >  97%) is salty. The main freshwater sources on Earth are either ice or groundwater (Figure 10.1). Although surface water only accounts for less than 0.01% of the total water on Earth, it plays a crucial role in the hydrologic cycle and ecosystems. It is an essential natural resource and supplies basic water needs to humans and wildlife. In addition, surface water is also used for land irrigation, wastewater treatment, livestock, industrial uses, hydropower, and recreation. It is often monitored and measured based on annual runoff, which is the surplus of precipitation on the land after infiltration and evapotranspiration. Surface water is found on the land surface between the atmosphere and the Earth. 

When excess water such as rainfall or snow melt is accumulated on land surface, it becomes surface runoff (also known as overland flow or terrestrial runoff). Surface runoff is one of the important drivers of the hydrologic cycle. It often occurs during rainfall events when the rainfall intensity is higher than the soil infiltration rate or the receiving soil is already saturated by water. In urban areas, such as big cities with impervious pavement and roofs, there is more surface runoff than in natural land. Because of its large scale and relatively fast flow, surface runoff is one of the major contributors to surface water pollution. It can carry various pollutants including natural and engineered nanoparticles (ENPs) into channels and spread them in surface water. 
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Distribution of water on Earth. Source: Razmjoo et al. (2020)/Springer Nature. 

Both ENPs and natural nanoparticles have been frequently detected in surface runoff, especially in urban runoff (stormwater) (Gnecco et al., 2005; Baalousha et al., 2020; Wang et al., 2020). They can enter the surface runoff through several means, including industrial and wastewater discharge/spill/release, atmospheric deposition and precipitation of airborne nanoparticles, and soil erosion (Figure 10.2). On the one hand, the nanoparticles from industrial and wastewater sources are mainly ENPs, which are point-source pollutants that can be controlled on-site. On the other hand, the nanoparticles from the air and soils can be natural and anthropogenic, which are usually widely spread nonpoint source pollutants that are hard to contain at specific places. For the airborne nanoparticles, after they are deposited on the land, especially the impervious surfaces in urban areas, they may enter the surface runoff during rainfall events, carried by overland flow to enter the surface water bodies. In addition, airborne nanoparticles may also attach to different types of precipitation (rain, snow, sleet, and hail) in the atmosphere before reaching the ground. Compared to these sources from water and air, soil erosion is a much larger contributor to nanoparticles in surface runoff. It can cause the release of large amounts of natural particles (e.g., clay and silica) and ENPs (if any) from soils into the surface runoff. The next section mainly focuses on how natural clay particles enter the surface runoff through soil erosion during rainfall events. 
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Sources of nanoparticles in surface water. Source: Yamini et al. (2023)/with permission of Elsevier. 

10.2

Soil Erosion

10.2.1

Overview

Soil erosion can be caused by both water and wind, separating particles from soils into water flow or the atmosphere, respectively. While many natural and anthropogenic processes such as rain, snow, wind, and irrigation may cause erosion, the term soil erosion is commonly used to refer to rainfall-induced loss of soil particles into surface runoff. When raindrops reach the soil surface, their kinetic energy can impact the soil to dislodge the particles, which is also called splash erosion (Figure 10.3). Splash erosion is often regarded as the first and the most important step of rainfall-induced erosion. When water accumulates on the soil surface, the splashed soil particles can be carried by sheet flow (sheet erosion) into small rivulets called rills. Splash/sheet erosion thus is often called inter-rill erosion to be differentiated from rill erosion, which is mainly caused by shear stress of water flow in the rivulets. Rills are small channels that may
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Rainfall-induced soil erosion (splash erosion) on flat (a) and sloped (b) soil surface. Source: Fernández-Raga et al. (2017)/with permission of Elsevier. 

converge into deep channels to form gullies as runoff rate increases. Gully erosion and streambank erosion refer to erosion in deep channels and the streambanks, respectively, where the water flow is usually deep and fast. 

During inter-rill erosion, raindrops can detach the soil particles and splash them into the overland flow, which helps transport the detached particles to nearby rills or concentrated flow areas. Because soil particles have a range of size distributions, large and heavy ones in the overland flow may be deposited back on the surface; however, ultrafine particles, especially nanoparticles, may remain suspended and be carried away by the surface runoff to enter surface water bodies. As a result, soil erosion is one of the most important sources of nanoparticles in surface runoff. 

Soil erosion is a serious global problem that deteriorates not only the land by degrading soil quality and productivity but also the water by increasing sediment and other pollutants (including nanoparticles) in streams and rivers. It has caused the loss of half of the topsoil on the Earth during the last 150 years. Although many countries have implemented various strategies to mitigate soil erosion, the current rates are still orders of magnitude higher than natural soil formation. Wuepper et al. (2020) used over 35 million observations and a spatial regression discontinu-ity design to assess the global soil erosion rate (Figure 10.4). They found that the differences in annual average soil erosion rates of different countries could reach 1.4 tons per hectare, mainly affected by their agricultural characteristics. 

10.2.2

Soil Erosion Models

Mathematical models have been developed to predict rainfall-induced soil erosion rates based on parameters such as rainfall intensity, soil properties, slopes, and vegetation coverage (Rose and Hogarth, 1998; Nearing et al., 2005). The Revised Universal Soil Loss Equation (RUSLE) is one of the most used empirical soil
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erosion models, which computes soil loss based on rainfall erosivity, soil erodibility, slope length, slope steepness, cover management, and conservation practices (Benavidez et al., 2018; Ghosal and Das Bhattacharya, 2020). Process-based models such as the Water Erosion Prediction Project (WEPP) erosion model are often used in soil erosion prediction in North America with considerations of various processes and factors including soil, climate, management, hydrology, plant growth, residue decomposition, and erosion (Laflen et al., 1991; Flanagan et al., 2001). However, almost all the soil erosion models only pay attention to loss and transport of large soil particles (sediments) and ignore the impacts of colloidal or nanosized particles. On the one hand, from a mass transfer point of view, this practice is reasonable because nanoparticles account for only a tiny fraction of the detached soil mass in surface runoff, which surely is negligible. On the other hand, from the water quality point of view, however, this tiny proportion of nanoparticles could have a great impact on water quality (Brewer et al., 2021). 

Hairsine and Rose (1991) presented a process-based model for inter-rill soil erosion, which divides soil particles into different classes based on their particle sizes. While the model assumes that rainfall detachment of soil particles is not particle-size selective, it predicts that sorting occurs due to finer particles (e.g., colloids and nanoparticles) settling out of the water column more slowly than coarse sediments and hence are transported further (Proffitt et al., 1991; Barry et al., 2010). Another unique aspect of this model is that it assumes that large soil particles in the overland flow can settle down quickly to form a shield layer to protect the soil from further erosion (Rose et al., 1994). Heilig et al. (2001) designed a simple laboratory experiment to verify the concepts of suspended finer soil particles vs. coarse sediment shielding. They mixed coarse sand (large-sized soil particles) and finer clay (colloidal and nanosized soil particles) in a small
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Figure 10.5

Loss of nanoparticles and formation of sediment shield during rainfall-induced soil erosion. Source: Heilig et al. (2001)/with permission of Elsevier. 

soil box to simulate inter-rill soil erosion. As shown in Figure 10.5, after the application of raindrops, both sand and clay were carried into the overland flow. 

With further rainfall application, clay remained suspended and was flowed out of the box with the runoff, but sand settled quickly in the soil box to form a dark shield layer. This shield grew with the rainfall event and could protect the soil from erosion. Findings from this study also provide indirect evidence that the potential impacts of nanosized soil particles in surface runoff cannot be ignored. 

10.2.3

Rainfall-Induced Nanoparticle Transport in Overland Flow As indicated above, when raindrops impact the soil, they eject soil particles, soil water, and solutes/suspension into the overland flow. Rainfall-induced erosion thus is a major contributor to nanoparticles from the topsoil into surface runoff. 

Rose and his colleagues have developed a process-based model of rainfall-induced soil erosion that divides soil particles into different size classes (Hairsine and Rose, 1991; Lisle et al., 1998; Rose and Hogarth, 1998). This novel approach makes the Rose model capable of modeling the nanoparticle transport from soils to overland flow during rainfall events. 

In its simplest mathematical form, the Rose model calculates the mass transfer of rainfall detachment, deposition, and convection of soil particles of different size classes (Figure 10.6). The governing equation of soil particles of a specific size class in the overland flow can be written as (Sander et al., 1996):

 𝜕( C q

 𝜕 D

 i )

( Ci )

 𝜕

+

=  e

(10.1)

 x

 𝜕t

 i +  edi −  di

where  C  is the concentration of soil particles (size class  i) in the overland flow,  D

 i

is the flow depth, and  q  is the flow rate. The terms  e  and  e  are the rates of soil i

 di
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detachment from the original soil and redetachment from deposited soil of class- i particles. The term  d  is the rate of deposition of class- i  particles. For nanoparticles i

such as nanosized clay, the terms of  e  and  d  can be ignored because they always di

 i

remain suspended in the overland flow (Gao et al., 2004; Wang et al., 2018; Chen et al., 2023). 

In the case of shallow kinematics overland flow on a flat soil surface, the relationship between flow depth and flow rate can be simplified as:

 𝜕D

 𝜕q

 𝜕 +

= ( P −  I)

(10.2)

 t

 𝜕x

where P and I are rainfall intensity and infiltration rate, respectively. 

Based on these two equations, the governing equation of rainfall-induced nanoparticle transport in overland flow can be written as:

 𝜕C

 𝜕( C

 q
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 n)

 𝜕 +  D

=  e

(10.3)

 x

 𝜕t

 n − ( P −  I) Cn

where  C  is the concentration of rainfall-induced nanoparticles in the overland n

flow and  e  is the detachment rate of nanoparticles from the soil. Heilig et al. 

 n

(2001), Gao et al. (2004), and Wang et al. (2018) used small soil box experiments to test the equation for rainfall-induced clay particles in overland flow and found good matches between model simulations and experimental data under various conditions (e.g., Figure 10.7). 
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Rainfall-induced clay transport in overland flow: (a)  P = 74 mm hr.−1, (b)  P = 52 mm hr.−1, and (c)  P = 30 mm hr.−1. Symbols are experimental data and lines are model results. Source: Gao et al. (2004)/with permission of Elsevier. 

10.3

Vegetative Filter Strips

Nanoparticles in surface runoff would be flushed into the receiving water bodies quickly if the water flow is on the bare soil surface. Fortunately, vegetation (terrestrial or aquatic) on land surface can slow down the surface runoff, reducing the load of soil particles into surface water (Nepf and Ghisalberti, 2008; Yang et al., 2008). It has been recognized that terrestrial vegetation commonly occurs in all types of landscapes and can act as a natural filter to remove sediments, nutrients, pesticides, chemicals of emerging concern, and nanoparticles from surface runoff (Munoz-Carpena et al., 1999; Yu et al., 2012). Researchers and regulatory agencies (e.g., EPA and USDA), have promoted the application of dense terrestrial vegetation as vegetative filter strips (VFSs) to help control the nonpoint source pollution from agriculture and urban runoff. 
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Many laboratory and field studies have been conducted to determine the efficiency of VFS in protecting water resources from nonpoint source pollution, especially with respect to the removal of sediments from surface runoff. However, fewer studies have been conducted to investigate the removal of nanoparticles from the overland flow by VFS. In the old days, it was a common operational practice for water quality monitoring to treat contaminants as being in the dissolved phase if they can pass through a 0.45 μm filter (Lead and Wilkinson, 2006). Using laboratory flume experiments, Ren and Packman (2004, 2005) have shown that colloidal particles with sizes equal to or smaller than 0.45 μm played significant roles in facilitating trace metal transport in streams. With the increasing concerns over colloidal particles in surface runoff, VFS has been suggested to be used as a natural filter to attenuate the loading of colloids, especially biocolloids from agriculture and urban runoff (Guber et al., 2006; Pachepsky et al., 2006). Yu et al. 

(2011, 2012, 2013) conducted a range of laboratory experiments with rainfall over a soil box to examine the removal of colloids (clay particles) from overland flow (a)
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Figure 10.8

Laboratory experiment of the removal of colloids (clay) from overland flow by VFS: (a) schematic of the experimental setup, and (b) Bahia grass planted in laboratory containers as VFS. Source: Yu et al. (2012)/with permission of Elsevier. 
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by VFS (Figure 10.8). Their results suggest that surface vegetation such as VFS

can effectively remove suspended particles such as colloids and nanoparticles from surface runoff under various conditions. 

10.4

Single-Stem Efficiency Model

Because of the similarity of surface vegetation system and soil media in removing colloids and nanoparticles, it is possible to model the vegetation as porous media. 

This makes it possible to apply the concept from the classic filtration theory (CFT) in the previous chapter (Chapter 9) to formulate a single collector efficiency model for the calculation of the removal rate of nanoparticles in overland flow by surface vegetation (Wu et al., 2011, 2012, 2014). 

Under normal conditions, the depth of overland flow is usually below the top of the sheaths of grassy vegetation; therefore, particles in runoff mainly interact with plant stems. Based on this fact, Wu et al. (2011, 2012, 2014) developed a single-stem efficiency model assuming plant stems can be modeled as rigid cylinders in the overland flow (Figure 10.9). Under the framework of CFT, the first step is to determine the single-stem contact efficiency ( 𝜂 ), which is defined as the ratio of the 0

rate at which nanoparticles strike the stem collector divided by the rate at which particles approach the collector. For sand filters,  𝜂  is controlled by three processes 0

including interception ( 𝜂 ), sedimentation ( 𝜂 ), and diffusion ( 𝜂 ) (see Chapter 9). 

 I

 S

 D

For nanoparticles in surface vegetation systems, however, the sedimentation process can be ignored. The single-stem attachment efficiency thus can be expressed as (Wu et al., 2011):

 𝜂 0 =  𝜂

(10.4)

 I +  𝜂D

Figure 10.9

Single-stem efficiency model of colloid (nanoparticle) filtration in surface vegetation systems. 
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Palmer et al. (2004) suggested that  𝜂  and  𝜂  are functions of the particle/

 I

 D

collector size ratio ( R =  d /d , where  d  is particle diameter and  d  is cylinder p

 c

 p

 c

diameter in this case) and the Reynolds number (Re  . 

 /𝜈, where  u  is flow

 c =  udc

velocity, and  𝜈  is the kinematic viscosity). When the Reynolds number is smaller than one,  𝜂  and  𝜂  of the single-stem efficiency model can be expressed as: I

 D

[

]

 𝜂

1

 R(2 +  R)

(10.5)

 I =

(1 +  R) ln(1 +  R) −

(2 − ln Re

2

 c)

(1 +  R)

[

]

Re  𝜈

 𝜂

1.17 𝜋D 2∕3

 c

(10.6)

 D =

 ud

2

 c

(2 − ln Re c)

where  D  is the particle diffusion coefficient. They conducted a range of experiments in a small flow chamber to directly measure single-stem efficiency under different flow conditions. Their results demonstrated that results from Eqs. (10.4–10.6) did not match the measured  𝜂  values. Therefore, they proposed 0

a regression equation based on the regression of the experimental data (Wu et al., 2011):

 𝜂

 N−0.03

0 = 0.0044 Re−0.94

(10.7)

 c

 Pe

where  N

is the Peclet number ( N

 /D). 

 pe

 pe =  udc

The second step is to determine the single-stem attachment efficiency ( 𝛼), which is defined as the ratio of the rate at which nanoparticles successfully attach to the vegetation stem divided by the rate at which they make the contacts (see Chapter 9). Under unfavorable chemical conditions, the magnitude of α is assumed to be mainly controlled by the interaction forces between the colloidal particle and the collector. Using the laboratory flow chamber experiments, Wu et al. (2012) measured α of colloidal particles captured by a cylindrical collector in laminar overland flow under various combinations of flow rate and solution ionic strength conditions. Based on the experimental data, they successfully derived a new regression equation for the α of the single-stem efficiency model (Wu et al., 2012):

 𝛼 = 10−3.25( NLO)0.51( NE 1)−0.27( NDL)1.06

(10.8)

where and  N

is the London number ( N

2 u),  N

is the first elec-

 LO

 LO = 4 A/9 𝜋𝜇dp

 E1

trokinetic parameter ( N

( 𝜉  2

2)/3 𝜋𝜇ud ),  N

is the double-layer force

 E 1 =  𝜀𝜀 0

 p +  𝜉c

 p

 DL

parameter ( N

),  A  is the Hamaker constant,  𝜇  is the viscosity,  𝜀  is the rela-DL =  𝜅dp

tive permittivity,  𝜀  is the vacuum permittivity,  𝜉  and  𝜉  are the surface potential 0

 p

 c

of the nanoparticle particles and the cylindrical collector, respectively, and  𝜅  is the reciprocal of double-layer thickness. 

The last step of the single-stem efficiency model is to determine the removal rate or deposition rate ( k ) of nanoparticles in overland flow through vegetation d

systems. For a vegetation system of a spacing density ( f ), which is defined as the
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Figure 10.10

Model simulations and experimental data of the removal of colloidal particles by surface vegetation under different ionic strength (a) and flow rate (b) conditions. Source: Wu et al. (2014)/with permission of American Chemical Society. 

ratio of the empty area among the plant stems divided by the total vegetated area, the relationship between  k  and  𝜂  can be written as (Wu et al., 2014): d

 f (1 −  f ) u

 k

 𝛼𝜂

(10.9)

 d =

 𝜋d f

0

 c

Furthermore, Wu et al. (2014) incorporated the effect of natural organic matter (NOM) into the single-stem efficiency model for particle removal by surface vegetation. Their results showed steric repulsion afforded by NOM layer on the stem collector surface is an important factor controlling the removal rate of nanoparticles in overland flow through vegetation systems. The corrected single-stem efficiency equation was applied to simulate the retention and transport of colloidal particles in a laboratory soil vegetation box under different conditions. The simulation results demonstrated excellent matches of the experimental breakthrough curves (Figure 10.10). Overall, the single-stem efficiency theory is promising in constructing and refining mathematical models to predict the fate and transport of nanoparticles in overland flow through vegetation systems in the natural environment. 
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11

Subsurface Transport of Nanoparticles

11.1

Overview

Our planet Earth is made up of three interactive zones: atmosphere, surface, and subsurface (Figure 11.1). The soil and groundwater systems belong to the subsurface, where the soils are either unsaturated (vadose zone) or saturated (groundwater aquifer) with water (Figure 11.1). Water flow in the subsurface is an important process in the hydrologic cycle and plays a critical role in sustaining ecological systems. When precipitation reaches the soil surface, water flow may infiltrate into the soil, pass through the vadose zone, and recharge the groundwater aquifers. During the process, soils can act as a natural filter to remove pollutants (including nanoparticles) from the subsurface flow (Singer and Brown, 2018). Due to the gravity effect, the flow direction of water in unsaturated soils (vadose zone) is often vertical from top to bottom, while that in saturated (groundwater) soils is lateral from high to low. Subsurface flow can carry pollutants including nanoparticles throughout the soil and groundwater system. 

As the production of nanoparticles continues to increase, the risks of leaching of engineered nanoparticles (ENPs) in soils and groundwater continue to rise (Zhang et al., 2020). It is estimated that the soil receives about 8–28% of the ENPs produced worldwide each year (Keller et al., 2013). Industrial emissions, wastewater discharges, sewage sludge, landfill leaching, and agricultural applications are among the main sources of ENPs in the subsurface. Because of their extremely small sizes and highly reactive surface, both natural nanoparticles and ENPs in the subsurface can strongly affect soil and groundwater quality. For instance, the presence of nanoparticles, especially ENPs, can impair the function of soil biota. Previous studies have shown that ENPs in the topsoil can enter plants through roots, stomata, and leaves to affect their growth and food quality (Navarro et al., 2008; Zhang et al., 2015). They may also have negative effects on soil microorganisms Nanotechnology in Water Research: Understanding Pollution Control, Water Quality, and Hydrologic Pathways, First Edition. Bin Gao. 

© 2025 John Wiley & Sons, Inc. Published 2025 by
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Overview of the natural environmental system. Source: Gao (2022)/with permission of Elsevier. 

through inhibition of soil enzyme activities or direct toxicity (Rousk et al. 2012; Jośko et al., 2019). Once they are released into groundwater, these nanoparticles and the associated contaminants can deteriorate water quality and impose risks to public health (Oomen et al., 2018; Prajitha et al., 2019). Therefore, it is necessary and of crucial importance to study and understand subsurface transport of nanoparticles. 

11.2

Interaction Mechanisms

As shown in Figure 11.2, nanoparticles are omnipresent in the environment including soils and groundwater. Soils are very complex media containing a heterogeneous mixture of gas, liquid, and soil phases (Garner and Keller, 2014). 

At the same time, groundwater also has diverse physical, chemical, and biological characteristics. Therefore, the subsurface transport of nanoparticles is controlled by a great deal of factors and the interaction mechanisms of nanoparticles in soils and groundwater are vastly complicated. During the transport in the subsurface, they can be retained at or released from different interfaces, which may be further affected by the physicochemical conditions of water flow (Lin, 2009). 

Extensive research has been done in recent years to determine the transport mechanisms of colloidal and nanosized particles in soils and groundwater (Gao et al., 2011; Wang et al., 2016; Huang et al., 2021). Laboratory investigations at different scales including microscopic visualization and packed and undisturbed columns have been used to determine the transport behaviors of colloids and nanoparticles in porous media to reveal the governing interaction mechanisms
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Pathways and transformations of nanoparticles in the environment. Source: Abbas et al. (2020)/with permission of Elsevier. 

(Gao et al., 2006; Dong et al., 2019; Chen et al., 2023). Findings from these investigations have revealed several important mechanisms that govern the subsurface transport of nanoparticles, such as porous medium grain surface (solid–water interface) interactions, controlled by the physicochemical and electrostatic forces between the particle and grain surfaces; air–water interface interactions, controlled by the physicochemical and electrostatic forces between the particle surface and the air–water interface; and physical straining including pore and water-film straining, controlled by the collective contribution from particle size, porous medium grain size, and moisture content. Other processes, including aggregation/disaggregation, size exclusion, fingering and preferential flow, and flow and chemistry perturbation, may also play important roles in controlling the transport of nanoparticles in soils and groundwater. Sangani et al. (2019) illustrated some of the most important processes and governing mechanisms of subsurface transport of nanoparticles (Figure 11.3). Based on these, it is clear that subsurface transport of nanoparticles could be influenced by a variety of factors related to not only the flow conditions but also the properties of nanoparticles and porous media. Some of these factors are outlined in the next section. 
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Processes and governing mechanisms of subsurface transport of nanoparticles. Source: Sangani et al. (2019)/with permission of Canadian Science Publishing. 

11.3

Influential Factors

Previous studies have indicated that subsurface transport of nanoparticles can be regarded as a function of their own properties (e.g., size, property, concentration, and shape), soil properties (e.g., saturation, type, property, size, and temperature), and physical and chemical properties of flow (e.g., velocity, direction, pH, and ionic strength (IS)) (Wang et al., 2016; Sun et al., 2022). Some of the most influential factors are classified and summarized in Figure 11.4, which are discussed in detail in the following sections. 
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Influential factors of nanoparticle transport in the subsurface. Source: Wang et al. (2016)/with permission of Elsevier. 

11.3.1

Nanoparticle Properties

Nanoparticle properties, especially particle size and surface properties, play deci-sive roles in controlling their subsurface transport. Other factors such as input concentration and particle shape have also been identified as important parameters affecting their fate and transport in soils and groundwater. This section mainly focuses on the effects of particle size, surface property, and input concentration on the transport of nanoparticles in the subsurface. 

11.3.1.1

Particle Size

Based on the colloid filtration theory (CFT), decreasing particle size may lead to an increase in their collisions with soil particles, intensifying their interactions (O’Carroll et al., 2013). As a result, nanoparticles with smaller sizes may have higher deposition on soil surface and thus lower mobility in subsurface (Wang et al., 2012a). Most of the previous studies, however, have shown that smaller nanoparticles have higher transport in the subsurface. Wang et al. 

(2012c) found that the retention of carbon nanotubes (CNTs) in saturated porous media increased with an increase in CNT length. Pelley and Tufenkji (2008) also observed an increase in attachment efficiency with increasing size of latex
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Size distribution of retained GO in coarse (a) and medium (b) sand columns. 

Source: Sun et al. (2015)/with permission of Elsevier. 

nanoparticles. However, other studies have also demonstrated that nanoparticles with larger sizes traveled a longer distance in porous media than the smaller ones (Wang et al., 2012b; Sun et al., 2015). Sun et al. (2015) compared the particle size of graphene oxide (GO) at the inlet and outlet of a packed sand column and found that GO in the outflow was larger than that in the inflow. They also measured the size of the retained GO particles and found it increased with the travel distance (Figure 11.5), indicating larger ones might have higher mobility in porous media. Furthermore, the effect of particle size on nanoparticle transport in porous media could be negligible under unfavorable conditions (Phenrat et al., 2009). As suggested by Wang et al. (2016), subsurface transport of nanoparticles is a complicated process affected by multiple factors and their combination. Making a definite assessment of the effect of particle size, therefore, may not be realistic at this point. 

11.3.1.2

Surface Properties

Surface charge and hydrophobicity properties of nanoparticles, such as surface charge and hydrophobicity, have strong effects on their stability in aqueous solutions. Therefore, different surface coating methods (e.g., surfactant coating, polymer coating, and surface oxidation) have been applied to change the surface properties of nanoparticles for various applications. In addition, nanoparticles in the aquatic environment may also be coated by natural organic matter (NOM), altering their surface properties. All these factors would greatly affect the fate and transport of nanoparticles in soils and groundwater. 

Surfactant coating can greatly change nanoparticles’ transport behaviors in the subsurface. Lu et al. (2013, 2014) found that surfactant coating enhanced the transport of CNTs in saturated porous media, and different surfactants demonstrated different effects on the enhancement. Liu et al. (2015) applied two types of surfactants, sodium dodecylbenzene sulfonate (SDBS) and cetyltrimethylammonium
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Observed and simulated breakthrough curves (a) and retention profiles (b) of surface-coated silver nanoparticles in soils. Source: He et al. (2018)/with permission of Elsevier. 

bromide (CTAB), to coat graphene nanosheets. They found that both surfactants promoted transport in porous media. 

Ligands (e.g., citrate) and polymers (e.g., polyvinylpyrrolidone (PVP)) have been also applied to coat various nanoparticles such as silver nanoparticles (AgNPs) to change their surface properties. He et al. (2018) investigated the effects of citrate and PVP coatings on the transport of AgNPs in porous media. They found that the presence of ligand and polymer coatings promoted the transport and decreased the retention of AgNPs in soil (Figure 11.6). 

Dissolved NOMs are easily absorbed on the surface and thus change their surface properties (Ghosh et al., 2010). Suwannee River humic acid (SRHA) has been demonstrated to enhance the transport of several types of ENPs in porous media under various experimental conditions (Tian et al., 2012c; Wang et al., 2012b). 

Oxidation is another commonly used modification method to change nanoparticles’ surface properties. Tian et al. (2012a) compared three modification methods, i.e., oxidization, surfactant coating, and humic acid coating, on CNT

transport in porous media. They found that surface oxidation was as effective as the other two methods in enhancing the mobility of CNTs in the media. Similarly, oxidized graphene nanosheet (i.e., GO) also demonstrated enhanced transport in sand columns under various conditions (Liu et al., 2013; Sun et al., 2015). 

11.3.1.3

Input Concentration

It is recognized that input concentration of nanoparticles may play an important role in affecting their subsurface transport (Sun et al., 2015; Su et al., 2017; Gong et al., 2020). In general, a higher input concentration of nanoparticles corresponds to greater mobility in porous media. In a study on the subsurface transport of nanosized zero-valent iron (nZVI) particles, Gong et al. (2020) found that increasing input concentration of carboxymethyl cellulose (CMC) stabilized
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nZVI (CMC-nZVI) and sulfidated nZVI (CMC-S-nZVI) promoted their transport in saturated porous media (Figure 11.7). Sun et al. (2015) also observed higher recovery of GO from saturated sand columns at higher input concentrations. 

Similar results have been obtained in the studies of the transport of CNTs (Kasel et al., 2013; Lu et al., 2013), nanosized Al O (Rahman et al., 2013, 2014), and Ag 2

3

nanoparticles (Liang et al., 2013) in porous media. However, Phenrat et al. (2009) showed that changes in input concentration had little or even no effect on the transport of polymer-modified nZVI in saturated porous media. In another study, they also found that the transport of polystyrene sulfonate-stabilized nZVI was significantly lower at higher concentrations compared to lower concentrations (Phenrat et al., 2008). The contradictory results on effect of input concentration on nanoparticle transport in porous media can be attributed to the variations in experimental conditions (Wang et al., 2016). 

11.3.2

Medium Properties

As porous media, soils have networks that are filled with water or air. When nanoparticles in the water flow enter soil pores, they may interact with multiple interfaces (i.e., solid–water, air–water, and air–water–solid interfaces), which strongly affects their deposition, transport, and mobilization in the media. 

This section mainly focuses on how the properties of soils including moisture content, medium type, grain size, and temperature affect the fate and transport of nanoparticles in the subsurface. 

11.3.2.1

Moisture Content

Saturated and unsaturated soils mean the pores are fully and partially filled with water, respectively. Previous studies have demonstrated that moisture content can
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Effect of moisture content on the transport of surface-modified single-walled CNTs (SWNTs) in coarse sand columns. Source: Tian et al. (2012a)/with permission of Elsevier. 

strongly affect the transport of nanoparticles in the subsurface due to the presence of air phase in unsaturated media (Tian et al., 2012a; Dong et al., 2016). In general, the mobility of nanoparticles in porous media is lower with a decrease in soil moisture content. Both Liu et al. (2013) and Dong et al. (2016) have shown that the recovery rates of GO declined with the reduction of the moisture content of the sand columns (Figure 11.8). Zhang et al. (2012) and Chen et al. (2008) have reported similar trends of lower mobility of C

and TiO nanoparticles in unsat-

60

2

urated porous media than those in saturated ones, respectively. Tian et al. (2011), however, found that SDBS-dispersed CNTs were highly mobile in both saturated and unsaturated porous media and only showed retention when the moisture content was very low. They suggested that SDBS coating prevented the attachment of CNTs to the air–water interfaces or the water films under most of the moisture conditions in the study. In a follow-up study, they compared the effect of moisture content on the transport of three types of surface-modified CNTs (i.e., oxidization (O−), surfactant coating (S−), and humic acid coating(H−)) in different porous media (Tian et al., 2012a). The results showed that while moisture content reduction promoted the retention of all the CNTs in coarse sand columns, the oxidized ones were the most sensitive to the moisture changes in the porous media (Figure 11.8). 

11.3.2.2

Medium Type

Medium type can also affect the fate and transport of nanoparticles in the subsurface. Different soils have different mineralogical compositions, which greatly affect the deposition and release of nanoparticles from soil surface to pore water. 

Fang et al. (2013a) compared the transport of CNTs in 14 types of surface soils and found that their mobility was lower in soils with higher clay content. They suggested that soils with higher clay content would have smaller pores to retain nanoparticles through a physical straining mechanism to reduce their transport
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through the media. Several other studies have confirmed the effect of clay soils on the transport of nanoparticles in the subsurface (Fang et al., 2009; Petosa et al., 2013; Lu et al., 2014). Yang et al. (2007) observed a decline in ENP mobility when sand was replaced by clay-rich soil in packed columns. Wu et al. compared the transport of polystyrene nanoplastics (PSNPs) in desert soil (DS), black soil (BS), and red soil (RS). Their result showed that the breakthrough of PSNPs in three soils followed the order of DS (recovery rate of 0–96.8%)  >  BS (recovery rate of 0–87.5%)  >  RS (recovery rate of 0%) (Figure 11.9). While most of the previous studies on nanoparticle transport have used sand as the porous media, some have also evaluated the transport of nanoparticles including GO and nanoplastics in limestones under various conditions (Dong et al., 2017; Li et al., 2023). 

11.3.2.3

Grain Size

Previous studies have proven that grain size of porous media strongly affects the transport of nanoparticles in the subsurface (Sun et al., 2015; Wang et al., 2017). 

In general, larger grain sizes of the porous media would lead to higher mobility of nanoparticles in the subsurface as the attachment sites of the media decrease with increasing sizes (Mattison et al., 2011; Sharma et al., 2014). In addition, finer grains may create smaller pores to increase the possibility of physical straining of nanoparticles, especially their aggregates, in porous media (Liang et al., 2013; Xin et al., 2015). Chen et al. (2023) compared the retention and transport of CMC-modified nZVI (CMC-nZVI) and sulfidated nZVI (CMC-S-nZVI) particles in saturated columns packed with quartz sand of various grain sizes. They found grain size reduction had an inhibitory effect on the transport of CMC-S-nZVI and CMC-nZVI due to increasing immobile zone deposition and straining in the columns (Figure 11.10). A similar effect of grain size on nanoparticle transport in porous media has been observed for other nanomaterials including C

(Li

60

et al., 2008), CNTs (Tian et al., 2011, 2012a), nano-TiO (Lv et al., 2016), N-doped 2

graphene (Li et al., 2019), and GO (Sun et al., 2015). In addition to increasing

[image: Image 227]

 11.3 Influential Factors

221

1.0

1.0

0.8

0.8

0.6

0.6

o

o

Tracer (PS1)

Tracer (PS1)

C/C

Tracer (PS2)

Tracer (PS2)

C/C

0.4

Tracer (PS3)

0.4

Tracer (PS3)

CMC-S-nZVI (PS1)

CMC-nZVI (PS1)

CMC-S-nZVI (PS2)

CMC-nZVI (PS2)

0.2

CMC-S-nZVI (PS3)

0.2

CMC-nZVI (PS3)

0.0

0.0

0

3

6

9

12

0

3

6

9

12

PV

PV

(a)

(b)

Figure 11.10

Breakthrough curves of CMC-S-nZVI (a) and CMC-nZVI (b) in saturated porous media of various grain sizes (PS1:310.6 ± 1.2 μm, PS2:198.6 ± 1.6 μm, and PS3:117.0 ± 0.4 μm). Source: Chen et al. (2023)/with permission of Elsevier. 

contact and promoting straining, it was suggested that decreases in grain size could also promote the release of clay from the soils to clog soil pores, which would further reduce the mobility of nanoparticles (Lu et al., 2014). 

11.3.2.4

Medium Temperature

In the natural environment, temperature often changes, which can affect the transport of nanoparticles in the subsurface (Wang et al., 2017, 2018, 2019). In general, when the temperature is higher, the interactions between nanoparticles and the soil grain would be promoted, which would decrease their transport in the subsurface. Wang et al. (2017) examined the effects of temperature (6 and 24 ∘C) on the retention and transport of GO in water-saturated porous media. They found that temperature showed notable effects on GO retention and transport in saturated porous media at a solution IS of 10 mM. In a follow-up study, they investigated the concurrent aggregation and transport of GO in saturated porous media under the conditions of different combinations of temperature and electrolyte concentration (Wang et al., 2018). The results showed that increasing temperature (6 to 24 ∘C) at a relatively high electrolyte concentration (i.e., 50 mM for Na+, 1 mM for Ca2+, and 1.75 mM for Mg2+) resulted in enhanced GO retention in the porous media (Figure 11.11). 

11.3.3

Flow Property

Water flow is the driver of subsurface nanoparticle transport; therefore, its physical and chemical properties are of significance to the fate and transport of nanoparticles in soils and water. This section mainly focuses on the effects of flow velocity and direction, IS and solution pH on nanoparticle fate and transport in porous media. 
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11.3.3.1

Flow Velocity and Direction

Advection is a dominant flow process of nanoparticle transport in porous media. 

Flow velocity thus is positively correlated with the mobility of nanoparticles in the subsurface (Sharma et al., 2014; Braun et al., 2015). In addition to advective transport, flow velocity may control the accessibility of nanoparticles to the favorable deposition sites in porous media (Braun et al., 2015). Adrian et al. (2018) reported that nanoparticles were mobilized from porous media when flow rate increased. 

According to the CFT, the single collector contact efficiency would decrease as flow velocity increases, thereby increasing the mobility of nanoparticles in porous media (Taghavy et al., 2013; Braun et al., 2015). For instance, Braun et al. (2015) found that the mobility of AgNPs at a higher flow rate was much higher than that at a lower flow rate (Figure 11.12). Slow exchange between mobile zones and immobile zones may become important at relatively low flow rates, which would also 1.4
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alter the transport behaviors of nanoparticles (Gao et al., 2006). Under certain conditions, however, the role of flow rate in nanoparticle transport in porous media may not be so clear. Lower mobility at higher flow velocity has been reported for both fullerene and CNTs (Lecoanet and Wiesner, 2004), yet the reason for this abnormal phenomenon is still unclear. 

Flow direction is also important to the transport of nanoparticles in porous media. Tian et al. (2012b) showed that a change in flow direction can remobilize some of the CNTs deposited in sand columns, especially those retained by pore straining. However, no significant remobilization would occur for the nanoparticles retained by adsorption. This is because nanoparticles adsorbed on porous medium surfaces may be controlled by the joint forces of hydrodynamic force, gravity, and Van der Waals and electrostatic double-layer forces, making the attachment hard to be reversed. 

11.3.3.2

Ionic Strength

It is well known that solution IS has a strong effect on the fate and transport of ENPs in soils and groundwater. With the increase of IS, the ionic electrical double layer (EDL) in the adjacent medium is compressed, resulting in the decrease of the potential and thus an increase of ENP deposition in porous media (Adrian et al., 2018). Because the space repulsion between particles is overcome by gravity, this process can also promote the rapid aggregation of ENPs in the subsurface environment (Abbas et al., 2020). Thus, IS is one of the most important parameters for ENP retention, transport, and mobilization in soils and groundwater. Tian et al. (2012c) found that a slight increase in IS (e.g., from deionized (DI) water to 1 mM and 10 mM) dramatically reduced the transport of CNTs in saturated porous media (Figure 11.13). Adrian et al. (2018) showed that in the presence of divalent cations and fine-grained particles, increasing solution IS increased the retention of polymer-stabilized Ag ENPs (AgPURE) and delay was observed in their transport at low water velocity. The cation valence also has an important influence on the stability and transport of ENPs in porous media. Multivalent cations such as Figure 11.13
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Ca2+ and Mg2+ are much more effective than more than monovalent cations such as Na+ and K+ to reduce the transport of ENPs in soils and groundwater (Wang et al., 2016). Similar effects of IS are also observed for ENP transport in unsaturated porous media (Fang et al., 2013b; Liu et al., 2013). The previously retained ENPs can be remobilized by decreasing solution IS, if they are trapped in the secondary minimum (Hahn and O’Melia, 2004; Feriancikova and Xu, 2012; Chowdhury et al., 2014). If the particle deposition is through primary minimum or transferred from secondary minimum to primary minimum, a reduction of solution IS may also cause a small portion of re-entrainment of the retained ENPs, which has been observed for both TiO nanoparticles and CNTs (Chen et al., 2010; Tian et al., 2

2012c; Mengestab, 2015). 

11.3.3.3

Solution pH

Solution pH is one of the critical environmental factors affecting the transport of nanoparticles in porous media because it can change the surface potential of nanoparticles to affect their electrostatic interaction with the media. Previous studies have demonstrated that an increase in solution pH from 5–7 to 9–10 promoted the transport of various types of nanoparticles including CNTs, nano TiO , and 2

AgNPs in porous media (Chowdhury and Walker, 2012; Tian et al., 2012b; Sharma et al., 2014; Kumahor et al., 2015). In addition, Guzman et al. (2006) found the highest recovery (100%) of TiO nanoparticles from sand columns was at pH of 2

1 and 10, while the lowest recovery (3%) occurred at pH 7. These results confirm the importance of the solution pH on the transport of nanoparticles in soils and groundwater. 

11.4

Transport Models

Mathematical models have been developed to simulate the retention, transport, and release of nanoparticles in soils and groundwater under various conditions. 

Most of these models are based on the advection-dispersion equation (ADE) coupled with interaction kinetics to account for the mass transfer of nanoparticles through different interfaces within the porous media. Under transient flow and chemistry conditions, multiple ADE equations may need to be solved to determine the dynamics of flow and solution chemistry conditions before simulating the status of nanoparticles in the media. Both analytical and numerical techniques have been used to obtain the solutions of the governing equations. Some software packages such as HYDRUS and STANMOD are often used to simulate experimental data (e.g., breakthrough curves and retention profiles) of nanoparticle transport in the subsurface (Šim ˚unek et al., 2008). This section provides some
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simple examples of commonly used one-dimensional (1D) models of nanoparticle transport in porous media under steady flow and chemistry conditions. 

11.4.1

Homogeneous Porous Media

For nanoparticle transport in homogeneous porous media under steady flow and chemistry conditions, the 1D governing equation in aqueous phase can be written as:
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where  C  is particle concentration in aqueous phase at a time  t  and a distance  x from the column inlet,  D  is hydrodynamic dispersion coefficient,  v  is pore-water velocity,  𝜌  is the dry bulk density of the porous media,  n  is the porosity of the b

porous media, and  S

are particles concentration on different sites of the solid 1− Si

phase. 

As indicated in previous sections, nanoparticles in porous media may be retained at multiple sites including solid–water, air–water, and air–water–solid interfaces (Chen et al., 2008; Keller et al., 2020). The transport of nanoparticles in porous media is thus often described using dual-site or multisite deposition-release models that assume reversible deposition (i.e., deposition and release) of nanoparticles at two or more sites. The deposition kinetics of nanoparticles on these sites can be described by the first, second, or exponential (Elovich) kinetic expressions (Tian et al., 2011):
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and  K

are first-order deposition and first-order release rate constants d,1

 r,1

at the first-order site, respectively;  k

and  k

are second-order deposition and

 d,2

 r,2

first-order release rate constants at the second-order site, respectively;  S  is the 1

maximum capacity of the second-order site; and  k

and  k  are exponential-order

 d,i

 r,i

deposition and first-order release rate constants at the ith site, respectively; and  𝛼

is a constant reversely proportional to the maximum capacity of the site, which controls the exponential decline of the particle deposition rate. 

11.4.2

Heterogeneous Porous Media

Preferential flow is ubiquitous in subsurface because of the natural heterogeneities (Morales et al., 2010). The dual-porosity concepts or stochastic approaches have
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been applied to describe preferential flow and the fate and transport of nanoparticles in structured, heterogeneous porous media. For example, Dong et al. (2016) investigated the GO retention and transport in sand columns packed with two types of sand of different particle sizes as structured saturated and unsaturated porous media (Figure 11.14). They applied the two-domain conceptualization to describe the mass transfer and exchange of GO in the structured, heterogeneous porous media (Skopp et al., 1981):
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where the subscripts fast flow domain (FFD) and slow flow domain (SFD) refer to the fast flow and slow flow domains in the column, respectively;  C  is the GO concentration in pore water;  C′ is the concentration of GO retained in the porous media;  D  is the dispersion coefficient;  v  is the velocity of pore water;  𝛼  is a first-order mass transfer coefficient for particles exchange between the fast-flow and slow-flow domains; and  𝛽  is a geometry coefficient, which is defined as: 𝛽

 S

(11.7)

 FFD =  V

 𝜃

 FFD FFD

 𝛽

 S

(11.8)

 SFD =  V

 𝜃

 SFD SFD

[image: Image 231]

1

(a)

Tracer

1

(b)

Tracer

1

(c)

Tracer

1 mM

1 mM

1 mM

20 mM

20 mM

20 mM

0.8

Tracer model

0.8

Tracer model

0.8

Tracer model

1 mM model

1 mM model

1 mM model

20 mM model

20 mM model

20 mM model

o 0.6

o 0.6

o 0.6

C/C

C/C

C/C

0.4

0.4

0.4

0.2

0.2

0.2

0.0

0.0

0.0

0

50

100

150

0

50

100

150

200

250

0

50

100

150

200

250

300

Cumulative volume (mL)

Cumulative volume (mL)

1

(d)

Tracer

1

(e)

Tracer

1

(f)

Tracer

1 mM

1 mM

1 mM

20 mM

20 mM

20 mM

Tracer model

0.8

Tracer model

0.8

Tracer model

0.8

1 mM model

1 mM model

1 mM model

20 mM model

20 mM model

20 mM model

o

o

0.6

o 0.6

0.6

C/C

C/C

C/C

0.4

0.4

0.4

0.2

0.2

0.2

0.0

0.0

0.0

0

50

100

150

0

50

100

150

200

0

50

100

150

200

250

Cumulative volume (mL)

Cumulative volume (mL)

Cumulative volume (mL)

Figure 11.15

Observed and fitted breakthrough curves of tracer and GO transport in saturated heterogeneous pore media under various solution chemistry conditions (a) 700–850 and 450–500 μm; (b) 700–850 and 250–350 μm; (c) 700–850 and 150–200 μm. Source: Dong et al. (2016)/with permission of American Chemical Society. 
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where  S  is the contact area between coarse and fine grains packed in the column (L2);  V  is the volume of each domain (L3); and  𝜃  is the moisture content. 

To avoid over-parameterization, they used a second-order, irreversible kinetics expression to describe the concentration of GO retained in two domains: (
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where  k  is a retention rate constant;  X  is the maximum retention capacity of the porous media. 

The governing equations of this two-domain model (i.e., Eqs. (11.5–11.10)) can be solved numerically with zero initial concentrations, a pulse-input boundary condition at the inlet, and a zero-concentration-gradient boundary condition at the outlet. The simulated GO concentrations in effluents can be written as: C
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As shown in Figure 11.15, this two-domain model well described the deposition and transport of GO nanosheets in the structured, heterogeneous porous media under various conditions. 
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Derjaguin–Landau–Verwey–Overbeek

electromagnetic wave (EW)-based

(DLVO) theory ( contd.)

instruments

160

pristine SWNT

171–172

electrophoretic light scattering (ELS)

surface-modified SWNT

161

172–173

Elovich model

132–133

desert soil (DS)

220,  220

ELS  see  electrophoretic light scattering

direct current (DC)

55

(ELS)

DLS method  see  dynamic light

Emich, Friedrich

122

scattering (DLS) method

Emmett, Paul

122

DLVO theory  see  Derjaguin–Landau–

energy-dispersive X-ray spectroscopy

Verwey–Overbeek (DLVO)

(EDS)

158, 160

engineered nanomaterials (ENMs)

7, 

theory

66, 68, 69, 76

DNAPL  see  dense nonaqueous phase

engineered nanoparticles (ENPs)

3, 

liquids (DNAPL)

11, 15, 33, 103, 151–152, 

Drexler, K. Eric

4

153–155,  154, 160–161, 165–166, 

D–R model  see  Dubinin–Radushkevich

168, 169, 183, 188, 193, 195–196, 

(D–R) model

211, 223

DS  see desert soil (DS)

analytical methods for, in water

dual-porosity concepts/stochastic

154, 156

approaches

226

Brunauer–Emmett–Teller (BET)

Dubinin–Astakhov (D–A) model

128

theory

162

Dubinin–Radushkevich (D–R) model

direct separation

155–157,  157

128–129

dynamic light scattering (DLS)

dynamic light scattering (DLS) method

161,  162

161,  162, 173

electrophoretic light scattering

(ELS)

161

 e

invisible spectra

160–161,  161

ED  see electrodialysis (ED)

visualization

157–160,  159

EDL model  see  electric double layer

applications

16

(EDL) model

arrangement in membranes

EDS  see  energy-dispersive X-ray

104–105,  104

spectroscopy (EDS)

carbon nanoparticles

15–20, 16, 

Einstein, Albert

14

 17,  18,  19,  21

Einstein’s theory

15

controlled-release fertilizers, 

electric double layer (EDL) model

nanoparticles for

31–37,  34, 

168, 169, 223

 35,  36

electrochemical sensors

54

direct effect of, on plants

29–31, 

electrodialysis (ED)

93, 94

 30,  32
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inorganic nanoparticles

25–26

field-effect transistors (FETs)

50–51

metal nanoparticles

16, 20–23,  22, 

filtration of nanoparticles in water

 23

181

metal oxide nanoparticles

16, 

biochar and activated carbon

24–25,  24,  25

191–193, 191,  192

nanoplastics

27–29,  28

carbon nanotubes (CNTs) and sand

natural nanoparticles

26–27,  27

columns

188–191,  189,  190

organic nanoparticles

26

classical filtration theory

183–188, 

properties

12–15,  13,  15

 184,  187

sustainable agriculture, 

particle filtration

181–183,  182

nanoparticles and

29–37

fixed-bed filters

139, 140, 181

ENMs  see engineered nanomaterials

flocculation

165–167,  166

(ENMs)

flow property

221

ENPs  see engineered nanoparticles

flow velocity and direction

(ENPs)

222–223,  222

environmental nanotechnology, 

ionic strength (IS)

223–224,  223

nanotechnology and

1–9

solution pH

224

environmental pollution

47–48

flux

100

environmental remediation

69–70, 

forward osmosis (FO)

93, 94

 70

FO  see forward osmosis (FO)

ESB  see  Engineering Support Building

Fourier transform infrared

(ESB)

spectroscopy (FTIR)

161

 Escherichia coli

1, 114, 151

freshwater

195

EW-based instruments  see

Freundlich, Herbert

127

electromagnetic wave

Freundlich model

127–128, 129

(EW)-based instruments

FTIR  see  Fourier transform infrared

exogenous bacterial strains

73

spectroscopy (FTIR)

extended DLVO (XDLVO) theories

Fuller, Buckminster

16

170

fullerene

223

fullerene nanoparticle

16,  17

 f

 Fusarium semitectum

22

fast flow domain (FFD)

226

Fe O nanoparticles

33,  35

 g

3

4

Fenton reagent

74, 75

gas adsorption isotherms

122, 125, 

fertilizers

66

126

controlled-release

31–37,  34,  35,  36

gas delivery processes

73

FETs  see field-effect transistors (FETs)

gas sensor

46

Feynman, Richard Phillips

3–4

Gaussian energy distribution

128

FFD  see fast flow domain (FFD)

Geim, Andre

6, 18, 19
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Golden Gate Bridge

1, 2

applications of nanotechnology in

gold nanoparticles

11, 12,  12, 20

76–77

GO  see graphene oxide (GO)

de-contamination mechanisms

graphene

6–7, 14, 15, 18, 19, 29,  30, 

81–82,  82,  83

105

nanosized zero-valent iron (nZVI), 

based membranes

108,  110

synthesis and stability of

graphene-polymer composite

77–81,  78, 80,  81

membranes

113,  113

bioremediation

72–74,  73,  74

nanoporous graphene (NG)

chemical oxidation

74, 75

membrane

109–111,  110

environmental remediation

69–70, 

self-standing GO/rGO membranes

 70

111–112,  112

permeable reactive barrier (PRB)

based thin film

33,  36

74–76,  76

honeycomb lattice of

18,  19

pump and treat

72,  72

graphene film-based amperometric

 h

sensors

54–56,  55,  56

Hagen–Poiseuille equation

102

graphene gold rush

19

Happel’s fluid shell

186

graphene-modified electrode, 

Happel’s sphere-in-cell model

186

electrochemical characteristics

HC biochar  see hickory chips (HC)

of

54

biochar

graphene nanopores

110,  110

Heath, James

16

graphene-nPt-modified electrode

56

heavy metal detection, carbon dots for

graphene oxide (GO)

19–20, 31, 54, 

57–59,  57,  58

109, 139–140, 166, 176–177, 216, 

heterogeneous porous media

 224, 

226

226–228,  227

graphene-polymer composite

hickory chips (HC) biochar

191

membranes

109, 113,  113

high-performance liquid

graphite

18, 20

chromatography (HPLC)

46

gravity law

14

history of nanotechnology

3–7,  4,  5,  6

groundwater contaminants

66–69, 

homogeneous porous media

 224, 

67,  68,  69

225–226

groundwater contamination

83

homogeneous surface diffusion model

causes of

 65

(HSDM)

133–134

 in situ  bioremediation of

71

honeycomb lattice of graphene

18,  19

pump and treat of

 72

HPLC  see  high-performance liquid

groundwater pollution

63,  64, 66

chromatography (HPLC)

sources of

64–66,  65

HSDM  see  homogeneous surface

groundwater remediation

70–72, 71

diffusion model (HSDM)
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Hummers’ method

20

iron

76

hybrid/composite metal nanoparticles

iron-modified biochar

193

25

iron nanoparticles

23, 31

hybrid isotherm models

129–130

iron oxide

52, 53, 82, 105, 115

hydraulic fracturing

65

iron oxyhydroxides

191

hydraulic pressure-driven membranes

IS  see ionic strength (IS)

95–96, 95,  96

IUPAC  see  International Union of Pure

hydraulic pressure gradients

96

and Applied Chemistry

hydrocarbons

73

(IUPAC)

hydrodynamic retardation effect

186

hydrogen peroxide

51, 56

 k

hydrologic cycle

195, 211

KNO3 pellets 33

Knoll, Max

159

 i

Kroto, Harold

16

Iijima, Sumio

6, 17

Kroto, Harry

5

indigenous microorganisms

72, 73

inorganic membranes, 

 l

nanoparticle-based

103, 105

laboratory batch sorption experiments

inorganic nanoparticles

25–26

124

 in situ  bioremediation of groundwater

Landau L.D. 

167

contamination

71

Langmuir–Freundlich (L–F) model

 in situ  chemical oxidation

74

129

 in situ  groundwater remediation

76, 

Langmuir, Irving

125

77

Langmuir isotherm equation

126

case studies of nZVI for

83–84,  83, 

Langmuir–Langmuir (L–L) model

 85,  86

129

interaction mechanisms of

nanoparticles

212–213,  213, 

Langmuir model

125–127,  126, 129

 214

latex microspheres

182

internal diffusion models

133

latex nanoparticles

215–216

International Union of Pure and

layer-by-layer self-assembly method

Applied Chemistry (IUPAC)

111–112

14

lead

140

inter-rill soil erosion

197–198, 

levofloxacin (LEV)

140

199–200

LEV  see levofloxacin (LEV)

intraparticle diffusion equation

133

ligands

217

ion exchange resins

133, 137

light nonaqueous phase liquids

ionic strength (IS)

169–170, 223–224, 

(LNAPL)

66, 72

 223

Lipscombe, Frederick

135
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LNAPL  see light nonaqueous phase

metal-organic frameworks (MOFs)

liquids (LNAPL)

162

localized surface plasmon resonance

metal oxide nanoparticle-polymer

(LSPR)

20, 52,  52

composite membranes

London-Van der Waals force

186

114–115,  115

low-cost adsorbents

135

metal oxide nanoparticles

14, 24–25, 

low-cost metal oxide nanoparticles

 24,  25, 52, 103, 105

115

metal oxyhydroxide-biochar

LSPR  see  localized surface plasmon

nanocomposites

141–142

resonance (LSPR)

metals and metalloids

67

meteorological sensors

48

 m

MF  see microfiltration (MF)

macroplastics

27

microfiltration (MF)

93–98,  97,  98, 

macroworld

1,  2, 2

101, 155

magnetic iron oxide

micrometer

1–2,  2, 2, 4

nanoparticle-based nanosensors

microplastics (MPs)

27, 66, 68, 69

53

microscopes

2

magnetic nanoparticles

139

mixed nanocomposite (MN)-CNT

man-made (engineered) sensors

43

membranes

106–107,  107

man-made pollution

63

MN-CNT membranes  see  mixed

Maxwell model

187, 188

nanocomposite (MN)-CNT

megaplastics

27

membrane configuration

99–100,  100

membranes

membrane, defined

93

MOFs  see  metal-organic frameworks

membrane filtration

93

(MOFs)

large-scale commercialization of

molecular sieve adsorbents

135

93

monitoring well (MW)

83

 see also water purification

MPs  see microplastics (MPs)

theories of

100–103

multivalent cations

54, 223

membrane technology

93–94,  94

multi-walled CNTs (MWNTs)

188

mesoplastics

27

MWNTs  see  multi-walled CNTs

metal-based nanoparticles

138, 151, 

(MWNTs)

153

MW  see monitoring well (MW)

metal nanoparticle-based sensors

mycosynthesis of nanoparticles

22

51–52,  52

metal nanoparticle-polymer composite

 n

membranes

114,  114

nano

1

metal nanoparticles

20–23,  22,  23, 

nanobelts

52

31, 52

nano-chemiresistors

50
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nanocomposite adsorbents

140–142, 

carbon nanotubes (CNTs) and

 141

sand columns

188–191,  189, 

nanocomposite membranes

103, 105, 

 190

115–116

classical filtration theory

nanofabrication

4, 7

183–188,  184,  187

nanofertilizers

31

particle filtration

181–183,  182

nano-FETs

50

nanoparticles

151–152

nanofilms

52

particles and water quality

152

nanofiltration (NF)

93, 94, 95, 97,  97, 

engineered nanoparticles (ENPs)

98–99,  98, 101, 155

153–154,  154

nanomaterial-based adsorbents

waterborne pathogens

152–153

nanocomposite adsorbents

sediments

150

140–142,  141

stability of

165

nanoparticle adsorbents

138–139

Derjaguin–Landau–Verwey–

Overbeek (DLVO) theory

nanoparticle-enabled sand filters

167–173,  168,  169,  171

139–140,  139

nanoparticle aggregation kinetics

3D gel adsorbents

142–143,  142

173–177,  173,  175,  176

nanoparticle aggregation kinetics

particle aggregation

165–167, 

173–177,  173,  175,  176

 166

nanoparticle-based inorganic

nanopesticides

31

membranes

103, 105

nanoplastics

27–29,  28

nanoparticles

11–12

nanoporous graphene (NG) membrane

nanoparticles in water

149

109–111,  110

analytical methods for ENPs in

nanoribbons

52

water

154, 156

nanoscale

1–3,  2, 2

Brunauer–Emmett–Teller (BET)

nanosensors

43

theory

162

applications

48–49,  49

direct separation

155–157,  157

carbon nanoparticle-based sensors

dynamic light scattering (DLS)

49–51,  50

161,  162

metal nanoparticle-based sensors

electrophoretic light scattering

51–52,  52

(ELS)

161

case studies of

invisible spectra

160–161,  161

carbon dots (CDs) for heavy metal

visualization

157–160,  159

detection

57–59,  57,  58

colloids

150–151

graphene film-based

filtration of

181

amperometric sensors

54–56, 

biochar and activated carbon

 55,  56

191–193, 191,  192

nanosized aluminum oxide

105
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nanosized silica

33

nonaqueous phase liquids (NAPLs)

nanosized zero-valent iron (nZVI)

66, 71, 72, 73

particles

21, 23,  23,  32, 76–77, 

non-Brownian particles

186

141, 217

Novoselov, Konstantin

18, 19

case studies of, for  in situ

Novoselov, Kostya

6

groundwater remediation

 NtPIP1  gene

29

83–84,  83,  85,  86

nuclear magnetic resonance (NMR)

synthesis and stability of

77–81, 

161

 78, 80,  81

nutrients

31, 66, 67, 71

nanotechnology, defined

2

nZVI particles  see  nanosized

nanowires

52

zero-valent iron (nZVI) particles

nanoworld

2, 2, 4

NAPLs  see  nonaqueous phase liquids

 o

(NAPLs)

O’Brien, Sean

16

National Nanotechnology Initiative

olefin maleic acid

79

(NNI)

2

one-dimension nanoparticles

11

natural minerals

15

one-pot hydrothermal carbonization

natural nanoparticles

26–27,  27, 196

method

57

natural organic matter (NOM)

150, 

one-pot synthesis

141

206, 216, 217

organic nanoparticles

26

natural polymers

22, 33, 150, 167

Overbeek J.Th.G. 

167

natural sensors

43–44, 44

overland flow

195, 196, 198, 204, 205, 

natural zeolites

137–138

206

NDP  see net driving pressure (NDP)

rainfall-induced nanoparticle

net driving pressure (NDP)

100

transport in

200–201,  201,  202

NF  see nanofiltration (NF)

oxidation

217

NG membrane  see nanoporous

chemical oxidation

74, 75

graphene (NG) membrane

oxygen

19, 20, 23

Nicholas of Cusa

121

ozone

74, 75

N-methyl-2-pyrrolidinone (NMP)

106

 p

NMP  see  N-methyl-2-pyrrolidinone

particle aggregation

165–167,  166

(NMP)

particle filtration

181–183,  182

NMR  see  nuclear magnetic resonance

PCBs  see  polychlorinated biphenyls

(NMR)

(PCBs)

NNI  see  National Nanotechnology

PCE  see perchloroethylene (PCE)

Initiative (NNI)

per- and polyfluoroalkyl substances

NOM  see  natural organic matter

(PFAS)

66, 68,  69

(NOM)

perchloroethylene (PCE)

84

 Index
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permanganate

74, 75

porous adsorbents

129, 130, 131, 

permeable reactive barrier (PRB)

71, 

133–134, 140

74–76,  76, 77

PPCPs  see  pharmaceuticals and

permeate flow rate of membrane

102

personal care products (PPCPs)

persulfate

74, 75

PRB  see  permeable reactive barrier

PES  see  polyethersulfone (PES)

(PRB)

pesticides

66

preferential flow

226

PET substrates  see  polyethylene

pressure-driven membranes

95–96, 

terephthalate (PET) substrates

95,  96

PFAS  see  per- and polyfluoroalkyl

primary nanoplastics

27

substances (PFAS)

protozoa

151

pharmaceuticals and personal care

pseudo-kinetic models

131–132

products (PPCPs)

66–68

PSf  see polysulfone (PSf)

physical technologies for groundwater

PSNPs  see  polystyrene nanoplastics

remediation

71

(PSNPs)

physisorption

123

pump and treat

72,  72

plasmon resonance

51–52

pure metal nanoparticles

20, 114

plastic debris

27

purification of water  see water

platinum nanoparticles (nPt)

54

purification

Polanyi’s potential theory

128

PVDF  see  polyvinylidene fluoride

polyacrylamide

79

(PVDF)

polyacrylic acid

79

PVP  see polyvinylpyrrolidone (PVP)

polychlorinated biphenyls (PCBs)

84

polyethersulfone (PES)

115

 q

polyethylene terephthalate (PET)

QDs  see quantum dots (QDs)

substrates

110

quantum dots (QDs)

26, 53–54

polylactic acid

96

quantum effect on nanoparticles

polymer coating

138

11–12

polymeric adsorbents

135

polymeric membranes

103–104

 r

polymeric nanoparticles

26

rainfall-induced erosion

197, 200

polymers

96, 106, 217

rainfall-induced nanoparticle transport

polypropylene

96

in overland flow

200–201,  201, 

polystyrene nanoplastics (PSNPs)

 202

220

Raman spectroscopy

161

polystyrene sulfonate

79, 218

Randles–Sevcik equation

55

polysulfone (PSf)

96

rate-limiting process and kinetic

polyvinylidene fluoride (PVDF)

113

models

130–131,  130

polyvinylpyrrolidone (PVP)

217

Raymond process

73,  73
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reactive oxygen species (ROS)

25, 29, 

Scheele, Carl

122

82

Scherrer equation

160

red-emissive fluorescent CDs

57

scotch tape technique

5

Redlich–Peterson (R–P) model

SDBS  see  sodium dodecylbenzene

129–130

sulfonate (SDBS)

red soil (RS)

220,  220

SEAR  see  surfactant-enhanced aquifer

reduced GO (rGO)

54, 109

remediation (SEAR)

remediation, groundwater  see

secondary nanoplastics

27

groundwater remediation

SEC  see  size-exclusion

repeatability and reversibility

47

chromatography (SEC)

response time

47, 49

sediments

150

reverse osmosis (RO)

93, 94, 95, 97, 

SEI technique  see surface element

 97, 98–99,  98, 101, 155

integration (SEI) technique

Revised Universal Soil Loss Equation

selectivity

46

(RUSLE)

198–199

self-standing GO/rGO membranes

rGO  see reduced GO (rGO)

111–112,  112

rills

197–198

SEM  see  scanning electron microscopy

Rohrer, Heinrich

4, 159

(SEM)

RO  see reverse osmosis (RO)

sensor

43–46,  44, 44,  45, 45

Rose model

200

carbon nanoparticles-based

49–51, 

ROS  see reactive oxygen species (ROS)

 50

R–P model  see  Redlich–Peterson (R–P)

characteristics

46–47,  47,  48

model

electrochemical

54

RS  see red soil (RS)

gas sensor

46

Ruska, Ernst

159

graphene film-based amperometric

RUSLE  see Revised Universal Soil Loss

sensors

54–56,  55,  56

Equation (RUSLE)

metal nanoparticle-based

51–52, 

 s

 52

sand columns

140, 218, 219, 226

meteorological

48

carbon nanotubes and

188–191, 

natural

43–44, 44

 189,  190

speed

47

sand filters

182, 183,  184

in water research

47–48

carbon nanotube-enabled

190,  190

SFD  see slow flow domain (SFD)

nanoparticle-enabled

139–140,  139

silica nanoparticles

26,  34

scanning electron microscopy (SEM)

silicon dioxide nanoparticles

26

158,  159

silver nanoparticles

12, 21–22, 23, 

scanning tunneling microscopy (STM)

105, 153, 217

4–5, 159–160

antimicrobial ability of

 22

 Index
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decorated cellulose nanofibrous

STM  see  scanning tunneling

(Ag/CNF) membrane

114

microscopy (STM)

silver nitrate

22

stormwater runoff

66

silver oxide

22

subsurface transport of nanoparticles

single-stem efficiency model

211–212,  212

204–206,  204,  206

flow property

221

single-to-few-layer graphene

54

flow velocity and direction

single-walled and multiwalled carbon

222–223,  222

nanotubes

16,  17

ionic strength (IS)

223–224,  223

single-walled CNTs (SWNTs)

170, 

solution pH

224

 171, 173, 188

influential factors

214–224,  215

pristine

171–172

interaction mechanisms

212–213, 

surface-modified

172–173

 213,  214

size-exclusion chromatography (SEC)

medium properties

218

157

grain size

220–221,  221

slow flow domain (SFD)

226

medium temperature

221,  222

Smalley, Richard

5, 16

medium type

219–220,  220

SMX  see  sulfamethoxazole (SMX)

moisture content

218–219,  219

sodium borohydride

77

nanoparticle properties

215

sodium dodecylbenzene sulfonate

input concentration

217–218, 

(SDBS)

79, 216, 219

 218

soil erosion

197–198,  198,  199

particle size

215–216,  216

models

198–200,  200

surface properties

216–217,  217

rainfall-induced nanoparticle

transport models

225

transport in overland flow

heterogeneous porous media

200–201,  201,  202

226–228,  227

solutes

149

homogeneous porous media

sorbitan trioleate

84

 224, 225–226

sorption technology

121

sulfamethoxazole (SMX)

191

speed sensor

47

sulfapyridine (SPY)

191

sphere-in-cell model

186

sulfidation

79, 81

spin coating

112

supramolecular chemistry

4–5

splash erosion

197,  198

surface area of nanoparticles

14

SPY  see  sulfapyridine (SPY)

surface element integration (SEI)

SRHA  see  Suwannee River humic acid

technique

170

(SRHA)

surface functionalization

138

stabilizers

79

surface runoff, nanoparticles in

starch

79

195–196,  196,  197
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surface runoff, nanoparticles in

titanium dioxide

105

( contd.)

titanium oxide

24, 25, 52, 115

single-stem efficiency model

transmission electron microscopy

204–206,  204,  206

(TEM)

158, 159,  159

soil erosion

197–198,  198,  199

transport models

225

models

198–200,  200

heterogeneous porous media

rainfall-induced nanoparticle

226–228,  227

transport in overland flow

homogeneous porous media

 224, 

200–201,  201,  202

225–226

vegetative filter strips

202–204,  203

treat, pump and

72,  72

surfactant coating

138, 216

trichloroethene (TCE)

83–84

surfactant-enhanced aquifer

turbidity

149

remediation (SEAR)

71

two-dimension nanoparticles

11

suspended particles

149, 152, 166

sustainable agriculture, nanoparticles

 u

and (case study)

29

UF  see ultrafiltration (UF)

controlled-release fertilizers, 

ultrafiltration (UF)

93, 94, 95, 96–98, 

nanoparticles for

31–37,  34, 

 97,  98, 101, 155

 35,  36

ultraviolet (UV) irradiation

115

direct effect of engineered

ultraviolet–visible (UV–Vis)

nanoparticles on plants

29–31, 

spectrophotometry

173

 30,  32

US Geological Survey (USGS)

195

Suwannee River humic acid (SRHA)

USGS  see  US Geological Survey

217

(USGS)

SWNTs  see  single-walled CNTs

US National Nanotechnology Initiative

(SWNTs)

2

synthesized zeolites

138

UV irradiation  see  ultraviolet (UV)

 t

irradiation

Taniguchi, Norio

3, 4

UV–Vis spectrophotometry  see
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