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ABSTRACT 

Engineered nanomaterials (ENMs) are added to numerous consumer products to 

enhance their effectiveness, whether it be for environmental remediation, mechanical 

properties, or as dietary supplements. Uses of ENMs include adding to enhance products, 

carbon for strength or dielectric properties, silver for antimicrobial properties, zinc oxide 

for UV sun-blocking properties, titanium dioxide for photocatalysis, or silica for desiccant 

properties. However, concerns arise from ENM functional properties that can impact the 

environment and a lack of regulation regarding ENMs leads to potential public exposure 

to ENMs and results in ill-informed public or manufacturer perceptions of ENMs.  

My dissertation evaluates the environmental, human health, and societal impacts of 

using ENMs, with a focus on ionic silver and nanosilver, in consumer and industrial 

products. Reproducible experiments served as functional assays to assess ENM 

distributions among various environmental matrices. Functional assay results were 

visualized using radar plots and aid in a framework to estimate likely ENM disposition in 

the environment. 

To assess beneficial uses of ENMs, bromide ion removal from drinking waters to 

limit disinfection by-product formation was studied. Silver-enabled graphene oxide 

materials were capable of removing bromide from water, and exhibited less competition 

from background solutes (e.g. natural organic matter) when compared against solely ionic 

silver addition to water for bromide removal. 

To assess complex interactions of ENMs with the microbiome, batch experiments 

were performed using fecal samples spiked with ionic silver or commercial dietary silver 

nanoparticles. Dietary nanosilver and ionic silver exposures to the fecal microbiome for 24 
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hours reduce short chain fatty acid (SCFA) production and changes the relative abundance 

of the microbiota.  

To understand the social perceptions of ENMS, statistically rigorous surveys were 

conducted to assess related perceptions related to the use of ENMs in drinking water 

treatment devices the general public and, separately, industrial manufacturers. These 

stakeholders are influenced by costs and efficiency of the technologies, consumer concerns 

of the safety of technologies, and environmental health and safety of the technologies.  

This dissertation represents novel research that took an interdisciplinary approach, 

spanning from wet-lab engineering bench scale testing to social science survey assessments 

to better understand the environmental, human health, and societal impacts of using ENMs 

such as nanosilver and ionic silver in industrial processes and consumer products.
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CHAPTER 1: INTRODUCTION 
 
The intentional use of engineered nanomaterials (ENMs) in consumer products and 

industrial processes can improve the quality of human life. However, there have been 

emerging concerns around the rapid growth of nanotechnologies and deliberate and 

cautious governmental regulatory bodies. The scientific community has taken proactive 

approaches to determine if nanomaterials were detrimental to the environment and human 

health. Initial assessments highlighted to the scientific community that nanomaterials, like 

many other chemicals/materials, could be hazardous in specific scenarios likely unseen in 

the natural environment. The effects of ENMs in the environment likely are related to their 

unique function (e.g. specific surface area, surface reactivity, size distributions). These 

attributes that arise from ENM function properties have been integrated into technologies 

like drinking water treatment, remediation of chemical pollutants, and dietary supplements 

to improve human health. However, most research has focused on the fundamental 

understanding of ENM properties and ENM use in consumer products and industrial 

processes and significantly less research has been completed to understand what impact 

ENMs have from a societal perspective. 

While physical scientists and engineers have leveraged ENM properties for 

industrial-based and consumer technologies, social scientists have studied ENM 

regulations and public perceptions. I sought to take an interdisciplinary approach to 

understand how ENM properties can improve the effectiveness of different technologies, 

what the intended/unintended consequences of these technologies are to the environment 

and human health, and how these consequences ultimately impact the decision-making of 

different stakeholders within society (Figure 1.1).  
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Figure 1.1. Nanomaterial physico-chemical properties influence their use and risks. 

There is a growing body of knowledge of the technology-specific release of nanomaterials, 

of which carbon nanotubes and metal/metal oxide nanomaterials (e.g. Au, TiO2) are among 

those nanomaterials with the top ten global releases from technologies1. The potential for 

release to the environment and exposure to humans increases the uncertainties and risks 

surrounding these nanomaterials. Carbon nanotubes have unique functional attributes 

enabled by their dielectric properties and magnetic properties. Researchers have 

manipulated these carbon nanotube properties to improve energy storage in batteries, to 

develop gas sensors (e.g. carbon monoxide, ammonia), and to treat water contaminants 

through adsorption. Metallic nanomaterials also have unique functional attributes which 

vary between elemental compositions. Silver nanomaterials (Ag0) have anti-microbial 

properties and are commonly used in the healthcare industry through dressings for burns,  
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acne and cavity wounds, and hygiene products. Titanium dioxide (TiO2), cerium oxide 

(CeO2), and zinc oxide (ZnO) have photocatalytic properties and are commonly used in 

sunscreens for UV absorption, as pigments in paint, or as texture additives in food products. 

These functional attributes of nanomaterials, while used to enhance technologies, 

can also lead to unintended releases and risks within society (Figure 1.2). Projections for 

both the range and the volume of nanomaterial-based technologies show continuous 

exponential growth. Rapid growth in the manufacturing of nanomaterial-based 

technologies, combined with their commercial and individual use, is resulting in the release 

of nanomaterials into the environment from multiple pathways. Point source emissions, 

such as those from industrial systems or from urban wastewater treatment plants, can 

release ENMs to air, water, and soil. Diffuse source emissions (throughout the product life 

cycle) also release ENMs into the environment during synthesis, manufacturing, use, 

recycling, and end of life. These releases and their dilution in the environment can lead to 

human and ecosystem exposures.  

Rapid screening tools to assess ENM disposition in the environment, additional 

knowledge of the use of nanomaterials in consumer products and industrial processes, and 

societal perceptions of ENM use in these products and processes are needed to address 

missing data gaps around ENMs and provide additional information that can be used to 

develop regulations and frameworks around ENM use in consumer products and industrial 

processes Figure 1.2 serves as the framework for the research within this dissertation which 

represents the flux of ENMs through urban physical-human systems. Dissertation topics 

are populated within the schematic. 
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Figure 1.2. Schematic of the use, release, transformations, and societal perceptions of 

ENMs within society.  

Based on a thorough literature review (Chapter 2), a series of research questions are 

proposed to guide my dissertation. My research focus was on the use of ionic and 

nanosilver in consumer products and industrial processes. The emergence of novel silver-

based technologies and lack of governmental regulation around silver leads to large data 

gaps around silver distribution into the environment, the use of silver in remediation 

technologies, the associated effects of silver exposure on fecal microbe structure and 

function, and social and industrial perceptions of using ENMs (incl. silver) in small scale 

and point-of-use (POU) drinking water purification technologies. These data gaps lead to 

the over-arching question: For silver used in consumer products and industrial processes, 

can we gauge the efficacy of silver for surface water contaminant removal, evaluate 

societal concerns of its use in consumer products and industrial processes, and accurately 

predict its environmental disposition in the environment? Specific research questions are 

related to ENMs (incl. silver) in different fluxes within the urban physical-human system 

(Figure 1.2).  
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• Chapter 2  provides a general review of the state of science around nanomaterial 

physico-chemical attributes and their influence on nanomaterial exposure, specifically 

on current trends and challenges, nanomaterial releases across their product life cycles, 

and nanomaterial transformations in the environment. 

 

• Chapter 3 provides insight into the development and interpretation of functional assays 

to compare and assess physico-chemical properties of ENMs and their impact on 

environmental activity of said nanomaterials. 

Research Question 1: Can nano-specific functional assays be developed to create 

activity profiles for a range of ENMs in order to provide a framework and estimations 

of likely nanomaterial disposition in the environment? 

 

• Chapter 4 provides insight into the environmental applications of carbon nanotubes and 

metallic nanomaterials for remediation purposes, specifically around the removal of 

bromide from surface waters upstream of drinking water treatment facilities.  

Research Question 2: Can silver impregnated graphene oxide remove bromide from 

surface waters with more efficiency than silver impregnated powder activated carbon 

in the presence of competing ions and natural organic matter? 

 

• Chapter 5 aims to understand the impact of human exposures to nanomaterials, 

specifically colloidal nanosilver-based dietary supplements and their effect on different 

compartments within the gastrointestinal tract.  
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Research Question 3: Do silver nanomaterials impact the structure and function of 

fecal microorganisms differently than ionic silver under realistic exposure conditions? 

 

• Chapter 6 aims to understand the societal perceptions of intentionally using 

nanomaterials, specifically at the barriers around using nanomaterials to treat drinking 

waters and industrial waters from both an industrial perspective. 

Research Question 4: What consumer concerns and barriers arise regarding the use of 

nanomaterials in point-of-use drinking water purification devices? 

 

• Chapter 7 aims to understand the industrial perceptions of intentionally using 

nanomaterials, specifically at the barriers around using nanomaterials to treat drinking 

waters and industrial waters from a consumer perspective. 

Research Question 5: What are the overlaps and disconnects between industrial and 

consumer concerns and barriers regarding the use of nanomaterials in point-of-use 

drinking water purification devices? 
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CHAPTER 2: PHYSICO-CHEMICAL PROPERTIES AND THEIR 

IMPORTANCE IN THE ENVIRONMENT: CURRENT TRENDS IN 

NANOMATERIAL EXPOSURES 

• This chapter has been published as Kidd, J., and Westerhoff, P. (2018). “Chapter 5: 
Physico-Chemical Properties of Nanomaterials and Their Importance in the 
Environment: Current Trends in Nanomaterial Exposure.” Physico-Chemical 
Properties of Nanomaterials, by Richard C. Pleus, CRC PRESS, 2018. 

• My author contribution: Approximately 90% of the content design, literature review 
and writing of the manuscript.  

 

2.1. Abstract 

The rapid advances in engineered nanomaterial synthesis and manufacturing, combined 

with their use and eventual disposal, have resulted in the release of nanomaterials into the 

environment. The objectives of this chapter are to provide a review of the state of science 

surrounding nanomaterial exposure, explore the methods and data available for 

nanomaterial releases from products across their life cycle, consider what tools are used to 

detect and quantify nanomaterial exposure, discuss future steps to understand nanomaterial 

exposure, and summarize critical data gaps and methods that could advance nanomaterial 

exposure analysis in the environment. 

 

2.2.Introduction 

Engineered nanomaterials (ENMs) are used in a wide range of applications, including 

healthcare, energy, agriculture, and personal care products. Projections for both the range 

and the volume of ENM applications show continuous exponential growth. This rapid 

growth in the manufacturing of nanomaterial-based technologies, combined with their 

commercial and individual use, has resulted in the release of nanomaterials into the 
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environment from multiple pathways. Point source emissions, such as those from industrial 

systems or from urban wastewater treatment plants, emit ENMs to air, water, and soil. 

Diffuse source emissions (throughout the product life cycle) also release ENMs into the 

environment during synthesis, manufacturing, use, recycling, and end of life. These 

releases and their dilution in the environment can lead to human and ecosystem exposures. 

 There are various ENM physicochemical properties that have implications on these 

exposure pathways. One particular challenging issue is that multiple forms of the same 

ENM manufactured, even of the same chemistry, can have different unique properties. For 

example, quantum dots are semiconducting ENMs commonly used in transistors and light-

emitting diodes (LEDs). The alteration in particle diameter by even 1 nm, even with the 

same metal core, surface chemistry, and shape, can alter its optoelectronic properties such 

that it emits a unique photoluminescence [1]. This variation creates challenges in regulating 

nanomaterials. A second challenge is that ENMs undergo biogeochemical transformations 

and association with surfaces, including sediment and suspended particulate matter [2]. 

Tracking transformations of ENMs is analytically very difficult in environmental systems. 

ENM surface properties determine their transformation and aggregation behavior, thus 

influencing their mobility, interaction with, and bioavailability to organisms. 

 Models developed for chemical fate and transport (F&T) may not be appropriate 

for ENMs; however, such models are crucial to develop in order to describe the state of 

ENMs in the environment. A major obstacle has been uncertainty as to which exposure 

metric is most suited to ENMs: mass concentration, size distribution, shape, surface versus 

core composition, etc. The ENM material properties differ to those generated for bulk 

chemical substances, which have relatively few surface ions relative to its bulk density [3–
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5]. Significant advances in how to use exposure data in risk assessment ENM models 

remain ill-defined. 

This chapter first provides a general review of the state of science in nanomaterial 

exposure, specifically on the current trends in ENM exposure, dosimetry challenges, and 

concentration levels of concern. Second, we explore the methods and data available for 

ENM releases from products across their life cycle, explicitly the diversity of ENMs and 

their transformations in the environment. Third, we consider what tools are used to detect 

and quantify ENM exposures, while also highlighting ENM sample preparation challenges. 

Fourth, we discuss data streams and their role in taking future steps to understand ENM 

exposure. Finally, we summarize critical data gaps and methods that could advance ENM 

exposure analysis in the environment. 

 

2.3.The State of Science in Nanomaterial Exposure 

2.3.1. Nanoparticle Nomenclature  

The common definition of “nanomaterial” loosely revolves around structures that are less 

than 100 nm in at least one of their dimensions, while also exhibiting unique properties. 

Over the past decade, there have been numerous attempts at developing a universal 

definition for nanomaterials, but regulatory groups have been giving unique definitions to 

different entities that manufacture and use nanomaterials in their products [6, 7]. For 

instance, the European Union (EU) regulations surrounding nano-enhanced products have 

at least three times given a unique definition for nanomaterials used in three different 

products. In 2009, the EU’s regulation on cosmetics required nanomaterials to be insoluble 

or biopersistent and intentionally manufactured. In 2011, its regulation on food labeling 
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required nanomaterials to be intentionally manufactured but also to be less than 100 nm in 

one dimension. In 2012, its regulation on biocidal products required nanomaterials to be 

natural or manufactured and required that at least half of these nanomaterials must have 

one or more dimensions less than 100 nm. This lack of a sound definition is problematic 

moving forward, as the majority of the public is unaware of what nanomaterials really are. 

This uncertainty means that the state of science surrounding nanomaterials is still at an 

infant phase and will need refinement in order to address the concerns surrounding its 

further development. 

2.3.2. Nanomaterial Manufacturing  

There are two approaches for the manufacturing of nanomaterials: the top-down approach 

and the bottom-up approach [8, 9]. The top-down approach involves the breakdown of bulk 

materials to generate nanostructures from them. This is a common method when 

manufacturing interconnected and integrated structures (i.e., electronic circuitry). 

Synthesis techniques include solid-phase techniques like mechanical attrition through 

either milling or mechanochemical processing. The bottom-up approach utilizes atoms and 

molecules to assemble larger nanostructures. This method allows for precise 

reproducibility of simple, identical nanostructures. Synthesis techniques include vapor-

phase techniques like flame pyrolysis, molecular condensation, arc discharge generation, 

laser ablation, plasma, and chemical vapor deposition. Liquid-phase techniques include 

sol–gel, solvothermal methods, and sonochemical methods. 

2.3.3. Nanomaterial Release from Industry  

The physicochemical properties of nanomaterials allow for them to have transformative 

benefits to individuals and society through applications including but not limited to 
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enhanced food products, improved energy storage, antimicrobial fabrics, and water 

purification. Estimations for the value of the engineered nanotechnology sector range in 

the hundreds of billions of dollars [10–12]. As nanomaterial manufacturing continues to 

rise, it is imperative to understand how nanomaterial properties can enhance release 

potential. The presence of ENMs in the environment is thought to occur from the increase 

in production of nanomaterials of all natures, thus increasing the potential for their release 

and subsequent effects on ecosystem health [13]. Potential releases of ENMs, shown in 

Table 2-1, can come from a variety of release scenarios, including release during 

production, manufacturing, and use of products. 

 

Table 2-1. Products and applications shown to cause direct or indirect release of ENMs 

into the  environment 

 

Type of 

release 

Example 

products/applications 

Likely mode of release Ref. 

Direct Nano-aerosols Inhalation [14] 
 

Food additives Digestion [15] 
 

Nanopaint Weathering [16] 

Indirect Nanosunscreens Application to skin [17] 
 

Automotive fuel Combustion [18] 
 

Nanotextiles Abrasion/washing [19] 
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2.3.4. Natural Sources of Nanomaterials 

There are many physical, chemical, and biological processes that occur naturally and form 

nanomaterial byproducts. These can include volcanic ash, ocean spray, fine dust and sand, 

erosion, and biological matter. These are diverse nanomaterials that can rival their 

synthetically engineered counterparts and are found in soil, aquatic, and atmospheric 

systems. The most abundant nanomaterials in soil systems are layer silicate nanoclays, 

metals, and metal hydroxides [20]. Nanoclays are formed by three unique abiotic 

weathering processes. Microorganisms can form metal nanostructures due to their 

negatively charged peptidoglycan cell wall and their high surface-area-to-volume ratio. 

Cationic metals accumulate along their surface and combine with anions in the surrounding 

media, resulting in nanoscale mineral formations [21].  

         Nanomaterial distribution in various aquatic environments is influenced by the 

hydrodynamic and morphological characteristics of rivers and coastal zones [22]. A 

common occurrence of nanomaterials in aquatic systems results from the increase in 

temperature and evaporation over water bodies. Increases in water temperature reduce the 

solubility of mineral basins, causing the formation and precipitation of nanomaterials and 

their eventual release as sea salt aerosols [23]. Natural organic matter (NOM) in surface 

waters can interact with metal salts or ions via photochemical-generated reactive oxygen 

species (ROS), causing the formation of metal-based nanomaterials [24–26]. Metal ions 

and sulfur in the ocean can be emitted by hydrothermal vents on the ocean floor, where 

they react with each other and form metal-bearing sulfide nanomaterials [25]. 

         Nanomaterials in the atmosphere may be present by either primary emission (direct 

release from source) or secondary emission (atmospheric reactions). Over half of 
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atmosphere-produced nanomaterials come from terrestrial dust storms [27–29]. These 

nanomaterials are lifted into the atmosphere via air currents and distributed globally 

through dust migration across the continents, demonstrating the reach and influence of 

environmental nanomaterials. Forest fires can also spread ash and smoke over thousands 

of miles, increasing nanoparticulate matter in the atmosphere. Volcanoes are another 

source for naturally occurring atmospheric nanoparticles. Volcanic eruptions throw 

basaltic lava into the atmosphere, which is rich in magnesium and iron nanoparticles. As 

the ash spreads into the atmosphere, the gas temperature lowers, leading to the 

accumulation and deposition of nanoparticles into clusters due to electrostatic forces of 

attraction [30]. Nanoparticles in the atmosphere may linger there for years or accumulate, 

decompose, or react to enter food chains. A major challenge is detecting the amount and 

characteristics of what may be relatively small amounts of engineered ENMs within this 

group of natural ENMs. 

 

2.3.5. The methods and data available for releases from products across the life cycle  

2.3.5.1.Nanomaterial concentration levels of concern in the environment  

Identification of nanomaterial waste streams often relies on use patterns, estimates of 

manufacturing volumes, and laboratory models. Measurement methods and 

instrumentation are nonspecific, making it difficult to differentiate between naturally 

occurring and engineered particles. Detecting nanoparticles is complex, both in gases and 

in liquids. Nanomaterials are so small that they cannot be detected by optical microscopes. 

Chemical analysis of individual nanomaterials in gases and liquids has been limited 

because of their low mass. Only recently have analytical instruments and methods become 
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available for this purpose, and as a result, nanomaterials as small as 1 nm can be detected 

[31, 32]. While the instruments used are not themselves size selective, they can be coupled 

with other instruments covering specific size ranges. Table 2 highlights the current methods 

and their subsequent generalized detection limits for an array of different nanomaterial 

natures.
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Table 2-2 Common detection methods and analytical tools used for engineered 

nanomaterials. Detection limits for each analytical tool are given. 

  

Method Nanomaterial type Generalized detection limit 

comments 

Light scattering 

(UV/Vis) 

Any >1 mg/L in water 

0.05 mg/L with HPLC of 

nanomaterial 

extract 

ICP-MS  

TOF-MS (emerging) 

Metals >10 ppt in water (total metal 

concentration) 
 

LC-MS C60 ~1 ppt 

Thermal combustion or 

Microwave thermal 

analysis 

MWCNT and 

SWCNT 

~1 ppb 

Isotopes 13C 

metal isotopes 

<1 ppb by scintillation counting 

isotopic ratios 

UV/Vis, ultraviolet-visible; ICP-MS, inductively coupled plasma mass spectrometry; 

TOF-MS, time-of-flight mass spectrometry; LC-MS, liquid chromatography–mass 

spectrometry; MWCNT, multiwalled carbon nanotube; SWCNT, single-walled 

carbon nanotube. 
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2.3.6. The big 10 nanomaterials 

In 2013, Keller et al. published on the global life cycle releases of ENMs (metric tons/year) 

from manufacturing, applications, disposal, and release into the environment, with some 

consideration of the high range of production estimates and releases [33]. From this 

analysis we term the “big 10 nanomaterials” as the top 10 ENMs that are currently being 

released into the environment: (i) titanium dioxide, (ii) silver, (iii) iron oxides, (iv) zinc 

oxide, (v) copper oxides, (vi) aluminum oxide, (vii) cerium oxide, (viii) nanoclays, (ix) 

carbon nanotubes (CNTs), and (x) silicon dioxide. They are used in a variety of 

manufactured applications (i.e., cosmetics, paints, electronics, food, etc.). The majority of 

these ENMs end up disposed in landfills (up to 90%), soil (up to 28%), water (up to 7%), 

or the atmosphere (up to 1.5%). In specific cases, the ENMs are released and flow through 

wastewater treatment plants (WWTPs) or waste incineration plants (WIPs) before they 

reach their eventual environmental endpoint. Figure 2-1 shows the global material emission 

distributions for the big 10 nanomaterials in 2010 to the environment.  
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2.3.7. The impact of ENM properties on their environmental release  

ENMs that release into the environment are guided by their material properties, but 

isolating and determining the specific material property responsible for the release is a 

complex task because nanomaterials fall into a “gray area,” where they can behave either 

like small particles or like large solutes. To complicate it further, currently there are no 

techniques able to distinguish ENMs from naturally formed nanomaterials in the 

environment. In this section we will examine different nanomaterial properties to 

determine whether they influence the release of ENMs into the environment.  
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Figure 2-1 Big 10 engineered nanomaterials in 2010 to the environment. The majority of 
these ENMs are released to landfills before or after flow through wastewater treatment 
plants (WWTPs) or waste incineration plants (WIPs), which are not considered endpoints. 
The dashed lines depict the percentage of total nanoparticle emissions through each plant 
before translocation to one of the four environmental compartments. Data reconstructed 
from Keller et al. 2013. 
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Even though studies have shown a release of ENMs from an anthropogenic product 

(i.e., Ag ENMs on textiles released during washing), very few of these studies have 

explored further to determine the relationship between nanomaterial properties and release 

potential. 

         The most common material properties found to influence ENM release are 

dissolution and aggregation. However, these are chemical and physical transformation 

processes, which we will discuss later in the chapter. While dissolution will release metal 

oxide ENMs into the external environment, they end up as cationic ions and can no longer 

be called nanomaterials. Abrasion of textiles can lead to aggregation of ENMs, but this 

physical transformation converts the once nanomaterials into the microscale. Nanomaterial 

properties studied that show release potential, while keeping the ENM intact are few and 

far between. One study found that size can potentially play a role as smaller quantum dots 

(<10 nm) were released in greater amounts than those with 30 nm diameter from hydrogels 

[34]; however, hydrogel mesh size variability could influence these results. Another study 

found that the aspect ratio of ENMs plays a role in colloid transport, where nanomaterials 

with higher aspect ratios show a decrease in electric double-layer (EDL) thickness and 

display greater biological cell retention [35]. This has been commonly observed in studies 

that focus on ENM translocation through biological matrices, where smaller, spherical 

ENMs have greater translocation through cell membranes and more release into interstitial 

regions than larger, rod-shaped ENMs [35]. This is a relatively untouched area of 

nanoscience, and the uncertainty surrounding the influence of ENM properties on 

environmental release potential is a major challenge moving forward. It should be a priority 

to reduce the knowledge gaps in this area.  
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2.3.8. The Diversity of Nanotechnology Products 

ENM applications are very diverse. Figure 2-2 highlights the technological applications of 

the big 10 nanomaterials and the unique material properties that make them an effective 

technology. Current application product lines involving ENMs can be broken down into 

four product lines: (i) the dispersion of ENMs into liquids that are used in industrial 

manufacturing (i.e., polishing agents), (ii) the dispersion of ENMs into products (i.e., 

foods), (iii) the embedding of ENMs into composite polymers (i.e., thermoplastics, 

membranes for water filtration), and (iv) the coating of ENMs on the surfaces of flexible 

polymeric materials (i.e., textiles). These product lines utilize nanomaterial functionality 

to optimize their application, as seen in Fig. 6.2. The y axis in the figure corresponds to the 

reactivity of ENMs in the four product lines. Product lines A and D utilize the reactive 

properties of ENMs during product design and synthesis (i.e., redox activity, 

hydrophilicity), while product lines B and C utilize ENMs for structural support and 

product stability (i.e., mechanical strength). The x axis in the figure corresponds to the 

physical relationship of the ENMs and the products. Product lines A and B contain ENMs 

that either do not reside in the final consumer product or are loosely bound to the surface 

of the product (i.e., food coating). Product lines C and D contain ENMs that are embedded 

within the product and are unlikely to be released during their use or disposal. These can 

include ENMs in polymers or floor coating.  
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Figure 2-2 Conceptualization of the generalizable relationships for the state of ENMs and 

their release potential across product lines and commercial products. 

 

Product line A includes polishing agents like chemical-mechanical polishing (CMP) fluids.  

Over 5500 tons per year of CMPs are used [36]. We can realistically estimate that in urban 

locations, there is between 0.1 and 1.0 mg ENMs/L that flow through a WWTP at any 

given time that originate from CMP fluids [36]. In the semiconductor industry there are 

concerns surrounding workplace exposure and monitoring and the lack of on-site CMP 

industrial treatment. Product line B includes nanomaterials in foods. ENMs are added to 

food for a variety of reasons, including texture, anticaking, color, oxygen barrier, abrasives, 

and antimicrobial properties [11]. Unfortunately, there is little confirmed occurrence and 

exposure data available. Product line C includes embedded nanomaterials throughout 

polymers. This includes formed plastics, where ENMs are added for strength [37]. Product 

line D includes nano-enabled textiles, which are used because of their “self-cleaning,” 
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flame retardancy, and antimicrobial properties [38]. Table 2-3 highlights the variety of 

technological applications that utilize ENMs for their unique material properties. 

Table 2-3 Material properties and their subsequent technological applications of the big 10 

nanomaterials 

 

2.3.9. Transformations of ENMs Have an Impact on Exposures 

Current research efforts toward understanding nanomaterial fate, transport, and reactivity 

in the environment have focused on testing pristine ENMs that have had no prior contact 

ENM Material property Technological applications Ref. 

TiO2  Photocatalysis Sunscreen, pigments [39] 
 

Texture Food, toothpaste [40] 

Ag Antimicrobial Healthcare, textiles [41] 

Fe Magnetism Groundwater treatment [42] 

ZnO Photocatalysis Sunscreen, pigments [43] 
 

Luminescence Electronics, displays [44] 

CuO Catalysis Gas sensors, lithium cells [45] 

Al2O3 Strength Filler for rubber [46] 

CeO2 UV absorption Sunscreen [47] 

Nanoclay Strength Reinforced plastics [48] 

CNT Antimicrobial Antifouling membranes [49] 
 

Strength Sporting equipment [50] 

SiO2 Resistance Glass, optics [51] 
 

Texture Food [52] 



 22 

with the environment. The truth is that the physicochemical properties of ENMs make them 

highly reactive in environmental systems, resulting in transformations that will greatly 

influence their behavior. These properties, coupled with the complex and random nature of 

environmental systems, greatly complicate our understanding of risks associated with the 

release of ENMs in the environment. Oxidation and reduction reactions, dissolution, 

aggregation, and adsorption of macromolecules all readily occur in the environment [53], 

but there is still uncertainty surrounding the role these transformations play on both 

exposure and impacts across the whole life cycle of ENMs. In this section, we will discuss 

chemical, physical, and macromolecule-influenced transformations of ENMs in the 

environment and the hazards associated with ENM release. 

2.3.10. Chemical transformations 

Reduction and oxidation (redox) reactions are coupled processes that involve the transfer 

of electrons between two entities. Redox processes are also the basis of various 

precipitation and dissolution reactions that influence the sequestration and mobility of 

inorganic metals. Thus, redox reactions might be important for the transformation and fate 

of ENMs. ENMs can contain material properties that will undergo reduction, oxidation, or 

both in the environment [54]. Aquatic conditions with high dissolved oxygen exist in many 

well-mixed surface waters. Low-oxygen-containing environments exist in carbon-rich 

sediments and groundwater, hypolimnionic reservoirs, WWTPs that implement 

denitrification, etc. Tidal zones can have cycling between redox states. Sunlight can induce 

catalyzed redox reactions (photo-oxidation and photoreduction), which can affect ENM 

coatings, oxidation states, generation of ROS, and ENM persistence in the environment 

[25].  
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         Dissolution occurs when molecules of the dissolving ENM migrate from the ENM 

surface to the bulk solution through a diffusion layer, where the concentration gradient 

between the ENM surface and the bulk solution acts as the driving force. The rate of 

dissolution depends on ENM properties (i.e., size, surface coating, aggregation potential), 

combined with the mass/molar concentration, which determines the concentration of ENM 

surface area available for dissolution reactions and water quality [55, 56]. For example, 

nanosilver (Ag0) equilibrium with dissolved silver ions behaves more like a redox 

equilibrium than a solubility equilibrium because oxidation proceeds Ag+ release. As Ag+ 

is released in a closed system, the equilibrium changes [57, 58]. 

         Metal oxide nanomaterials can undergo proton-promoted dissolution in aqueous 

matrices. In this mechanism, protons are bound to oxide ions closest to the surface of the 

nanoparticle [59]. The protons polarize the bonds between the oxide and metal ions. 

Because sorption of protons to the ENM surface is fast, the rate of dissolution is 

proportional to the concentration of the nanomaterial. However, if there is a ligand 

attachment on the ENM surface, the reaction can be inhibited [60]. This occurs because 

ligands form surface complexes with metal oxide ENMs. More importantly, the dissolution 

kinetics of ENMs are strongly influenced by the water chemistry of the aqueous media, 

such as pH, redox potential, and the type of concentration of inorganic and organic ligands 

[61]. The presence of some inorganic ligands (i.e., phosphate, sulfide, carbonate) can 

induce the transformation of soluble ENMs to less soluble minerals (ZnO ENMs to zinc 

sulfides), thus decreasing dissolved metal concentrations [62]. Like redox reactions, 

dissolution of ENMs varies significantly with environmental matrices. While it is still 

relatively uncertain, we can begin to conclude that the environment to which ENMs are 
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released may be just as important in their release as the intrinsic physicochemical properties 

of the ENMs. 

2.3.11. Physical transformations 

The aggregation of ENMs occurs when their surfaces come in contact with each other and 

close-range thermodynamic interactions drive particle–particle attachment. For ENMs 

<100 nm in size, Brownian diffusion controls the forces between individual particles, 

causing random collisions, resulting in their attachment or repulsion. The thermodynamic 

interactions that control this can be understood through Derjaguin–Landau–Verwey–

Overbeek (DLVO) theory. This theory predicts the probability of two particles sticking 

together by the summation of van der Waals (vdW) and EDL potentials to determine 

whether forces are net attractive or net repulsive. For example, in Figure 2-3, vdW and 

EDL potentials are plotted as a function of separation distance between the particles. 

Summation of these curves demonstrates that particles can have a net attraction in a 

primary or a secondary well. Primary well particles are irreversibly aggregated, whereas 

secondary well particles are reversibly aggregated. 
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Figure 2-3 Van der Waals force, EDL force, total DLVO forces, and elastic force plotted 

together to find the total potential as a function of separation distance. XDLVO is extended 

DLVO. V/KT is the potential energy divided by Boltzmann’s constant and absolute 

temperature [63]. 

DLVO forces alone are not sufficient to accurately predict ENM aggregation 

behavior. Steric repulsion forces occurring from ENM coatings or NOM makes it so these 

particles might only have a net attraction in the secondary well [64]. This means that coated 

ENMs can aggregate reversibly, which plays a major role in the release, fate, transport, and 

bioavailability of ENMs in the environment. These additional forces are summed with 

DLVO, resulting in extended DLVO (XDLVO). 

         If we apply these concepts to aggregation in the environment, it becomes clear that 

there are two types of aggregation that are important: homoaggregation and 

heteroaggregation. Homoaggregation refers to the aggregation of two similar particles. 

This is observed in homogenous suspensions of particles that are typically studied in the 

lab to correlate research with DLVO theory. Homoaggregation is primarily influenced by 

diffusion potential at the colloidal scale, the radius of particle collisions, mixing conditions, 

and properties of ENMs (i.e., zeta potential, Hamaker constants). Experimental studies 

have a vast knowledge of the fundamentals of homoaggregation theory and its mechanisms 

[65]; however, environmental systems contain natural particles in numbers far greater than 

the number of manufactured ENMs, so we assume that homoaggregation has a minimal 

impact on ENMs in the environment. Heteroaggregation refers to aggregation of dissimilar 

particles in terms of their chemical composition, electrical charge, size, or shape. 

Nanomaterial interaction in complex environmental systems is likely to be influenced by 
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physicochemical properties and background chemical conditions [63]. Heteroaggregation 

of ENMs with low-density natural colloids may facilitate the stabilization or disaggregation 

of ENMs, which would increase their residence times in water bodies, making the 

aggregation state of ENMs more difficult to predict. Heteroaggregation with bacteria, 

NOM, or mobile colloids could enhance ENM stability, but heteroaggregation to large 

enough particles could also destabilize ENM dispersions [66]. 

         Recently there have been a handful of new studies that have tried to create a 

framework to determine the heteroaggregation rates for collisions between ENMs and 

NOM, as well as ENMs and natural nanomaterials (NNMs). While not validated, a working 

theory suggests that we can develop aggregation rate constants for heteroaggregation using 

Equation 1 [67]: 

 

khet = K × α,                                                            (1) 

 

where khet is the aggregation rate constant for heteroaggregation, K is the product of 

collision frequency, and α is the attachment efficiency (stickiness factor). However, it is 

important to note that this rate constant provides estimates for the average behavior of 

ENMs and is not indicative of all potential release and transformation scenarios. This is 

further complicated when investigating ENMs with structural deformations or complex 

matrices, as this theory has only been utilized in ideal systems with spherical ENMs. The 

complexities of natural systems and uncertainties surrounding ENM release and 

subsequent transformation by aggregation need further refinement, and it may be necessary 
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to develop unique aggregation constants for specific ENMs and specific natural systems, 

as a universal constant applicable to all aggregation scenarios is highly unlikely. 

 

2.3.12. Macromolecule-induced transformations  

The adsorption of macromolecules (i.e., NOM) on ENMs can occur in all environments. 

Once released into the environment, both uncoated and coated ENMs can become 

transformed through interactions with NOM, whose concentrations are typically orders of 

magnitude higher in concentration than manufactured ENMs, resulting in the significant 

modification of ENM properties and behaviors. Most ENM−NOM interactions will 

involve the displacement of weakly bound coatings on the particle surface to form thin 

monolayer, thick monolayer, or multilayer surface coatings of NOM with varying 

coherence. The consistency and thickness of the ENM–NOM interactions depends on the 

ENM properties, and the matrix conditions (e.g., pH and ionic strength) during interaction 

negatively affect homoaggregation and heteroaggregation. In addition to changes in 

aggregation, ENM–NOM complexes have been shown to reduce short-term bacterial 

toxicity for metal-based nanomaterials [68]. It is thought that NOM prohibited the effect 

of the ENMs, either by directly coating the surface or by minimizing dissolution. 

 

2.3.13. Hazards of Nanomaterial Release 

There is potential for nanomaterials to be toxic in the environment. However, despite over 

a decade of findings surrounding ENM physicochemical properties and their associated 

biological health effects, uncertainties remain on universal frameworks, such as those that 

exist for traditional chemicals to a priori predict ENM toxicity. As the number of ENM-
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enhanced technologies increases, release and exposure of ENMs into soil, water, and 

atmospheric systems can lead to hazardous conditions. Nanotoxicity is complicated further 

by the number of ENM transformations that occur in the environment. Alterations in ionic 

strength, the ENM surface chemistry, or contact with NOM can change the aggregation 

potential and size of the nanoparticles, leading to bioaccumulation within organisms, thus 

increasing body burdens and stress [69–71]. For some ENMs with smaller diameters, their 

chemical reactivity is high, which, in turn, can result in the increased production of ROS, 

causing toxicity in biological organisms [72]. Some nanoparticles, like silver (Ag), are 

susceptible to surface reactions with oxygen and sulfur atoms, while other nanomaterials 

can experience dissolution to ions or chemical reactions [58], which can be more toxic than 

the nanomaterial itself (i.e., cadmium quantum dots to cadmium ions). All of these 

scenarios impact ENM physicochemical properties that can ultimately drive the toxicity, 

bioavailability, and even bioaccumulation of nanoparticles within the environment. 

         In the environment, bacteria play an integral role in nutrient cycling, in 

photosynthesis, and as a food source. While it has been shown that some ENMs are toxic 

to bacteria, the exact toxic pathway is somewhat controversial. Current research indicates 

that both ROS production and metal ion dissolution are potential causes of bacterial 

nanotoxicity [73], but more research needs to be conducted to verify working theories. In 

some cases, photocatalytic ROS production under ultraviolet (UV) light has been shown to 

produce electron–hole pairs that cause reduction/oxidation of nearby biological species 

[57]. In other cases, increases in metal ion concentrations intensify nanotoxicity toward 

bacterial species by causing the formation of oxidative radicals [74]. At this time, there 

have not been enough studies to correlate nanoparticle physicochemical properties to 
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specific bacterial nanotoxicity, leaving much to be desired in this field of research. 

Advances in real-time biological assays and linkage of nanotoxicity/gene expression will 

contribute to reducing these knowledge gaps. 

         There is some evidence for plant toxicity due to nanoparticles. Studies have shown 

that plants facilitate translocation of nanoparticles from their roots to their leaves via the 

upward transport water system [75], but there is a lack of analytical tools to allow 

visualization of nanoparticle–plant interactions (i.e., super-resolution microscopy), 

creating an expansive knowledge gap. Right now we rely on phenotypic assessments and 

standard assay kits, which are incapable of such detection. Some studies have shown that 

introduction of nanomaterials during plant germination have resulted in the impediment of 

plant growth [76]. However, these results are often contradictory, as nanoparticle type and 

plant type appear to play a significant impact in toxicity, with even some studies showing 

increases in plant and crop yields when introduced to nanoparticles [78]. 

         Multicellular organisms have been used most to examine nanotoxicity. Common 

model aquatic organisms are the medaka (Oryzias latipes) and zebrafish (Danio rerio). The 

nanotoxic effects on the medaka are influenced by the nanomaterial nature and surface 

coating, where nanotoxicity is a function of concentration, not mass [79]. Specific 

mechanisms of toxicity involve increased oxidative stress and the down-regulation of genes 

coding for growth, cell proliferation, and differentiation. The nanotoxic effects on zebrafish 

can be related to the shape of the nanomaterial, as sharp-edged nanomaterials can lyse cell 

membranes [79]. A common model terrestrial organism is the earthworm (Lumbricus 

terrestris). The nanotoxicity impact for these organisms varies by the nature of the 

nanomaterial [80]. Inorganic nanoparticles each cause growth and reproductive damage at 
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different concentrations, while carbon nanoparticles are likely to become sequestered in 

soil systems, reducing their bioavailability and toxicity to earthworms.  

 Species sensitivity distributions (SSDs) can be used to predict the potential impacts 

of ENMs on biological organisms when exposed to ENMs in natural environmental 

conditions by modeling the affected fraction of species that would be harmed when 

exposed to ENMs. Unfortunately, there are few exposure limits put into place for specific 

ENMs, and what currently exists may not be sufficient to effectively reduce the risks 

associated with ENM exposure. One research area currently working to better understand 

ENM exposures is the field of modeling, where the collection of data may lead to 

breakthroughs in identifying the driving parameters for ENM exposure and subsequent 

toxicity. 

 

2.3.14. The Current State of Modeling Efforts on Nanomaterial Exposure in the 

Environment  

Models are powerful tools for describing the behavior of contaminants in complex 

environmental systems. The aim of investigating the fate and behavior of nanomaterials is 

to determine whether they pose a risk to environmental and human health and to guide 

management strategies; however, the current detection of ENMs in environmental systems 

is very challenging and suitable analytical methods are still under development. Most ENM 

models have also been used for the identification of important fate processes or parameters 

via parametric analysis or sensitivity analysis, the estimation of potential for long-range 

transport, and the estimation of overall residence times. Two general modeling approaches 

for ENMs in the environment are material flow analysis (MFA) and process-based F&T. 
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2.3.14.1. Material flow analysis 

The earliest approaches to ENM fate modeling relied on MFA, which is a specific 

assessment methodology used to track the amount and flow of substances into and between 

technological “compartments” and environmental “compartments” (i.e., air, water, soil, 

landfills, etc.). These models are not spatially explicit, but they do help conceptualize a 

material’s life cycle. ENM size, shape, aggregation state, surface coatings, particle 

chemistry, and phase changes are not explicitly considered in this model framework [81]. 

Instead, they are implied factors. MFAs are not the most appropriate tool for predicting 

environmental concentrations or specific locations (i.e., downstream of WWTPs) but are 

helpful in understanding general use and fate patterns. Experimental research and 

heteroaggregation models show that ENMs typically associate strongly with solid phases, 

leading to sedimentation and the accumulation of ENMs in sediments at “hot spots” near 

points of release and exposure [82]. 

 

2.3.14.2. Process-based fate and transport analysis  

Even though ENMs behave differently than larger particles and solutes in the environment, 

they are largely subject to the same F&T processes that have been modeled successfully 

for organic and ionic contaminants. Existing chemical F&T modeling frameworks are 

capable, with some adaptation, of describing all major ENM fate processes, but major 

assumptions are made with respect to model scale and spatial resolution, steady state or 

time variable, and whether transformations and heteroaggregation are expressed as 

dependent on ENM properties, environmental conditions, or both [81]. Some models 

conserve mass, while others conserve particle number. For example, some models compare 
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the sizes of ENMs and use time-independent partitioning ratios for heteroaggregation and 

attachment of ENMs in different environmental compartments, using only one 

transformation parameter (i.e., dissolution), while neglecting the rest [83]. Other modeling 

efforts include colloidal science instead of partitioning to determine the fate of ENMs [84]. 

Such radically different assumptions can completely change predicted results. If we 

compare the two modeling analyses, process-based models can provide better estimates of 

ENM environmental concentrations than MFAs because they model relevant 

environmental processes at a higher spatial resolution than MFAs. However, there is a need 

to validate these models using field exposure measurements of predicted hotspots.  
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2.4.The Tools for Detection and Quantification of Nanomaterial Exposures  

2.4.1. Measurement Exposures 

Measurement methods and instrumentation are nonspecific, making it difficult to 

differentiate between naturally occurring and engineered nanoparticles. Furthermore, the 

background levels of naturally occurring nanomaterials are unknown. Due to the 

complexity surrounding the potential transformations of ENMs in the environment, it is 

important to determine the most appropriate metrics for detection and quantification of 

ENMs in environmental matrices. For instance, particle size is ambiguous but has multiple 

parameters that play a large role in ENM release and F&T. These parameters that need to 

be evaluated are particle diameter (electron microscopy), hydrodynamic diameter 

(dynamic light scattering), and radius (static light scattering). Each parameter is as equally 

important as the others, but we can only obtain each parameter with a unique analytical 

tool. Only determining one parameter may not be sufficient. Table 4 highlights different 

nanomaterial properties and the corresponding analytical methods or analysis required to  

fully characterize them.  
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Table 2-4 Analytical methods or analyses for ENMs in soil, sediment, and groundwater 

for size fraction and distribution, surface area, and phase and structure. Reconstructed from 

U.S. EPA (600/R-14/244, 2014) [85] 

 

2.4.2. Mass concentration–based approach 

The method for expressing concentration of ENMs is influenced by the research question 

at hand and by the anticipated analytical methods. Mass concentrations (mass/vol) are 

generally used for nonparticulate contaminants and may also be appropriate metrics for 

Metric Analytical method or analysis 

Size 

fractionation 

Centrifugation 
Ultrafiltration: direct flow or tangential flow (TFF) 

Field flow fractionation (FFF) 

Capillary electrophoresis (CE) 

Size-exclusion chromatography (SEC) 

  

Size 

distribution 

Transmission electron microscopy (TEM) 

Scanning electron microscopy (SEM) 

Scanning probe microscopy (SPM) 

Dynamic light scattering (DLS) 

Laser-induced breakdown detection (LIBD) 

Small-/wide-angle X-ray scattering (SAXS/WAXS) 

  

Surface area Brunauer–Emmett–Teller (BET) method 

Calculation from TEM, atomic force microscopy (AFM) 

measurements, and particle nanocrystalline geometrics   

Phase and 

crystalline 

structure 

Electron diffraction 

X-ray diffraction (XRD) 

X-ray absorption spectroscopy (XAS) 

Raman spectroscopy 
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some ENMs. For readily soluble ENMs, mass concentration may be the most important 

metric, because exposure is based on the soluble metal and uptake is based on the particle 

mass. Some analytical methods, such as transmission electron microscopy (TEM) and 

nanotracking analysis (NTA), rely on detecting and quantifying individual particles. Other 

methods such as field flow fractionation–inductively coupled plasma mass spectrometry 

(FFF-ICP-MS) determine the mass-to-size ratio using the integrated signal of the many 

thousands of particles present in any given elution volume. Information on ENP size, 

shape, and density allows conversion between mass- and number-based concentrations, at 

least for simple ENMs. 

2.4.3. Surface area–based approach 

Traditional measurements of surface area (i.e., N2 deposition using Brunauer–Emmett–

Teller [BET] analysis) cannot be performed for ENM solutions because these 

measurements must be conducted in nonaqueous environments. Nuclear magnetic 

resonance (NMR) spectroscopy techniques can provide surface area information in 

aqueous media, but the required concentration range (on the order of a few weight percent) 

makes it impractical for application to natural samples. Rather, surface area must generally 

be inferred indirectly from both geometric characterization (size, shape, porosity) and mass 

or number concentration. It can also be calculated from FFF or single-particle inductively 

coupled plasma mass spectrometry (spICP-MS) with assumptions of ENM density. 

2.4.4. ICP-MS analytical approach 

The fastest expanding technique is most likely ICP-MS, which, within a few years, had its 

status changed from an advanced technique to a routine analytical method, although ICP-

MS and laser ablation ICP-MS are capable only of determining total elemental 
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concentrations on a bulk or spatially resolved basis. ICP-MS techniques have microgram-

per-kilogram sensitivity and can discriminate between different isotopes of the same 

element. This includes metallic ENMs and CNTs (using metal catalysts). 

2.4.5. Thermal method analytical approach 

Thermal methods can be used to quantify CNTs. One method is through microwave-

induced heating, where rapid heating of CNTs from microwave absorption can be used to 

create a CNT mass-to-temperature relationship used in quantifying the amount of CNTs in 

biological samples [86]. Another method is through programmed thermal analysis (PTA), 

which relies on the thermal stability of CNTs. Organic carbon and CNTs have different 

thermal stability and as such will have a different analytical footprint [87]. This technique 

can also be used to determine whether changes in the thermal stability of CNTs occur if 

extracted from environmental or complex matrices. 

2.4.6. X-ray analytical approach 

A number of X-ray-based techniques, such as X-ray absorption and fluorescence, as well 

as their microfocused declinations, are applicable, in theory, to the entire periodic table 

[88]. Synchrotron-based X-ray absorption techniques also are able to probe chemical 

speciation and the local electronic structure of elements. Determining the local electronic 

structure of metal atoms can be used to identify ENMs in a sample [80]. Conversely, 

although X-ray–based techniques have milligram-per-kilogram sensitivity, sensitivity of 

X-ray–based techniques can be enhanced by using spatially resolved analysis, which 

exploits the occurrence of foci of elevated concentrations relative to the bulk sample that 

can correspond to isolated or aggregated nanoparticles [80]. X-ray photoelectron 
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spectroscopy and related techniques are attractive in the sense that they provide element-

specific information while probing the surface of nanoparticles or their aggregates. 

 

2.4.7. Environmental Sample Preparation Challenges 

Presently, there is a lack of techniques for collecting, preserving, and storing samples 

containing ENMs. Which techniques are appropriate will depend on the sample type, ENM 

property of interest, and analytical method to be used. ENM systems are extremely 

sensitive to agitation from factors such as pH, ionic strength, sunlight, bacterial growth, 

and temperature. Processes such as aggregation, dispersion, and dissolution may affect the 

environmental state of ENMs. It is therefore important to determine the most appropriate 

metrics for detection, quantification, and characterization of ENMs in environmental and 

biological media. In some cases, sample preservation may not be possible for a given 

property of interest that must be analyzed, such as aggregation state. In other cases, sample 

preparation steps may be taken to preserve sample fractions for subsequently measuring 

properties of interest, such as particle concentrations. For example, some ENMs are 

extremely redox active (i.e., Ag ENMs). Quantification of dissolved ions in liquid media 

does not allow for proper storage, because dissolution may not be at equilibrium [53]. 

Dissolved ions first must be separated from the system using techniques such as 

ultracentrifugation or ultrafiltration and then preserved for analysis. Ultrafiltration is a type 

of filtration where pressure or concentration gradients can lead to the size separation of 

ENMs. Large ENMs are retained by the filter, while smaller ENMs and potentially 

dissolved metal ions pass through the filter [90]. This technique can be used to separate 

nanomaterials from their complex environmental matrices. Another technique is through 
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cloud point extraction (CPE) [91]. CPE utilizes nonionic surfactants to capture ENMs out 

of liquid phases by heating. As the temperature of the solution rises, the surfactants form 

micelles that surround ENMs. As the temperature increases above the cloud point, the 

micelles become dehydrated and aggregate. This leads to phase separation of the matrix 

and the surfactant, resulting in the extraction of ENMs from their complex matrix. 

2.4.8. The Need for Multiple Lines of Evidence for Nanomaterial Detection  

ENM systems are complex; thus, multiple orthogonal lines of evidence are needed to detect 

and physicochemically characterize nanoparticles in complex media. In traditional 

chemical analytical techniques, one must identify chemical species in at least two 

independent ways. ENM systems may have even more rigorous requirements for 

identification and quantification, relying on numerous techniques because they are not 

discrete molecular species. For example, identification of CeO2 nanoparticles in a soil 

solution may require separation based on particle size, verification of separation using 

light-scattering techniques, chemical identification using ICP-MS, examination of particle 

size distribution, crystal structure, and chemical composition using TEM. Each ENM’s 

nature must be taken into account, and independent measures of each physicochemical 

property of interest are needed for validation. Each analytical technique must be validated 

using standards, quality control procedures, and standard reference materials. However, for 

ENMs, very little standard reference materials are available for nanomaterials. To make 

things more challenging, current standards for ENMs in complex matrices are not available 

for ENMs because of the inherent instability of ENMs. 
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2.4.9. Functional Assays and Radar Plots  

The physicochemical properties associated with a unique ENM functionality can also 

influence inherent hazard and potential exposure routes of an ENM. For example, a 

material whose beneficial function is to generate ROS may be inherently more toxic than 

a material that does not. Further, the ability to generate ROS may promote the ENM’s 

release from the matrix in which it is encapsulated. Elucidating these parametric 

relationships through functional assays allows for the prediction of the efficacy and 

unintended consequences in a desired application. Functional assays are high-throughput 

screening tools designed to elucidate ENM property–exposure relationships from a life 

cycle perspective by parameterizing exposure models and by comparing ENMs or 

transformations of ENMs [92]. Although functional assays (i.e., octanol–water 

partitioning) for longevity and mobility have been developed for organic compounds, this 

is a relatively new concept for ENMs. These functional assays are developed to quantify 

the basic material properties of ENMs that are consistent with proxies for the risks of ENMs 

in the environment (i.e., exposure, hazard, reactivity, and distribution). These risk 

parameters can be summarized as mean values on a radar plot where data for a given ENM, 

or release of ENMs along a product value chain, are grouped together. Large scores in these 

parameters signal a higher potential risk. This can be observed in Figure 2-4.  
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Figure 2-4 Risk-profiling radar plot. (Zf is the response to a high-throughput zebrafish 

embryo assay.) 

 

Functional assays can also be used to quantify parameters that describe a specific process 

within a complex matrix. They can be used as predictors of ENM behaviors in the 

environment that will help determine the release, fate, and effects of ENMs [92]. There are 

three components to functional assays: The first component is that they can be used as 

standard protocols to determine ENM property parameter by differentiating between 

intrinsic physicochemical properties of ENMs and extrinsic, system-dependent properties. 

The second component is that they are reference systems for reporting ENM exposure data. 

Using functional assays and radar plots to compare different combinations of ENMs and 

environmental systems provides a backbone for the future standardization of ENMs. The 

third component is that they are key for predicting exposures. All of the potential 

transformations that can occur in an environment can be evaluated with functional assays. 

For instance, measuring the dissolution rate of an ENM in an environmental matrix can be 
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compared with ENM bioavailability, toxicity, and persistence in the environment. Overall, 

functional assays provide a systematic path that will allow for more sustainable and 

rationale research, as well as aligning modeling efforts with lab-generated data. 

 

2.5.What Does the Data Tell Us about Nanomaterial Exposure? 

2.5.1. What Do We Know? 

Current exposure measurements and models, while not perfect, have given insight into 

ENM exposure in the environment. The state of science pertaining to ENM exposure is 

still in the infant stage but is quickly developing. Intrinsic ENM properties and extrinsic, 

matrix-sensitive properties can create unique exposure scenarios that are currently too 

complex for available methodologies.  

         Currently, we are unable to determine whether specific ENM properties, or a 

combination of ENM properties, are responsible for ENM release and exposure in the 

environment. Quantification of ENMs and ENM material properties requires a number of 

different analytical tools because of a lack of analytical tools capable of conducting 

analysis on more than one specific parameter. ENM transformations in the environment 

(i.e., dissolution, aggregation) are key components in altering the release potential of 

ENMs in products. We can characterize feedstocks and pristine ENMs. Analysis of ENMs 

in complex matrices remains largely a purview of research labs. ENM manufacturers use 

both dry and wet ENM feedstocks, so it is difficult to distinguish between ENMs and 

NNMs. Few human studies track ENM distribution, availability, accumulation, or adverse 

outcomes released from consumer products. 



 42 

2.5.2. What Should We Be Doing? 

First, we should assess uncertainties surrounding common ENMs, like titanium dioxide 

and silicon dioxide. Some areas to address would involve answering the following 

questions:  

• Should we remove these ENMs from concern?  

• Do we really understand their consumer exposures?  

• Are there sensitive consumer population or nano-specific adverse outcomes?  

Second, we should apply functional assays to reduce uncertainties surrounding ENM use 

in products, as well as a guiding tool for life cycle exposures. We can utilize high-

throughput screening assays to measure unique properties (optical, thermal, magnetic, etc.) 

and group products and exposure scenarios around ENM functional uses. Third, we should 

design studies across the life cycle of ENMs to validate models. In this way we can validate 

assumptions that pristine ENMs can be seen as precursors. Fourth, we can assess human 

exposures (workers, consumers) to measured ENM exposure levels (inhalation, oral, 

dermal), within biological fluids (nasal, urine, blood) and health outcomes. Finally, we 

should continue life cycle studies but compare efficacy versus exposure and toxicity risk 

and compare the risks of ENMs relative to use of other anthropogenic chemicals. 
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CHAPTER 3: DEVELOPING AND INTERPRETING AQUEOUS FUNCTIONAL 

ASSAYS FOR COMPARATIVE PROPERTY-ACTIVITY RELATIONSHIPS OF 

DIFFERENT NANOMATERIALS 

• This chapter has been published as Kidd, J., Truong, L., Hristovski, K., Tanguay, R., 
Westerhoff, P. (2018). Developing and Interpreting Aqueous Functional Assays for 
Comparative Property-Risk Relationships of Different Nanoparticles. Science of the 
Total Environment, 628-629, pp. 1609-1616 

• My author contribution: Approximately 75% of the research and 80% of the text  
 

3.1. Abstract 

It is difficult to relate intrinsic nanomaterial properties to their functional behavior in the 

environment. Unlike frameworks for dissolved organic chemicals, there are few 

frameworks comparing multiple and inter-related properties of engineered nanomaterials 

(ENMs) to their fate, exposure, and hazard in environmental systems. We developed and 

evaluated reproducibility and inter-correlation of 12 physical, chemical, and biological 

functional assays in water for eight different engineered nanomaterials (ENMs) and 

interpreted results using activity- profiling radar plots. The functional assays were highly 

reproducible when run in triplicate (average coefficient of variation [CV] = 6.6%). Radar 

plots showed that each nanomaterial exhibited unique activity profiles. Reactivity assays 

showed dissolution or aggregation potential for some ENMs. Surprisingly, multi-walled 

carbon nanotubes (MWCNTs) exhibited movement in a magnetic field. We found high 

inter-correlations between cloud point ex- traction (CPE) and distribution to sewage sludge 

(R2 = 0.99), dissolution at pH 8 and pH 4.9 (R2 = 0.98), and dissolution at pH 8 and 

zebrafish mortality at 24 hpf (R2 = 0.94). Additionally, most ENMs tend to distribute out 

of water and into other phases (i.e., soil surfaces, surfactant micelles, and sewage sludge).   
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The activity-profiling radar plots provide a framework and estimations of likely ENM 

disposition in the environment.  

 

3.2.Introduction 

Relative to work with dissolved organic chemicals, there are few strategies to compare the 

multiple and inter-related properties of engineered nanomaterials (ENMs) to their fate, 

exposure, and hazard in environmental systems (Westerhoff & Nowack, 2013; Yokel & 

MacPhail, 2011). Frameworks exist that relate intrinsic properties (e.g. crystal lattice 

structure) to negative environmental impacts (e.g. redox potential, band gap, cellular 

dysfunction) (Naldoni et al., 2012; Zhang et al., 2012; George et al., 2011), but such 

mechanistic models have not yet been integrated into predictive mechanistic fate and 

transport models for ENMs in water or soils (Gottschalk et al., 2009; Darlington et al., 

2009; Praetorius et al., 2012) or absorption, distribution, metabolism, and excretion 

(ADME) models for whole organism exposures (Selick et al., 2002; Yu & Adedoyin, 

2003). High-throughput testing plat- forms for hazards or toxicity have been developed to 

assess ENM functional behavior in complex systems (Mandrell et al., 2012; Truong et al., 

2013; Cassano et al., 2016; Goldberg et al., 2015; Winkler, 2016; Silva et al., 2014; 

Vazquez-Munoz et al., 2017). For example, zebrafish are used as a sensitive, relevant 

whole-animal system to define the inherent toxicity of ENMs, chemicals, and complex 

mixtures (Allan et al., 2012; Kim et al., 2013; Chen et al., 2013; Corvi et al., 2012; Kim et 

al., 2012; Liu et al., 2012; Lin et al., 2013). Other emerging testing platforms for ENMs 

include surface photocatalytic reactivity using a methylene blue dye redox system 

(Corredor et al., 2015; Khaksar et al., 2015; Sabry et al., 2016), hydrophobicity using an   
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octanol-water partitioning system (Nel et al., 2009; Xiao & Wiesner, 2012; Hristovski et 

al., 2011), and magnetization using external magnets (Shahbazi-Gahrouei et al., 2013; Park 

et al., 2013). Assays for ENM attachment behavior in different aqueous solutions onto 

different substrates (e.g., suspended lipid bi- layers) have also been developed (Liu & 

Chen, 2015; Pokhrel et al., 2013a; Pokhrel et al., 2013b). Nevertheless, we still lack 

frameworks or assays to assess and interpret how the unique properties that arise at the 

nanoscale (e.g., magnetisms, plasmonic resonance) impact ENM environmental fate and 

ecotoxicity. Furthermore, while many studies include a single or few assays on a specific 

ENM, current literature lacks studies including multiple assays on the same ENM.  

At least two approaches exist for utilizing functional assays as a tool to assess the 

relationships between ENM properties and environmental outcomes. First, functional 

assays can obtain rate or aggregation parameters for mechanistic fate modelling. Hendren 

et al. (2015) applied separate functional assays for dissolution rates and aggregation rates 

and developed a protocol to collect data suitable to parameterize nanomaterial fate and 

transport models. Second, functional assays can compare the relative activity of pollutants 

across multiple quadrants of activity-profiling plots. Crittenden et al. (2014) applied this 

method to compare the relative safety and sustainability of different chemicals by graphing 

numerous factors on a radar plot. Prior work on organic chemicals estimates activity using 

fugacity-based parameters and experimental functional assays (e.g., octanol-water 

partitioning coefficients). In this paper, we evaluated the applicability of nano-specific 

functional assays to develop activity profiles (i.e. radar plots for several ENMs).  

This study's goal was to evaluate the suitability and reproducibility of functional 

assays that cover a wide range of behaviors exhibited by various ENMs. Our objective was   
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to develop relationships between an ENM's physico-chemical properties and functionality 

and use those relationships to predict their fate and transport in the environment, not to 

obtain parameters for fate and transport modelling. Eight ENMs that exhibit unique 

properties (plasmon resonance, magnetism, dissolved ion delivery, etc.) and are used in 

commercial products were selected for evaluation in this study. First, we designed 

functional assays to measure reactivity, distribution, physical and hazard behavioral out- 

comes of ENMs. Desirable features of the assays were that they took < 24 hours and 

utilized small masses of ENMs. Second, the assay reproducibility was evaluated. Third, 

the inter-correlated relationships were determined among different functional assay results. 

Finally, a strategy was developed to plot and interpret the assay outcomes.  

 

3.3.  Methods and Materials 

3.3.1.  Nanoparticle selection and quantification  

Eight commercially relevant ENMs were used in this study: (1) Citrate-coated silver, (2) 

polyvinyl pyrrolidone-coated magnetite Fe3O4, (3) tannic acid-capped gold, (4) 

fluorescein-capped SiO2, (5) colloidal SiO2, (6) ZnO, (7) CeO2, and (8) dispersed 

MWCNTs. (See Table S1 and Fig. S1 for manufacturer information). For non-biological 

functional assays, ENMs were purchased and received already dispersed in solution at 

concentrations between 20 mg/L and 200 mg/L. For non- biological functional assays, the 

ENM stock solutions were dispersed in 1 mM NaHCO3 buffer at pH 7.4 ± 0.2 at a 

concentration of 5 mg/L. For biological functional assays, the ENM stock solutions were 

dispersed at 6 different concentrations in ultrapure water, and then diluted as de- scribed 

below. Triplicate samples were prepared for each nanoparticle dispersion used in the   
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functional assays. Metal-based nanoparticles were quantified using inductively coupled 

plasma mass spectroscopy (ICP-MS) after digestion in 2% nitric acid (Speed et al., 2015; 

Lee et al., 2014; Bi et al., 2014; Mitrano et al., 2013; Reed et al., 2012) and MWCNTs 

were quantified using programmed thermal analysis (PTA) or UV/Vis light scattering 

(Doudrick et al., 2012). Additional nanoparticle analysis details are provided in the 

supporting information (SI).  

3.3.2. Functional assays  

Table 3-1 places the functional assays into activity-profiling quadrants (hazard, physical, 

reactivity, and distribution) and summarizes the functional assay methods, analytical tools, 

and quantitative output parameters. Although not inclusive of all possible activity 

endpoints, the table provides several possible assays that can be used to evaluate, plot, and 

interpret nanomaterial activity in the environment. Detailed descriptions of the functional 

assays are provided in the SI and briefly outlined here.  

Unless otherwise stated, functional assays were conducted in either 40 mL glass 

vials with TeflonTM septa screw caps or 50 mL polypropylene centrifuge vials to minimize 

ENM losses onto the vessels. Assays involving agitation were conducted in a 45-rpm 

rotator table. ENMs were separated from ionic forms using 30 kDa centrifugal ultrafilters 

(Millipore, Ultracel Regenerated Cellulose Membrane, >90% Recovery). Samples were 

prepared for analysis within 1 h of completing the assay to prevent adsorption to vials and 

analyzed within 24 h. Individual ENMs were analyzed in triplicate for each functional 

assay to determine assay reproducibility. For the toxicity characteristic leaching procedure 

(TCLP) functional assay, the solution was adjusted to pH 4.9 to reflect the acidic conditions 

of a landfill and was conducted following the U.S. Environmental Protection Agency   
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(EPA) standard method (USEPA, 1992). The TCLP assay was conducted to assess 

dissolution potential of the nanoparticles in landfill leachate solutions and is not indicative 

of a toxicity assay.  

The zebrafish ecotoxicity assay was conducted using a separate methodology than 

the other assays (Details in SI). Tropical 5D wild- type adult zebrafish embryos were 

collected, and the chorion was enzymatically removed using pronase to increase 

bioavailability. To track exposures, six concentrations were tested for each ENM using one 

animal per well in a 96-well plate. Each condition used 32 replicates. The 96-well plates 

(with embryos) were agitated overnight at 230 rpm on an orbital shaker. To track mortality 

and morphology responses, the zebrafish embryos were statically exposed until 120 h post 

fertilization (hpf). At 24 hpf, four developmental toxicity endpoints were assessed in each 

embryo: mortality at 24 hpf (MO24), developmental progression (DP), spontaneous 

movement (SM), and notochord distortion (NC). At 120 hpf, 18 developmental endpoints 

were assessed. The zebrafish acquisition and analysis program (ZAAP), a custom program 

designed to inventory, acquire, and manage zebrafish data, was used to collect 

developmental endpoints as either present or absent. For the zebrafish toxicity and 

behavioral biological assays, we assigned a “1” to values that were absent and “2” to values 

that were present. 

3.4. Results and Discussion 

3.4.1.  Reproducibility of functional assays  

Table 3-2 summarizes functional assay reproducibility for each ENM with the coefficient 

of variation (CV), calculated using the following equation:  

𝐶𝑉 = 	 !|#|	  
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where σ is the standard deviation and |μ| is the absolute value of the mean.  

For the nanoparticles and functional assays evaluated, approximately one quarter of the 

data sets had CV >10%, and only about 5% of the data sets had CV >30% (Table 3-2), 

indicating that these functional assays are highly reproducible. The zebrafish assays are 

evaluated on absence/presence of biological behavior or toxicity. The nominal values 

collected for those assays are unable to be analyzed by CV. Although not considered here, 

previous studies have evaluated the reproducibility of ENM toxicity on Zebrafish systems 

(Liu et al., 2017; Busquet et al., 2014).  

3.4.2. ENM comparisons for functional assay groupings  

The functional assays are grouped into four environmental outcome quadrants: reactivity, 

distribution, physical, and hazard. The reactivity quadrant has measured outcomes that 

indicate ENM interactions with light (optical resonance), magnetic fields, or undergo 

dissolution. The distribution quadrant has measured outcomes that indicate potential ENM 

preference for non-aqueous phases (e.g. solids, solvents, micelles, sludge). The physical 

quadrant has measured outcomes that indicate ENM properties related to the system (1 mM 

NaHCO3 water). The hazard quadrant has measured outcomes that indicate potential ENM 

inter- actions and hazards to Zebrafish development and Zebrafish toxicity. Results from 

each quadrant highlight the activity outcomes we observed experimentally. Additional 

assay outcomes can be found in the SI.  

3.4.2.1. Nanomaterial property-reactivity relationships 

Figure 3-1A compares the fraction of ENMs that dissolved for the eight different 

nanoparticles in two environmental matrices (1 mM NaHCO3 buffer [pH 8.0] or TCLP 

landfill leachate [pH 4.9]). Triplicate experiments showed highly reproducible results   
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(Average SD = ±1.5% dissolution). ZnO was the only nanoparticle from the group of eight 

exhibiting N50% dissolution. The remaining seven nanoparticles had b20% dissolution. 

Given that literature (Telgmann et al., 2016; Liu & Hurt, 2010) show nano-Ag dissolution 

increases in low pH conditions, it was surprising that b20% of the silver dissolved in the 

functional assays under neutral or acidic pH. While the TCLP solution has a pH of 4.9, it 

also contains high acetate levels, which can influence the formation of AgC2H3O2 

particulates (Ksp = 2.0 × 10−3). Consequently, a lower amount of silver dissolution relative 

to the larger amount of zinc dissolution is reasonable.  

3.4.2.2. Nanomaterial property-distribution relationships  

Figure 3-1B compares hetero-aggregation potential for the eight ENMs by quantifying their 

distribution to wastewater biomass in 1 mM NaHCO3 buffer (pH 8.0). Over 90% of Ag, 

Au, CeO2, and MWCNT ENMs associated with biomass. In contrast, <30% of the mass of 

Fe3O4, SiO2-colloidal, and SiO2-Fluorescein associated with biomass. This information is 

useful when we begin exploring potential ENM environmental implications. ENMs with 

high distribution to sludge will likely be removed within wastewater treatment plants 

(WWTP). ENMs with a low distribution to sludge have a higher likelihood of passing 

through a WWTP and ending up in downstream waters.  

3.4.2.3. Nanomaterial property-physical relationships  

Figure 3-1C shows the change in ENM size due to homo-aggregation be- fore and after 

mixing in 1 mM NaHCO3 buffer aqueous matrix for 24 h. MWCNTs, SiO2-F and SiO2-C 

had significantly increased changes in size during mixing. After 24 h of mixing, mean 

hydrodynamic diameters of Au, Ag, CeO2, and ZnO ENMs remained similar to their initial 

dynamic light scattering (DLS) diameters, while SiO2-colloidal, SiO2-Fluorescein,   
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MWCNTs, and Fe3O4 ENMs all showed significantly greater mean diameters. The high-

aspect ratio of MWCNTs and their change in displacement during the assay could interfere 

with the DLS measurements, resulting in their variability in particle size, rather than homo- 

aggregation. After 24 h of mixing, polydispersity (Fig. S3.2) was below 0.35 for all ENMs, 

indicating that any homo-aggregation of ENMs during the assay allowed the ENMs to 

retain a relatively uniform size.  

3.4.2.4. Nanomaterial property-hazard relationships 

After 24 and 120 h of non-chorion embryonic exposure to each ENM, mortality from toxic 

effects was determined by counting number of dead zebrafish embryos after exposure. 

Mortality at applied ENM doses of 0.6 and 50 mg/L are shown in figure 3-1D. Percent 

mortality for all 8 ENMs at different dosing concentrations is shown in the SI. Au 

nanoparticles induced significant mortality at 30 mg/L or higher (38–81%), while 

MWCNTs showed induced mortality (60%) at 50 mg/L. ZnO was the most toxic because 

it induced significant mortality (N87%) at 10 mg/L or higher. The other five nanoparticles 

caused insignificant or low mortality (<15%) to the zebrafish.  

In addition to using mortality, we also evaluated presence/absence of 

morphological and biological traits as a measure of ENM toxicity and indicator of zebrafish 

survival in the environment. A set of 21 of the 32 functional assays used here can also 

assess zebrafish phenotype and morphological traits upon ENM exposure. Here we only 

highlight endpoints that are statistically relevant for living embryos. Ag nanoparticles, 

while not eliciting a high percent mortality value, had an impact on zebrafish phenotype 

and morphology. At 5 mg/L Ag, 25% of the zebrafish exhibited developmental progress 

delays at 24 hpf and 25% exhibited excessive fluid accumulation around their yolk sac after  
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 120 hpf. Exposure to CeO2 at 50 mg/L resulted in 34% of zebrafish exhibiting 

developmental progress delays at 24 hpf. Exposure to ZnO at 3.3 mg/L, which is slightly 

lower than the toxicity threshold for ZnO, resulted in 10% of the zebrafish having their 

brain absent or malformed. High mortality can mask the impact of ENMs on zebrafish 

phenotype and morphology because once a zebrafish embryo is dead, we no longer 

monitored its phenotype or morphological traits. In presence of ZnO at 24 hpf at a 

concentration of 10 mg/L, only 12.5% of the zebrafish population remained, and any 

phenotype or morphological responses observed of the zebrafish to the ZnO are 

insignificant when compared to the original population size. Additional information for the 

zebrafish mortality and phenotype assays is presented in the SI.  

3.4.3. Inter-correlations of functional assays  

Table 3-3 presents a correlation matrix for the functional assays and shows statistical 

parameters (P and R2 values) based on linear relationships. No Zebrafish phenotype assays 

were shown because no correlations were found due to either (Westerhoff & Nowack, 

2013) the significant mortality of Zebrafish, which prevents phenotypes from being 

observed, or (Yokel & MacPhail, 2011) no effect of ENMs on Zebrafish phenotype.  

Four parameters showed high correlations with an R2 > 0.9. Cloud point extraction 

(CPE) and wastewater sludge partitioning had an R2 of 0.99. Both dissolution assays (pH 

4.9 and 8.0) had an R2 of 0.98. Zebrafish mortality (24 hpf) and the TCLP dissolution assay 

(pH 4.9) had an R2 of 0.92. Zebrafish mortality (24 hpf) and the dissolution assay (pH 8.0) 

had an R2 of 0.94. Plots of these four correlations are available in the SI.   
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These correlations lead to three basic inferences. First, most of the functional assays 

are independent from each other and thus represent different phenomena. Second, CPE 

appears to be a reasonable surrogate for measuring ENM partitioning to wastewater sludge. 

CPE chemistry is based on surfactants first attaching to the ENM, and then this newly 

functionalized surfactant-ENM becoming enmeshed within a surfactant miscelle that can 

be separated from liquid above its cloud point temperature (Duester et al., 2016). ENM 

attachment to and removal with waste- water biomass appears to involve interactions with 

biosurfactants and depends on ENM incorporation into physical structures (e.g., 

liposomes), and the heat treatment of biomass denatures such proteins and liposome 

structures (Kiser et al., 2012; Kiser et al., 2010). Thus, some similarity emerges in terms 

of ENM interaction with surfactants and enmeshment into physical structures (miscelles or 

cell wall biological structures) as a common mechanism in these two functional assays. It 

may be possible to use CPE to screen the potential for ENM removal at wastewater 

treatment plants, but more work to validate this hypothesis would be required where ENMs 

are added to a variety of sewage water matrices at different concentrations. Third, ENMs 

with higher dissolution potential correlate well in functional assays at pH 4.9 or 8.0 because 

both essentially are based on the potential of an ENM to undergo redox reactions that 

evolve to soluble ions. The presence of toxic metal ions in solution is recognized as source 

for adverse biological outcomes (Garner et al., 2015), but uncertainty exists about the 

mechanisms leading to adverse outcomes on zebrafish toxicity mechanisms for ENMs and 

their ionic counterparts (Bai et al., 2010; Shaw & Handy, 2011). However, it is reasonable 

that an adverse biological outcome (i.e., zebrafish mortality at 24 hpf) correlates with 

functional assays that indicate higher potential for release of soluble toxic metal ions.   
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Overall, the correlation analysis is an important tool in understanding differences 

between ENMs and responses from the different functional assays and should not be 

misinterpreted as causal inference.  

3.4.4. Developing activity-profiling radar plots  

Activity-profiling radar plots (e.g., Fig. 3-2) show results of several ENM functional assays 

to give insight on nanoparticle behavior trends. For this work, we followed an approach 

used by Crittenden et al. (Crittenden et al., 2014) for developing chemical comparisons 

where the radar plot maps out all the functional assay responses to a specific chemical or, 

in this case, ENM.  

There are different ways to normalize divisions on each spoke of the radar plot, but 

here the spokes on each dimension of the radar plots were given a ranking between 0 and 

10, where each ranking number is associated with a corresponding range of outcomes. 

These outcome ranges typically fall under one of the following categories: (Westerhoff & 

Nowack, 2013) percent removals from different environmental phases (e.g., removal from 

water by magnet), (Yokel & MacPhail, 2011) percent distributions to different 

environmental phases (e.g., water to soil), (Naldoni et al., 2012) change in size (e.g., 

aggregation potential), and (Zhang et al., 2012) percent biological response (e.g., zebrafish 

percent mortality). The radar plots are a unique tool to allow for the audience to visualize 

the grouping of nanomaterial physico-chemical property parameters together. Large scores 

in these parameters signals higher potential environmental activity. Radar plots allow for a 

comparison of the environmental activity of these different nanomaterials. Radar plots can 

be used as reference systems for reporting ENM exposure data, and thus can be used in   
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standard protocols to determine nanomaterial property parameters. This provides a 

backbone for the future standardization of nanomaterials.  

3.4.5. Radar plot comparisons for different nanoparticles  

Fig. 3-2 contains activity profile radar plots to compare the behavioral trends of different 

engineered nanomaterials used in three different industrial applications. Figure 3-2A 

compares three ENMs (Au, Ag, and ZnO), all which are used for their antimicrobial 

properties. Au and Ag have al- most identical behavioral profiles with similar activity 

profiles for size distribution, resonance wavelength, low dissolution potential, etc. The 

major differences between the two ENMs is that Au ENMs were found to distribute to 

biomass and soil to a greater extent than Ag ENMs, while Ag ENMs were found to impact 

Zebrafish behavior more significantly than Au ENMs. ZnO was also similar to Au and Ag 

ENMs; however, it was found to have high dissolution potential and had high Zebrafish 

mortality (>90%). This result agrees with the current thought that ions that dissolve from 

metallic ENMs are largely responsible for the ecotoxic properties of ENMs. Figure 3-2B 

compares two ENMs (CeO2 and SiO2-C), both of which are used in the semiconductor 

industry for chemical mechanical polishing. Both ENMs show a tendency to aggregate 

after 24 h. CeO2 shows an affinity to adsorb to miscelles or cell wall biological structures. 

Figure 3-2C compares two of the ENMs (Fe3O4 and MWCNTs), both of which are used 

for chemical pollutant adsorption in water treatment. Both ENMs show potential for 

magnetic separation. The Fe3O4 is intrinsically magnetic, whereas iron residuals in 

MWCNTs appear to give them their magnetic properties. While no reported toxicity 

mechanisms are associated with magnetism, literature suggests some ferrobacteria can 

align cells in a magnetic field (Uebe & Schuler, 2016). Emerging water treatment practices 
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are attempting to reduce the effects of hard water by passing it through a magnetic field, as 

a non-chemical alternative to water softening. MWCNTs tend to dis- tribute to non-

aqueous phases, which is probably associated with their hydrophobicity, while Fe3O4 

nanoparticles remain in aqueous solutions. Thus, Fe3O4 may have a higher tendency to 

remain in effluent streams out of a wastewater treatment facility than MWCNTs. These 

observations give insight into the activity of these nanoparticles so that re- searchers and 

manufacturers can make more informed decisions when manufacturing ENMs and ENM-

enabled products for consumer use. Additional radar plot comparisons were made and are 

available in the SI.  

3.5. Conclusions  

The development ENM activity profiles across a suite of different as- says in these four 

activity quadrants provides valuable insight into how the physicochemical properties 

associated with ENMs can influence their inherent hazard and potential exposure routes. 

Elucidating these relationships via ENM activity-profiling radar plots should allow us to 

predict the efficacy and unintended consequences of ENMs in desired applications and 

would represent a unique strategy to efficiently and effectively anticipate potential 

environmental impacts. Overall, we demonstrated the reproducibility of functional assays 

for ENMs suspended in a standard 1 mM NaHCO3 buffer, and we developed a strategy to 

plot and interpret the outcomes of the functional assays by using activity-profiling radar 

plots. Conducting functional assays and preparing activity-profiling radar plots for ENMs 

used in common products is an emerging way of visualizing potential environmental 

activity and impacts of ENMs, and these experiments allowed us to compare a   
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multifunctional array of nanomaterial attributes to assess factors that may be important for 

both nanomaterial benefits and risks. Few correlations emerged between assays for a single 

ENM or among different ENM, potentially it difficult to group or read-across difficult 

among ENM classes.  

Future work in this area would be to expand upon these functional assays and create 

new assays for different situations, including biological systems, chemical systems, and 

physical systems. It is also important for future work to streamline functional assays and 

make them higher throughput, allowing for a more rapid diagnosis of ENM material 

properties. If multiple assays continue to provide results similar to each other (e.g. CPE 

and distribution to WW Biomass), it may be feasible to use a specific functional assay as a 

surrogate for additional ones, which would re- duce experimental time and costs. It would 

be of interest to harmonize a single test solution matrix (pH buffering capacity, ionic 

strength and composition, NP mass concentration ranges) across all assays, and such efforts 

could improve the ability to cross-correlate causal factors in observed trends (e.g., 

correlation between biomass sorption and zebrafish toxicity). Additionally, it would be 

beneficial to understand the dynamics between surface coatings and environmental 

composition on ENM behavior. Prior studies have shown that the coating of nanoparticles 

with surfactants (i.e. sodium dodecyl sulfate, SDS) increases ENM stability in solution 

(Gimbert et al., 2007) and mobility in porous media (Lecoanet et al., 2004). Environmental 

composition has also been shown to play a role in ENM behavior. Organic acids (i.e. humic 

and fulvic acids) have shown to inhibit aggregation of CNTs (Hyung et al., 2007), while 

proteins in biological fluids stabilize metallic ENMs regardless of their chemical 

composition, surface structure, and surface charge (Jurasin et al., 2016).   
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Table 3-1. Functional Assays and dimensions used for eight nanoparticles. Size and 

polydispersity can be considered for both reactivity and physical activity profiling 

quadrants 

Activity 
Profiling 
Quadrant 

Functional 
Assay 

# of 
Assays 

Method 
Description 

Analytical 
Tool 

Functional 
Assay 

Outcome 
Parameter 

Assay 
Outcome 

Mechanism 

Reactivity 
 

Magnetism 1 
Removal of ENM 

from solution using 
magnet 

ICP-MS / PTA % Removed 
from Solution 

Ferro-
magnetism 

Resonance 
Wavelength 1 

Wavelength scan 
from 200-800nm to 
find wavelength and 

absorbance of 
optimal peak 

UV-Vis 
Spectroscopy 

Wavelength 
(λ) Resonance 

Dissolution 

(pH 8.0) 
1 

Dissolution potential 
of ENMs in a basic 

aqueous matrix 
ICP-MS / PTA % Dissolution 

Dissolution 
TCLP 

Dissolution 
‘(pH 4.9) 

1 

Dissolution potential 
of ENMs in an 
acidic aqueous 

matrix 

ICP-MS / PTA % Dissolution 

Distribution 

Cloud Point 
Extraction 1 

Removal of ENM 
from solution using 

surfactant 
ICP-MS / PTA 

% ENM 
extraction 

from media 

Hetero-
Aggregation 

Hydrophobicity 1 
Octanol-Water 
partitioning test ICP-MS / PTA 

% 
Distribution 

Wastewater 
Sludge 

Partitioning 
1 

Partitioning of ENM 
to biomass collected 

from a local 
wastewater 

treatment facility 

ICP-MS / PTA % 
Distribution 

Partitioning to 
Sediment 1 

Partitioning of ENM 
to IHSS sandy loam 

soil 
ICP-MS / PTA 

% 
Distribution 

Physical 

Size 1 
Light scattering 

method using 1cm3 
quartz cuvettes 

Dynamic Light 
Scattering 

(DLS) 

Mean 
hydrodynamic 
diameter (nm) Homo-

Aggregation 
Polydispersity 1 

Light scattering 
method using 1cm3 

quartz cuvettes 

Dynamic Light 
Scattering 

(DLS) 
polydispersity 

Hazard 

Zebrafish 
Phenotype 21 

Behavioral impact of 
ENM on tropical 5D 
wild-type zebrafish 

embryos 

Zebrafish 
acquisition and 

analysis 
program 
(ZAAP) 

Zebrafish 
developmental 

outcomes 
(Absent v. 
Present) 

Biological 
Development 

Zebrafish 
Toxicity 1 

Toxicity impact of 
ENM on tropical 5D 
wild-type zebrafish 

embryos 

Zebrafish 
acquisition and 

analysis 
program 
(ZAAP) 

% Mortality Biological 
Toxicity 
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Table 3-1. Coefficients of variation (CV) for the non-biological functional assays with 8 

ENMs. Data are presented as percentages. Black-highlighted CVs are greater than 30%. 

Grey-highlighted CVs are greater than 10% (and less than 30%). The zebrafish assay data 

was collected as presence/absence, so a CV was not obtainable. 

Functional Assays Ag Au CeO2 Fe3O4 MWCNT SiO2 - 
C 

SiO2 - 
F ZnO 

Size 20 5.9 0.4 9.8 4.8 0.6 4.3 0.3 
Polydispersity 16 41 6.2 18 14 2.6 6.8 4.3 

Magnetism 2.9 1.0 7.0 5.3 7.5 3.1 3.3 0.5 
Resonance 
Wavelength 0.2 0.1 0.5 0.3 0.2 0.0 0.3 0.2 

Dissolution (pH 8) 9.8 9.3 34 17 0.0 14 11 7.1 
Dissolution (pH 4.9) 4.0 5.7 6.1 15 0.0 24 25 4.5 

Cloud Point 
Extraction 1.3 13 3.9 1.5 15 4.3 1.7 0.6 

Hydrophobicity 1.3 4.1 1.4 3.3 39.7 4.2 3.7 3.0 
WW Sludge 
Partitioning 1.1 1.0 15.6 3.4 5.7 3.3 2.1 1.7 

Distribution to 
Sediment 1.8 0.8 12.5 3.6 5.5 3.8 2.0 1.8 
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Table 3-3. Linear correlation matrix of the functional assays. Zebrafish phenotype assays 

were omitted because no correlation could be found. Results to the left of the correlation 

values of 1.00 are R2 values. Zebrafish mortality (24hpf) was analyzed for the ENM 

exposure concentration of 10mg/L. Grey-shaded regions are functional assays with high 

correlations. 
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Size 1.00           
Polydispersity 0.02 1.00          

Magnetism 0.02 0.18 1.00         
Resonance 
Wavelength 0.37 0.05 0.01 1.00        

Dissolution (pH 8.0) 0.04 0.00 0.17 0.00 1.00       
TCLP Dissolution 

(pH 4.9) 0.04 0.00 0.18 0.00 0.98 1.00      

Cloud Point 
Extraction 0.00 0.12 0.05 0.13 0.00 0.01 1.00     

Hydrophobicity 0.23 0.12 0.15 0.06 0.08 0.10 0.11 1.00    
WW Sludge 
Partitioning 0.00 0.13 0.07 0.10 0.00 0.01 0.99 0.08 1.00   

Partitioning to 
Sediment 0.04 0.03 0.04 0.05 0.26 0.26 0.18 0.21 0.19 1.00  

Zebrafish Mort @ 
24hpf 0.06 0.01 0.06 0.00 0.94 0.92 0.01 0.02 0.02 0.43 1.00 
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Figure 3-1. Results for functional assays within each activity-profiling quadrant. A) 
% Dissolution of the 8 ENMs within the reactivity-risk quadrant. B) % Sorption to 
WW Biomass of the 8 ENMs within the distribution-risk quadrant. C) Mean 
diameters of the 8 ENMs within the physical-risk quadrant. D) % Mortality Values 
for the 8 ENMs within the hazard-risk quadrant (Other functional assay outcomes 
available in SI). Error bars represent 1 standard deviation based upon triplicate 
assays. Letters above bars denote statistically significant results at a 95% confidence 
level (ANOVA). 
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Figure 3-2. Activity profile radar plots for the comparison of behavioral trends of different 

engineered nanomaterials. (A) comparison of Au, Ag, and ZnO ENMs used as 

antimicrobials, (B) comparison of CeO2 and SiO2-C ENMs used as chemical mechanical 

polishers, and (C) comparison of Fe3O4 and MWCNT ENMs used as adsorbents for water 

treatment 
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3.6. Supplemental Information 

Functional Assay Methods 

Resonance wavelength assay 

A 1 mL aliquot of a nanoparticle sample was taken and dispensed into a 1 cm quartz 

cuvette. The cuvette was placed in a UV-Vis spectrophotometer, and a wavelength scan 

from 200 nm to 800 nm was conducted to obtain a unique spectra footprint for each 

nanoparticle. Concentrations were varied to allow for the highest wavelength peak to be 

below an absorbance of 1 cm-1. Final nanoparticle concentrations of 5 mg L-1 were used to 

obtain desired absorbance. The wavelength of at the top of the main absorbance peak was 

recorded for each nanoparticle. 

 

Size and polydispersity assays 

Particle sizing was conducted using a Brookhaven ZetaPALS intstrument. The 

nanoparticle solutions were aliquoted into 1 cm quartz cuvettes at least 2 mm above the 

entrance height of the laser beam of the dynamic light scattering (DLS) machine to ensure 

measurement accuracy. The sample was capped and observed to make sure no air bubbles 

were present. The internal DLS program was run, and three independent measurements per 

sample were made at run times of 2 minutes to establish measurement repeatability. 

Nanoparticle hydrodynamic diameter and polydispersity were measured after run time. 

 

Cloud point extraction assay 

Experiments were conducted in 40 mL glass vials with septa screw caps. Triplicate samples 

with 40 mL of desired nanoparticle solution in 1mM NaHCO3 buffer were added to the 
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vials. 200 µL of 1.25 M sodium acetate, 50 µL of 1 M acetic acid, 500 µL of saturated 

Ethylenediaminetetraacetic acid (EDTA), and 500 µL of 10% TX-114 were then added to 

the vial. The vial was vortexed for 2 minutes and then placed in a 40°C water bath for 30 

minutes. The sample was then transferred to a plastic centrifuge vial and centrifuged for 

12 minutes at 5,000 revolutions per minute (rpm). The sample was then cooled down to 

room temperature in a zero-degree ice bath before taking a 10 mL aliquot from the 

supernatant for analysis. Triplicate controls with nanoparticle only and buffer only were 

also created.   

 

Hydrophobicity assay 

Experiments were conducted in 40 mL glass vials with septa screw caps. Triplicate samples 

with 20 mL of octanol and 20 mL of desired nanoparticle solution in 1 mM NaHCO3 buffer 

were added to the vials. Triplicate controls with 20 mL octanol and 20mL buffer only were 

also created. The vials were tightly sealed and rotated on a rotator table for 3 hours at 45 

rpm. After rotation, the samples were given 30 minutes to equilibrate and, using a pipette, 

the octanol phase was vacuumed off. 10 mL aliquots were saved for analysis. 10 mL of the 

aqueous phase was then extracted for nanoparticle concentration analysis. 

 

Wastewater partitioning assay 

Wastewater biomass was collected from a local wastewater facility with a 1 L Nalgene 

bottle. The biomass was stored at 4°C prior to use. To determine the starting concentration 

of biomass (grams total suspended solids per liter [g TSS/L]), the collected biomass was 

stirred with a stir bar to shear larger particles and obtain more uniform particle size. 10 mL 
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of biomass sample was vacuum filtered with a 0.45-micron glass fiber filter, followed by 

three 10 mL rinses of nanopure water. The filter with biomass was then carefully removed 

and placed into an aluminum weighing dish and dried at 105°C until the change in biomass 

weight between sampling periods was less than 4% of total sample weight. The recorded 

weight was then calculated to g TSS/L. During experimental use, the remaining biomass 

was rinsed three times with carbonate buffer (10 mM NaCl + 4 mM NaHCO3) solution and 

centrifuged at 350 g for 15 minutes. The supernatant was discarded, and the de-watered 

biomass was re-suspended with 1 mM NaHCO3 buffer solution at an experimental 

concentration of 1g TSS/L. Experiments were conducted in 40mL glass vials with septa 

screw caps. Triplicate samples with 35 mL of wastewater biomass and 5 mL of nanoparticle 

solution were added in desired concentrations. Triplicate controls with wastewater biomass 

only and nanoparticle solution only were also created. Vials were sealed and secured on a 

rotator table for 3 hours at 45 rpm. After rotating, the samples were allowed to equilibrate 

in the lab for 1 hour to allow for biomass settling, and a 10 mL aliquot was taken from the 

middle of the supernatant for further analysis. 

 

Distribution to sediment assay 

Experiments were conducted in 40 mL glass vials with septa screw caps. Triplicate samples 

with 40 mg of soil from the international humic substances society (IHSS) and 40 mL of 

nanoparticle solution in 1mM NaHCO3 buffer were added to each vial. Triplicate controls 

with soil and buffer only and nanoparticle solution only were also created. The vials were 

sealed tightly and rotated on a rotator table for 3 hours at 45 rpm. After rotation, the samples 
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were allowed to equilibrate for 2 hours and a 10 mL aliquot was taken of the supernatant 

for analysis. 

Dissolution assay 

Nanoparticle solutions in 40 mL of 1mM NaHCO3 buffer were rotated in 40 mL glass vials 

with septa screw caps for 24 hours at 45 rpm. Triplicate controls with no nanoparticles and 

nanoparticle dispersion in 1 mM NaHCO3 buffer solution only were also created. After 

rotation, 15 mL aliquots were extracted and placed in a 30-kDa ultrafilter. The filters were 

placed in centrifuge vials, and the samples were centrifuged for 12 minutes at 1500 rpm. 

The ultrafilters were discarded, and the solution collected in the centrifuge vial was 

extracted for analysis 

 

Magnetism assay 

Nanoparticle solutions in 40 mL of 1 mM NaHCO3 buffer were placed in 40 mL glass vials 

with septa screw caps. Triplicate controls with no nanoparticles and no magnet were also 

created. A 1550 G magnet was placed next to the glass vial for 10 minutes for solid phase 

extraction of the nanoparticles out of solution. After 10 minutes, a 10 mL aliquot was taken 

from the middle of the vial for analysis.  

 

Landfill dissolution assay 

5.7 mL of glacial acetic acid was diluted into 1 L of nanopure water to a pH of 4.9. The 

nanoparticle solution was diluted to desired concentration in glacial acetic acid up to 40 

mL in a 40 mL glass vial with septa screw caps and rotated for 24 hours at 45 rpm. 

Triplicate controls with no nanoparticles and nanoparticle in 1 mM NaHCO3 buffer 
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solution only were also created. After rotation, 15 mL aliquots were extracted and placed 

in a 30-kDa ultrafilter. The filters were placed in centrifuge vials, and the samples were 

centrifuged for 12 minutes at 1500 rpm. The ultrafilters were discarded and the solution 

collected in the centrifuge vial was extracted for analysisZebrafish Toxicity assays 

Tropical 5D wild-type adult zebrafish were housed at an approximate density of 1000 fish 

per 100 gallons of water. Spawning funnels were placed into the tanks the night prior, and 

embryos were collected and staged. To increase bioavailability, the chorion was 

enzymatically removed using pronase (63.6 mg/mL, ≥ 3.5 U/mg) at 4 hours post 

fertilization (hpf) using a custom automated dechorionator. To track exposures, each 

nanoparticle sample was tested in 6 concentrations using one animal per well in a 96-well 

plate. The chemical plate was run in duplicate so that n=32 animals per concentration. 

Zebrafish embryos without the chorion were loaded 1 per well at 6 hpf with chemical 

solution preloaded. The 96-well plates (with embryos) were lightly agitated overnight at 

230 rpm on an orbital shaker. To track mortality and morphology responses, the zebrafish 

embryos were statically exposed until 120 hpf. At 24 hpf, embryos were assessed for four 

developmental toxicity endpoints: mortality at 24 hpf (MO24), developmental progression 

(DP), spontaneous movement (SM), and notochord distortion (NC). At 120 hpf, 18 

developmental endpoints were assessed. The zebrafish acquisition and analysis program 

(ZAAP), a custom program designed to inventory, acquire, and manage zebrafish data, was 

used to collect developmental endpoints as either present or absent (i.e., binary responses 

were recorded). An internal QAQC plate consisting of 48 control animals and 48 animals 

exposed to 0.2 µM Ziram was also run each day as an internal check for response 

consistency in the animals from different hatches. For quality assurance, negative controls 
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must exhibit less than 20% cumulative mortality and morbidity, and for the positive 

(Ziram) control, at least 80% of the exposed animals must display adverse effects. 

 

 

1. TEM Characterization and Zeta Potential of Nanoparticles 

 

Nanoparticle AgNP AuNP Fe3O4 MWCNT Si-F Si-C CeO2 ZnO 

Zeta Potential (mV) -44 -53 -61 -24 -6 -21 43 22 

 

Figure S1. TEM images and Zeta Potential Values of 8 nanoparticles used in functional 

assay study 

  

Ag NP Au NP Fe3O4 NP 

Si-F NP Si-C NP CeO2 NP 

MWCNT 
NP

ZnO NP 
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2. Additional Functional Assay Data 

 

Figure S2. Polydispersity of NPs in 1 mM NaHCO3 buffer solution. Measurements were 

collected in triplicates and analyzed using DLS. 

 

Figure S3. Resonance wavelength of NPs in 1 mM NaHCO3 buffer solution. Measurements 

were collected in triplicate and analyzed using UV-Vis Spectrophotometer with a 200–800 

nm wavelength scan.  
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Figure S4. Magnetic removal of nanoparticles from a 1 mM NaHCO3 buffer solution. 

Measurements were collected in triplicate and analyzed using ICP-MS 

 

 

Figure S5. Partitioning of nanoparticles to soil from 1 mM NaHCO3 buffer solution, 

Measurements were collected in triplicate and analyzed using ICP-MS  
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Figure S6. Cloud point extraction of nanoparticles from 1 mM NaHCO3 buffer solution. 

Measurements were collected in triplicate and analyzed using ICP-MS 

 

 

Figure S7. Hydrophobicity of nanoparticles using an octanol:1 mM NaHCO3 buffer matrix. 

The 1 mM NaHCO3 buffer phase was measured in triplicates and analyzed using ICP-MS. 

The octanol phase was measured in triplicates and analyzed using UV-Vis spectroscopy. 

The interphase was calculated as the difference between starting nanoparticle 

concentrations and the sum of nanoparticle concentrations remaining in the octanol and 

water phases.  

0.0

0.2

0.4

0.6

0.8

1.0

AgNP AuNP CeO2 Fe3O4 MWCNT SiO2-C SiO2-F ZnO

1-
C/

Co

0.0

0.2

0.4

0.6

0.8

1.0

AgNP AuNP CeO2 Fe3O4 MWCNT SiO2-C SiO2-F ZnO

C/
Co Water Phase

Octanol Phase
Interphase



 73 

Nanoparticle Sources 

Table S2. Sources of the nanoparticles used in this study 

Nanoparticle Source 
Citrate-coated Ag NanoComposix (San Diego, CA) 
PVP-coated Magnetite Fe3O4 NanoComposix (San Diego, CA) 
Tannic acid-coated Au NanoComposix (San Diego, CA) 
Fluorescein-capped SiO2 NanoComposix (San Diego, CA) 
Colloidal SiO2 Speed et al. 2015 
ZnO Sigma Aldrich 
CeO2 Speed et al. 2015 
MWCNT  Undisclosed Industrial Company 
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Table S3. Zebrafish mortality (%) at 24hpf from the 8 ENMs at different doses. ZnO 

showed the highest toxicity potential. Percent mortalities are based on counting live and 

dead zebrafish embryos (n=32 per ENM and dose). Grey-shaded regions are doses where 

a significant zebrafish mortality occurred. 

ENMs 
ENM Dosing (mg/L) 

0 0.1 0.3 0.6 1.3 1.6 2.5 3.3 5 30 50 

Ag-Citrate 0 - 0 0 3.1 - 0 - 3.1 - - 

Au 0 - - 0 - 3.1 - - 0 37.5 81.3 

CeO2 9.4 - - 15.6 - - - 15.6 6.2 15.6 15.6 

Fe3O4 6.3 - - 9.4 - - - 9.4 3.1 6.2 6.2 

MWCNT 3.1 - - 12.5 - - - 3.1 3.1 15.6 59.4 

SiO2-Colloid 3.1 - - 3.1 - - - 9.4 3.1 0 9.4 

SiO2-Fluorescein 9.4 12.5 15.6 3.1 15.6 - 9.38 - - - - 

ZnO 3.1 - - 6.2 - - - 9.4 87.5 100 100 
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CHAPTER 4: ENVIRONMENTAL APPLICATIONS USING NANO: REMOVAL 

OF BROMIDE FROM SURFACE WATER: COMPARISON BETWEEN SILVER-

IMPREGNATED GRAPHENE OXIDE AND SILVER-IMPREGNATED 

POWDER ACTIVATED CARBON 

• This chapter has been published as Kidd, J., Barrios, A., Apul, O., Perrault, F., 
Westerhoff, P. (2018). Removal of Bromide from Surface Water: A Comparison 
between Silver-Impregnated Graphene Oxide and Silver-Impregnated Powdered 
Activated Carbon. Environmental Engineering Science, 35 (9) 

• My author contribution: Approximately 70% of the research and 80% of the text  
 

4.1. Abstract 

This study demonstrates that silver (Ag+) impregnated graphene oxide (GO) reduces anion 

and natural organic matter (NOM) competition for bromide (Br-) adsorption sites 

compared with Ag+ impregnated powdered activated carbon (PAC). We impregnated two 

GO (Tour and Modifier Hummers [MH] method) and one PAC with silver ions. Batch 

studies were conducted to assess Br- removal in model waters with Br-, chloride (Cl-), 

bicarbonate (HCO3-), and/or NOM and natural surface waters. In buffered ultrapure water, 

Tour-Ag, MH-Ag, and PAC-Ag all removed >85% of Br-, while sorbents without Ag+ 

removed <3% of Br-. In all water matrices, Tour- Ag removed >75% of Br-, MH-Ag 

removed >50%, and PAC-Ag removed >30%, highlighting that GO-Ag is more effective 

at removing Br- from water than PAC-Ag ( p < 0.05). Scanning electron microscopy and 

energy dispersive X-ray spectroscopy analysis show that Br- is evenly dispersed on the 

surface of GO-Ag, indicating possible attachment to oxygen groups and silver on the GO 
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surface. A leaching test of GO-Ag in buffered water showed that *20% of Ag+ loaded onto 

GO leaches into solution, of which only 1–3% remains when Br- is spiked into solution, 

indicating possible complexation and precipitation as AgBr. GO-Ag and PAC-Ag were 

introduced separately in combination with alum during coagulation and flocculation 

operations. Both MH-Ag and Tour-Ag showed high removal of Br-, demonstrating that 

GO-Ag could supplement current technologies used in water treatment facilities when Br- 

removal is needed.  

4.2. Introduction 

Bromide (Br-) is commonly found at concentrations between 0.01 and 0.2 mg/L in ground 

and surface waters used for potable water and up to 65 mg/L in seawater ( Minear and 

Amy, 1995; Fehn et al., 2000). Industrial operations like coal-fired power plants and 

hydraulic fracturing (Davis et al., 1998; Wilson and VanBriesen, 2012, 2013) contribute to 

Br in surface water. Coal-fired power plants add Br- in their wet scrubbers to reduce 

mercury in air emissions. This process results in Br- at up to 50 mg/L in the waste streams 

discharged to surface waters (Kolker et al., 2012). In hydraulic fracturing Br-, as well as 

chloride and iodide, is naturally enriched in subsurface brine, and the wastewater produced 

typically contains Br- up to 60 mg/L. This wastewater returns to sur- face water and is 

processed through surface water treatment plants (SWTPs) (Norman et al., 1996; Harkness 

et al., 2015). Br- increases at SWTPs downstream of such operations are now being 

reported in the United States (Amy et al., 1994; Richardson et al., 2008; Ferrar et al., 2013; 

Sawade et al., 2016). Efforts in Switzerland to reduce Br- discharges from large industries 
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are also being pursued (Soltermann et al., 2016). There is currently no common practice in 

SWTPs that can remove Br . Electrolysis can remove Br by selective ion exchange resins 

but can be difficult to deploy at SWTPs.  

SWTPs typically use chemical oxidation such as chlorination to achieve 

disinfection before distributing to consumers because of its low costs and broad-spectrum 

biocidal potency. However, oxidants can form disinfection by-products (DBPs). Bromide 

can react with ozone (O3) or hypochlorous acid (HOCl) to form hypobromous acid 

(HOBr), which reacts with organic matter to form Br-DBPs (e.g., brominated 

trihalomethanes or haloacetic acids) (Kampioti and Stephanou, 2002; McTigue et al., 2014; 

Zhai et al., 2014; Winid, 2015). Br-DBPs are more cyto- and genotoxic than their 

chlorinated analogs (Plewa et al., 2008; Richardson et al., 2008; Yang et al., 2014). As 

water regulation becomes increasingly stringent, reducing and controlling the formation of 

emerging Br-DBPs is becoming more important, raising the requirement for novel 

technologies to effectively remove Br- before disinfection in water treatment facilities 

(Richardson and Postigo, 2017).  

Bromide in surface waters can be removed using granulated activated carbon 

(GAC) (Frommer and Dalven, 2000) or powdered activated carbon (PAC) (Chen et al., 

2016) impregnated with silver ions. Silver ions adsorbed onto the carbon surface can form 

insoluble precipitates with Br- (Ag+ + Br- / AgBr(s), Ksp = 5.2 ·10-13). However, Br- 

removal by silver impregnated activated carbon in complex aqueous matrices may be 

challenging because of competing components and low intraparticle diffusion rates. For 

example, the molar ratio of chloride (Cl-) to Br- in seawater and many drinking waters is 
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between 300:1 and 1,000:1, although competing precipitation reactions with chloride (Ag+ 

+ Cl- / AgCl(s), Ksp = 2.8 ·10-10) are less favorable than Br- (Davis et al., 1998; Mullaney 

et al., 2009; Katz et al., 2011). There are other ions that may compete with Br- for Ag+ on 

the carbon surface such as iodide (I-). In addition, natural organic matter (NOM) can block 

activated carbon pores or occupy sites that contain silver, likely reducing the ability of 

activated carbon to remove Br- from natural waters proficiently (Li et al., 2003; Chen et 

al., 2016). Graphene oxide (GO), a sp2-bonded two-dimensional (2D) carbonaceous 

material with a sheet-like structure, can over- come such practical limitations by 

accommodating competing ions, NOM, and Br- concurrently and decreasing the time 

required for intraparticle diffusion (Apul et al., 2013; Ersan et al., 2016). Theoretically, GO 

has a high surface area like other carbonaceous materials, which allows for a high number 

of sorption sites. When in an aqueous suspension, however, the surface area of GO is 

slightly diminished due to aggregation. In addition, the high oxygen content of GO 

provides an abundance of functional groups that can be used for the impregnation of GO 

with silver ions. The GO functional groups have been previously used to synthesize a 

variety of graphene-based sorbents for cationic contaminant removal (Zhao et al., 2011; 

Perreault et al., 2015). We hypothesize that the 2D open nature of GO, compared with the 

intrapore surface area of activated carbon, will improve Br- removal when impregnated 

with Ag+ ions.  

The goal of this study was to evaluate the potential of silver impregnated GO 

nanomaterials (GO-Ag) as a new sorbent material for removing Br- from surface water. 
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The objectives of our study were to (1) determine the ability of attaching Ag+ onto 

functionalized GO surfaces, (2) evaluate the ability of silver impregnated GO-Ag to 

precipitate Br- from aqueous media, (3) compare Br- removal efficiency of GO-Ag versus 

PAC-Ag, (4) investigate the impact of surface water chemistry on Br- removal by GO-Ag, 

and (5) understand the mechanism for Br- removal by GO-Ag.  

4.3.  Materials and Methods 

4.3.1. Solution Preparation 

The Br- and Cl- stock solutions (20 mg L-1) were prepared by dissolving sodium bromide 

(EM Science, CAS# 7647-15-6, > 99% purity) or sodium chloride (Sigma Aldrich, CAS# 

7647-14-5, > 99.5% purity) in ultrapure water (18.2 MΩ·cm, Thermo Fisher Barnstead 

GenPure xCAD Plus Water Purification System, Art no. 50136170). Because Br- adheres 

to glass, all stock solutions were prepared in plastic bottles to avoid adhesion losses. The 

buffered water solution (1 mM NaHCO3, pH ~8) was prepared by dissolving sodium 

bicarbonate (Amresco, CAS# 144-55-8) in ultrapure water. 

 NOM isolate was purchased from International Humic Substances Society (IHSS, 

CAT # 2R101N, Suwannee River NOM RO Isolation). The NOM stock solution (50 mg 

NOM L-1) was prepared in ultrapure water. The SUVA254 value of the NOM isolate 

solution was 4.19 L/mg-m. The natural river water was sampled from the Colorado River 

at the Central Arizona Project (CAP) canal at the City of Scottsdale Water Campus 

(Average DOC of 3.0 mg L-1). The CAP water characteristics are summarized in Table S1. 

4.3.2. Carbonaceous Adsorbent Synthesis and Characterization 
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Graphite used to synthesize GO was purchased from Bay Carbon (CAS# 7782-42-5, > 

99.5% purity). Two different GO materials were produced from the Bay Carbon graphite 

using the Modifier Hummers (MH) and the Tour (Tour) chemical oxidation protocols 

(Tung et al., 2008; Marcano et al., 2010). GO syntheses details can be found in the SI. As-

purchased PAC (Norit 20B M-1789) was oxidized in concentrated nitric acid at ~90 °C for 

1 hour to produce oxidized PAC. The complete oxidation procedure is described in the SI.  

Silver nitrate (Sigma Aldrich, CAS# 7761-88-8) was used to impregnate GOs and 

PAC. Silver impregnation of the different carbonaceous materials was done by dispersing 

200 mg of oxidized PAC, MH, or Tour in 0.5 M AgNO3 for 2 days and then collecting the 

material by centrifugation and vacuum drying. Complete material preparation procedure is 

described in the SI.  

The carbonaceous nature of the different materials and the abundance of defects 

introduced by the oxidation procedure were characterized by Raman spectroscopy (full 

spectra in Figure S1). The silver content of the carbonaceous material before and after 

silver impregnation was determined by acidifying samples in 2% HNO3 for 24 hours and 

quantifying total silver with inductively coupled plasma mass spectroscopy (ICP-MS, 

Thermo Scientific X Series II). Some silver ions may be impregnated into pores of the 

carbonaceous materials and may not be dissolved in 2% HNO3. There was not enough 

sample size to run a microwave digestion, which would have been the alternative method 

for silver ion quantification. The size and morphology of the carbonaceous material and 

silver precipitates before and after the experiments were conducted by scanning electron 

microscopy (SEM). Energy dispersive X-ray spectroscopy (EDAX) was coupled with 
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SEM to identify elements in the SEM micrographs. SEM/EDAX was used to characterize 

the Ag+ adsorbate distribution on the carbon surface. The samples were filtered through 

0.2-micron nylon syringe filters (Thermo Scientific F2500-2) to remove excess organics 

and carbon sorbents. The filters were air-dried, and the carbon sorbents trapped in the filters 

were imaged with SEM/EDAX (FE-SEM, Amray 1910). The specific surface area of the 

materials was quantified by nitrogen gas adsorption at 77 K with a physio-sorption analyzer 

(Micromeritics TriStar II 3020). The Brunauer-Emmett-Teller (BET) equation was used to 

calculate surface areas from adsorption isotherms.  

4.3.3. Bromide Removal Experiments 

Bromide removal experiments were conducted in 125 mL plastic vials that were shaken 

using an in-house end-over-end rotational mixer (45 rpm). Bottle-point experiments used 

a 4-hour contact time, which represented the hydraulic residence time (HRT) for PAC 

treatment at water treatment plants (Westerhoff et al., 2005). Four water samples that were 

spiked with 200 µg L-1 Br- were used: (1) 1 mM NaHCO3 buffered ultrapure water, (2) 1 

mM NaHCO3 buffered ultrapure water spiked with 20 mg L-1 chloride, (3) 1 mM NaHCO3 

buffered ultrapure water spiked with 20 mg L-1 chloride and 10 mg L-1 NOM, and (4) 

natural Central Arizona Project (CAP) surface water. Each carbon adsorbent was added as 

a powder to a concentration of 25 mg L-1. Details are in SI Table S2. To simulate water 

treatment processes, bromide removal experiments using CAP water as the background 

matrix were conducted in 2-L jar testers (Phipps and Bird). All acrylic jars were filled with 

1 L of source water and initially mixed for 6 minutes at 200 rpm, simulating coagulation 

(i.e., rapid mixing). During the rapid mixing step, 28 mg L-1 of alum (provided by the 
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Scottsdale Water Campus) and each carbon adsorbent was added as a powder to a 

concentration of 25 mg L-1. The mixing speed was later decreased to 25 rpm for 30 minutes, 

simulating flocculation (i.e., slow mixing). Mixing was ceased and the flocs settled for 1 

hour (i.e., sedimentation). No additives were used during the slow mixing and 

sedimentation steps. After sedimentation, an aliquot for analysis was withdrawn from the 

middle of the jar using a 50-mL plastic syringe. Careful consideration was taken to obtain 

the aliquot without upsetting the sediment. 

4.3.4. Silver Leaching Experiments 

Silver leaching experiments were conducted in 125 mL plastic vials that were shaken using 

an in-house end-over-end rotational mixer (45 rpm) to determine the amount of Ag+ 

leached into solution during mixing. Each carbon adsorbent was added to a concentration 

of 25 mg L-1 in four different water matrices: (1) 1mM NaHCO3, (2) 1mM NaHCO3 with 

200 µg L-1 Br-, (3) Natural CAP water, and (4) Natural CAP water with 200 µg L-1 Br-. The 

vials were shaken for 4 hours.  

4.3.5. Measurements of Dissolved Species 

UV254 (UV-Vis Spectroscopy, Horiba Scientific Aqualog) and dissolved organic carbon 

(DOC; SEC-DOC, Shimadzu ASI-V) were measured on filtered (0.2-micron nylon) 

samples. Filtered samples were analyzed for Br- and Cl- using ion chromatography (IC, 

Thermo Scientific Dionex ICS-5000) to measure anions remaining in solution (IonPacTM 

AS18 Column, 30 mM KOH Eluent, 25 µL injection volume) following the EPA 300.1 

method. Select experiments were also analyzed for Br- in solution by acidifying filtered 
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solutions in 2% HNO3 for 24 hours and quantifying total Br- using ICP-MS (Thermo 

Scientific X Series II).  

4.4.  Results and Discussion 

4.4.1. Characterization of the Silver Impregnated Carbon Sorbents 

Table 4-1 summarizes characterization data for the PAC and GO adsorbents before and 

after silver impregnation and shows how their physicochemical properties are altered by 

the silver-adsorbent interaction. Raman spectroscopy detected G and D bands, which are 

characteristic of oxidized carbon materials (Figure S1). The G band is related to the sp2- 

bonded carbon lattice, and the D band is related to carbon structure disorder, which may 

be caused by structural defects, the introduction of new functional groups, or decreasing 

crystallite size (Ferrari, 2007; Ferrari and Basko, 2013). The D:G ratios of the oxidized 

PAC, MH, and Tour were 1.023, 0.882, and 0.834, respectively, indicating high disorder 

in the oxidized carbon structure (Table 4-1). All three carbonaceous materials had high 

oxygen content, with Tour having the highest oxygen content (C:O ratio of 1.787) and 

oxidized PAC having the lowest oxygen content (C:O ratio of 7.310) (Table 5-1). The 

differences in C:O ratios result from different oxidation conditions present during material 

synthesis, which is known to influence carbon material functionalization (Dreyer et al., 

2014). The specific surface area of the three materials were 716 m2 g-1 for oxidized PAC, 

9.38 m2 g-1 for Tour, and 0.55 m2 g-1 for MH (Table 5-1). The specific surface area of the 

GO materials was noticeably lower than the theoretical value of 2,632 m2 g-1 for graphene. 

This lower value for GO has been observed multiple times for different GO materials and 
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can be attributed to the tight restacking and aggregation of GO sheets (Perreault et al., 

2015; Guo et al., 2014).  

4.4.2. Effects of Silver Impregnation on Bromide Removal 

The capacity of parent and Ag+ impregnated carbon adsorbents to remove Br- from water 

was evaluated in 100 mL batch bottle studies (25 mg L-1 adsorbents, 200 µg L-1 Br-). Figure 

4-1 compares the percent removal of Br- and the Br- removal capacity of each adsorbent 

after 4 hours of mixing. A control sample with no carbon recovered > 99% of spiked Br-, 

which equates to < 1% Br- removal in control experiments. The non-impregnated 

adsorbents had minimal Br- removal (< 3%). PAC-Ag, MH-Ag, and Tour-Ag removed 

86%, 82%, and 91% of Br-, respectively.  

4.4.3. Effects of Background Water Characteristics on Bromide Removal 

Figure 4-2 compares Br- removal by Ag+ impregnated carbon adsorbents for four different 

water matrices with controlled complexities. Tour-Ag removed >90% of Br- in all water 

matrices except natural CAP water, where it removed ~75% of Br-. MH-Ag removed ~70% 

of Br- when Cl- was introduced, ~70% of Br- when Cl- and NOM were introduced, and it 

removed ~50% of Br- in natural CAP water. PAC-Ag removed ~60% of Br- when Cl- was 

introduced, ~50% of Br- when Cl- and NOM were introduced, and only ~30% of Br- in 

natural CAP water. We attributed the lack of Br- removal by PAC-Ag to its porous nature, 

where complex organics and competing ions can block pore channels or compete for 

sorption sites on the carbon, thereby rendering Ag+ not on the PAC-Ag surface unavailable 

for interactions with Br- in solution. 

4.4.4. Jar Testing Experiments to Simulate Bromide Removal at a Water Treatment Facility 
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Figure 4-3 shows Br- removal for PAC-Ag, MH-Ag, and Tour-Ag in natural CAP water in 

jar tests simulating coagulation and flocculation in a water treatment facility. In each of the 

jar test experiments, the coagulant formed settleable flocs. Adding any form of silver 

achieved turbidity removal equal to the alum alone. Alum by itself did not remove Br-. In 

combination with alum, both MH-Ag and Tour-Ag removed approximately 70% of Br-, 

while PAC-Ag with alum removed approximately 40% of Br-, which was statistically 

worse than MH-Ag and Tour-Ag. MH-Ag with alum had the greatest Br- removal capacity 

per mol of Ag+ of the adsorbents.  

4.4.5. Characterization of the Silver Impregnated Carbon Sorbents 

The silver impregnated adsorbent made with Tour-Ag had the highest Ag+ content by mass 

(12.6%) followed by PAC-Ag (5.8%) and MH-Ag (4.9%). This means Ag+ loading is not 

determined by the surface area of the material, as the lower surface area GOs had equivalent 

to higher silver content than PAC-Ag. Rather, the high Ag+ loading of the Tour indicates 

that Ag+ attaches to the oxygen groups found on the oxidized material. As GO oxygen 

content increased, more Ag+ was attached. Raman spectroscopy further confirmed the 

attachment of Ag+ to the carbon structure. The Raman spectra of the different materials 

after silver impregnation showed a consistent increase in the D band intensities (Figure 

S1). This increase is due to the adsorption of silver ions to the carbon lattice, thus disturbing 

the electron distribution of the material, as previously observed for silver nanoparticles or 

thiolated functionalized GO sheets (Das et al., 2011; Pham et al., 2013). This is not the case 

for PAC-Ag, which had less oxygen than the GO materials but slightly more Ag+ attached 

than MH-Ag. We believe Ag+ attachment on PAC-Ag may be related to the specific surface 
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area (SSA) of PAC. To test this, the BET equation was used to calculate SSA before and 

after Ag+ impregnation. Ag+ surface attachment decreased the SSA of the adsorbents, with 

PAC-Ag having a significantly larger SSA than the GO, as expected. These findings align 

with previous findings, which were attributed to silver ions occupying sorption sites (Chen 

et al., 2016). Our work differs from prior work with silver impregnated PAC/GAC because 

we do not heat treat the material, which could form silver oxides (Chen et al., 2016). It is 

also different from the formation of zero valent silver, which requires H2O2 addition to 

produce Ag+ (He et al., 2012; Polo et al., 2016). 

4.4.6. Effects of Silver Impregnation on Bromide Removal 

Stoichiometrically, to remove 100% of the 200 µg L-1 Br-, there only needs to be 2.5E-06 

moles of Ag+, which equates to 1.08% dry mass of Ag+ loaded on the tested carbon 

adsorbent dose of 25 mg L-1; however, even with silver loadings of 4.9% (MH-Ag), 5.8% 

(PAC-Ag), and 12.6% (Tour-Ag), the maximum removal capacity of Ag+ for Br- is no 

higher than 0.13 mol Br- per mol Ag+. One explanation is that the high Ag+ loading on the 

carbon and the low Br- present in solution results in a high fraction of Ag+ unavailable to 

complex with Br-. In Figure S2, we compare Br- removal versus the initial Ag+ loaded onto 

the carbon adsorbents. Compared to the control (i.e., without Ag+), adding Ag+ increased 

Br- removal in all samples, but there was little difference in Br- removal with different Ag+ 

loadings, further validating that excess Ag+ to remove Br- is only beneficial to an extent. 

We attribute this to excess Ag+ in solution that may not come in contact with the small 

concentration of Br- available. These results indicated that (1) the impregnation of silver 

ions on the carbon adsorbents was required for Br- removal and (2) Br- removal capacity 
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may not be influenced only by Ag+ loading onto carbon, but also the availability of silver 

for interactions with Br-.  

4.4.7. Effects of Background Water Characteristics on Bromide Removal 

The Br- removal capacity per mol of silver remained low for all three adsorbents across the 

four water matrices (< 0.13 mol of Br- per mol Ag+). For both PAC-Ag and MH-Ag, their 

Br- removal capacity and percent Br- removal both decreased as chloride and NOM were 

added and as natural CAP surface water was used. We believe this was a result of 

competing ions and organic matter complexing with the Ag+, rendering much of it 

unavailable to react with Br- in solution. For Tour-Ag, the amount of Br- removed per mol 

of Ag+ and the percent Br- removal both increased as chloride and NOM were added.  In 

CAP surface water, the amount of Br- removed per mol of Ag+ was similar to the model 

water with Cl- and NOM; however, the percent Br- removal decreased. We attributed these 

results to the high silver loading on Tour-Ag (12.6%) relative to MH-Ag (4.8%) and PAC-

Ag (5.9%). The high loading of Ag+ on Tour-Ag means that the Br- removal capacity per 

mol of Ag+ is relatively low in comparison to PAC-Ag and MH-Ag, both which have half 

the amount of Ag+ present, when tested in model waters with limited competing elements. 

However, this high Ag+ loading on Tour-Ag means that more Ag+ is available to interact 

with Br- and competing ions present in more complex waters. This allows Tour-Ag to 

achieve greater Br- removal per mol of Ag+ and percent Br- removal than PAC-Ag and 

MH-Ag in CAP water. It is important to note that the increase in Ag+ present in Tour-Ag 

increases the potential for Ag+ and Br- interactions; however, competing ions will still have 

an effect on Br- removal. 
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4.4.8. Jar Testing Experiments to Simulate Bromide Removal at a Water Treatment Facility 

Even though PAC-Ag had a similar Ag+ content to MH-Ag and it performed well when 

removing Br- from ultrapure water, intraparticle diffusion and kinetic challenges present in 

the complex natural water limits the ability of PAC-Ag to remove Br- in the natural CAP 

surface water. Instead, both MH-Ag and Tour-Ag showed greater promise for Br- removal 

in complex surface waters such as the natural CAP water tested. An additional test was 

done where we spiked AgNO3 salt at five times the stoichiometric ratio of Ag:Br into jar 

testers to determine if a carbon adsorbent was necessary for Br- removal. This test removed 

~50% of Br- and had a bromide removal capacity per mol of silver of < 0.07 mol Br- per 

mol of Ag+ demonstrating that AgNO3 was less effective than silver impregnated carbon 

adsorbents at removing Br- from natural CAP water; however, this may be a result of the 

background characteristics of the natural CAP water, and results may vary with other 

surface waters. 

4.4.9. Consideration of Bromide Removal Mechanisms by Ag-Impregnated Graphene 

Oxide 

There are two potential mechanisms for Br- removal by Ag+ impregnated GO adsorbents: 

(1) Br- ions diffuse from the bulk water onto the sorbent surfaces where they complex with 

the Ag+ (Ag-Br); (2) Ag+ releases from the adsorbents into water and interacts with Br- 

ions, forming sparingly soluble AgBr(s) crystals.  

To determine if Br- complexes with Ag+ on the adsorbent surface, we captured 

PAC-Ag, MH-Ag, and Tour-Ag on 0.2-micron filters after Br- interactions and imaged 

them with SEM and EDAX. Figure 4-4 shows SEM images with and without EDAX 
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elemental mapping of bromide, silver, chloride, and oxygen. Since EDAX provides 

information about the adsorbent surface, the silver that was not detected by EDAX should 

not be present on the adsorbent surface. For each of the adsorbents, most silver is in clusters 

on the adsorbent surface. Bromide was found on the filter surface and on the adsorbent 

surface and did not appear to cluster around silver or oxygen groups on the adsorbents. A 

control with Br- only (no adsorbents) showed that free Br- is retained by the filters, 

indicating that Br- found in the SEM/EDAX images not attached to carbon adsorbents is 

likely not free AgBr complexations. Chloride appears to be in clusters similar to silver 

clusters on the adsorbent surface, indicating that there may be complexation of AgCl on 

the carbon adsorbent surfaces. EDAX mapping has a detection limit of < 0.1%, so more 

silver that is not detectable is likely present on the adsorbent surface. There was also some 

silver present on the filters, which may indicate free Ag+ in solution. ICP-MS data was 

collected for Ag+ in solution and verified that Ag+ leached off the adsorbents.   

To determine if Ag+ leaches into solution and forms AgBr complexations, we 

conducted a Ag+ leaching test for 1mM NaHCO3 and Natural CAP water with and without 

Br- present. In Table 4-2, we explored the potential leaching of Ag+ into solution. When 

we compare the leaching of Ag+ in 1mM NaHCO3 and CAP Water. In 1mM NaHCO3 

water, PAC-Ag and MH-Ag release 12.7 mg/g carbon and 9.9 mg/g carbon, respectively. 

In CAP water, PAC-Ag releases 3.6 mg/g carbon and MH-Ag releases 7.5 mg/g carbon. 

We observe that the amount of Ag+ leached into solution from PAC-Ag is more hindered 

by CAP water than MH-Ag. This demonstrates that the competing ions and NOM in CAP 
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water prohibit the release of Ag+ into solution and is likely the reason why PAC-Ag 

performs worse than MH-Ag in complex waters.  

When we compare the leaching of Ag+ in 1mM NaHCO3 with and without Br- 

present, the amount of Ag+ present for all three adsorbents decreases significantly, 

indicating that the Ag+ that leaches into solution likely complexes with Br-, forming AgBr 

complexes and precipitating out of solution. This is also observed in Natural CAP water 

with and without Br- present. Lower amounts of Ag+ remain in CAP water than in 1mM 

NaHCO3 water, indicating that Ag+ is also likely complexing with Cl- in solution, forming 

both AgBr and AgCl precipitates.  

The SEM/EDAX and silver leaching results illustrate that the likely potential 

mechanism for bromide removal by PAC-Ag, MH-Ag, and Tour-Ag is the leaching of Ag+ 

into solution and the complexation of AgBr precipitates. Additional future research is 

needed to determine the exact mechanisms at play for bromide removal by silver 

impregnated carbon adsorbents 

4.4.10. Environmental Implications and Research Needs  

Carbon adsorbents without silver impregnation were unable to remove Br- from surface 

water. In buffered ultrapure waters spiked with Br-, all Ag+ impregnated carbon adsorbents 

performed well; however, the introduction of competing ions (Cl-) and organics (NOM) 

and the use of natural CAP water significantly reduced the ability of PAC-Ag to remove 

Br- from surface waters, which we attributed to its porous nature. The sheet-like structure 

of MH-Ag and Tour-Ag provided the advantage of reducing the competition for adsorption 

sites compared to PAC-Ag. They performed as superior adsorbents for Ag+ based Br- 
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removal. Both MH-Ag and Tour-Ag showed the ability to remove more Br- than PAC-Ag 

when competing ions and organics were present. All three silver impregnated adsorbents 

reduced Br- in surface water when used in conjunction with alum during coagulation and 

flocculation, making silver impregnated GO a viable technology to be introduced into the 

current treatment processes framework of water treatment facilities. The mechanism for 

Br- removal by silver impregnated GO appears to be initiated by Ag+ leaching into solution, 

complexing with Br-, and forming and precipitating AgBr salts. In complex waters with 

chloride and/or NOM present, AgCl(s) or Ag-NOM complexes likely compete with AgBr 

reactions. The likely minor pathways for Br- removal are by Br- complexing with Ag+ on 

the adsorbent surface, which are shown in the SEM/EDAX images (Figure 4-4). 

 Future research should address the need to improve the Br- removal capacity of Ag+ 

impregnated GO. Despite the improved performance of GO-Ag, Br- removal efficiency is 

still far from the theoretical molar ratio of Ag:Br of 1:1. To improve the economic viability 

of this new Br- removal process, future research should examine new materials and process 

designs that improve the Br- removal per amount of Ag+ added as well as the recovery and 

regeneration of silver on these adsorbents. Changes in the material design, by changing the 

support structure or the silver impregnation process, are one possible development avenue. 
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Table 4-1. Characterization of Carbonaceous Adsorbents. XPS refers to X-ray 

Photoelectron Spectroscopy. BDL refers to below instrument detection limit. *Images are 

in the supplemental information. 

 

  

Adsorbents Raman Defects* (D:G 
Ratio) 

XPS* 
(C:O 
Ratio) 

Silver 
Content  

(Dry Mass 
%) 

BET Surface Area 
(m2 g-1) 

PAC 
(Oxidized) 1.023 7.310 0.4 ± 0.1 716 

PAC-Ag 1.037 - 5.8 ± 1.2 344 
MH 0.982 1.932 0.0 ± 0.0 0.55 

MH-Ag 1.038 - 4.9 ± 0.6 BDL 

Tour 0.823 1.787 0.0 ± 0.0 9.38 

Tour-Ag 0.939 - 12.6 ± 3.3 BDL 
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Table 4-2. Quantification of Ag+ Released into Solution from Carbon Adsorbents after 4 

Hours of Mixing. 24 Hour acid digestion with nitric acid was conducted to approximate 

total silver content. Natural CAP water refers to natural river water managed by the Central 

Arizona Project. 

 

 

 

 

 

  

Batch Bottle Leaching Test Ag+ Concentration  
(mg Ag+ / g Adsorbent) 

 PAC-Ag MH-Ag Tour-Ag 
2% HNO3 Digestion (T=24Hrs) 55.6 ± 11.7 49.2 ± 5.8 126.2 ± 32.7 
1 mM NaHCO3 (T=4Hrs) 12.7 ± 1.6 9.9 ± 1.2 25.6 ± 2.1 
1 mM NaHCO3 + 200 µg L-1 Br- (T=4Hrs) 2.2 ± 0.0 1.8 ± 0.0 1.9 ± 0.1 

Natural CAP Water + 200 µg L-1 Br- (T=4Hrs) 0.3 ± 0.0 0.4 ± 0.1 0.8 ± 0.2 
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Figure 4-1. The removal of spiked Br- (200 µg L-1) in 1mM NaHCO3 by 25 mg L-1 of 

adsorbents after mixing for 4 hours. The white bars correspond to the left axis (% removal 

of Br-), and the grey bars correspond to the right axis (Br- removal capacity per mol of 

silver). The data represent average of experiment triplicates with error bars (total 1 standard 

deviation). Letters above bars indicate no statistical significance between data sets (one-

way analysis of variance, 95% CI, ANOVA). 
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Figure 4-2. The removal of spiked Br- (200 µg L-1) in four different water matrices by 25 

mg L-1 of Ag+ impregnated PAC and GO after mixing for 4 hours in polypropylene batch 

bottles. The water matrix chemistry is provided in the legend. The white bars correspond 

to the left axis (% removal of Br-), and the grey bars correspond to the right axis (Br- 

removal capacity per mol of silver). The data represent average of experiment triplicates 

with error bars (total 1 standard deviation). Letters above bars indicate no statistical 

significance between data sets (one-way analysis of variance, 95% CI, ANOVA). 
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Figure 4-3. Removal of spiked Br- (200 µg L-1) in natural CAP water by 25 mg L-1 of Ag+ 

impregnated PAC and GO after jar tests with 28 mg L-1 alum. The white bars correspond 

to the left axis (% removal of Br-), and the grey bars correspond to the right axis (Br- 

removal capacity per mol of silver). The data represent average of experiment triplicates 

with error bars (total 1 standard deviation). Letters above bars indicate no statistical 

significance between data sets (one-way analysis of variance, %95 CI, ANOVA).  
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Figure 4-4. SEM images of PAC-Ag, MH-Ag, and Tour-Ag in 1 mM NaHCO3 with 200 

ug L-1 bromide and 20 mg L-1 chloride. Each figure is on the same scale (top right figure). 

Each column corresponds to an individual adsorbent. The first row is of SEM images with 

no EDAX elemental scanning, and the other rows show silver, bromide, chloride, or 

oxygen from EDAX elemental scanning. The EDAX scans can be found in Figure S3.  
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4.6. Supplemental Information 

Synthesis of Graphene Oxide from Graphite 

Graphene oxide was synthesized from graphite using the MH (modified Hummer’s 

method)30 and the Tour methods31. For the MH method, SP-1 graphite powder (1.0 g) was 

dispersed in concentrated sulfuric acid (5 mL) and pre-oxidized using K2S2O8 (1.0 g) and 

P2O5 (1.0 g). This suspension was maintained at 80 ºC for 4.5 h, poured into 160 mL of DI 

water, and allowed to rest and cool to room temperature overnight. The pre-oxidized 

graphite powder was collected by vacuum filtration on a 0.45 µm Polytetrafluoroethylene 

(PTFE) membrane (Millipore), washed extensively with deionized (DI) water, and dried 

overnight at room temperature. The pre-oxidized graphite was then placed in concentrated 

sulfuric acid (40 mL), and KMnO4 (5.0 g) was slowly added to the graphite suspension, 

with the temperature closely monitored to avoid an increase above 10 ºC by using an ice 

bath. After the KMnO4 addition, the mixture was slowly heated to 35 ºC and left to react 

for 2.5 h. DI water (77.0 mL) was then slowly added into the suspension, not allowing the 

temperature to exceed 50 ºC. After water addition, the mixture was left to react for an 

additional 2 h at room temperature. The solution was then poured into 240 mL of DI water, 

and 4.2 mL of H2O2 (30%) were added, which turned the solution a bright yellow color. 

The solution was kept at room temperature for 2 days, and the precipitate was recovered 

by centrifugation (12,000 x g, 30 min) and washed with 100 mL of a 1:10 HCl solution 

(2x) and DI water to remove residual chemicals. The resulting material was re-suspended 

in DI water and dialyzed with Fisherbrand® dialysis tubing (molecular weight cut-off 3,500 
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Da) for 3 days for additional purification. The final dark brown graphite oxide suspension 

was dried by lyophilization (5 days) and stored at room temperature until use. 

For the Tour method, graphite (1.0 g) was added to 200 mL of a 9:1 mixture of 

H2SO4:H3PO4 and bath sonicated (M3800 Branson Ultrasonic Bath, Emerson, Danbury, 

CT) for 5 min. The reaction vessel was placed in an ice bath, and KMnO4 (6.0 g) was added 

to the mixture under constant stirring. The solution was then slowly heated to 50 ºC and 

stirred for 12 h. The temperature was strictly kept at 50 ºC because Mn2O7, formed by 

adding KMnO4 to a concentrated sulfuric acid, can detonate at temperatures higher than 55 

ºC. Next, the solution was cooled to room temperature overnight and poured into iced DI 

water (~400 mL) with 3 mL of H2O2. The precipitate was then washed in succession with 

100 mL of DI water (2x), 100 mL of 1:10 HCl (2x), and 100 mL of DI water. After each 

washing step, the mixture was centrifuged (12,000 x g, 30 min) and the supernatant 

decanted until the pH was equivalent to that of the DI water (~4.0). Next, the material was 

purified by dialysis (3,500 Da membranes) for 72 h. Finally, the dark brown product was 

dried by lyophilization (5 days) and stored in a sealed Falcon tube at room temperature 

until use.   

Oxidation of Powder Activated Carbon 

A suspension was made by combining six grams of powdered activated carbon (20B, Norit 

Americas Inc., Atlanta, GA, USA) and 150 mL of 15.7 N HNO3 solution in an Erlenmeyer 

flask. This suspension was then heated and stirred on a magnetic stirrer with hot plate at 

~90 ºC for 1 h. The flask was removed from the hot plate and cooled down to room 

temperature. The suspension was then vacuum filtered to remove the PAC from the 
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solution through 0.7 µm GF/F grade filter paper. The oxidized PAC accrued on the filter 

paper was rinsed with 500 mL of nanopure water several times until the pH of the rinse 

solution remained constant to ensure excess acid was removed. The oxidized and rinsed 

PAC was dried at 90 ºC under vacuum and stored in a sealed container at room temperature. 

Silver Impregnation of Carbon Materials 

To impregnate the carbon materials with silver, each carbon (200 mg) was soaked in 10 

mL of 0.5 M AgNO3 solution. The carbon-silver slurries were stirred for two days at 150 

rpm at room temperature. Then they were centrifuged for 30 minutes at 12,000 G. The 

supernatants were removed from the centrifuge tubes by Pasteur pipettes and replaced with 

50 mL of nanopure water for rinsing. The carbon slurries with nanopure water were re-

suspended with vortex mixer and separated by repeating the centrifuge step. To ensure 

removal of excess silver, each rinse was repeated three times. The silver impregnated 

carbons were dried at 90 ºC under vacuum and stored in a sealed container at room 

temperature.   
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Table S1. Colorado River (Central Arizona Project (CAP)) Surface Water Background 

Chemistry* ND is non-detect in sample. Detection limits are provided next to non-detect 

samples. 

General Chemistry Analytes Units 
Concentration  
(January 2017) 

Alkalinity as CaCO3  mg/L 125 
Ammonia Nitrogen mg/L ND (DL 0.05) 
Barium, Total, ICAP/MS µg/L 140 
Bromide µg/L 85 
Calcium, Total, ICAP mg/L 76 
Chloride mg/L 93 
Copper, Total, ICAP/MS µg/L ND (DL 2.0) 
Iron, Dissolved, ICAP mg/L ND (DL 0.02) 
Iron, Total, ICAP mg/L 0.16 
Magnesium, Total, ICAP mg/L 27 
Manganese, Total, ICAP/MS µg/L 6.1 
Nitrate as Nitrogen by IC mg/L 0.28 
Orthophosphate as P mg/L 0.32 
Potassium, Total, ICAP mg/L 4.8 
Silica mg/L 9.9 
Sodium, Total, ICAP mg/L 94 
Specific Conductance (@25 ºC)  µS/cm 1000 
Strontium, ICAP mg/L 1.1 
Sulfate mg/L 240 
Total Dissolved Solids (TDS) mg/L 660 
Total phosphorus as P mg/L ND (DL 0.02) 
Total Suspended Solids (TSS) mg/L ND (DL 10.0) 
Turbidity NTU 1.1 
Temperature °F 65 
Dissolved Oxygen mg/L 10.36 
pH - 8.1 
* Data from http://www.cap-az.com/departments/water-operations/water-quality 
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Table S2. Batch Bottle Experimental Matrices 
 

Additives Synthetic 
Water 

Chloride-
spiked 

Synthetic 
Water 

Chloride- and 
NOM-spiked 

Synthetic Water 

Natural 
CAP 

Water 

NaHCO3 (1 mM) X X X  
Bromide (200 µg/L) X X X X 
Chloride (20 mg/L)  X X  

NOM (10 mg/L)     X   
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Figure S1. Raman Spectroscopy of Ag+ Impregnated and Non-Impregnated 
Carbonaceous Additives 
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Figure S2. Bromide Removal as a Function of Ag+ Loading on Carbon Adsorbents. “X” 
in each dataset represents the mean for that dataset. 
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Figure S3. EDAX of Carbon Adsorbents Imaged on SEM. Experimental matrix is 1 mM 
NaHCO3 spiked with 200 µg/L Br- and 20 mg/L Cl-.  
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SEM/EDAX of Nylon Filters with no Carbon Adsorbents Present in Solution 
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CHAPTER 5: ANAEROBIC EFFECTS OF COLLOIDAL NANO-SILVER AND 

IONIC SILVER ON THE GUT MICROBIOME UNDER REALISTIC 

EXPOSURE CONDITIONS 

• This chapter has not been published.  Contributing Authors are Kidd, J., Ilhan, E., 
Krajmalnik-Brown, R., and Westerhoff, P. Target Journal: Environmental Science: 
Nano. 

• My author contribution: Approximately 75% of the research and 90% of the text 
 

5.1. Abstract 

Two colloidal nanosilvers and an ionic silver were added to an anaerobic fecal consortium 

to contrast their impacts on the structure and function of fecal microbes after 24 hours of 

exposure. Silver doses (0.02, 0.2, and 2.0 mg L-1)  were selected to represent realistic 

exposures for oral dietary silver products. We observed decreasing shifts in gastrointestinal 

media pH and short chain fatty acid (SCFA) production after 24 hours. Gut flora species 

diversity was found to decrease when exposed to dietary nanosilver and ionic silver. There 

were also observable changes in the frequencies of gut flora at the phylum level. After 24 

hours of silver exposure, there were observable decreases in Firmicutes, Actinobacteria, 

Bacteriodes, and Cyanobacteria, while also being observable decreases in Proteobacteria. 

Silver distribution tests with and without mucin present show that when gastrointestinal 

media contains mucin, there is a higher attachment of nanosilver and ionic silver to large, 

undissolved organic molecules in the media. When mucin is not present, there is a lower 

attachment of nanosilver and ionic silver to large, undissolved organic molecules in the 

media These results indicate that nanosilver and ionic silver exposures to fecal microbes 
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reduce SCFA production and biodiversity of fecal microbes. Mucin in gastrointestinal 

media results in less silver free in gastrointestinal media. 

 

 

5.2.Introduction 

Engineered silver (Ag) ENMs are used consumer products and dietary supplements due to 

their redox-driven dissolution potential and release of silver ions, which provides 

antimicrobial properties. Despite their growing global use, Ag ENMs remain poorly 

understood to both regulators and scientists as there is little consensus on how Ag ENMs 

behave in the human body and the magnitude of which their use may contribute to 

gastrointestinal microbial resistance. Oral consumption and exposure of colloidal 

nanosilver can result in the flow of nanosilver and ionic silver from the mouth into the 

gastrointestinal (GI) tract. The GI tract is an important physical and biological barrier 

against Ag ENMs entering the circulatory system and the antimicrobial properties of Ag 

ENMs and associated silver ions may disrupt host homeostasis. 

 Recent studies have examined the sensitivity and impact of the human gut 

microbiome on overall human wellness. The gut microbiome plays a large role in host 

digestion and nutrition, influence immune system homeostasis, influence on cardiovascular 

diseases, link between changes in gut microbiome to changes in mood perceptions in the 

central nervous system (microbiome-gut-brain axis). Ag ENMs have been shown to cause 

microbial toxicity in aerobic environments due to the oxidation of Ag ENMs into their 

ionic Ag+ state which is the main theorized mechanism of microbial toxicity of Ag ENMs. 
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Little research has been done to examine Ag ENM toxicity to gut microbiomes in their 

natural anaerobic environment where the lack of oxygen reduces the likelihood of Ag 

oxidation, and the complex matrix of biomolecules facilitates heteroaggregation of Ag 

ENMs to mucin.  

The goal of this research was to determine if Ag ENMs impact the diversity and 

function of a consortium of fecal microorganisms differently than ionic silver under 

realistic exposure conditions. Specific objectives included (1) characterization of two 

different, commercially available Ag ENMs and a commercially available ionic silver in 

gastrointestinal media, (2) determination of in vitro changes of fecal microorganism 

diversity after 24 hours of silver exposure by extracting microbial DNA from batch bottles 

and conducting DNA sequencing, (3) determination of changes in fecal microorganism 

activity by measuring short chain fatty acid (SCFA) production after 24 hours of silver 

exposure through biochemical characterization, (4) determination of the association of Ag 

ENMs and ionic silver to biomolecules present in gastrointestinal media after 24 hours of 

silver exposure. 

5.3.Materials and Methods 

5.3.1.Nanoparticle Selection and Characterization 

Well-studied commercial grade citrate coated Ag (NanoComposix, NanoXact AGCN40) 

was selected as a control Ag nanoparticle. A dietary supplement Ag was purchased from 

Purest Colloids, and has previously been well characterized. Silver nitrate (Sigma Aldrich, 

CAS #7761-88-8) was used as a source of ionic silver. Characterization for the citrate 

coated Ago was provided by NanoComposix. Characterization for colloidal Ago was 
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previously reported in as the manufacturer (PurestColloids) only provides the 

hydrodynamic diameter of the Ag using dynamic light scattering. The characterization of 

both silver nanoparticles can be found in detail in the SI. 

5.3.2. Preparation of Bench Scale Batch Serum Bottles 

Gastrointestinal growth medium was made following the protocol from McDonald et al. 

2013 for their twin-vessel single-stage chemostat model. A table of reagents for the media 

can be found in the SI. The growth medium was prepared to a volume of 5 liters and 

sterilized. After preparing the medium anaerobically under a stream of 20/80 % CO2/N2 

gas, we distributed 100 mL of medium into triplicate 125-mL serum bottles for each testing 

condition and then adjusted the pH to 6.9-7.0 with 10% hydrochloric acid. Before 

inoculation of fecal inoculum, we flushed the headspace of the bottles with 20/80% 

CO2/N2 gas and equilibrated the bottle contents to atmospheric pressure (1 atm).  

5.3.3. Collection and Preparation of Fecal Inocula 

Fresh fecal samples were immediately placed into a -80C freezer upon collection. 

Approximately 500 mg of fecal material was pulled from each donor sample and mixed 

into 100 mL of anaerobic growth media to create a 10% (w/v) fecal slurry. The slurry was 

incubated at 37C on a rotational shaker for 24 hours. Approximately 1 mL of slurry was 

then transferred to a clean anaerobic growth media batch bottle and was incubated at 37C 

for 24 hours. This transfer process was repeated for a total of 5 transfers. At each inoculum 

transfer, the volume of gas produced was measured to ensure the fecal inoculum was 

acclimated to the media. The resulting fecal slurry after the 5 transfers was used as the 
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inoculum for the study. For batch bottles that required fecal inocula, 1 mL of inocula was 

added to 100 mL of sterile anaerobic growth media  

5.3.4. Inoculation, Operation, and Sampling 

Two rounds of testing were conducted for this study. A breakdown of testing parameters 

for each batch bottle can be found in Table S1. In the first study, we tested a variety of 

different experimental variables in triplicate (n=108). We tested three different silver types 

at three different silver concentrations (0.02, 0.2, and 2 mg L-1). These batch bottle samples 

were tested in gastrointestinal media with and without fecal inoculum present. Control 

samples (n=30) were made and tested for nanosilver in anaerobic water, gastrointestinal 

anaerobic media without silver, and gastrointestinal anaerobic media with inoculum and 

without silver. The second study focused on the role of mucin within gastrointestinal 

media. The three different silver were added to triplicate batch bottles with fecal inoculum 

and no mucin at a concentration of 2 mg L-1. Triplicate control samples (n=12) were 

gastrointestinal media (no mucin) with only the fecal inoculum and gastrointestinal media 

(no mucin) with only the silver added. Additional control experiments were run with mucin 

in anaerobic DI water. The three different silver were added to triplicate batch bottles at a 

concentration of 2 mg L-1. 

 After batch bottle experiments had been incubated for 24 hours, the batch bottles 

were collected for sampling. Each bottle was inverted, and 1.5 mL of sample was taken 

using a syringe for each characterization parameter. The 1.5 mL samples were transferred 

to 2 mL centrifuge vials and stored at -80C until biochemical characterization analysis. 

5.3.5. Biochemical Characterization 
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The pH of the aliquots collected for both time-points of 0 hours and 24 hours was measured 

using a pH meter (ThermoScientific Orion).  In order to perform electron-equivalent mass 

balances, we used a HACH COD analysis kit (HACH Co, Loveland, CO, U.S.A) to 

measure the total chemical oxygen demand (COD) of the aliquots before filtering and 

soluble COD using after filtration with 0.2-μm PVDF membranes (Acrodisc, LC 13 mm 

syringe filter) at both time-points of 0 hours and 24 hours. We calculated the electron 

equivalents of fermentation end products using the stoichiometric equations as specified in 

Rittmann and McCarty (Rittmann & McCarty, 2001). In order to determine short chain 

fatty acid (SCFA) fermentation end products, we diluted the aliquots into 10 mL of de-

ionized water. After vortexing at least 1 min or until the sample was thoroughly 

homogenized, we collected 1.5 ml of the homogenized sample and centrifuged it at full 

speed (16,100 × g) for 15 min at 4 °C. Then, we filtered supernatants through 0.2-μm 

PVDF membrane filters and analyzed filtrates using High-Pressure Liquid 

Chromatography (HPLC) (LC-20AT, Shimadzu) equipped with a carbohydrate column 

(Aminex HPX-87H column, Biorad) as previously described (Lee et al., 2008). Short-chain 

fatty acids (acetate, formate, butyrate, isobutyrate, isovalerate, valerate, propionate, lactate) 

were analyzed using 5 mM H2SO4 as the eluent, a 0.6-ml/min-flow rate, a column 

temperature of 50oC, and a 50-min run time. Hydrogen gas was measured from 200 µL gas 

samples from the headspace of the batch bottles using a Shimadzu GC equipped with a 

thermal conductivity detector (GC-TCD). Statistical analysis was carried out using 

ANOVA followed by a post hoc chi-square test using the XLSTAT add-on in Microsoft 

Excel. For all analyses the level of significance was set at 5% (p < 0.05). 
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5.3.6. Silver Distributions in Gastrointestinal Media 

Ag distributions in gastrointestinal media were studied through a filtration series of 

gastrointestinal media in batch bottles that were spiked with silver. 1mL of stock solution 

for each Ag type was added to 99mL of gastrointestinal media resulting in final silver 

concentrations of 0.02, 0.2, and 2.0 mg L-1. The batch bottles were agitated for 24 hours 

under similar conditions to the initial study. Separate control vials of anaerobic water 

(99mL) were spiked with each Ag and analyzed with ICP-MS for Ag concentrations to 

estimate starting silver concentrations at T=0hrs and T=24hrs. Aliquots of 17mL of 

gastrointestinal media was collected for each batch bottle. Approximately 2mL of media 

was taken and stored for future analysis, while the remaining 15mL of media was filtered 

through 0.45-micron Whatman Nylon filters (Sigma Aldrich) to remove non-dissolved 

large organics. Approximately 2mL of media was taken and stored for future analysis, 

while the remaining 13mL of media was filtered through 30 kDa centrifugal ultrafilters 

(Millipore, Ultracel Regenerated Cellulose Membrane, >90% recovery, Burlington, MA, 

USA) to remove dissolved organics from the media. Approximately 2mL of media was 

taken and stored for future analysis after filtration. Analysis of silver concentrations was 

conducted by 2% HNO3 acidification of samples followed by ICP-MS. A mass balance of 

Ag was conducted by quantifying the mass of Ag in media before and after each filtration 

step. 

5.3.7. DNA Extraction and Sequencing 

Microbial DNA was extracted from the aliquots sampled and saved from the batch bottles 

using a DNeasy® PowerSoil® Kit (Qiagen, CA) and followed the manufacturer’s protocol 
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with no modifications. Bacterial community analysis was performed via next generation 

sequencing in MiSeq Illumina platform. Amplicon sequencing of the V4 region of the 16S 

rRNA gene was performed with the barcoded primer set 515f/806r designed by Caporaso 

et al. 2012 and following the protocol by the Earth Microbiome Project (EMP) 

(http://www.earthmicrobiome.org/emp-standard-protocols/) for the library preparation. 

PCR amplifications for each sample were done in triplicate, then pooled and quantified 

using Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen). 240 ng of DNA per sample 

were pooled and then cleaned using QIA quick PCR purification kit (QIAGEN). The PCR 

pool was quantified by Illumina library Quantification Kit ABI Prism® (Kapa Biosystems). 

The DNA pool was determined and diluted to a final concentration of 4 nM then denatured 

and diluted to a final concentration of 4 pM with 30% of PhiX. Finally, the DNA library 

was loaded in the MiSeq Illumina sequencer using the chemistry version 2 (2x150 paired 

end) and following the directions of the manufacturer 

5.4. Results and Discussion  

5.4.1. Changes in pH levels after 24 Hours of Silver Exposure 

The pH of the gastrointestinal media was measured before and after 24 hours of Ag 

exposure. Figure 1A shows the comparison of pH levels for samples exposed to the three 

different Ag at three different concentrations. Abiotic control samples showed no 

significant decrease in pH levels after 24 hours of Ag exposure. There was no significant 

decrease in pH values for gastrointestinal media spiked with fecal microorganisms and 

each Ag type at concentrations of 0.02 mg L-1 and 0.2 mg L-1. For gastrointestinal media 

spiked with fecal microorganisms and each Ag type at a concentration of 2 mg L-1, there 
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was a significant decrease in gastrointestinal pH compared to the control samples with no 

silver added (Figure 5-1A). Prior studies have shown that shifts in pH can influence the 

aggregation behavior of Ag nanoparticles, with the aggregation rate of Ag increasing with 

a decreasing pH in simulated gastric fluids [REF]. Alterations in pH levels in 

gastrointestinal media can impose selective pressure on fecal microorganism growth and 

the production and distribution of SCFA fermentation end products. Specifically, butyrate 

production typically occurs at mildly acidic pH levels [REF], while propionate production 

typically occurs at neutral pH [REF], and acetate production occurs at a range of pH 

depending on the microorganism that is producing acetate.   

5.4.2. Changes in SCFA Production after 24 Hours of Silver Exposure 

Fecal microbes can form metabolic networks in biofilms and their tolerance to changes in 

pH can alter SCFA production and alter other metabolic processes. The production of the 

SCFAs butyrate, propionate, and acetate were compared after 24 hours of Ag exposure at 

three different concentrations (Figure 5-1B). There was no statistically significant decrease 

in propionate production regardless of Ag type or concentration after 24 hours of exposure. 

There was a statistically significant decrease in butyrate production for all three Ag types 

at concentrations of 2 mg L-1 after 24 hours of exposure; however, there was no decrease 

in butyrate production for Ag concentrations of 0.02 mg L-1 and 0.2 mg L-1. There was a 

statistically significant decrease in acetate production for all three Ag types at 

concentrations of 0.2 mg L-1 and 2 mg L-1; however, there was no decrease in acetate 

production for Ag concentrations of 0.02 mg L-1. 

5.4.3. Impact of Mucin on Distribution of Silver in Gastrointestinal Media  
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Intestinal mucin found in gastrointestinal media may be a hotspot for Ag association due 

to its barrier properties. Prior studies have shown that mucus is able to trap 200-nm Ag 

ENMs, reducing their interaction with the cellular membrane, resulting in lower levels of 

oxidative stress [REF]. Batch bottle studies were conducted to determine the association 

of Ag with and without mucin present. Filtration tests using 0.45-micron Nylon (removes 

non-dissolved organics) and 30kDa centrifugal filters (removes dissolved organics) were 

conducted to determine how much Ag is retained by and passes through each filter. Control 

samples with Ag-spiked DI water show that the majority of the three Ag pass through both 

filters (>99% recovery). In the presence of mucin, 87% of dietary Ag is retained by the 

0.45-micron filter, and 12% of dietary Ag is further retained by the 30kDa filter. With no 

mucin present, 72% of dietary Ag is retained by the 0.45 micron-filter, and 23% of dietary 

Ag is further retained by the 30 kDa filter. For dietary silver, less than 1% of dietary Ag 

passes through the 30kDa filter when mucin is both present and not present in 

gastrointestinal media. In the presence of mucin, 95% of Ag-citrate is retained by the 0.45-

micron filter, and 5% of Ag-citrate is further retained by the 30kDa filter. With no mucin 

present, 77% of Ag-citrate is retained by the 0.45 micron-filter, and 17% of dietary silver 

is further retained by the 30 kDa filter. For Ag-citrate, less than 1% of silver passes through 

the 30kDa filter when mucin is present and less than 5% of Ag-citrate passes through the 

30kDa filter when mucin is not present in gastrointestinal media. In the presence of mucin, 

94% of Ag-citrate is retained by the 0.45-micron filter, and 5% of Ag-citrate is further 

retained by the 30kDa filter. With no mucin present, 78% of Ag-citrate is retained by the 

0.45 micron-filter, and 20% of dietary silver is further retained by the 30 kDa filter. For 



    
 

119 

Ag-citrate, less than 1% of silver passes through the 30kDa filter when mucin is present 

and less than 2% of Ag-citrate passes through the 30kDa filter when mucin is not present 

in gastrointestinal media. Because 0.45-micron filters are designed to remove non-

dissolved organics, it is likely that the majority of each Ag in gastrointestinal media is 

associating with large non-dissolved organics (e.g. microbes, mucin). Additionally, there 

is an increase in each Ag that passes through the 0.45-micron filter when no mucin is 

present, which means that mucin is likely attributing to the high fraction of Ag retained by 

the 0.45-micron filter. 

5.4.4. Effect on Gastrointestinal Microbiome Diversity  

The fecal microorganism community biodiversity was evaluated using alpha rarefaction 

curves to determine species diversity for samples exposed to nanosilver and ionic silver 

(Figure 5-3). The Shannon Index Value, used to normalized community diversity as a 

function of sampling depth, of our control samples with no silver exposure was 2.10. We 

found that silver citrate exposure resulted in the lowest species richness, with a Shannon 

Index Value of 1.75. We found dietary silver (SIV = 2.38) and ionic silver (SIV = 2.37) to 

have a higher species diversity than our control gut flora.  

 Figure 5-4 shows the taxonomic bar chart for fecal microorganism community 

relative frequencies. For initial fecal microorganism stock community and primed fecal 

microorganism stock frequencies, there are high frequencies of Proteobacteria (~87%), 

which is commonly attributed to unhealthy communities or communities that are under 

stress [REF]. For control samples that were inoculated into gastrointestinal media for 24 

hours without silver exposure, the fecal community relative frequency for Proteobacteria 
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decreases (~46%), while Firmicutes (~39%), Actinobacteria (~12%), and Bacteriodetes 

(~1%) increased compared to the stock fecal microorganisms. The relative frequencies of 

these samples is more aligned with prior studies that have evaluated fecal microorganism 

community diversity [REF]. For samples exposed to silver for 24 hours, the relative 

frequency of Proteobacteria increases compared to the control samples with no silver, while 

the relative frequency of Firmicutes, Actinobacteria, and Bacteriodetes decreases for all 

silver types and concentrations. This indicates that silver, regardless of type or 

concentrations elicits a selective pressure upon fecal microorganism communities.  

5.5.Conclusions 

Fecal microorganisms, after exposure to nanosilver and ionic silver for 24 hours, exhibit 

decreased pH and SCFA production. We observed decreases in pH and SCFA production 

of acetate and butyrate at nanosilver and ionic silver concentrations of 2 mg L-1, which is 

the high range for expected concentrations of silver in the gut microbiome upon oral 

ingestion of dietary nanosilver supplements. Alpha rarefaction curves highlight that species 

diversity within the fecal microorganism community decreases when exposed to Ag-citrate 

and increases when exposed to dietary-Ag and ionic-Ag. Taxonomic bar charts show that 

silver exposure to fecal microorganisms for 24 hours alters the relative frequency of 

phylum-level microorganisms. These results indicate that silver, both in the nano form and 

ionic form, has an effect on the structure and function of fecal microorganisms and it will 

be important moving forward to understand the interactions between gastrointestinal 

media, mucus, fecal microbes and silver so that we can develop mathematical models and 

understand the mechanisms of nanosilver and ionic silver in this complex system. 
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Figure 5-1. Changes in gastrointestinal (A) pH and (B) SCFA production after 24 hours of 

exposure to three silver types and concentrations.  
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Figure 5-2. Ag distributions in gastrointestinal media with and without mucin after 24 

hours of exposure 
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Figure 5-3. Alpha rarefaction curves of fecal microorganism communities to assess species 

richness after exposure of microorganisms to silver. 
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Figure 5-4. Relative frequencies of fecal microorganisms (phylum level) in control and 

experimental samples after 24 hours of silver exposures.  
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CHAPTER 6. SOCIETAL IMPLICATIONS OF NANO: PUBLIC PERCEPTIONS 

REGARDING THE USE OF NANOMATERIALS FOR DRINKING WATER 

TREATMENT 

• This chapter has not been published.  The manuscript was sent to NanoImpact, has been 
reviewed, and re-submitted with corrections. Contributing Authors are Kidd, J., 
Westerhoff, P., and Maynard, A. 

• My author contribution: Approximately 100% of the research and 90% of the text 
 

6.1. Abstract 

Incorporating nanomaterials into point-of-use (POU) in-home water purification devices 

that treat well water or centrally-treated tap water offers new opportunities to meet growing 

customer demand for aesthetically pleasing and higher quality drinking water. While the 

technical performance and potential for nanomaterial release from POU devices have been 

studied, little is known about public acceptance of devices that use nanotechnology. We 

administered an 18-question survey of 1623 participants in four metropolitan areas—

Phoenix, AZ (N=362); Houston, TX (N=380); Atlanta, GA (N=419); and Philadelphia, PA 

(N=415)—and one rural Arizona region (N=47) to assess perceptions around using 

nanomaterial-enabled POU devices. Approximately 90% of survey respondents had little 

to no prior knowledge of nanomaterials or their use in numerous consumer products 

ranging from POU water treatment devices to clothing or baby products. Survey 

respondents were more likely to purchase conventional drinking water purification devices 

than ones containing nanomaterials, but the majority of survey respondents (~64%) 

claimed they would likely or probably change their opinions around using nanomaterials 

to treat their drinking water if they were given more information about nanomaterials and 
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their role in treating drinking water. The results indicate that respondents are willing to 

change their minds if they are provided information around nanomaterials and their use in 

in-home water purification. When we incorporated responses regarding previous 

knowledge of nanomaterials, we found that the less knowledge respondents had of 

nanomaterials, the more willing they would be to use them to treat their drinking water. 

65% of respondents with prior knowledge of nanomaterials were unwilling to drink water 

treated with nanomaterials. Respondents considered the safety of the device as being most 

important to them, followed closely by treated water taste. 30% of respondents stated that 

they would purchase the drinking water purification product with nanomaterials if it 

worked as effectively as a competitor and was half the price. 26% of respondents stated 

that they would purchase the drinking water purification product with nanomaterials if it 

worked twice as effectively as a competitor and was half the price.  The findings are 

discussed in regard to specific adoption of nanotechnology in drinking water and also 

broader adoption and acceptance of emerging technologies that hold promise to improve 

environmental outcomes. 

6.2. Introduction 

Technical, economic, and customer aesthetic preferences are influencing treatment, 

distribution, and consumption of clean drinking water. Drinking water quality is affected 

by the emergence of previously un-monitored pollutants.1,2 Aging infrastructure3,4 is 

increasing the incidence of lead and copper contamination and is also increasing the 

presence of potentially harmful disinfection byproducts.5,6 Unregulated chemicals that 

affect taste or odor aesthetics of water influence the public’s preference to drink bottled 
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water or utilize point-of-use (POU) treatment devices (e.g., ion exchange, reverse osmosis, 

activated carbon) to purify municipal tap water.1-11 In the United States of America (USA), 

over 40 million people rely on private wells as drinking water supplies,12 and many of these 

homes also use POU devices. For several economic and resilience reasons, there is also 

increasing decentralization of purification technologies in municipal water distribution 

systems.13 In response to these drivers, the POU market for drinking water devices exceeds 

$20M annually and is rapidly growing.14 Added functionality and product differentiation 

in POU devices are being developed to meet this growing global demand. 

Incorporating nanomaterials into POU water purification devices offers new 

opportunities to advance drinking water treatment.15-23 Precisely engineered nanomaterials 

can have physico-chemical properties (e.g., selective pollutant adsorption, catalytic 

surfaces, ferromagnetism, localized surface plasmon resonance)23-25 that lead to new and 

efficient drinking water purification processes. This specifically enables the advanced 

design of membranes,26,27 adsorption characteristics,28 electrochemistry,29,30 and 

functionalized surfaces and coatings.31 Nanosilver,32 carbon nanotubes,33 and other 

engineered nanomaterials34,35 are already being used in POU devices. Along with improved 

treatment of drinking water, additional emphasis has been placed on research projects that 

evaluate environmental health and nanomaterial safety,18 including the potential for 

nanomaterials to leach from devices into receiving waters36 and their potential implications 

for human health.37 Surveys conducted over a decade ago examined the risks and concerns 

of nanomaterial-based POU devices. However, the prior surveys focused on the lack of 

trust between consumers and the government as well as consumer perceptions that 
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nanomaterial-based POU devices were far from commercialization.38 The social 

acceptance and concerns associated with nanomaterial-enabled POU devices have not 

previously been explored, even though nanotechnology has continued to advance over the 

last decade and consumer perceptions within drinking water communities is a well-studied 

field.39 The potential economic and societal benefits of nanomaterial-enabled POU devices 

may not be realized if societal acceptance is not adequately addressed early in the 

development process.40 While the commercialization of nanomaterial-enabled POU 

devices is strongly influenced by expert opinions regarding their societal acceptability, 

consumer acceptance ultimately dictates the success or failure of a technology.41,42  

We present the results from a consumer survey that explored concerns and 

acceptance of nanomaterial-enabled POU drinking water purification devices. Our analysis 

is based on a public survey of 1623 participants in four states in the USA. The study 

objectives were to (i) determine if consumer demographics are related to perceptions 

around using nanomaterials in POU devices for water purification, (ii) determine consumer 

perceptions about their drinking water quality, (iii) determine consumer knowledge of 

nanomaterials and their perceptions of nanomaterials in POU devices for water 

purification, and (iv) compare consumer perceptions of nanomaterial-based POU water 

purification devices to conventional POU water purification devices. Navigating the 

landscape around consumer acceptances and nanotechnology barriers is complex and 

answering these objectives provide one potential explanation to these concerns and 

barriers, We discuss findings in regard to specific adoption of nanotechnology in drinking 
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water and also broader adoption and acceptance of emerging technologies  that hold 

promise to improve environmental outcomes.  

6.3. Methods 

6.3.1. Study Design and Sample Population 

This study used an 18-question survey to explore public perceptions of and attitudes toward 

nanomaterial-based POU water treatment devices. The survey was conducted via an online 

survey platform44 across four cities (Phoenix, AZ; Houston, TX; Atlanta, GA; and 

Philadelphia, PA) and one rural region (Northern Arizona) in the USA between July 1st and 

July 15th, 2018. Surveys were deployed by Survey Sampling International (SSI, 

headquartered in Shelton, CT). SSI’s “open-door” sourcing obtains its sample from panels, 

social media, online communities, and affiliate partners. SSI ensures data integrity through 

timestamps to flag “speeders” and quality control questions to identify inattention. Data 

authentication occurs through several steps, including digital fingerprinting and matches 

against third-party databases.  

A total of 1623 fully completed responses were collected: 362 responses were from 

Phoenix, AZ (pop.~4.8M), 380 from Houston, TX (pop.~6.9M), 419 from Atlanta, GA 

(pop.~5.9M), 415 from Philadelphia, PA (pop.~6.1M), and 47 from rural Northern Arizona 

(pop.~350K). These regions were selected to represent different climate zones and water 

resource availabilities.45 Rural northern Arizona was predetermined as an area of interest 

for one of the geographical regions we surveyed due to smaller populations and historically 

different drinking water sources than urban regions. Survey respondent locations were 

determined by postal code. Responses with a postal code located outside the five regions 
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of interest were discarded from the study. To ensure anonymity, respondents were given a 

unique identification number when completing the survey. Institutional Review Board 

approval was received from the Office of Research Integrity and Assurance at Arizona 

State University. 

6.3.2. Survey Design 

The survey, which is provided in its entirety in the supplemental information, contained 18 

questions that were separated into three sections. The first section asked six demographic 

questions, which were multiple choice close-ended questions with an option for “other” 

that included a free-response box. The second section asked three questions to assess the 

respondent’s satisfaction with drinking water quality. Two of the questions were multiple 

choice close-ended questions, and the third question used a Likert scale. The third section 

contained nine questions addressing nanomaterials and their applications in drinking water 

technologies. Five questions were multiple choice close-ended questions, and four 

questions were Likert scale questions. The survey was designed to target populations that 

would have the ability to purchase a POU drinking water purification device and as such, 

survey restrictions were placed so that survey takers were 18 years of age or older and were 

not incarcerated. The survey construction was pre-tested using a population of 30 

undergraduate engineering students at Arizona State University before sent to SSI for 

distribution. 

6.3.3. Survey Analysis 

After the survey was completed, the data was transferred to a secure server and analyzed 

using the XLSTAT add-on on to Microsoft Excel 2016. Descriptive statistical analysis 
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occurred using ANOVA followed by a post hoc chi-square test. For Likert scale questions, 

a Mann Whitney U test was conducted. For all analyses, the level of significance was set 

at 5% (p < 0.05). 

6.4. Results and Discussion 

6.4.1. Response Rates and Respondent Demographics 

Of the 1928 surveys that were submitted, a total of 1623 fully completed surveys were 

returned and analyzed. The 305 surveys that were not fully completed were discarded from 

the study. Table S1 shows the respondent demographics. We attempted to represent all 

demographics; however, there are some inconsistencies in the data set. The majority of 

respondents’ age was in the 26 to 35 range (52% of sample population). The median 

household size was 2-3 people. There was an under-representation of respondents over the 

age of 65 (~ 1% of sample population) and respondents living in the rural northern Arizona 

(~3% of the sample population). There was an over-representation of homeowners (~54% 

of sample population). The majority of respondents (~52%) had an annual income below 

$55,000, and the majority of respondents (>52%) also had less than an associate degree.  

 We looked at the regional locations of survey respondents and compared the 

average responses of each region for each survey question (Table S2). When asked “What 

is your level of satisfaction with the quality of your drinking water?”, the respondents from 

rural northern Arizona were less satisfied with their drinking water than the other regions 

(p=0.02). When asked “How familiar are you with nanomaterials?”, the respondents from 

rural northern Arizona had less average knowledge of nanomaterials than the other regions 

(p=0.01). When asked “Are you aware that some consumer products that include food, 
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cosmetics, and medicine contained nanomaterials?”, respondents from rural northern 

Arizona had less average awareness that those products contained nanomaterials than the 

other regions (p=0.03). When asked “Please rank the following technologies contained 

within in-home water purification devices in terms of how likely you are to select them to 

treat your drinking water.”, respondents from rural northern Arizona and Phoenix (Metro) 

regions were more likely to use reverse osmosis technologies than the other three regions 

(p=1.00E-3). 

 Respondents were given a list of 14 common drinking water contaminants and were 

asked “which drinking water contaminants are of most concern to you?”. There were no 

significant differences in responses from the different regions for the following 

contaminants: chromium, fluoride, salt, disinfection by-products, viruses, and bacteria. 

When asked about the color of water (p=0.01) and the taste of water (p=1.00E-3), Phoenix 

(Metro) and Houston (Metro) were more concerned than the other regions. When asked 

about the hardness of water (p=1.91E-11), nitrate (p=0.02), and arsenic (p=0.03), Phoenix 

(Metro) was more concerned than the other regions. When asked about the odor of water 

(p=0.02), Philadelphia (Metro) was less concerned than the other regions. When asked 

about pesticides (p=0.01) and pharmaceuticals (p=0.05), rural northern Arizona was less 

concerned than the other regions. For all other survey questions, we found no significant 

differences between respondents from different geographical regions. 

6.4.2. Respondent Perceptions on Their Drinking Water Quality 
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Survey respondents were asked “Where do you typically get your drinking water from?”. 

Survey respondents selected all sources from which they obtain their drinking water, with 

the following results:  

 

      Bottled Water        Tap Water     Bottled Water and Tap Water     Private Well      Water 

Vendor 

            (41%)          >     (28%)    >                     (17%)                  >        (4%)       >         (2%) 

 

The remaining 8% of respondents selected a combination of answers (e.g., tap water and 

water vendor or private well and bottled water).  When asked about their level of 

satisfaction with their drinking water, 82% of respondents who drink only water from a 

vendor were satisfied with their water, 77% of respondents who drink only bottled water 

were satisfied with their water, and 71% of respondents who drink only tap water were 

satisfied with their water. Additionally, of those using only tap water, 11% were unsatisfied 

with their drinking water, which is the highest percentage among all drinking water 

sources. 

Respondents were presented with a list of 14 of  the U.S. Environmental Protection 

Agency (EPA) national primary drinking water regulations (NPDWRs) table of 

contaminants47 and were asked to rate their level of concern for each contaminant. Figure 

6-1 compares the level of concern of these 14 drinking water contaminants between 

respondents who drink bottled water versus those who drink tap water. Both groups 

identified bacteria, pesticides, the taste of water, and disinfection by-products as the four 
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most concerning contaminants. The level of concern for the remaining 10 drinking water 

contaminants varied for both groups. When we directly compared each group’s level of 

concern for each contaminant, we found that respondents who drink bottled water were 

more concerned than those who drink tap water for all 14 drinking water contaminants. 

This corresponds with prior research where it was found that drinking water behaviors can 

be correlated with negative consumer-perceptions around chemicals being present in tap 

water48-52 and mistrust in water suppliers supplying tap water.53-55 

Previous research has also explored the relationship between drinking water 

consumption behaviors and economic factors (e.g., costs) and found higher incomes and 

living in urban areas are positively correlated with drinking bottled water.56-58 However, 

the results from our study did not match previous findings. We compared the average 

annual income of survey respondents from the five geographical locations (Figure S1) and 

found that there was a lower average annual income for respondents living in rural northern 

Arizona. When we compared drinking water source with average annual income, we found 

that for each income bracket below $90,000 per year, there was a higher percentage of 

respondents who drink bottled water only than tap water only (Figure 6-2). For each income 

bracket above $90,000 per year, there was a higher percentage of respondents who drink 

tap water only. When we compared drinking water sources with regional location, we 

found a higher percentage of respondents who drinking water from private wells in rural 

Arizona (~ 46%) compared to 13–20% from private wells in the four cities, and a lower 

percentage of respondents who drink bottled water (~33% in rural Arizona compared to 

35-54% in the four cities) (Figure S1). 
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6.4.3. Public Knowledge of Nanomaterials and Their Use in Consumer Products 

Based on our data, prior knowledge of nanomaterials factors into respondent concern of 

using nanomaterials in different consumer products. When respondents were asked about 

their familiarity with nanomaterials (Table S2), the majority of respondents (~53%) had 

never heard of nanomaterials while an additional 37% of respondents had heard of the term 

“nanomaterial” but either did not know or could not remember what it was. Thus, a 

combined 90% of respondents had little to no prior knowledge of nanomaterials and their 

use in consumer products.  

Respondents were then asked if they were aware that some consumer products (e.g., 

food, cosmetics, medicine) contained nanomaterials. 50% of respondents stated they had 

no knowledge of nanomaterial use in the consumer products listed. 26% of respondents 

stated they knew that nanomaterials were in some of the consumer products listed. 13% of 

respondents stated they knew that nanomaterials were used in most of the consumer 

products listed. 11% of respondents stated they knew that nanomaterials were in all of the 

consumer products listed. 

Figure 6-3 summarizes the concerns regarding nanomaterial use in different 

consumer products, which may be potentially harmful to the health of people who use 

them. The results indicate that the likelihood for nanomaterials to be ingested or exposure 

to sensitive populations (e.g., direct oral consumption, children) has a higher concern. 

Drinking water purification devices are most concerning for respondents, followed by baby 

products, food, and medicine. Cosmetics, clothing, and electronics were the least 

concerning products to respondents.  
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 Respondents were then asked to indicate if they would use in-home water 

purification devices that use nanomaterials to treat their drinking water (Table 6-1). 23% 

of respondents stated they would not want to drink water treated with nanomaterials, 20% 

of respondents were hesitant, 42% of respondents were unsure, 9% of respondents were 

willing, but had reservations, and 7% of respondents were ready to drink water treated with 

nanomaterials. When we assessed these results in combination with responses about 

previous knowledge of nanomaterials, we found that the less knowledge respondents had 

of nanomaterials, the more willing they would be to drink water treated using them. Only 

10% of respondents who had no prior knowledge of nanomaterials (53%, n=867) were 

unwilling to drink water treated with nanomaterials. Alternatively, 65% of respondents 

with prior knowledge of nanomaterials (47%, n=756) were unwilling to drink water treated 

with nanomaterials. 

 These results highlight that (i) nearly 90% of all respondents had little knowledge 

or had never heard of nanomaterials before, which means that their decision-making 

towards the use of nanomaterials to treat drinking water is likely a result of a number of 

different factors undetermined in this survey, (ii) responder concerns around nanomaterials 

in consumer products were similar regardless of their prior knowledge of nanomaterials, 

(iii) respondents were more concerned about nanomaterials if they could be ingested or 

come in contact with sensitive populations (e.g., oral consumption, children), and (iv) 

respondents were more concerned about using nanomaterials to treat drinking water than 

other consumer products, meaning that additional effort may be needed to ensure the safety 

of these water purification devices. 
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6.4.4. Public Perceptions of Nanotechnology Versus Conventional Water Purification 

Products 

Respondents were asked what information they want before purchasing a drinking water 

purification device that uses nanomaterials to treat drinking water (Table S3). 13% of 

respondents stated they needed no additional information, 18% of respondents wanted 

more information on the use and benefits of nanomaterials in the device, 15% of 

respondents wanted more information on the potential risks of nanomaterials in the device, 

7% of respondents wanted more information on how the nanomaterial-based device 

compares to other technologies, 5% of respondents wanted a certification of safety from 

the manufacturer, and 4% of respondents wanted a certification of safety from an 

independent organization. Additionally, 9% of respondents stated that they want all of the 

above, and 29% of respondents wanted a combination of two or more; although, no 

individual combination was greater than 4% of respondents. 

 Respondents were asked which specific features of an in-home water purification 

device that uses nanomaterials were most important to them. As shown in Figure 6-4, 

respondents identified device safety as being most important, followed closely by treated 

water taste. These two qualities were followed by treated water appearance, device price, 

whether the device operates without electricity, and device size/weight.  

Respondents were asked to select from a series of conventional in-home water 

purification devices and determine how likely they would be to use the devices to treat 

their drinking water. As shown in Figure 6-5, respondents were most likely to use an in-

home water purification device that utilizes natural solar light. This was followed closely 
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by reverse osmosis and activated carbon/charcoal. Respondents were least likely to use 

nanotechnology compared to alternative in-home water purification devices; however, 

nanotechnology had the least amount of responses for “highly unlikely” and had one of the 

highest number of responses for “neutral” compared to the other technologies.  

 Respondents were asked under which circumstances they would likely purchase an 

in-home water purification device that contained nanomaterials if available for purchase 

(Figure 6-6A). 30% of respondents stated that they would purchase the drinking water 

purification product with nanomaterials if it worked as effectively as a competitor and was 

half the price. 26% of respondents stated that they would purchase the drinking water 

purification product with nanomaterials if it worked twice as effectively as a competitor 

and was half the price. 15% of respondents stated that they would purchase the drinking 

water purification product with nanomaterials if it worked twice as effectively as a 

competitor and was the same price. 13% of respondents stated that they would purchase 

the drinking water purification product with nanomaterials if it worked as effectively as a 

competitor and was the same price. 16% of respondents stated that they would choose a 

competing product over one containing nanomaterials regardless of the efficiency or price. 

 Finally, respondents were asked if they believed their opinion of in-home water 

purification devices would change if they had more information on nanomaterials and their 

role in treating drinking water. As shown in Figure 6-6B, 31% of respondents replied, 

“definitely yes”, 33% of respondents replied, “probably yes”, 32% of respondents replied, 

“might or might not”, 3% of respondents replied, “probably not”, and 2% of respondents 

replied, “definitely not”. The results from this question indicate that respondents are willing 
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to change their minds if they are provided information around nanomaterials and their use 

in in-home water purification. However, these results contradict our findings in the 

previous section where 65% of respondents with prior knowledge of nanomaterials were 

unwilling to drink water treated with nanomaterials, while only 10% of respondents who 

had no prior knowledge of nanomaterials were unwilling to drink water treated with 

nanomaterials. These contradictions in responses indicate that consumer decisions to 

purchase nanomaterial-enabled POU devices to treat their drinking water may not be as 

simple as understanding what contaminants are concerning to them or how much 

knowledge they have about nanomaterials. There may be a complex combination of 

different factors that ultimately lead to a decision to purchase or not purchase these devices. 

6.5.Conclusion 

This study indicated that there are many consumer-related concerns around the use of 

nanomaterials within in-home water purification devices. Approximately 90% of 

respondents had little to no prior knowledge of nanomaterials or their use in consumer 

products. Secondly, the majority of respondents we surveyed use bottled water and are 

generally satisfied with their drinking water. Thirdly, respondents were more concerned 

about nanomaterials for applications where there is a higher potential for direct contact and 

exposure (e.g., baby products, food, drinking water purification). 

While survey respondents indicated they had concern about the use of 

nanomaterials to treat drinking water, the majority of respondents indicated that if given 

more information about nanomaterials and their use in these products they would likely 

change their opinion on using nanomaterials to treat their drinking water if given more 



    
 

142 

information before purchasing the device. This suggests that nanomaterial-enabled POU 

water purification technologies have a place within the consumer market if specific 

concerns and barriers are addressed. One possibility is that if manufacturers provide more 

information about nanomaterial use along with information about potential nanomaterial 

benefits and risks, some consumer concerns over nanomaterial-enabled POU water 

purification technologies may be alleviated. However, there are studies with mixed 

reactions regarding educating the public on nanotechnology and whether or not it may not 

be the best mechanism to enhance adoption and acceptance58,59. Alternatively, focusing 

efforts on reducing the costs and increasing the efficiency of these devices would support 

consumer acceptance. This study shows there are opportunities for manufacturers of 

nanomaterial-enabled POU water purification technologies to build trust with consumers 

by better understanding and responding to their concerns and hopes, while avoiding 

decisions that depend solely on assumptions of consumer behavior.  

While this paper focused on use of nanotechnology in POU drinking water 

treatment, the results illustrated more broadly the public’s knowledge of and willingness 

to use emerging technologies. Previous examples such as biotechnology (e.g., genetically 

modified organisms) demonstrate how public perceptions influence acceptance and 

regulation of new technologies within different parts of society (e.g., USA versus European 

Union), despite availability of the same scientific data on efficacy, risks, and ability to 

achieve broader societal goals (e.g., feeding a growing global population). Other emerging 

technologies (e.g., artificial intelligence, autonomous vehicles) could likely have 

environmental benefits, and presumably similar patterns in public knowledge and 
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acceptance exist as observed herein with nanotechnology. Specifically, the public likely 

knows little about the actual technology, and may express concern about the technology, 

but they would be more willing to accept the technology if they had more knowledge or if 

the technology had independent third-party validation. Thus, public surveys such as this 

play an important role in benchmarking society’s acceptance of new technologies that have 

the potential to help protect human health. 
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Figure 6-1. Survey respondent perceptions of fourteen common drinking water 

contaminants: a comparison between bottled water drinkers and tap water drinkers. 
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Figure 6-2. Survey respondent drinking water source by average annual income  
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Figure 6-3. Percent response of respondent concerns towards the use of nanomaterials in 

various consumer products 
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Figure 6-4. Respondents’ views on the importance of specific features of in-home water 

purification devices using nanomaterials 
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Figure 6-5. Respondents’ views on the likelihood they would purchase each in-home 

water purification device to treat their drinking water 
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Figure 6-6. Respondents’ answers to (a) circumstances (efficiency and price of device) 

where they would purchase a drinking water purification device that uses nanomaterials 

and (b) if their opinion on the use of in-home water purification devices that use 

nanomaterials to treat drinking water would change if they had more information on 

nanomaterials and their role in treating drinking water. 
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Table 6-1. Comparing survey responses of bottled water drinkers and tap water drinkers 

to whether they would use in-home water purification devices that use nanomaterials to 

treat their drinking water 

 

Response Responses 
(Bottled Water Only) 

Responses 
(Tap Water Only) 

I would not want to drink water 
treated with nanomaterials  

227 (29%) 104 (20%) 

I am hesitant about drinking water 
treated with nanomaterials  

162 (20%) 91 (17%) 

I am unsure about drinking water 
treated with nanomaterials  

296 (37%) 249 (47%) 

I am willing to drink water treated 
with nanomaterials, but have some 

reservations  
75 (10%) 56 (11%) 

I am ready to drink water treated with 
nanomaterials 33 (4%) 29 (5%) 
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6.7. Supplemental Information 
 
 
Public Water Survey Questionnaire: 
 
Question One: What is your age? 
o Less than 18 
o 18 – 25 
o 26 – 35 
o 36 – 45 
o 46 – 55 
o 56 – 65  
o More than 65 
 
 
Question Two: What is the 5-digit zip code of your current place of residence? 
 
 
Question Three: Including yourself, how many people currently live in your household? 
o 1 
o 2 – 3 
o 4 – 5 
o 6 – 7 
o More than 7 
 
 
Question Four: What was the approximate annual income from employment and all other 
sources for all members of your household last year, before taxes? 
o Less than $15,000 
o $15,000 - $35,000 
o $35,000 - $55,000 
o $55,000 - $90,000 
o $90,000 - $200,000 
o $200,000 - $350,000 
o More than $350,000 
 
 
Question Five: What is the highest degree or level of school you have completed? (If 
you’re currently enrolled in school, please indicate the highest degree you have received) 
o Less than a high school diploma 
o High school diploma or equivalent (e.g. GED) 
o Some college, no degree 
o Associate degree (e.g. AA, AS) 
o Bachelor’s degree (e.g. BA, BS) 
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o Master’s degree (e.g. MA, MS, MEd) 
o Professional degree (e.g. MD, DDS, DVM) 
o Doctoral degree (e.g. PhD, EdD) 
 
Question Six: Which of the following best describes your current housing status? 
o Homeowner 
o Renting a Home  
o Renting an Apartment 
o Living with Parents / Family 
o Other, Please Specify: __________ 
 
 
Question Seven: Where do you typically get your drinking water from? Select all that 
apply: 
o Tap water from your city 
o Bottled water 
o Water from a vendor (e.g. water delivery by company) 
o Private well at your home 
o Other, Please Specify: __________ 
 
 
Question Eight: What is your level of satisfaction with the quality of your drinking water? 
o Extremely Satisfied 
o Satisfied 
o Neither Satisfied nor Dissatisfied 
o Dissatisfied 
o Extremely Dissatisfied 
 
 
Question Nine: Which drinking water contaminants are of most concern to you? 
 

 No 
Concern Neutral Some 

Concern Concerned Very 
Concerned 

Color of water O O O O O 
Odor of water O O O O O 
Taste of water O O O O O 
Hardness of water O O O O O 
Nitrate O O O O O 
Arsenic O O O O O 
Chromium O O O O O 
Fluoride O O O O O 
Salt O O O O O 
Viruses O O O O O 
Bacteria O O O O O 
Disinfection By-Products O O O O O 
Pesticides O O O O O 
Pharmaceuticals O O O O O 
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Question Ten: How familiar are you with nanomaterials? 
o I have never heard of nanomaterials 
o I have heard of nanomaterials, but don’t remember what they are 
o I have some idea of what nanomaterials are 
o I know what nanomaterials are but don’t understand their applications 
o I know what nanomaterials are and understand their applications 
 
Question Eleven: Are you aware that some consumer products that include food, 
cosmetics, and medicine contained nanomaterials? 
o I had no previous knowledge 
o I know that some of those products contain nanomaterials 
o I know that most of those products contain nanomaterials 
o I know that all those products contain nanomaterials 
 
 
Question Twelve: Indicate your level of concern that nanomaterials in the following 
consumer products may be potentially harmful to the health of people who use them: 
 

 Not at 
All Neutral Some 

Concern Concerned Very 
Concerned 

Food O O O O O 
Medicine O O O O O 
Cosmetics O O O O O 
Clothing O O O O O 
Baby Products O O O O O 
Electronics O O O O O 
Drinking Water Treatment O O O O O 
Industrial Water Treatment O O O O O 

 
 
Question Thirteen: In-home water purification devices are devices under your sink, in a 
pitcher, in a refrigerator, and in your garage that further purify your drinking water. In your 
opinion, would you use in-home water purification devices that use nanomaterials to treat 
your drinking water? 
o I would not want to drink water treated with nanomaterials 
o I am hesitant about drinking water treated with nanomaterials 
o I am unsure about drinking water treated with nanomaterials 
o I am willing to drink water treated with nanomaterials, but have some reservations 
o I am ready to drink water treated with nanomaterials 
 
 
Question Fourteen: If you were to purchase an in-home water purification device that uses 
nanomaterials to treat drinking water, what information would you need before making 
that decision? Check all that apply: 
o No need for additional information 
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o More information on the use and benefits of nanomaterials in the device 
o Information on the potential risks of nanomaterials in the device 
o Information on how the nanomaterial-based device compares to other technologies 
o A certification of safety from the manufacturer 
o A certification of safety from an independent organization 
o Other, please specify: _________ 

 
Question Fifteen: Please rank the following qualities in terms of importance in an in-home 
water purification device that uses nanomaterials: 
 

 Not 
Important Neutral Slightly 

Important Important Very 
Important 

Safety of Device O O O O O 
Treated Water Taste O O O O O 
Treated Water Appearance O O O O O 
Size / Weight of Device O O O O O 
Device Operates Without Electricity O O O O O 
Price of Device O O O O O 

 
 
Question Sixteen: Please rank the following technologies contained within in-home water 
purification devices in terms of how likely you are to select them to treat your drinking 
water: 
 

 Highly 
Unlikely Unlikely Somewhat 

Unlikely Neutral Somewhat 
Likely Likely Highly 

Likely 
Activated Carbon / 
Charcoal 

O O O O O O O 

Artificial Ultraviolet 
Light 

O O O O O O O 

Natural Solar Light O O O O O O O 
Nanotechnology O O O O O O O 
Reverse Osmosis O O O O O O O 
Ion Exchange O O O O O O O 
Membrane Filtration O O O O O O O 

 
 
Question Seventeen: If in-home water purification devices that contained nanomaterials 
were available for purchase for treating drinking water, under which circumstance would 
you likely purchase one? 
o The product with nanomaterials works as effectively as its competitor but is half the price 
o The product with nanomaterials works twice as effectively as its competitor but is half 

the price 
o The product with nanomaterials works twice as effectively as its competitor but is the 

same price 
o The product with nanomaterials works as effectively as its competitor but is the same 

price 
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o I would choose a competing product over one containing nanomaterials regardless of the 
price or efficiency 

 
 
Question Eighteen: Do you think that your opinion of in-home water purification devices 
that use nanomaterials to treat drinking water would change if you had more information 
on nanomaterials and their role in treating drinking water? 
o Definitely yes 
o Probably yes 
o Might or might not 
o Probably not 
o Definitely not 
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Table S1. Demographics of Survey Respondents.  
 

Regional Location Home Ownership Household Size 

Location Response Status Response 
Number of 
Residents Response 

Rural Northern 
Arizona 47 (3%) Homeowner  885 (54%)  1 233 (14%) 

Phoenix (Metro) 362 (22%) Renting a Home 330 (20%)  2-3 839 (52%) 

Houston (Metro) 380 (23%) Renting an Apartment  317 (20%)  4-5 464 (28%) 

Atlanta (Metro) 419 (26%) 
Living with 
Parents/Family 57 (4%)  6-7 74 (5%) 

Philadelphia 
(Metro) 415 (26%) Other 34 (2%)  More than 7 13 (1%) 

Annual Income Education Level Age 

Income Response Level Response Age Range Response 

Less than $15,000 193 (12%) Less than a high school 
diploma 70 (4%)  18-25 347 (21%) 

$15,000 - $35,000 319 (20%) High school diploma or 
equivalent  354 (22%)  26-35 541 (33%) 

$35,000 - $55,000 310 (19%) Some college, no degree 415 (26%)  36-45 255 (16%) 

$55,000 - $90,000 451 (28%) Associate’s degree  180 (11%)  46-55 217 (13%) 

$90,000 - $200,000 303 (18%) Bachelor's degree  387 (24%)  56-65 256 (16%) 
$200,000 - 
$350,000 32 (2%) Master's degree  148 (9%)  65 and 

Older 7 (1%) 
More than 
$350,000 15 (1%) Professional degree  34 (2%) 

  

  
Doctoral degree 35 (2%) 
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Table S3. Survey Responder Prior Knowledge of Nanomaterials  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Response Responses Percentage 

I have never heard of nanomaterials 867 53% 
I have heard of nanomaterials, but don’t remember what 
they are 293 18% 

I have some idea of what nanomaterials are 310 19% 
I know what nanomaterials are but don’t know their 
applications 91 6% 

I know what nanomaterials are and understand their 
applications 62 4% 
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Table S4. Information consumers want before purchasing a drinking water treatment 
device that uses nanomaterials to treat drinking water 
 
 
A No need for additional information       
B More information on the use and benefits of nanomaterials in the device   
C Information on the potential risks of nanomaterials in the device    
D Information on how the nanomaterial-based device compares to other 

technologies  
E A certification of safety from the manufacturer      
F A certification of safety from an independent organization     
           

 

 A B C D E F     
Number 219 302 242 121 79 66     
Percentage 13% 19% 15% 7% 5% 4%     

           
 BC BD BE BF CD CE CF DE DF EF 

Number 67 5 10 6 26 13 15 16 6 14 
Percentage 4% 0% 1% 0% 2% 1% 1% 1% 0% 1% 

           

 BCD BCE BCF BDE 
BD
F 

BE
F 

CD
E 

CD
F 

CE
F 

DE
F 

Number 62 21 27 2 6 2 5 10 14 9 
Percentage 4% 1% 2% 0% 0% 0% 0% 1% 1% 1% 

           

 BCDE 
BCD

F 
BDE

F 
CDE

F       
Number 35 54 2 14       
Percentage 2% 3% 0% 1%       

           

 
BCDE

F          
Number 153          
Percentage 9%          
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Figure S1. Drinking Water Source by Regional Location 
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CHAPTER 7: SOCIETAL PERCEPTIONS OF NANO: ARE INDUSTRIAL 

PERCEPTIONS FOR DRINKING WATER TREATMENT 

NANOTECHNOLOGIES VALIDATED BY PUBLIC PERCEPTIONS? 

• This chapter has not been published.  The manuscript will be sent to NanoImpact once 
Chapter 9 has been accepted by reviewers. Contributing Authors are Kidd, J., 
Westerhoff, P., and Maynard, A. 

• My author contribution: Approximately 100% of the research and 90% of the text 
 
 
7.1. Abstract 

Incorporating nanomaterials into point-of-use (POU) in-home water purification devices 

that treat well water or centrally-treated tap water is of importance to industry as they 

attempt to meet growing customer demand for higher quality drinking water. Due to lack 

of regulation of nanomaterials and public uncertainties around nanomaterials, little is 

known about industry perceived barriers towards bringing nanomaterial-enabled POU 

drinking water purification devices successfully to market. We administered a 14-question 

survey of 65 participants from different US-based industrial companies focused on 

drinking water purification. Results from the industry survey show that the major concern 

for industry are costs and public perceptions of nanomaterial-enabled POU devices for 

drinking water purification. Cost-specific barriers are conventional competing 

technologies and operational versus capital costs. When asked about ensuring safety of 

nanomaterial-enabled POU devices for drinking water treatment, 49% of respondents 

stated that governmental regulation of nanomaterials would be the preferred approach to 

ensure public safety, followed by the certification of POU devices (28%). Additionally, 

57% of industry survey respondents were concerned or very concerned that public 
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perceptions will influence the long-term viability of nanomaterial-enabled POU devices 

for drinking water purification. When asked about specific nanomaterials and their 

potential use in POU devices for drinking water purification, industry survey respondents 

believe that nanomaterials with high concern for environmental health and safety (e.g. 

CNTs, Ag) are least likely to be accepted by the public for used in POU devices, with the 

exception of TiO2 which was viewed as both a concern for environmental health and safety 

and public acceptance. Industry concerns and public concerns were compared to determine 

synergies and disconnects between both stakeholders. Both stakeholders are concerned 

about the safety of nanomaterial-enabled POU devices, but industry respondents prefer 

governmental oversight while public respondents prefer more information about 

nanomaterials. Additionally, public perceptions will influence long-term viability of 

nanomaterial-enabled POU devices, but ensuring that more information about 

nanomaterials is provided for the public or ensuring that devices are either more efficient 

or cost less than conventional competing technologies will likely allow for industry to 

overcome public concerns and ensure successful implementation of nanomaterial-enabled 

POU devices for drinking water purification. The findings are discussed in regard to 

specific adoption of nanotechnology in drinking water and also broader adoption and 

acceptance of emerging technologies that hold promise to improve environmental 

outcomes. 

7.2. Introduction 

Access to safe and readily-available drinking water is considered a basic human right. Yet, 

aging infrastructure, contaminated source waters, and low economic status of many 
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communities worldwide puts a heavy burden on global water systems to ensure safe 

drinking water. As of 2015, over 2 billion people worldwide relied on unmanaged drinking 

water services including over 500 million people collecting drinking water from 

unprotected wells and springs or untreated surface water intakes from lakes, rivers, and 

streams [WHO 2018]. To manage aging infrastructure and failing processes, tailored 

treatment approaches can offer benefits and relieve pressure for these   



    
 

163 

global water systems. Typical drinking water facilities rely on a variety of unit processes 

to handle a multitude of drinking water contaminants, specifically coagulation and 

sedimentation for turbidity, membranes and aeration for dissolved inorganics, filtration and 

disinfection for pathogens, and adsorption for dissolved organics. However, the costs of 

updating existing infrastructure and the energy requirements needed to maintain and 

operate these drinking water treatment processes is extensive. 

The incorporation of nanomaterials into conventional water treatment devices 

provides the opportunity for improvement of advanced drinking water treatment and is 

typically used when (1) current technologies do not meet current or upcoming drinking 

water regulations, (2) there is a need to treat recalcitrant compounds (e.g. pharmaceuticals) 

that escape drinking water treatment facilities and hinder reuse, (3) it enhances the cost-

effectiveness of the water treatment devices (e.g. less energy, less material), and (4) there 

is insufficient infrastructure in place at water treatment facilities and point-of-use (POU) 

treatment devices are used.  

In circumstances where nanomaterials are used within POU treatment devices (e.g. 

under the sink filters), industry must navigate through a complex, risk landscape where the 

opportunities and uncertainties of nanotechnologies overlaps with public knowledge and 

concerns around nanomaterials and how their potential risks compare to their potential 

benefits. We previously explored the concerns and uncertainties of consumers around the 

use of nanomaterials in POU drinking water purification devices. Results from the study 

highlighted that the public has very little to no knowledge of nanomaterials, they have 

concerns around the use of nanomaterials in consumer products, and they would likely 
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purchase alternative point-of-use water purification devices over nanomaterial-enabled 

devices. In markets where consumer attitudes are likely to 
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dictate commercial success of applications, it is important to understand if industry 

concerns around using nanomaterials in their products is aligned or disconnected from 

consumer concerns. 

 Here, we present the results of research into barriers and concerns that industry 

member respondents have about the use of nanomaterials in POU drinking water 

purification devices. The objectives of the study were to (1) determine if industry 

demographics influence perceptions around the use of nanomaterials in POU devices for 

drinking water purification, (2) determine what industrial concerns and barriers there are 

around using nanomaterials in POU devices for drinking water purification (3) determine 

what industry believes to be the major industrial barriers towards bringing nanomaterial-

enabled POU devices successfully to market, (4) determine what industry believes to be 

the major consumer barriers towards bringing nanomaterial-enabled POU devices 

successfully to market, and (5) determine where there are alignments and disconnects 

between industrial concerns and consumer concerns around nanomaterial-enabled POU 

drinking water purification devices. 

7.3. Methods 

7.3.1. Study Design and Sample Selection 

This study was built around a 14-question survey designed to explore industrial perceptions 

of and attitudes toward nanomaterial-based POU water treatment devices amongst 

respondents. The survey was conducted via an online survey platform and distributed to 

U.S. based industrial companies between June 1st, 2018 and July 1st, 2018. Surveys were 

deployed by emailing an online link to QualtricsXM survey software on secure Arizona 
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State University servers. Data integrity is ensured through timestamps to flag “speeders”. 

Data was retained on secure Arizona State University servers and respondents were given 

an alternative ID to ensure anonymity. 

An online link to the survey was sent via email to 300 U.S. based industrial 

companies who work with drinking water and industrial water treatment. The companies 

were instructed to distribute the link to different employees within their company. A total 

of 65 responses were collected. To ensure anonymity, respondents were given a unique 

identification number when completing the survey. Institutional Review Board approval 

was received from the Office of Research Integrity and Assurance at Arizona State 

University. 

7.3.2. Survey Design 

The survey contained 14 questions that were separated into four sections. The first section 

consisted of 3 demographic questions, which were multiple choice close-ended questions 

with an option for “other” to be openly filled in. The second section contained 3 questions 

that addressed the respondent’s concerns around industrial barriers to bringing 

nanomaterial-enabled POU drinking water purification devices to market. One question 

was a multiple choice close-ended question, the second question was a rank question, and 

the third question was a Likert scale question. The third section contained 4 questions 

addressing industrial concerns around public acceptance of nanomaterial-enabled POU 

devices for drinking water purification, which were a combination of 3 Likert scale 

questions and 1 rank question. The fourth section contained 4 questions that addressed 

industrial concerns and barriers towards using nanomaterials in POU drinking water 
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purification devices, which were a combination of 2 rank questions and 2 multiple-choice 

close-ended questions. The survey is provided in its entirety in the supplemental 

information. 

7.3.3. Survey Analysis 

After the survey was completed, the data was transferred to Microsoft Excel 2016 and 

analyzed using the XLSTAT add-on on a secure server. Descriptive statistical analysis was 

carried out using ANOVA followed by a post hoc chi-square test. For Likert scale 

questions, a Mann Whitney U test was conducted. For all analyses the level of significance 

was set at 5% (p < 0.05). Ranking question analysis was carried out by determining the 

rank score and rank distribution for each question.  A score was calculated as follows: 

Rank	Score = X$W$ + X%W% + X&W&…X'W' 

Where X is the response count for each answer choice and W is the weight of ranked 

position. The respondent’s most preferred choice had the largest weight, and their least 

preferred choice had the lowest weight. For questions with six total responses, weights 

ranged from 1-6. Likewise, for questions with ten total responses, weights ranged from 1-

10. Ranking questions were analyzed with the Friedman Test.  

7.4. Results and Discussion 

7.4.1. Response Rates and Respondent Demographics 

A total of 65 fully completed surveys were returned and analyzed. The surveys that were 

not fully completed were discarded from the study. Table S1 compares respondents’ job 

functions within their company and their company’s role within the water treatment chain. 

The majority of survey respondents held a research and development (R&D) position 
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within their company (38%), followed by administration/management (26%), product 

development (14%), marketing/sales (12%), and finance/accounting (9%). Additionally, 

survey respondent companies have a role in the water treatment chain as a research, 

development, and deployment partner (29%), followed by equipment manufacturer (26%), 

end user (20%), service provider (17%), and manufacturer of nanomaterials and other 

advanced materials (8%). Survey respondents were then asked what type of water their 

company focuses on treating. The majority of respondents (57%) stated that their company 

focuses on treating both commercial potable water and industrial wastewater. 26% of 

respondents stated that their company focuses only on treating commercial potable water 

and 17% of respondents stated that their company focuses only on treating industrial 

wastewater.  

7.4.2. Industrial Concerns around Barriers to Successful Implementation of 

Nanomaterial-Enabled POU Devices 

Respondents were asked how concerned they were about six different factors creating a 

major barrier for them to successfully bring nanomaterial-enabled POU devices to market. 

Figure 7-1 shows the percent response of respondents to each factor. Costs were the most 

concerning to respondents followed by consumer fears and acceptance, environmental 

health and safety. Industrial scale manufacturing of nanomaterial-enabled POU devices 

was least concerning for respondents. 

 Respondents were then asked what the greatest concern was regarding the costs of 

successfully bringing nanomaterial-enabled POU devices to market (Figure S1). 35% of 

respondents stated that cheaper and/or alternative technologies were the greatest cost 
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concern for them, followed by operational costs versus capital costs (23%), industrial scale 

manufacturing (20%), complying with impending governmental regulations (14%), and 

regeneration costs of technologies (6%).  

 Respondents were then asked to rank by importance the information they would 

want from vendors supplying their company with nanomaterials to incorporate into their 

POU devices. Figure 7-2 shows the overall rank, rank distribution and score of the 

information respondents would want from nanomaterial vendors. Respondents valued 

environmental and human health impact assessments as the most important information 

they would want from vendors, followed by complete material characterization and 

information on the benefits and constraints of nanomaterials. These three factors had 

similar rankings among survey respondents. The sustainability, life cycle assessment, 

viability and stability of nanomaterials also had similar rankings to each other, but were 

significantly less important to respondents than the three highest ranking factors. 

7.4.3. Industrial Concerns Around Public Acceptance and Perceptions of Nanomaterial-

Enabled POU Devices 

Respondents were asked what their preferred approach was to ensure nanomaterial-enabled 

POU devices for drinking water treatment were safe for public use (Figure S2). 49% of 

respondents stated that governmental regulation of nanomaterials would be the preferred 

approach to ensure public safety, followed by the certification of POU devices (28%), 

standard codes of conduct (18%), and state regulation of nanomaterials (5%).  

 Respondents were then asked what the likelihood was that the public would accept 

nanomaterial-enabled treatment devices used in a variety of different water treatment 
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sectors. Figure 7-3 shows the how concerned industry believes the public will be if 

nanomaterials are used to treat five different water sources. Industry believes that the 

majority of the public will have little to no concern about industry using nanomaterials to 

treat raw waters and industrial waters. Industry believes the level of public concern will 

increase when using nanomaterials to treat waters the public will likely come in contact 

with. The level of concern increases for municipal water treatment, point of entry (POE) 

devices, and POU devices.  

 Respondents were then asked if they believed public perceptions would influence 

long-term viability of nanomaterial-enabled POU devices for drinking water treatment 

(Table S2). Only 1% of respondents stated they believed there was no concern around 

public perceptions influencing POU viability long-term. On the other hand, 22% of 

respondents were very concerned, 35% of respondents were concerned, 31% of 

respondents had some concern, and 12% of respondents had little concern about public 

perceptions influencing POU viability long-term. 

 Respondents were then asked to rank what information they believe consumers 

would want to know before purchasing a nano-enabled POU device to treat their drinking 

water. Figure 7-4 shows the overall rank, rank distribution and score of the information 

respondents believe the public would want before purchasing a nano-enabled POU device 

to treat their drinking water. Industry believes that the public will value a label guaranteeing 

the safety of the POU device the most, followed by a label indicating nanomaterials are 

present in the device, and basic information about nanomaterials in the device. The 
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performance of nanomaterials in the POU device, the benefits of nanomaterials in the POU 

device, and the risks of nanomaterials in the POU device were valued the least by industry.  

7.4.4. Industrial Concerns Around Nanomaterial-Specific Barriers, Risks and 

Perceptions of Using Nanomaterials in POU Devices to Treat Drinking Water 

Survey respondents were given a list of the top ten manufactured nanomaterials released 

from commercial products and asked to rank them from 1-10 in terms of both their potential 

to cause environmental health and safety risks as well as public concern. Figure 7-5 

illustrates the breakdown of industrial rankings of these ten nanomaterials. Industry 

respondents believe that carbon nanotubes (CNTs) and silver nanomaterials (Ag) have the 

highest potential to cause environmental health and safety concerns and have the lowest 

potential for public acceptance if used in POU drinking water devices. On the other hand, 

nanoclays and silica (SiO2) have the lowest potential to cause environmental health and 

safety concerns and have the highest potential for public acceptance if used in POU 

drinking water devices. One nanomaterial of interest is titanium dioxide (TiO2) which was 

ranked third by industry for having a high potential to cause environmental health and 

safety concerns, but was ranked fourth by industry for having a high potential to be 

accepted by the public if used in POU drinking water devices. This is likely due to TiO2 

currently being used in a wide variety of consumer products already (e.g. toothpaste, 

sunscreen).   

 Survey respondents were then asked if silver nanomaterials were used in water 

treatment devices, what would be the major barriers for treating drinking waters and 

industrial waters. Figure 6 illustrates the percent responses of industry respondents. Figure 
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7-6A shows that 42% of respondents believe that the major barrier for treating drinking 

water with silver nanomaterials is consumer perceptions and acceptance, followed by costs 

(23%), environmental and human health risks (17%), regulations (11%), and viability 

(5%). Figure 7-6B shows that 54% of respondents believe that the major barrier for treating 

industrial water with silver nanomaterials is costs, followed by environmental and human 

health risks (23%), viability (12%), regulations (5%), and consumer perceptions and 

acceptance (5%). These results indicate that perceived barriers around nanomaterial use to 

treat water may not be solely based on nanomaterial type, but rather other additional 

factors, including treated water type and costs. 

7.4.5. Synergies and Disconnects Between Industry Concerns and Public Concerns 

Regarding the Use of Nanomaterial-enabled POU Devices to Treat Drinking Water 

We previously published work on a public survey (N=1623) on public perceptions for the 

use of nanomaterials for in-home POU drinking water purification devices. In that survey 

we determined that the majority of public respondents that took the survey had little to no 

prior knowledge about nanomaterials (~90%), they drank bottled water more than other 

drinking water sources and were generally satisfied with using bottled water more than tap 

water, they were more concerned about nanomaterials for applications where there is 

potential for direct contact and exposure, and they were more likely to use 

nanotechnologies to treat their drinking water if they were given more information about 

nanomaterials before purchasing POU devices.  

There were similar questions in both the public survey and this industry survey to 

determine where synergies and disconnects are between both stakeholders around using 
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nanomaterials to treat drinking water and the perceptions and potential barriers there are as 

industry attempts to bring these technologies to market successfully. Both stakeholders 

agree that safety of a nanomaterial-enabled POU drinking water purification device is 

important for consumers. When asked about the most important characteristics of a POU 

device that uses nanomaterials, public survey respondents stated that the safety of the 

device was the most important characteristic. When asked about the best approaches for 

ensuring safety of these devices the majority of industry survey respondents (~42%) stated 

that governmental oversight would be the best approach for ensuring safety of these 

devices, followed by certification of products (~28%). Public survey respondents wanted 

more information about the use and benefits of nanomaterials (~19%), potential risks of 

nanomaterials in device (~15%), and information on how nanomaterial-enabled devices 

compare to conventional devices (~7%). 

When asked about the long-term viability of nanomaterial-enabled POU devices to 

treat drinking water, ~56% of industry survey respondents were either concerned or very 

concerned about public perceptions influencing the long-term viability of these devices. 

While the majority of public survey respondents know little to nothing about nanomaterials 

(~90%), when asked about the likelihood they would use nanotechnology to treat their 

drinking water, ~35% of respondents would likely use nanotechnology, ~42% of 

respondents are neutral about using nanotechnology, and only ~22% of respondents would 

be unlikely to use nanotechnology. Public survey respondents also stated that they would 

purchase nanomaterial-enabled POU devices to treat their drinking water if the device 

works as effectively as competitors but is half the price (~30%) or is twice as effective as 
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competitors and is half the price (~26%). Only ~16% of public survey respondents stated 

they would not use nanotechnology to treat their drinking water. Additionally, ~95% of 

public survey respondents stated that if they were given more information about 

nanomaterials and their use in POU devices to treat drinking water they would likely 

change their opinion about nanomaterials. These results indicated that public perceptions 

of nanomaterial-enabled POU devices to treat drinking water are likely to influence long-

term viability of these devices, but the lack of public knowledge of nanomaterials and a 

more neutral/positive perception towards nanotechnology by the public likely means that 

industry should be able to overcome consumer barriers for successful implementation of 

nanomaterial-enabled POU devices for drinking water purification.   

7.5. Conclusions 

This study indicated that there are many industry-related concerns around the use of 

nanomaterials within in-home water purification devices. Industry respondents believe the 

major barriers to nanomaterial-enabled POU devices to treat drinking water are costs and 

consumer perceptions. Regarding cost barriers for industry survey respondents, 

competition with conventional drinking water treatment devices is their major concern, 

followed by operational versus capital costs of establishing a nanomaterial-enabled POU 

device. Industry survey respondents were also concerned about the environmental health 

and safety of nanomaterials used in POU devices and the ability to fully characterize them, 

as they are most interested in obtaining environmental impact assessments and complete 

material characterization from vendors supplying them with nanomaterials to use in their 

POU drinking water purification devices. Industry survey respondents believe that the 
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closer nanomaterial-enabled POU devices are to direct consumer exposure, the less likely 

they are willing to use the device to treat their drinking water. Industry survey respondents 

also believe that public perceptions will have an influence on the long-term viability of 

nanomaterial-enabled POU devices. Industry survey respondents believe that 

nanomaterials with a likelihood for environmental health and safety concern (e.g. CNTs, 

Ag) are less likely to be accepted by the public and vise-versa, with the exception of TiO2 

which is likely due to its abundance in a variety of different consumer products already. 

 There are synergies and disconnects between industry survey respondents and 

public survey respondents. Both stakeholders were concerned with the safety of 

nanomaterial-enabled POU devices for the public, but their opinions on the method for 

ensuring safety of the devices is different as industry would prefer governmental oversight 

of POU devices and the public would prefer more information on nanomaterials and their 

use in POU devices. Additionally, public perceptions will influence the viability of 

nanomaterial-enabled POU devices for drinking water purification, but ensuring that more 

information about nanomaterials is provided for the public or ensuring that devices are 

either more efficient or cost less than conventional competing technologies will likely 

allow for industry to overcome public concerns and ensure successful implementation of 

nanomaterial-enabled POU devices for drinking water purification. 
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Figure 7-1. Industry concerns that the following factors may be major barriers to 

successful commercialization of nanomaterial-enabled POU devices.   
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Item Overall 
Rank 

 

Score No. of 
Responses 

EH&S Impact Assessment 1 

  

415 65 

Complete Material 
Characterization 2 368 65 

Benefits & Constraints of 
Nanomaterials 3 302 65 

Sustainability of Nanomaterials 4 201 65 

LCA of Nanomaterials 5 193 65 

Viability of Nanomaterials 6 184 65 

Nanomaterial Stability 7 177 65 

 

 

Figure 7-2. Industry rankings of the importance of information they want from vendors 

supplying them with nanomaterials to incorporate into POU devices  

Lowest Rank Highest Rank 

Rank Distribution 
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Figure 7-3. Industry beliefs of the level of public concern around using nanomaterial-

enabled devices to treat different source waters  
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Item Overall 
Rank 

 

Score No. of 
Responses 

Guarantee of Safety of Device 1   247 65 

A Label Indicating 
Nanomaterials In Device 2 211 65 

Basic Information About 
Nanomaterials in Device 3 206 65 

Performance of Nanomaterials in 
Device 4 191 65 

Benefits of Nanomaterials in 
Device 5 175 65 

Risks of Nanomaterials in Device 6 170 65 

 

 

Figure 7-4. Industry rankings of the information they believe the public will want to know 

before purchasing a nanomaterial-enabled POU device to treat drinking water. 
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Concern About Environmental Health and Safety 
Nanomaterial Rank Rank Distribution Score 

CNTs 1 

 

143 
Ag 2 175 

TiO2 3 233 
ZnO 4 295 

Cu/CuO 5 310 
Fe 6 406 

Al2O3 7 422 
CeO2 8 457 

Nanoclay 9 561 
SiO2 10 573 

Likelihood for Public Acceptance 
Nanomaterial Rank Rank Distribution Score 

Nanoclay 1 
 

147 
SiO2 2 166 
CeO2 3 301 
TiO2 4 340 
Al2O3 5 356 

Fe 6 380 
ZnO 7 390 

Cu/CuO 8 469 
Ag 9 471 

CNTs 10 560 
 

 

Figure 7-5. Industry rankings of ten commonly manufactured nanomaterials and their 

potential impact on environmental health and safety and their acceptance by the public if 

used in POU drinking water purification devices   

Lowest Rank Highest Rank 
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Figure 7-6. Industry survey respondents’ percent response to the major barrier to 

successfully use silver nanomaterials to treat (A) drinking waters and (B) industrial waters 
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7.7. Supplemental Information 

Survey Questions: 
 
Question 1: Which one of the following best describes your job function? 

o Administration / Management 
o Finance/Accounting 
o Human Resources  
o Information Technology  
o Marketing / Sales  
o Product Development 
o Quality Control 
o Research and Development 
o Other, Please Specify: _____________ 

 
Question 2: Which of the following water resources is your company primarily 
concerned with? 
o Industrial Waters 
o Potable Waters 
o Both 
o Other, Please Specify: ______________ 
 
 
Question 3: What is the primary role of your company within the water treatment 
value chain?  
o Manufacturer of Nanomaterials and other Advanced Materials  
o Research, Development, and Deployment Partner 
o Equipment Manufacturer 
o Service Provider 
o End User 
o Other, Please Specify: _______________ 
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Question 4: How concerned are you about the following factors creating major 
barriers to bringing nanotechnology water treatment devices to market successfully? 
 

 

No 
Concer

n 

Little 
Concer

n 

Some 
Concer

n 
Concer

n  
Very 

Concerned 
Environmental Health & 

Safety O O O O O 
Industrial Scale Manufacturing O O O O O 

Long-Term Effectiveness O O O O O 
Consumer Acceptance O O O O O 

Consumer Fears O O O O O 
Costs O O O O O 

 
 
Question 5: In your opinion, what is the likelihood that members of public will accept 
nano-enabled water treatment devices used in the following water treatment sectors? 
 

 
Not 

Likely 
Somewhat 

Likely Likely 
Very 

Likely 
Raw Water Treatment O O O O 

Industrial Water Treatment O O O O 
Municipal Drinking Water 

Treatment O O O O 
Point-of-Entry Devices O O O O 

Point-of-Use Devices O O O O 
 
 
Question 6: In your opinion, how concerned are you that public perceptions will 
influence the long-term viability of nano-enabled devices for water treatment 
applications? 
 
o No Concern 
o Little Concern 
o Some Concern 
o Concerned 
o Very Concerned 
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Question 7: In your opinion please rank the following, from 1 (most important) to 6 
(least important), in terms of the information you think consumers would want before 
purchasing nano-enabled water treatment devices for point-of-use drinking water? 

 1  2 3 4 5 6  
Risks of Nanomaterials used in the Device O O O O O O 

 
Benefits of Nanomaterials used in the Device O O O O O O 

 
Performance of Nanomaterials used in the Device O O O O O O 

 
Basic Information about Nanomaterials used in Device O O O O O O 

 
A label indicating there are Nanomaterials used in Device O O O O O O 

 
A Guarantee of Safety for the Device O O O O O O 

 
 
 
Question 8: In your opinion please rank the following, from 1 (most important) to 6 
(least important), in terms of what information you would want from vendors 
supplying you with nanomaterials to incorporate into nano-enabled water treatment 
devices for point-of-use drinking water? 
 
 

 1 2 3 4 5 6 7 
Environmental and Human Health Impacts 

Assessment O O O O O O O 

Complete Material Characterization  O O O O O O O 
 

Information on the Benefits and Constraints of 
the Material O O O O O O O 

Sustainability of the Material O O O O O O O 

Life Cycle Assessment of the Material O O O O O O O 

Viability of Materials O O O O O O O 

Material Stability O O O O O O O 
 
 
 

Most Important Least Important 

Most  
Important 

Least  
Important 
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Question 9: In your opinion, what is your greatest concern regarding the costs of 
bringing nano-enabled water treatment technologies to market? 

 
 
 
 
 
 
 
 
 

 
 
Question 10: In your opinion, what do you believe is the preferred approach to ensure 
nano-enabled devices for water treatment are safe for public use? 
 

Certification of Products O 
Standard Codes of Conduct O 

State Regulation O 
Governmental Regulation O 

Other, Please Specify __________ 
 
 
 
Question 11: Previous Studies (i.e. Keller et al. 2013) have discussed If nano-enabled 
water treatment devices used these materials to treat drinking water, in your opinion 
how would you rank them, from 1 (highest) to 10 (lowest) in terms of their potential 
environmental and health risks and public acceptance:the global life cycle releases of 
the top 10 nanomaterials used in consumer products.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Cheaper / Alternative Technologies O 
Operational Costs vs. Capital Costs O 

Industrial Scale Manufacturing O 
Complying with Regulations O 
Regeneration of Technology  O 

Other, Please Specify ___________ 

 
  

 
  

AgO  ________  ________ 
Al2O3   ________  ________ 
CeO2  ________  ________ 
CNT  ________  ________ 

Cu + Cu Oxides  ________  ________ 
Fe + Fe Oxides  ________  ________ 

Nanoclays  ________  ________ 
SiO2  ________  ________ 
TiO2  ________  ________ 
ZnO  ________  ________ 

Environmental and 
Health Risks 

Public Acceptance 
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Question 12: Silver nanoparticles are being extensively studied for use in water 
treatment devices because of their antimicrobial properties. In your opinion, what is 
the major barrier to successfully using silver nanoparticles to treat industrial and 
potable water. Please choose one for each water type. 
 
 Industrial Water Potable Water 

Environmental and Human 
Health Risks O O 

Consumer Perception and 
Acceptance O O 
Regulations O O 

Viability O O 
Cost O O 

Other, Please Specify ______________ ______________ 
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Table S1. Comparison Between Job Function of Responders Within Company and Their 

Company’s Role in the Water Treatment Chain.  

Role of 
Company in 

Water 
Treatment 

Chain 

Job Function Within Company   

Admin. R&D Product 
Development 

Finance / 
Accounting 

Marketing 
/ Sales Total 

Advanced 
Material 

Manufacturer 
2 (3%) 0 3 (5%) 0 0 5 (8%) 

R&D and 
Deployment 

Partner 
5 (8%) 11 

(17%) 1 (2%) 0 2 (3%) 19 
(29%) 

Equipment 
Manufacturer 4 (6%) 6 

(9%) 3 (5%) 2 (3%) 2 (3%) 17 
(26%) 

Service 
Provider 4 (6%) 3 

(5%) 0 1 (2%) 3 (5%) 11 
(17%) 

End User 2 (3%) 5 
(8%) 2 (3%) 3 (5%) 1 (2%) 13 

(20%) 

Total 17 
(26%) 

25 
(38%) 9 (14%) 6 (9%) 8 (12%) 65 

(100%) 
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Table S2. Industry survey respondents’ belief that public perceptions would influence 

long-term viability of nanomaterial-enabled POU devices for drinking water treatment 

 
No Concern Little Concern Some Concern Concerned 

Very 

Concerned 

Number 0 8 20 23 14 

Percentage 0% 12% 31% 35% 22% 
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Figure S1. Industry survey respondents’ greatest concern regarding the costs of bringing 

nanomaterial-enabled POU devices to market 
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Figure S2. Industry survey respondents’ preferred approach to ensure nanomaterial-

enabled POU devices for drinking water treatment are safe for public use. 
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Figure S3. (A) Total publications by year and (B) summation of times cited by year for 

publications between 2000 and 2019. Key search topic was “silver drinking water 

treatment” 
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CHAPTER 8. SUMMARY 

8.1.Introduction 

The intentional use of nanomaterials within numerous technologies provides great potential 

to improve the quality of human life. Most research has focused on navigating the research 

space between the fundamental understanding of nanomaterial functional attributes and 

their use in different industrial-based and consumer-based technologies. Significantly less 

research has been done to understand what impact nanomaterials and their applications 

have from a societal perspective. The motivation of the work in this dissertation is to take 

an interdisciplinary approach to understand how nanomaterial functional attributes can 

improve the effectiveness of different technologies, what the intended/unintended 

consequences of these technologies are to the environment and human health, and how 

these consequences ultimately impact the decision-making of different stakeholders within 

society. This chapter incorporates findings from my dissertation with the existing literature 

to answer the guiding research questions proposed in Chapter 1. The overarching research 

question that guided this research was, “What are the environmental, human health, and 

societal impacts of metallic and carbon ENMs used in environmental remediation 

technologies and consumer products?” 

8.2.Identifying Functional Assays to Predict ENM Behavior in the Environment  

My first research question was, “Can nano-specific functional assays be developed to 

create activity profiles for a range of ENMs in order to provide a framework and 

estimations of likely nanomaterial disposition in the environment?” In Chapter 3, I 

developed and evaluated reproducibility and inter-correlation of 12 physical, chemical, and 
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biological functional assays in water for eight different engineered nanomaterials (ENMs) 

and interpreted results using activity-profiling radar plots. The functional assays were 

highly reproducible when run in triplicate (average coefficient of variation [CV] = 6.6%). 

Radar plots showed that each nanomaterial exhibited unique activity profiles (Figure 3-2).  

 

Figure 3-2. Activity profile radar plots for the comparison of behavioral trends of different 

engineered nanomaterials. (A) comparison of Au, Ag, and ZnO ENMs used as 
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antimicrobials, (B) comparison of CeO2 and SiO2-C ENMs used as chemical mechanical 

polishers, and (C) comparison of Fe3O4 and MWCNT ENMs used as adsorbents for water 

treatment 

Reactivity assays showed dissolution or aggregation potential for some ENMs. 

Surprisingly, multi-walled carbon nanotubes (MWCNTs) exhibited movement in a 

magnetic field. We found high inter-correlations between cloud point ex- traction (CPE) 

and distribution to sewage sludge (R2 = 0.99), dissolution at pH 8 and pH 4.9 (R2 = 0.98), 

and dissolution at pH 8 and zebrafish mortality at 24 hpf (R2 = 0.94). Additionally, most 

ENMs tend to distribute out of water and into other phases (i.e., soil surfaces, surfactant 

micelles, and sewage sludge). The activity-profiling radar plots provide a framework and 

estimations of likely ENM disposition in the environment.  

8.3.Exploring Environmental Remediation Technologies Using Ionic Silver-Carbon 

Complexes  

My second research question was, “Can silver impregnated graphene oxide remove 

bromide from surface waters with more efficiency than silver impregnated powder 

activated carbon in the presence of competing ions and natural organic matter?”. In Chapter 

4, I compared the removal efficiency of bromide ions from surface water by silver 

impregnated 2D open graphene oxide and silver impregnated porous activated carbon 

particles. Batch studies were conducted to assess Br- removal in model waters with Br-, 

chloride (Cl-), bicarbonate (HCO3-), and/or NOM and natural surface waters. Carbon 

adsorbents without silver impregnation were unable to remove Br- from surface water. In 

buffered ultrapure waters spiked with Br-, all Ag+ impregnated carbon adsorbents 
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performed well; however, the introduction of competing ions (Cl-) and organics (NOM) 

and the use of natural CAP water significantly reduced the ability of PAC-Ag to remove 

Br- from surface waters, which we attributed to its porous nature (Figure 4-2).  

 

Figure 4-2. The removal of spiked Br- (200 µg L-1) in four different water matrices by 25 

mg L-1 of Ag+ impregnated PAC and GO after mixing for 4 hours in polypropylene batch 

bottles. The water matrix chemistry is provided in the legend. The white bars correspond 

to the left axis (% removal of Br-), and the grey bars correspond to the right axis (Br- 

removal capacity per mol of silver). The data represent average of experiment triplicates 

with error bars (total 1 standard deviation). Letters above bars indicate no statistical 

significance between data sets (one-way analysis of variance, 95% CI, ANOVA). 

 

The sheet-like structure of MH-Ag and Tour-Ag provided the advantage of reducing the 

competition for adsorption sites compared to PAC-Ag. They performed as superior 
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adsorbents for Ag+ based Br- removal. Both MH-Ag and Tour-Ag showed the ability to 

remove more Br- than PAC-Ag when competing ions and organics were present. All three 

silver impregnated adsorbents reduced Br- in surface water when used in conjunction with 

alum during coagulation and flocculation, making silver impregnated GO a viable 

technology to be introduced into the current treatment processes framework of water 

treatment facilities. The mechanism for Br- removal by silver impregnated GO appears to 

be initiated by Ag+ leaching into solution, complexing with Br-, and forming and 

precipitating AgBr salts. In complex waters with chloride and/or NOM present, AgCl(s) or 

Ag-NOM complexes likely compete with AgBr reactions. The likely minor pathways for 

Br- removal are by Br- complexing with Ag+ on the adsorbent surface, which are shown in 

the SEM/EDAX images (Figure 4-4). 
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Figure 4-4. SEM images of PAC-Ag, MH-Ag, and Tour-Ag in 1 mM NaHCO3 with 200 

ug L-1 bromide and 20 mg L-1 chloride. Each figure is on the same scale (top right figure). 

Each column corresponds to an individual adsorbent. The first row is of SEM images with 

no EDAX elemental scanning, and the other rows show silver, bromide, chloride, or 

oxygen from EDAX elemental scanning.  
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8.4.Identifying the Effects of Ionic Silver and Nanosilver Exposures on Fecal 

Microorganism Structure and Function  

My third research question was, “Do silver nanomaterials impact the structure and function 

of fecal microorganisms differently than ionic silver under realistic exposure conditions?”.  

In Chapter 5, I conducted bench scale anaerobic batch bottle studies to look at how 

exposing gut microbes to three different concentrations and types of silver impacted the 

pH and COD of the anaerobic system, as well as the production of short chain fatty acids 

(SCFAs) and biodiversity of the gut microbiome. We observed shifts in gastrointestinal pH 

(decrease) and SCFA production (decrease) when gut flora was exposed to 0.2 mg L-1 and 

2 mg L-1 of nanosilver and ionic silver (Figure 5-1). 
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Figure 5-1. Changes in gastrointestinal (A) pH and (B) SCFA production after 24 hours of 

exposure to three silver types and concentrations. 

Using Qiime for genetic analysis of the gut flora exposed to silver, we saw observable 

changes in frequencies of gut microbiomes (Figure 5-4). We observed that there are 

changes in community diversity among control samples and stock samples. We observed 

higher changes in community diversity when exposed to silver. 
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Figure 5-4. Relative frequencies of fecal microorganisms (phylum level) in control and 

experimental samples after 24 hours of silver exposures. 

8.5.Comparison of Public and Industrial Barriers and Concerns Around the Use of 

ENMs in Small Scale Drinking Water Purification Devices 
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My fourth research question was, “What consumer concerns and barriers arise regarding 

the use of nanomaterials in point-of-use drinking water purification devices?”. In Chapter 

6, I administered an 18-question survey of 1623 participants in four metropolitan areas—

Phoenix, AZ, Houston, TX, Atlanta, GA, and Philadelphia, PA, and one rural Arizona 

region to assess perceptions around using nanomaterial-enabled POU devices. 

Approximately 90% of survey respondents had little to no prior knowledge of 

nanomaterials or their use in numerous consumer products ranging from POU water 

treatment devices to clothing or baby products. Survey respondents were more likely to 

purchase conventional drinking water purification devices than ones containing 

nanomaterials, but the majority of survey respondents (~64%) claimed they would likely 

or probably change their opinions around using nanomaterials to treat their drinking water 

if they were given more information about nanomaterials and their role in treating drinking 

water. The results indicate that respondents are willing to change their minds if they are 

provided information around nanomaterials and their use in in-home water purification. 

Respondents considered the safety of the device as being most important to them, followed 

closely by treated water taste (Figure 6-4). 

 

Figure 6-4. Respondents’ views on the importance of specific features of in-home water 

purification devices using nanomaterials  

Size / Weight of Device
Device Operates Without…

Price of Device
Treated Water Appearance

Treated Water Taste
Safety of Device

Percent Response (%)

Very Important
Important

Slightly Important
Neutral

Not Important
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When we incorporated responses regarding previous knowledge of nanomaterials, we 

found that the less knowledge respondents had of nanomaterials, the more willing they 

would be to use them to treat their drinking water. 65% of respondents with prior 

knowledge of nanomaterials were unwilling to drink water treated with nanomaterials. 30% 

of respondents stated that they would purchase the drinking water purification product with 

nanomaterials if it worked as effectively as a competitor and was half the price. 26% of 

respondents stated that they would purchase the drinking water purification product with 

nanomaterials if it worked twice as effectively as a competitor and was half the price.  The 

findings are discussed in regard to specific adoption of nanotechnology in drinking water 

and also broader adoption and acceptance of emerging technologies that hold promise to 

improve environmental outcomes. 

My last research question was, “What are the overlaps and disconnects between industrial 

and consumer concerns and barriers regarding the use of nanomaterials in point-of-use 

drinking water purification devices?”. In Chapter 7, I administered a 14-question survey of 

65 participants from different US-based industrial companies focused on drinking water 

purification. Results from the industry survey show that the major concern for industry are 

costs and public perceptions of nanomaterial enabled POU devices for drinking water 

purification. Cost-specific barriers are conventional competing technologies and 

operational versus capital costs. When asked about ensuring safety of nanomaterial enabled 

POU devices for drinking water treatment, 49% of respondents stated that governmental 

regulation of nanomaterials would be the preferred approach to ensure public safety, 

followed by the certification of POU devices (28%). Additionally, 57% of industry survey 
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respondents were concerned or very concerned that public perceptions will influence the 

long-term viability of nanomaterial enabled POU devices for drinking water purification. 

When asked about specific nanomaterials and their potential use in POU devices for 

drinking water purification, industry survey respondents believe that nanomaterials with 

high concern for environmental health and safety (e.g. CNTs, Ag) are least likely to be 

accepted by the public for used in POU devices, with the exception of TiO2 which was 

viewed both a concern for environmental health and safety and public acceptance (Figure 

10-5).  
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Concern About Environmental Health and Safety 
Nanomaterial Rank Rank Distribution Score 

CNTs 1 

 

143 
Ag 2 175 

TiO2 3 233 
ZnO 4 295 

Cu/CuO 5 310 
Fe 6 406 

Al2O3 7 422 
CeO2 8 457 

Nanoclay 9 561 
SiO2 10 573 

Likelihood for Public Acceptance 
Nanomaterial Rank Rank Distribution Score 

Nanoclay 1  

147 
SiO2 2 166 
CeO2 3 301 
TiO2 4 340 
Al2O3 5 356 

Fe 6 380 
ZnO 7 390 

Cu/CuO 8 469 
Ag 9 471 

CNTs 10 560 
 

 

Figure 7-5. Industry rankings of ten commonly manufactured nanomaterials and their 

potential impact on environmental health and safety and their acceptance by the public if 

used in POU drinking water purification devices 

 

Industry concerns and public concerns were compared to determine synergies and 

disconnects between both stakeholders. Both stakeholders are concerned about the safety 

Lowest Rank Highest Rank 
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of nanomaterial enabled POU devices, but industry respondents prefer governmental 

oversight while public respondents prefer more information about nanomaterials. 

Additionally, public perceptions will influence long-term viability of nanomaterial-enabled 

POU devices, but ensuring that more information about nanomaterials is provided for the 

public or ensuring that devices are either more efficient or cost less than conventional 

competing technologies will likely allow for industry to overcome public concerns and 

ensure successful implementation of nanomaterial-enabled POU devices for drinking water 

purification. The findings are discussed in regard to specific adoption of nanotechnology 

in drinking water and also broader adoption and acceptance of emerging technologies that 

hold promise to improve environmental outcomes.  
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CHAPTER 9. CONCLUSIONS AND FUTURE RECOMMENDATIONS 

9.1. Conclusions 

This thesis was designed to gauge the efficacy of silver for surface water contaminant 

removal, evaluate societal concerns of silver use in consumer products and industrial 

processes, and accurately predict its environmental disposition in the environment for 

silver used in consumer products and industrial processes. By combining efforts to develop 

rapid assessment tools with wet-lab bench scale engineering of silver and industrial and 

consumer surveys, I was able to complete the goal of this dissertation. This work represents 

a novel, interdisciplinary approach to combine standard environmental engineering 

practices with social science practices to assess the impact of silver use in industrial 

processes and consumer products. Insights from this work point to improvement of 

knowledge on silver, its use, and concerns in industry and the public. A summary of key 

results is provided for each chapter in this thesis below: 

9.1.1. Chapter 2 – Physico-chemical properties and their importance in the environment: 

current trends in nanomaterial exposures 

• Current exposure measurements and models, while not perfect, have given 

insight into ENM exposure in the environment. The state of science pertaining 

to ENM exposure is still in the infant stage but is quickly developing. Intrinsic 

ENM properties and extrinsic, matrix-sensitive properties can create unique 

exposure scenarios that are currently too complex for available methodologies.  

• Currently, we are unable to determine whether specific ENM properties, or a 

combination of ENM properties, are responsible for ENM release and exposure 
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in the environment. Quantification of ENMs and ENM material properties 

requires a number of different analytical tools because of a lack of analytical 

tools capable of conducting analysis on more than one specific parameter. ENM 

transformations in the environment (i.e., dissolution, aggregation) are key 

components in altering the release potential of ENMs in products.  

9.1.2. Chapter 3 – Developing and interpreting aqueous functional assays for comparative 

property-activity relationships of different nanomaterials 

• We can develop rapid, high throughput assays for ENMs suspended in a 

standard 1 mM NaHCO3 buffer 

• We can developed a strategy to plot and interpret the outcomes of the functional 

assays by using activity-profiling radar plots.  

9.1.4. Chapter 4 – Removal of bromide from surface water: comparison between silver 

impregnated graphene oxide and silver impregnated powder activated carbon 

• The sheet-like structure of MH-Ag and Tour-Ag provided the advantage of 

reducing the competition for adsorption sites compared to PAC-Ag. They 

performed as superior adsorbents for Ag+ based Br- removal.  

• Both MH-Ag and Tour-Ag showed the ability to remove more Br- than PAC-

Ag when competing ions and organics were present.  

• All three silver impregnated adsorbents reduced Br- in surface water when used 

in conjunction with alum during coagulation and flocculation, making silver 

impregnated GO a viable technology to be introduced into the current treatment 

processes framework of water treatment facilities. 
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9.1.5. Chapter 5 – Anaerobic effects of colloidal nano-silver and ionic silver on the gut 

microbiome under realistic exposure conditions 

• We observed shifts in gastrointestinal pH (decrease) and SCFA production 

(decrease) when gut flora was exposed to 0.2 mg L-1 and 2 mg L-1 of nanosilver 

and ionic silver 

• We observed shifts in gut flora genetic diversity after exposure to nanosilver 

and ionic silver for 24 hours 

9.1.6. Chapter 6 – Public perceptions regarding the use of nanomaterials for drinking water 

treatment 

• Approximately 90% of respondents had little to no prior knowledge of 

nanomaterials or their use in consumer products.  

• The majority of respondents we surveyed use bottled water and are generally 

satisfied with their drinking water.  

• Survey respondents were more concerned about nanomaterials for applications 

where there is a higher potential for direct contact and exposure (e.g., baby 

products, food, drinking water purification). 

9.1.7. Chapter 7 – Are industrial perceptions for drinking water treatment nanotechnologies 

validated by public perceptions? 

• Survey respondents believe the major barrier to ENM-based POU devices to 

treat drinking water are the costs and consumer perceptions 

• Survey respondents were concerned about environmental health and safety of 

nanomaterials used in POU devices and the ability to fully characterize them. 
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• Survey respondents believe public perceptions will have an influence on the 

long-term viability of ENM-based POU devices 

 

 

9.2. Recommendation for Future Research 

While this dissertation focuses on metallic and carbon nanomaterials, the amount 

of ENMs used in industry for remediation technologies and consumer products is almost 

limitless. The properties of nanomaterials and their activity in the environment and on 

human health may change over time or novel nanomaterials with new unique properties 

may be developed in the future. Based on the work presented in this dissertation, I have 

three recommendations for future work that would advance the state of knowledge in this 

dissertation further. My first recommendation would be to look at other nanoproducts used 

in dietary supplements for the gut microbiome other than nanosilver. Nano cellulose is an 

emerging food additive as it can be used as a low-calorie replacement for carbohydrate 

additives used as stabilizers, thickeners, and flavor carriers in a range of food products. 

Nanocellulose is carbon based and has a needle-like shape. These properties make 

nanocellulose hard to analyze on conventional instrumentation and has the potential to 

behave similarly to other needle-like materials (e.g. asbestos, carbon nanotubes). 

Conducting experimentation to examine the effect of nanocellulose on the gut microbiome 

would be an interesting study for future students at ASU. My second recommendation 

would be to re-evaluate the gut microbiome study in Chapter 5. While we took significant 

precaution in the experimental design and execution of the study, the initial results from 
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the study indicate that the gut flora was likely under tremendous stress as the genetic 

diversity of the gut flora was different than what is typically seen from healthy individuals. 

In our study we found that nanosilver and ionic silver cause a significant shift in gut flora 

biodiversity, altering the biodiversity of the flora similar to what would be expected in a 

healthy individual. This finding means that it would be important to determine if there was 

contamination in the anaerobic batch bottles during the study or during sampling and it 

would be of interest to repeat the study to compare results. Alternatively, if nanosilver and 

ionic silver are causing an improved result to gut microbiome biodiversity, could 

nanosilver or ionic silver be a therapeutic method to improve gut microbiome health. 

Understanding how nanosilver and ionic silver improve gut flora diversity would be an 

interesting study for the future. My last recommendation would be to conduct research that 

builds upon the work done with MWCNTs in Appendix B. While yttrium was chosen as 

the surrogate trace residual metal in this study, each MWCNT will have distinctive 

synthesis methods and thus will likely have unique trace residual metal compositions. It 

will be important moving forward to understand these differences between MWCNTs and 

whether a unified method can be developed to quantify MWCNTs through spICP-MS or 

ICP-MS using trace residual metals or whether trace residual metals like yttrium can be 

useful as a marker in standardized testing of MWCNTs moving forward.  
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This chapter has been published as Apul, O., Delgado, A., Kidd, J., Alam, F., Dahlen, P., 
and Westerhoff, P. (2016). Carbonaceous Nano-additives Augment Microwave-Enabled 
Thermal Remediation of Petroleum Hydrocarbon Containing Soils. Environmental Science 
Nano, 3, pp. 997-1002. 
 
My author contribution: Approximately 85% of the research and 10% of the text  
 
 
Abstract 

Remediating soils contaminated with heavy hydrocarbons (C12– C40) from petrochemical 

exploration activities is a major environmental challenge across the globe. This study 

evaluated microwave irradiation in the presence of nano- and macro-scale graphitic 

additives as a rapid remediation technology for removing heavy hydrocarbons from soil. 

Adding inert materials (i.e., glass wool fibers or washed silica sand) as controls had no 

effect on total petroleum hydrocarbons (TPH) removal upon microwave irradiation. 

Carbonaceous nanomaterials (i.e., carbon nanotubes, graphene nanosheets, and carbon 

nanofibers) because of their favorable dielectric properties showed extraordinary heating 

performances when mixed with soil and microwave irradiated. As a result, adding these 

carbonaceous nanomaterials to contaminated soils removed more TPH compared with 

macro-scale carbonaceous additives. TPH concentrations decreased from 11000 to 

between 2000 and 6000 mg TPH kg−1 soil within one minute using carbon nanomaterial 

additives and a 2.45 GHz, 1000 W conventional microwave oven. In separate experiments, 

this technology de- creased TPH from 2500 to 650 mg TPH kg−1 soil from soils containing 

recalcitrant, non-biodegradable fractions of TPH. Large scale microwave systems are 
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available, and hold promise for remediating soils when used in conjunction with carbon 

nanomaterials. 

Introduction 

Long chain, heavy petroleum hydrocarbons in soils create a persistent environmental 

liability; these heavier fractions are less prone to natural weathering processes including 

volatilization, biodegradation, and dissolution.1,2 Since the early 1960s, nearly 6.8 × 108 

kg of oil have spilled into United States soils from pipeline breaks or seepage from 

corroded lines. In addition, nearly 1.0 × 109 kg oil have spilled into United States marine 

waters, which often ends up on land unless contained or recovered after the spill.3,4 Of 

particular concern are petroleum residuals containing 12 to 40 carbon chain lengths (C12–

C40) because of their low volatility and biodegradability. Microwave-enabled thermal 

treatment of petroleum hydrocarbon-containing soils is a cost- and time- effective 

remediation solution,5–7 and it has been investigated in bench-scale batch experiments, 

pilot-scale tests, and field- scale tests.5,8–12 Microwave-enabled thermal treatment of 

petroleum hydrocarbon-containing soils (i) decomposes polar and polarizable hydrocarbon 

components, which are more susceptible to microwave heating, (ii) evaporates volatile 

components regardless of their affinity to microwave energy be- cause of locally heated 

regions of the surrounding environment, and (iii) co-evaporates non-volatile components 

that can be stripped with the steam generated from evaporation of water molecules.  

Microwave-enabled heating introduces an electromagnetic field to the target matrix 

and generates heat via two predominant mechanisms: (i) polar molecules (i.e., compounds 

with permanent and induced dipoles such as water or chlorinated organics) rotate 
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erratically to align themselves to the incoming dielectric field, physical resistance causes 

friction, and subsequent heat release elevates the temperature of the molecules and their 

surroundings; and (ii) free electrons of charged particles (i.e., freely moving charged 

particles within a region such as π electrons of   
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graphitic carbon surface) trying to couple to the changes of electric field dissipate energy 

in the form of heat.13,14  

Overall, carbonaceous nano additives augment localized heating, which further 

enhances these processes. The heat induction, which is the ability to suppress 

electromagnetic radiation and convert it to thermal energy, is dictated by the dielectric 

properties of compounds of subject. Dielectric properties of compounds are generally 

controlled by their polarity and morphology.12 The selective nature of microwave heating 

can further be localized by utilizing additives with favorable dielectric properties. A 

common class of microwave absorbers are graphitic allotropes of carbon. A wide variety 

of carbon materials, including newer generation carbon nanomaterials (e.g., carbon 

nanotubes, graphene nanosheets, superfine powdered activated carbons), have unique 

structural and electrical properties. The generous electron budget on the graphene layers of 

sp-2 hybridized carbon network and freely floating π-electrons on their surfaces make 

carbonaceous materials exceptional candidates for microwave absorbers.13,15 Therefore, 

graphitic carbon nanomaterials are promising additives for microwave-enabled soil 

remediation.16–19 To the best of our knowledge, new generations of carbon nanomaterials 

have not yet been investigated as additives for microwave-enabled thermal remediation of 

soils.  

Microwave heating utilizing additives with dielectric properties is being 

investigated at an increasing pace in di- verse fields.14 However, only a small number of 

studies demonstrate the use of charcoal,8 carbon fibers,11 and granular activated 
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carbons10,20 as additives to augment microwave heating for soil remediation.5,21,22 This 

study investigated carbonaceous nanomaterials as additives to augment microwave-

enabled thermal treatment of petroleum soils because carbon nanomaterials with 

exceptional electron budget on the π-orbitals can show   
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extraordinary heating performance when mixed with soil. The performance of carbon 

nanomaterials was compared against previously-reported macro-scale carbons and inert 

materials. The primary objective of this study was to provide a bench-scale proof-of-

concept evaluation of novel carbonaceous nanomaterials as additives to augment 

microwave heating and enhance removal of total petroleum hydrocarbons (TPH) from 

contaminated soils within brief irradiation times. The long-term objective of this work is 

to develop a microwave-based technology that exploits the nano properties of graphitic 

carbon allotropes and is energy efficient, effective, rapid, and suitable for field deployment. 

In order to achieve those goals, this study serves to (i) provide evidence on the effectiveness 

of carbon nanomaterials as additives to microwave-enabled thermal remediation, (ii) 

identify the critical properties of select carbon nanomaterials, and (iii) provide some insight 

to the mechanism of hydrocarbon removal during microwave-enabled thermal remediation.  

 

Materials and Methods 

Materials  

The soil used in this study was a homogenous mixture of samples obtained from multiple 

locations at a decommissioned oil field in the United States and contained 11000 mg kg−1 

TPH. The sand/silt/clay soil matrix was contaminated with a 40 API gravity crude oil and 

had been weathering in situ at the field site. The soil had 33.8% w/ w water holding 

capacity. Additional soil characterization is available in prior publications.23 Experiments 

were conducted with two soils from the same source (as-received or after aerobic 
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biodegradation). Soil was biodegraded by providing a source of macronutrients, trace 

minerals, and vitamin solutions as described   
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elsewhere24 and mixing twice weekly. The TPH concentration of the biodegraded soil was 

2481 ± 192 mg kg−1. Additional biodegradation details are in the SI section.  

One type of multi-walled carbon nanotubes (NC7000, labeled as MWCNT-1) was 

obtained from Nanocyl SA (Nanocyl SA, Sambreville, Belgium). Carbon nanofibers (iron-

free, conical >99%, diameter 100 nm, length 20–200 μm, pore size 0.075 cm3 g−1) and 

the second type of multi-walled carbon nanotubes (labeled as MWCNT-2; 95% carbon 

content trace metal basis, outer diameter 7–15 nm, inner diameter 3–6 nm, length 0.5–200 

μm) were purchased from Sigma Aldrich (St. Louis, MO). Powdered activated carbon 

(PAC 20B) was purchased from Cabot Norit Americas Inc. (Boston, MA). Super- fine 

powdered activated carbon (SPAC) was obtained by pulverizing PAC 20B to submicron 

particle sizes via wet milling. Graphene (N006-010-P) and graphene oxide (N002-PDE) 

were purchased from Angstrom Materials (Dayton, OH). Food grade charcoal (bamboo 

activated charcoal powder, mesh 325) was purchased from Charcoal House, LLC 

(Crawford, NE). Washed silica sand (mesh no.: 40–60) and glass wool fibers were used as 

controls. The additive materials were utilized as received from the manufacturer without 

any physical or chemical preconditioning in our laboratory.  

Microwave treatment  

Five grams of contaminated soil (containing 18.7 wt% moisture) was placed into a 40 mL 

glass vial or porcelain crucible dish with no cap or cover. Additives (1–5% w/w) were 

manually mixed into the soil matrix to ensure sample homogeneity. The vials were placed 

on rotating glass dolly of the house- hold Hamilton Beach microwave oven (Glen Allen, 

VA; Model No.: P100N30ALS3B, 2.45 GHz, 1000 W output) in a laboratory hood and set 
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to the desired experimental time (varying between 15 seconds to 5 minutes). The active 

power generated by the microwave was measured online by Kill A Watt® (P3 

International). Soil temperature   
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measurements were obtained immediately following treatment using a handheld, VWR 

non-contact infrared digital temperature gun (Radnor, PA).  

Total petroleum hydrocarbons (TPH) analysis  

Soil sample TPH concentrations were analyzed by an independent analytical lab (Eurofins 

Lancaster Laboratories; Lan- caster, PA) or in-house. For external laboratory analysis, bulk 

soil preparation (SW-846 5035A Modified) and extractable petroleum hydrocarbon 

detection for soils (SW-846 3546) were followed. All TPH concentrations were corrected 

according to surrogate (i.e., o-terphenyl) recovery percentages, which ranged from 64 to 

93%. For in-house analysis, one gram of soil was dried with sodium sulfate and extracted 

with dichloromethane (DCM) in a Gerhardt® Soxtherm automatic extractor (Gerhardt 

Analytical System, Königswinter, Germany).25 Prior to extraction, samples were spiked 

with 50 μL of 1-chlorooctadecane and o-terphenyl from 1000 mg L−1 stock solutions to 

verify recovery. All TPH concentrations were corrected according to average surrogate 

recoveries, which ranged from 74% to 92%. The DCM extract was concentrated to 1 mL 

final volume, filtered through a 0.2 μm PTFE filter, and analyzed on a GC-FID (Shimadzu 

GC2010, Shimadzu Corp., MD, USA). All TPH concentrations were reported per dry 

weight of the soil. Additional details on the in-house TPH extraction method are provided 

in the SI. Student's t-test was employed for statistical hypothesis testing when evaluating 

the significant differences between datasets.  

Results and Discussion 

Microwave-enabled thermal treatment of soils containing petroleum hydrocarbons  
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Petroleum hydrocarbon-containing soils with ten different additive materials were 

irradiated in a microwave for 60 seconds. Fig. 1 shows the TPH concentrations before and 

after microwave treatment. Microwave treatment of soil with no additives showed no 

detectable decrease in TPH   
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concentration. Likewise, addition of controls had no decrease in TPH after microwave 

treatment indicating the bulk density or the morphology of inert controls does not 

contribute to TPH removal. Similarly, macro-scale carbon additives (PAC, SPAC, and 

charcoal) showed no statistically significant (α = 0.05) de- crease in TPH after 60 seconds 

of microwave treatment. Treatments with some carbonaceous nano additive showed TPH 

removal up to 82%. The TPH concentrations were significantly ( p < 0.05) lower than 

initial TPH concentration when graphene, MWCNT-1, or carbon nanofiber was added. 

Graphene and MWCNT-1 performed best. Differences in additive performance were 

attributed to the varying morphology and dielectric properties of selected additives. These 

results suggest that the unique dielectric properties of these carbonaceous nano-additives 

can be exploited for augmenting microwave irradiation soil remediation techniques.  

The MWCNT type made a difference in microwave-enabled remediation. 

Menendez et al.14 reported a wide range of dielectric tangent losses (0.25–1.44) for carbon 

nanotubes. This variability can be attributed to the morpho- logical differences of the tubes 

or the unpredictable cluster formation of the nanotubes. Further evaluation is required to 

understand which properties of MWCNT-1 (vs. MWCNT-2) augmented thermal 

remediation.  

Selected residual TPH distributions showing carbon chain lengths before 

microwave treatment (untreated soil) and after 60 second microwave treatment (graphene 

and carbon nano- fiber additives) are presented in Fig. 2. The shorter chain hydrocarbon 

concentrations were smaller than longer chain hydrocarbons after microwave treatment. 

For example, TPH removal percentages in C12–C20, C20–C28, and C28–C36 carbon 
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chain length fractions were 94%, 81%, and 73%, respectively, for graphene and 66%, 55%, 

and 38%, respectively, for carbon nanofibers. The shorter chain hydrocarbons appear more 

prone to microwave-enabled thermal remediation with additives.   
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Bulk soil temperatures rose to 190 °C when irradiated with some of the additives 

(i.e., graphene, MWCNT-1 or carbon nanofibers) and rose only to 40–50 °C with no 

additive. During irradiation a thick, black colored gas was emitted from the soil almost 

immediately. This gas is presumably a mixture of volatilized hydrocarbons, steam from 

soil moisture, and gaseous oxidation products. At this exploratory stage, the flue gas was 

not captured for further analysis; however, its composition would elucidate whether the 

heavy hydrocarbons were volatilized, oxidized to shorter chain (more volatile) 

components, or completely mineralized to CO2. Another visual observation was the 

generation of white or light blue colored sparks, especially when graphenes and MWCNTs 

were irradiated. The sparks were attributed to graphitic car- bon allotropes reflecting 

microwave radiation fractions where delocalized π-electrons can move freely, enabling 

them to jump out and ionize the surrounding atmosphere. These sparks are defined as 

microplasmas (i.e., plasmas confined to a small region that last for a fraction of a 

second).14  

Two control additives with poor microwave responsive- ness, washed silica sand 

(dense particles resembling activated carbon) and glass wool fibers (loose and cottony 

fibers resembling carbon fibers), showed no notable performance, confirming their low 

microwave heating capacities; however, it is difficult to make conclusive statements 

because several other carbonaceous materials (PAC, SPAC, Charcoal) also did not perform 

well in the 60 second microwave tests. Longer microwave irradiation times could be 

applied with similar additives; however, it was decided that further exploration of these 

control additives would not be included in this study. Error bars represent heterogeneity of 
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TPH within soil samples, which occurs due to variations in soil properties (particle size, 

composition) and way the TPH spill or mixing induces macro-scale heterogeneities of real 

field samples. This is the very nature of actual heavy hydrocarbon contaminated soils, 

which differs from mechanistic studies that may use simpler   
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background matrices (e.g., silica sand containing crude oil). Recoveries of internally spiked 

compounds with the soils were used to compute TPH concentrations. Statistical analysis 

was conducted to differentiate effects of TPH soil heterogeneity from effects of microwave 

treatment in the presence of different additives. A 15-minute irradiation time was 

investigated using 10% w/w granular activated carbon additive, and TPH removal greater 

than 90% was achieved. The resulting chromatograms and experimental details of the 

granular activated carbon test are provided in Fig. S1 in ESI. The granular activated carbon 

test results demonstrate that macro-scale graphitic materials can also remove TPH, but the 

prolonged irradiation process is more energy intensive and would directly influence the 

cost of the treatment.  

Regardless of particle size and graphitic properties, graphene oxide, charcoal, PAC, 

and SPAC did not perform well as dielectric additives under tested conditions. Two 

possible reasons for the lower performance could be: (i) the considerably higher density 

and sphere-like morphology of activated carbon or charcoal particles, and (ii) the presence 

of oxygen on the surface of graphene oxide. However there is not enough evidence at this 

stage to make a conclusive statement regarding the poor performance of these additives.  

Effect of operational parameters  

Performance of microwave-enabled thermal treatment is influenced by operational 

parameters including (i) microwave energy input or heating time, (ii) dielectric additive 

amount, (iii) moisture content, and (iv) microwave frequency.10,12 Irradiation time as an 

operational parameter will affect cost and must therefore be considered in balance with 

remediation efficiency. Previously, 15-minute irradiation was applied using granular 
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activated carbon additives and removed TPH from soil as described in Fig. S1 in ESI; 

dielectric nano-additives showed similar performances with much shorter irradiation times. 

For 1% MWCNT-1, increasing the microwave irradiation time from 15 seconds to 30 and 

60 seconds increased TPH removal from 20% to 30% and 60%, respectively (see Fig. S2 

in ESI†). Longer irradiation times increased the temperature due to the increase in the 

specific energy input as previously reported in the literature.26,27 An average of 1678 W 

power in- put (see the online power measurements in Fig. S3 in ESI†) from microwave 

introduced 0.007 kW h (i.e., 24.2 kJ) energy in 15 seconds, whereas increasing the 

irradiation time to 30 and 60 seconds increased the energy input to 0.013 kW h and 0.027 

kW h, which yields to 2.7 and 5.4 kW h kg−1 soil, respectively.  

Higher concentrations of nano additives may allow more contact with soil due to 

abundance of additive mass, resulting in more heating during irradiation. Increasing 

MWCNT-1 mass per unit soil from 1 wt% to 2.5% and 5% in- creased TPH removal from 

35% to 45% and 70%, respectively (see Fig. S4 in ESI).  

Soil moisture content is another important operational parameter because water has 

a high dielectric tangent loss and can contribute to microwave heating and stripping of 

hydro- carbons during evaporation; conversely, it can serve as a heat sink and decrease the 

soil temperature. TPH removal was not notably different when microwave heating was 

applied to soils at 0, 20, and 60% of the soil water holding capacity (see Fig. S5 in ESI†). 

A detailed investigation is required to understand the effect of moisture content on 

microwave-enabled thermal treatment of soils containing petroleum hydrocarbons.  

Microwave-enabled thermal treatment of bioremediated soils with additives  
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Bioremediation is a common low-cost strategy to remove a portion of TPH from 

contaminated soils, but a non- biodegradable TPH fraction persists and causes regulatory 

challenges or issues associated with use or disposal of the soils. To investigate the effect 

of microwave irradiation on persistent components of bioremediated soils containing TPH, 

a bioremediated soil was exposed to five minutes of microwave irradiation. The post-

treatment average TPH concentrations (± standard deviation from triplicate treatments) 

with and without MWCNTs were 644 ± 230 and 2072 ± 45 mg kg−1, respectively. Adding 

MWCNT-1 improved TPH reduction from 17% to 74%. This substantial performance 

increase was attributed to the superior dielectric properties of graphitic allotropes of carbon 

nanotubes, confirming the ability to con- vert microwave radiation to conventional heat. 

Fig. S6 provides chromatograms obtained after bioremediation and after subsequent 

microwave irradiation. The majority of lighter TPH fractions that elute early in the gas 

chromatography run are removed during bioremediation, indicating that heavier, longer-

chain TPH fractions are more persistent as expected. Adding MWCNTs in combination 

with microwave irradiation removed petroleum hydrocarbons, including the most 

recalcitrant fractions that were eluting after 30 minutes. Microwave irradiation with 

MWCNTs following bioremediation was capable of removing more than 90% of the TPH 

from impacted soil.  

This study demonstrated the extraordinary thermal properties of carbonaceous 

nanomaterials and their ability to enhance the microwave-enabled thermal remediation of 

petroleum hydrocarbon-containing soils. Switching from macro-scale to nano-scale 

carbonaceous materials can shorten the irradiation times and decrease the energy intensity 
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of the process dramatically. Additionally, some of the tested nano-additives significantly 

increased the performance of microwave treatment of biodegraded soils containing re- 

calcitrant petroleum hydrocarbons. The demonstrated technology has the potential for 

scale-up to an ex-situ setting where soil is conveyed into a field-scale microwave oven for 

continuous remediation of soils containing petroleum hydrocarbons. The conveyer belt 

material can be coated with fabricated carbon nanomaterials or external additives can be 

used to avoid addition of nanoparticles into the soil matrix.  

A mechanistic evaluation of select nano-additives is going to be conducted by 

systematically obtaining physicochemical, electrical and thermal properties of nano-

additives and testing their microwave responsiveness for thermal remediation of soils 

containing petroleum hydrocarbons. Complementary tests will be conducted in simpler 

background matrices (i.e., nano-additives on treatment of silica sand that is synthetically 

contaminated with a specific geographic crude oil source) to gain a mechanistic insight. 

From a field deployment perspective, our future work is going to evaluate the trade-offs 

between addition of persistent nanoparticles into the soil matrix versus application of 

recoverable materials. In addition to the oncoming mechanistic studies and industrial scale 

microwave devices, investigation of microwave field uniformity and temperature induced 

change uniformity will be critically evaluated.   
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Fig. 1 TPH concentrations in soil after 60 second microwave treatment with 2.5 wt% 

dielectric additives and corresponding controls with inert or no additives. Error bars 

indicate standard deviation of triplicate experiments. Indicator letters (A and B) show 

treatments that are significantly lower than initial TPH concentration at 95% level of 

significance (p < 0.05) where same letters indicate statistical indifference. Asterisks (*) 

indicate the TPH concentrations of the triplicate treatments causing the large error bar on 

graphene oxide treatment. Solid and dashed lines indicate initial TPH concentration ± 

standard deviation of triplicate measurements. MWCNT: multi-walled carbon nanotubes, 

PAC: powdered activated carbon, SPAC: superfine powdered activated carbon.   
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Fig. 2 TPH concentration by carbon chain length in soil before and after 60 second 

microwave treatment for select carbonaceous materials. Error bars indicate standard 

deviation of triplicate experiments.   
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Supplemental Information 

Biodegradation Procedure for Soils Containing Petroleum Hydrocarbons  

Soil was biodegraded in a 1.5 L glass pan containing 1.25 kg of soil. Each kg of soil was 

dosed with 10 mL of macronutrient solution, 1 mL Trace A solution, 1 mL Trace B 

solution, and 1 mL vitamin mix solution for bacterial growth. The composition of these 

solutions was published previously S1. The soil was mixed/tilled twice weekly to 

oxygenate, and DI water was provided to maintain the moisture content at 60-80% of the 

soil water holding capacity (i.e., 15- 18% w/w). Incubations were performed for 120 days 

at 30° C in the dark.  

 

Extraction and Quantification of Total Petroleum Hydrocarbons from Soil  

One gram of soil was dried with sodium sulfate and extracted with dichloromethane (DCM) 

in a Gerhardt® Soxtherm automatic extractor (Gerhardt Analytical System, Königswinter, 

Germany). The DCM extract was concentrated to 1 mL final volume, filtered through a 

0.2-μm PTFE filter, and analyzed on a GC-FID (Shimadzu GC2010, Shimadzu Corp., MD, 

USA) equipped with a Restek Rxi®-1HT column (30 m x 0.25 mm x 0.25 μm). The GC- 

FID analytical method was developed according to the extractable petroleum hydrocarbons 

standard method S2. TPH was defined as the collective concentration of all compounds 

eluting from n-nonane (C9) to n-tetracontane (C40). Calibration curves were generated to 

obtain calibration factors using an alkane C9-C40 standard mixture (Sigma-Aldrich Co. Ltd.; 

St. Louis, MO) at six different concentrations between 2 and 200 mg/L. All TPH 

concentrations were reported per dry weight of the soil.   
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Figure S1. Chromatograms of soils containing petroleum hydrocarbons before and after 

15-minute microwave irradiation enhanced with granular activated carbon. Microwave 

treatment of soils using granular activated carbons as additives: two grams of contaminated 

soil (containing 14,000 mg/kg TPH, 12.5% soil moisture) were placed into a 40 ml 

borosilicate VOA vial. Calgon granular activated carbon (10% w/w) was added to the soil 

matrix and manually mixed to ensure sample homogeneity. The vials were placed on a 

rotator disk in a household Hamilton Beach (Glen Allen, VA; Model No: P100N30ALS3B, 

2.45 GHz, 1000-W output) microwave oven in a laboratory hood and set to 15 minutes. 

Residual TPH chromatograms were generated in-house using SRI 8610C Gas 

Chromatograph with Restek MXT-1HT SimDist column (10m, 0.53 mmID, 0.21 um df). 

Temperature programming was: 40-380 oC at 20 oC/min (total 17-minute run time) with 

gas flow rates of helium carrier 10 ml/min, hydrogen 20 ml/min, and air 230 ml/min.   

1 

0 17 
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Figure S2. Effect of Microwave irradiation time on TPH removal. The solid line is 

drawn to guide the eye. MWCNT-1 (1% w/w) was used as dielectric additive. 
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APPENDIX B 

YTTRIUM RESIDUES IN MWCNT ENABLE ASSESSMENT OF MWCNT 

REMOVAL DURING WASTEWATER TREATMENT  
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YTTRIUM RESIDUES IN MWCNT ENABLE ASSESSMENT OF MWCNT 

REMOVAL DURING WASTEWATER TREATMENT 

• This chapter has been published as Kidd, J., Bi, Y., Hanigan, D., Herckes, P., and 
Westerhoff, P. (2019). Yttrium residues in MWCNTs enable assessment of MWCNT 
removal during wastewater treatment. Nanomaterials, 9, pp. 670-683 

• My author contribution: Approximately 60% of the research and 80% of the text 
 
 
Abstract 

Many analytical techniques have limited sensitivity to quantify multi-walled carbon 

nanotubes (MWCNTs) at environmentally relevant exposure concentrations in 

wastewaters. We found that trace metals (e.g., Y, Co, Fe) used in MWCNT synthesis 

correlated with MWCNT concentrations. Because of low background yttrium (Y) 

concentrations in wastewater, Y was used to track MWCNT removal by wastewater 

biomass. Transmission Electron Microscopy (TEM) imaging and dissolution studies 

indicated that the residual trace metals were strongly embedded within the MWCNTs. 

Yttrium concentration in MWCNTs was 76 µg g-1, and single particle mode inductively 

coupled plasma mass spectrometry (spICP-MS) was shown viable to detect Y-associated 

MWCNTs. The detection limit of the specific MWCNTs was 0.82 µg L-1 using Y as a 

surrogate, compared with > 100 µg L-1 for other techniques applied for MWCNT 

quantification in wastewater biomass. MWCNT removal at wastewater treatment plants 

(WWTPs) was assessed by dosing MWCNTs (100 µg L-1) in water containing a range of 

biomass concentrations obtained from wastewater return activated sludge (RAS) collected 

from a local WWTP. Using high volume to surface area reactors (to limit artifacts of 

MWCNT loss due to vessel walls) and adding 5 g L-1 of total suspended solids (TSS) of 
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RAS (3-hour mixing) reduced the MWCNT concentrations from 100 µg L-1 to 2 µg L-1. 

The results provide environmentally relevant insight into the fate of   
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MWCNTs across their end of life cycle and aid in regulatory permits that require estimates 

of engineered nanomaterial removal at WWTPs upon accidental release into sewers from 

manufacturing facilities. 

Introduction 

Multi-walled carbon nanotubes (MWCNTs) consist of multiple rolled layers (concentric 

tubes) of graphene, which bring rise to their unique material properties (e.g., high thermal 

conductivity, elasticity, tensile strength, microwave absorbency, etc.). MWCNTs are being 

widely considered in numerous applications such as nanosensors [1], nanocomposite 

materials [2], paint or other coatings [3], and field-emission displays [4]. Manufacturing 

processes often combine MWCNT into stock solutions containing surfactants to maintain 

their dispersions or into polymers, which prevents working with dry MWCNT powders. 

Accidental MWCNT spills at manufacturing facilities can result in discharges to sewers, 

which flow to local wastewater treatment plants (WWTPs). In direct spillage scenarios into 

rivers or lakes, predicted MWCNT concentration ranges in surface waters may be in the 

microgram per liter (µg L-1) range [5,6], which is 10–1000 times lower than MWCNT 

levels estimated to cause adverse biological responses in aquatic organisms [7-9]. 

However, in situations where MWCNT spills occur within industrial facilities, a short 

duration influx of MWCNTs at higher concentrations can occur at WWTPs. If not removed 

at WWTPs, short duration releases of MWCNTs into receiving waters could occur. 

Evaluating MWCNT removal in bench scale conditions can approximate full scale 

operations and provide useful information on what might be expected at full scale [10]. 

While research has shown that WWTPs can remove > 90% of many types of nanoparticles 
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due to their association with wastewater activated sludge and its subsequent physical 

separation [11-13], industry needs validated methods to estimate nanoparticle removal at 

WWTPs, similar to strategies employed for chemical pollutant removal tests (e.g., OPPTS 

835.1110 EPA 712-C-98-298). 

Current analytical techniques to detect and quantify carbon nanoparticles include 

programmed thermal analysis (PTA), Raman spectroscopy, spectroscopic absorbance, and 

microwave treatment with thermal analysis, but most available techniques have detection 

limits in solid matrices and water on the order of 10–100 mg kg-1 or 0.1–10 mg L-1, 

respectively [14]. Recent studies evaluated the ability of single particle inductively coupled 

plasma-mass spectrometry (spICP-MS) to detect residual trace catalytic metals (e.g., Fe, 

Y, Ni, Co, Mo) that persisted in single walled carbon nanotubes (SWCNTs) at ng L-1 levels 

in an aqueous matrix [15-17]. Therefore, we explored spICP-MS and ICP-MS directly for 

the detection of known specific commercial MWCNTs in complex wastewater matrices. 

The goal of this research was to demonstrate the use of metals as a surrogate 

measurement for MWCNT concentrations and use the measurements to assess the fate of 

MWCNTs at WWTPs under realistic MWCNT sewage concentrations. Specific objectives 

included (1) to select a trace rare earth element (REE) residual in MWCNTs as a surrogate 

for MWCNT quantification in wastewater by ICP-MS, (2) to determine the association of 

the selected REE (yttrium) and MWCNTs using transmission electron microscopy (TEM) 

before and after dissolution studies, (3) to determine the removal of MWCNTs with 

wastewater RAS, and (4) to use MWCNT removal results to predict conditions following 

an industrial spill scenario.  
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Materials and Methods  

Preparation of MWCNT Solutions 

A MWCNT working solution was prepared by diluting a commercial 5% MWCNT 

solution (Altana) to approximately 200 mg L-1 using 18.2 MΩ-cm Nanopure water in 50 

mL polypropylene centrifuge tubes. The MWCNT working solution was hand shaken and 

then immersed in a batch sonicator (Branson 5800) to disperse MWCNT particles. A test 

solution was prepared following prior research for wastewater biomass-nanoparticle 

removal evaluation [18], using 1 mM NaHCO3 (pH 7.4) prepared in Nanopure water (≥ 

18.2 MΩ-cm). Four vial types were used in these experiments: (1) 50 mL polystyrene 

centrifuge vials, (2) 40 mL borosilicate vials with septa screw cap, (3) 40 mL amber glass 

vials with Teflon septa screw cap, and (4) a standard jar test apparatus (Phipps and Bird) 

with six 2 L polyethylene vessels. 

Return Activated Sludge (RAS) Stock Preparation  

RAS was collected in 1 L Nalgene HDPE wide mouth bottles from a metro-Phoenix region 

secondary WWTP practicing nitrification and denitrification. The same approach was used 

previously for nanoparticle-WWTP studies [10,11,18]. Immediately after collection, the 

sample bottles were placed in an ice cooler (approx. 4 °C) and returned to the lab where 

they were stored in the 4 °C fridge. Within 24 hours, the solids visually settled, and the 

wastewater supernatant was decanted. The RAS was re-suspended in 400 mL of 1 mM 

NaHCO3 solution, allowed to settle, and the supernatant discarded again. This was repeated 

for a total of three rinses. A final RAS stock suspension was then made in a 1 L Nalgene 

HDPE bottle with the 1 mM NaHCO3 solution. To determine the concentration of the 

biomass suspension (g TSS L-1), the collected biomass was stirred with a stir bar to shear 
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larger particles and obtain more uniform particle size. 10 mL of biomass sample were 

vacuum filtered with a 0.45-micron glass fiber filter, followed by 3 rinses of the filter using 

10 mL of Nanopure water. The filter with biomass was then carefully removed, placed into 

an aluminum weighing dish, and dried at 105 °C until the change in biomass weight 

between sampling periods (10 min) was less than 4% of total sample weight. The weight 

of the dry biomass was recorded, and the concentration of dry biomass was calculated (g 

TSS L-1). The stock RAS suspension was then diluted with 1 mM NaHCO3 solution to 

achieve a TSS concentration equal to the desired TSS concentration in the experimental 

samples. New diluted stocks were made from the original stock for each experimental RAS 

concentration. The new RAS stocks were stored in the 4 °C fridge until the experiment was 

conducted. We completed the experiment within 24 hours of rinsing and diluting the RAS 

stock solutions. 

Quantification Techniques for MWCNTs 

Light Scattering Detection and Programmed Thermal Analysis of MWCNTs 

To supplement the use of trace elements for MWCNT detection, MWCNTs were also 

quantified using UV-Vis spectroscopy and PTA [19]. For UV-Vis spectroscopy, 

calibration curves were made by creating a dilution series from the 200 mg L-1 MWCNT 

stock solution in 1 mM NaHCO3 matrix solution. The dilution series was scanned at 

wavelengths from 300 to 800 nm (Figure S1). For PTA, the 5% MWCNT solution and a 

MWCNT powder were analyzed. Both samples used the same manufactured MWCNTs. 

The MWCNT solution was dried at 105 °C until the change in dry weight measured 

between 24-hour time points was < 4%. The two MWCNTs were placed in a furnace and 
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heated in the absence and then presence of oxygen following the methodology outlined 

previously for PTA detection of MWCNTs (Figure S2) [19-22].  

Microwave Digestion of MWCNTs 

Soluble metal residuals present on MWCNTs were quantified by ICP-MS after microwave 

digestion. Briefly, ~0.1 g of 5% MWCNT solutions were digested in 10 mL HNO3 (70%) 

with a CEM MARS 5 microwave accelerated reaction system (1200 watts, 2450 MHz) at 

170 °C for 40 minutes. After cooling, the digested samples were diluted in 2% HNO3 and 

analyzed for 30 common metals using a Thermo Scientific X-Series II ICP-MS. Previous 

study indicates that this method yields reliable results for the quantification of metal 

contents in CNTs [23]. Of the 54 elements scanned, only a few elements were found in 

measurable concentrations in this product.  

Dissolution Tests and TEM Imaging to Assess Residual Metal Association with MWCNTs  

To determine association of metal residuals with the MWCNTs, two 40 mL solutions of 

MWCNTs (1 mg L-1) were suspended in 50 mL polystyrene centrifuge vials at different 

pH values: 2% HNO3 (pH 2) and 1 mM NaHCO3 (pH 7.4). Solutions were shaken for 24 

hours to evaluate mechanical and/or chemical release of metal catalysts. 15 mL of each 

solution were passed through a 30 kDa ultrafilter using a centrifuge for 15 minutes at 5000 

G (Millipore, Ultracel Regenerated Cellulose Membrane, > 90% recovery) to separate 

remaining MWCNT particulates and nano-scale or dissolved metals. The permeate was 

analyzed by spICP-MS. The remaining 25 mL of MWCNT solutions not used in the 

ultrafiltration process were evaluated with a Philips CM200 TEM coupled with energy 
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dispersive X-ray spectroscopy (EDAX). Samples were placed on copper TEM grids (2% 

HNO3 sample was neutralized with NaOH salt before placement on grids) and analyzed.  

Single Particle ICP-MS and ICP-MS Analysis of Yttrium 

We operated ICP-MS in single particle mode following methods published previously 

[15,24-26] and followed the approach of analyzing for trace metals in MWCNTs as 

demonstrated for SWCNTs [15,17]. For samples analyzed with spICP-MS, if the sample 

contains dissolved metals, the ions will be distributed homogenously within the solution, 

producing a consistent intensity signal vs. time across readings. However, if the sample 

contains particles, the metal atoms within the sample are no longer distributed 

homogenously. Instead the metals are present as discrete particulates and, once ionized, 

move through the mass analyzer to the detector as a cluster of ions. This cluster of ions 

results in a spike above the background, where the pulse corresponds to an individual 

particle and the background represents the “dissolved” metals in solution. 

Of the six metal residuals (59Co, 60Ni, 68Zn, 89Y, 90Zr, and 95Mo) that were physically 

bound to the MWCNTs, we determined that yttrium (Y) would be best used as an indicator 

of this specific MWCNT for quantification because it has the highest sensitivity on ICP-

MS (see Results) and also a low background concentration of yttrium present in wastewater 

sludge [27]. Analysis by spICP-MS was performed on non-digested samples using a 

Thermo Scientific X-Series II (Waltham, MA) in time-resolved data acquisition mode with 

a dwell time of 10 ms following methodologies described elsewhere [28]. In brief, samples 

were placed in polypropylene sample tubes in Nanopure water, and the tubes were placed 

in a sonicating bath for 15 minutes. Samples were then immediately pumped into the 
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instrument, and the spectra for 89Y were recorded. We used three times the standard 

deviation of the spectra to delineate MWCNT pulses from background dissolved metal. 

We also measured total dissolved 89Y concentrations in MWCNT suspension by ICP-MS 

by diluting the MWCNT stock solution to between 0.001 to 100 µg L-1. A linear calibration 

curve was made between diluted MWCNT concentrations and yttrium responses (in counts 

per second, cps) (Figure S3). Then we calculated a minimum detection level (MDL) 

following EPA procedure of running 10 replicate samples. The MWCNT stock solution 

was diluted to roughly 2 µg L-1 to determine the MDL (0.49 µg L-1). Because we found 

that the Y was easy to dissolve, biomass partitioning experiments were analyzed by first 

exposing the biomass/CNT mixture to 2% nitric acid, followed by filtration through 30 

kDa ultrafilters and ICP-MS analysis. 

MWCNT-RAS Batch Interaction Experiments 

For experiments conducted in 40 mL glass and amber vials with septa screw caps, triplicate 

samples with 35 mL of wastewater biomass to achieve desired final biomass concentrations 

of 0, 0.5, 1.0, 2.0, 3.0 and 5.0 g TSS L-1. The MWCNT solution (5 mL) was added to a 

final MWCNT concentration of 100 µg L-1 for a total reactor volume of 40 mL. Triplicate 

controls with wastewater biomass only and nanoparticle solution only were also performed. 

Vials were sealed and secured on a rotator table for 3 hours at 45 revolutions per minute 

(rpm). After mixing, the samples equilibrated in the lab for 1 hour to allow for biomass 

settling, and a 10 mL supernatant aliquot was taken and centrifuged at 150 G for 10 minutes 

to settle any remaining biofloc in the supernatant. The samples were transferred to clean 
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vials and acidified with 2% HNO3 for 24 hours to release yttrium from the MWCNTs. 

Samples were passed through 30 kDa ultrafilters and analyzed using ICP-MS.    

For jar test experiments, a standard jar test apparatus (Phipps and Bird) was used 

with six 2 L vessels. Each jar was given a different biomass concentration (0, 0.5, 1.0, 2.0, 

3.0, and 5.0 g TSS L-1), and these biomass concentrations were made up to 1.8 L in 1 mM 

NaHCO3 matrix solution. The no biomass control contained 1.8 L of 1 mM NaHCO3 matrix 

solution. The experiments were run in triplicate (n=18). After biomass was added at 

specified concentrations, 200 mL of 1 mg L-1 MWCNT solution were added to each reactor 

to give a final MWCNT concentration of 100 µg L-1 and a final reactor volume of 2 L. The 

jar apparatus mixing was continuous at 45 rpm for 3 hours. The apparatus was turned off, 

and the biomass settled for 1 hour. 50 mL of supernatant from each jar test reactor was 

placed into a 50 mL polystyrene centrifuge vial and centrifuged at 150 G to separate the 

remaining biofloc from the solution. The supernatants were then acidified with 2% HNO3 

for 24 hours and filtered through 30 kDa ultrafilters prior to ICP-MS analysis of dissolved 

yttrium concentrations. Randomly chosen samples were also analyzed for 89Y using spICP-

MS to confirm removal of pulses originating from yttrium in the MWCNTs.  

Results and Discussion 

Characterization of MWCNTs and the Trace Metal Residuals Associated with MWCNTs 

Elemental content of the MWCNTs determined by ICP-MS after microwave digestion are 

summarized in Table 1. Of the 54 elements scanned, only a few elements were found in 

measurable   
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concentrations in this product. Quantitative analyses were conducted for 59Co, 60Ni, 68Zn, 

89Y, 90Zr, and 95Mo (Table 1).  

 

Table 1. Contents of trace metal residual elements in MWCNTs determined by ICP-MS.  

Metal Concentration (μg g-1) *Sensitivity Regression Equation *Sensitivity R2 Value 

Fe 9363 ± 578 - - 

Y 76.19 ± 5.93 1.90E+04X + 1.07E+03 0.99 

Zr 1253 ± 75.31 1.00E+04X + 2.35E+03 0.99 

Co 153.3 ± 6.47 6.17E+03X + 2.57E+03 0.99 

Zn 10.47 ± 5.32 8.96E+01X + 9.73E+02 0.78 

Ni 5.06 ± 0.41 9.71E+02X + 1.82E+02 0.99 

Mo 1.19 ± 0.07 2.72E+02X + 4.36E+00 0.99 

Concentration data expressed as Mean ± S.D. of three independent measurements (µg g-1) 

*Data obtained from Figure 1 

 

Iron (Fe) was found at the highest concentration (~ 9.36 mg g-1) followed by Zr (~1.25 mg 

g-1), Co (153 μg g-1), Y (76.2 μg g-1), Zn (10.5 μg g-1), Ni (5.1 μg g-1), and Mo (1.2 μg g-1). 

We presume these residuals are catalyst impurities in the metals used in MWCNT synthesis 

rather than intentionally added by manufacturers. These results align well with reports of 

yttrium and cobalt in SWCNTs [15,17] Figure 1 shows the sensitivity of these three metal 

residuals by ICP-MS after microwave digestion of the CNT.   
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Figure 1. Sensitivity of trace metal residuals (Y, Zr, Co, Ni, Mo, Zn) using ICP-MS. The 

ratio of net signal to concentration is the sensitivity of each element. 

 

Sensitivity was found by comparing the ratio of their net signal (counts per second) to 

concentration (μg L-1) and is important because the quantitation limit of elements by ICP-

MS is primarily set by sensitivity. We chose to normalize instrument response to the 

MWCNT concentration rather than to a neat metal standard because the manufacturer 

MWCNT solution matrix is unknown, causing unknown ionization or instrumental effects 

that would not be present for a neat solution. Yttrium had the highest sensitivity of the three 

metal residuals, followed by zirconium and cobalt. We previously found that yttrium had 

the lowest “enrichment factors, EF” in wastewater sludge [27], and here we found that 

yttrium was a feasible residual metal candidate to quantify MWCNT concentrations using 

spICP-MS and ICP-MS. 
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TEM images and their corresponding EDAX for the 5% MWCNT solution are shown 

in Figure 2. The TEM images are representative of analytical replicates taken from the 

stock solution. The average width of the MWCNTs was found to be 18 ± 3 nm, and the 

length was between 50 and 5000 nm. Additional TEM images are in Figure S4. EDAX 

detected Zirconium (Zr), Aluminum (Al), and Oxygen (O) with lower levels of phosphorus 

(P), Iron (Fe), and Silica (Si) present in the dense regions embedded within the MWCNTs. 

Trace metals quantified by ICP-MS were not detected by EDAX, which often is only 

sensitive at > 0.5% weight. 

 

 

 

Figure 2. TEM imaging of 5% MWCNT stock solution and corresponding EDAX of 

highlighted TEM images. Dense (darker) regions on MWCNTs are residual trace metals 

remaining after MWCNT synthesis.  
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Association of Yttrium with MWCNTs 

Dissolution experiments using MWCNTs were performed to determine if yttrium was 

mobilized into water or retained on the MWCNTs. In control experiments, we expected 

that dissolved yttrium would pass through the 30 kDa ultrafilters; however, if Y remained 

associated with the MWCNTs it would be retained by the 30 kDa ultrafilters. All of the 

89Y standard passed through the ultrafilter, confirming that dissolved yttrium is not retained 

or sorbed by the ultrafilter (> 90% recovery).  

 To determine the initial yttrium pulses present, 15 mL of the MWCNT solution was 

analyzed with spICP-MS (Figure 3A). A large number of pulses were present, and the 

signal (y-axis) baseline was between 40,000 and 60,000 cps for the yttrium response. After 

filtering 15 mL of the MWCNT solution through a 30 kDa ultrafilter (Figure 3B), there 

were virtually no pulses, and a baseline of < 1000 cps. When the remaining 15 mL of the 

MWCNT solution was acidified in 2% HNO3 for 24 hours and filtered through the 30 kDa 

filters (Figure 3C), there were no pulses present, but the baseline shifted from < 1000 cps 

to approximately 40,000 cps. Taken together, we concluded that in 1 mM NaHCO3, yttrium 

was physically bound with MWCNTs and did not pass through the filter into the permeate. 

Once the MWCNTs were acidified with 2% HNO3, the yttrium dissolved and passed 

through the ultrafilter, further indicating that yttrium was associated with the MWCNTs.   
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Figure 3. Yttrium spICP-MS data of an (A) undissolved initial MWCNT sample, (B) 

undissolved MWCNT permeate, and (C) 2% HNO3 dissolved MWCNT permeate passed 

through a 30 kDa ultrafilter, showing that yttrium did not pass through the ultrafilter unless 

acidified and dissolved by 2% HNO3.  

 

To determine if yttrium leached from the MWCNTs over time, MWCNTs were spiked into 

either 1 mM NaHCO3 or 2% HNO3 solutions, and TEM/EDAX was conducted at time 

points of 0 hours and 24 hours (Figure 4). Figures 4A-C show TEM and EDAX images of 

B 
A 

C 
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MWCNTs in 1 mM NaHCO3 and 2% HNO3 after the initial spike of MWCNTs into 

solution. Figures 4D-F show TEM and EDAX images of MWCNTs in 1 mM NaHCO3 and 

2% HNO3 after 24 hours. In 1 mM NaHCO3 solution, MWCNTs still contained residual 

metals (Fe, Al, etc…) after 24 hours, and there was no change in MWCNT morphology. 

In 2% HNO3 solution, no MWCNTs remained at either time point (0 hours and 24 hours). 

Instead, we observed bundles of metal catalysts in solution. We concluded that the residual 

metals were tightly associated with the MWCNTs in 1 mM NaHCO3 and were not likely 

to leach into solution during our wastewater activated sludge experiments under 24 hours. 

We also concluded that the low pH of the 2% HNO3 solution caused metal dissolution from 

the MWCNTs.  

 

 

Figure 4. (A) TEM image of MWCNT in 1 mM NaHCO3 matrix solution after initial spike 

(< 1 hour), (B) TEM image of MWCNT in 2% HNO3 matrix solution after initial spike (< 

1 hour), (C) EDAX of MWCNT from image B, (D) TEM image of MWCNT in 1 mM 

NaHCO3 matrix solution after 24 hours, (E) TEM image of MWCNT in 2% HNO3 matrix 

solution after 24 hours, (F) EDAX of MWCNT from Image E. 
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Quantification of Yttrium in MWCNT by spICP-MS and ICP-MS 

We investigated using spICP-MS to quantify Y in MWCNTs. 89Y showed a linear 

relationship for MWCNT solutions between 50 ng L-1 and 20 µg L-1 (Figure 5). Increasing 

MWCNT concentration led to more pulses, with yttrium pulses used as a measurement of 

MWCNT concentration. The total pulse intensity within a specified run time were 

integrated by the number of pulses and used to correlate with MWCNT concentrations 

using the same approach for SWCNTs [15,17]. Following EPA method 200.8, an MDL for 

MWCNTs was calculated to be 0.82 µg L-1 (Figure S5).   
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Figure 5. Single particle ICP-MS detection using 89Y of MWCNTs in solution across a 

range of concentrations plus a control (blank) sample.  

Blank 50 ng L-1 MWCNTs 

200 ng L-1 MWCNTs 200 ng L-1 MWCNTs 

2 µg L-1 MWCNTs 
500 ng L-1 MWCNTs 



    
 

295 

 Separately we determined if dissolved yttrium, after acidification, could be 

quantified by ICP-MS instead of using spICP-MS because conventional ICP-MS is more 

commonly available in industry and commercial analytical labs. The 5% MWCNT solution 

was diluted in ultrapure water to 2 µg L-1, and a dilution series was made and acidified for 

24 hours with 2% nitric acid to determine an MDL. Ten replicate samples were run, and 

89Y ICP-MS responses were measured. The average response was 2.12 ± 0.29 µg L-1 with 

a variance of 0.0849 and a calculated MDL of 0.8 µg L-1. Additional experiments were 

performed using a 5 µg L-1 MWCNT solution, which yielded an MDL of 0.49 µg L-1. As 

shown below, there was no Y detected in the supernatant of control experiments with 

wastewater biomass (i.e., absence of MWCNT). The ICP-MS method reduced the time 

required to analyze MWCNTs compared to spICP-MS because the spICP-MS used in this 

study requires additional external calculations outside of the instrument software to 

separate real pulses from particles versus baseline pulses.  For spICP-MS, additional work 

is needed to calculate the efficiency of particle transport that reaches the detector. This 

requires purchasing and injecting particles of known size and concentration. As a result, 

we used ICP-MS rather than spICP-MS to analyze MWCNT removal by RAS (described 

below) by quantifying dissolved yttrium remaining in supernatant. There was not a need to 

use spICP-MS in a quantitative manner. However, selected split samples analyzed using 

spICP-MS drew the same MWCNT removal conclusions as conventional ICP-MS analysis 

using Y, providing another indicator that yttrium is associated with MWCNTs.  

6.4.1. Removal Efficiency of MWCNTs by Return Activated Sludge 
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Figure 6 presents MWCNT removal by RAS in 40 mL polystyrene centrifuge vials, 40 mL 

glass vials, 40 mL amber vials, and 2L polyethylene vials. Background yttrium 

concentrations in RAS were below the detection limit of ICP-MS. For the polystyrene 

centrifuge vials, only 25% of the MWCNTs spiked into the control samples (MWCNTs 

were added without RAS present) were detected in the supernatant by ICP-MS. The 

MWCNT loss was attributed to sorption on the polystyrene vial wall. In the experimental 

samples with low RAS biomass concentrations and in polystyrene vials, there was further 

decrease in MWCNTs from the supernatant. However, at RAS concentrations above 3 g L-

1, we observed higher concentrations of MWCNTs in the supernatant.  
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Figure 6. Replication of MWCNT adsorption to WW Biomass Using Different Container 

Vessels 

The experiments were repeated using glass vials and amber glass vials (Figure 6). 

There appeared to be less adsorption of MWCNTs to the vial wall in the control samples 

(no RAS) for both the amber vials and the glass vials compared with the polystyrene vials. 

The amber vials had ~ 36% MWCNTs remaining in solution without biomass. The glass 

vials had ~ 70% MWCNTs remaining in solution without biomass. Similar to polystyrene 

vials, at RAS concentrations above 3 g L-1, we observed higher concentrations of 

MWCNTs in the supernatant for both amber and glass vials. 

 We suspected that any surface may exhibit affinity for a fixed mass of MWCNTs. 

Therefore, we decreased the reactor surface area to volume ratio by using 2 L polyethylene 

reactor vessels (0.85 cm2/cm3) instead of 40 mL vials (3.06 cm2/cm3). All samples were 

analyzed for dissolved Y, and a subset of samples were also analyzed by spICP-MS to 

confirm the presence/absence of MWCNTs in samples. Our control sample (no RAS) 

showed negligible loss of MWCNTs to vessel walls as > 95% of MWCNTs spiked into 2 

L vessel remained in solution.  

The RAS reduced the MWCNT concentrations from 100 µg L-1 to between 27 µg 

L-1 and 2.2 µg L-1 in the 2 L polyethylene reactor vessels (Figure 6). This indicates that as 

the RAS concentration increased, we achieved near complete MWCNT removal (97.7% 

MWCNT removal at 5 g TSS L-1 RAS). Based on triplicate experiments followed by 

yttrium analysis using ICP-MS and ANOVA (> 95% confidence), there was high 
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reproducibility of the tests. These results showed that MWCNTs were well removed by 

wastewater RAS, showing consistency with previously published findings [13].  

Implications of Using Yttrium as a Trace Residual Metal to Quantify MWCNT Removal by 

Wastewater Biomass 

After completing WWTP RAS batch scale experiments, we considered a manufacturing 

spill scenario to understand how the RAS removal test strategy employed here could aid 

industry in meeting potential regulatory requirements. Obtaining EPA approval for use of 

nanomaterials may require estimating concentrations of MWCNTs in rivers receiving 

treated wastewater effluent from facilities impacted by industrial discharges. We 

considered a relatively small community of 20,000 residents. Assuming an average of 50 

gallons per capita of sewage production, this equates to a 1 MGD WWTP. This is a 

common lower design capacity of activated sludge WWTPs. The scenario considered one 

55-gallon drum of a 5% MWCNT solution leaked or spilled before being discharged to the 

sewer system over 24 hours. In this scenario, the average MWCNT concentration entering 

the WWTP would be roughly 100–150 µg L-1.  

We considered a manufacturing spill scenario to understand how the RAS removal 

test strategy employed here could aid industry in meeting potential regulatory 

requirements. Based upon results in Figure 6, an activated sludge WWTP operating at a 

biomass concentration of 1 to 3 g TSS L-1 would adsorb > 95% of the MWCNTs and would 

result in 2–30 µg L-1 being released to receiving waters. MWCNTs at 2–30 µg L-1 would 

be below quantification limits by UV-Vis, Raman, PTA, etc (Figures S1 and S2). Because 

yttrium concentrations in wastewater are < 1 µg L-1 [27] the measurement of yttrium by 
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ICP-MS or spICP-MS may be viable. Reported aquatic toxicity of MWCNTs are > 50 µg 

L-1, and thus even without in-stream dilution, the spill event would be below this potential 

regulatory limit, even though the MWCNT concentration was > 100 µg L-1 entering the 

WWTP in the raw sewage. 

Conclusions 

Detection and quantification of known commercially available MWCNTs at 

environmentally relevant concentrations (< 50 µg L-1) using residual yttrium was found to 

be possible using both conventional ICP-MS and spICP-MS. Additionally our detection 

limit of 2.5 µg L-1 was lower than many reported MWCNT concentrations in surface 

waters. TEM imaging and dissolution studies showed that metal catalysts were physically 

bound to the MWCNT in bundles indicating that they can be used as proxies for MWCNT 

quantification. In the net removal experiments, we observed that adding wastewater RAS 

at 500 mg TSS L-1 to 5 g TSS L-1 to solutions containing   
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100 µg L-1 MWCNT removed the MWCNT, with the RAS concentration at 5g TSS L-1 

removing MWCNTs to below threshold reporting levels. This method is only applicable in 

lab experiments with known MWCNT where Y content is a known constant. It is not 

applicable for full scale monitoring at WWTPs because every MWCNT will have its own 

signature (e.g., REE content or thermal properties). 

While yttrium was chosen as the surrogate trace residual metal in this study, each 

MWCNT will have distinctive synthesis methods [29,30] and thus will likely have unique 

trace residual metal compositions. It will be important moving forward to understand these 

differences between MWCNTs and whether a unified method can be developed to quantify 

MWCNTs through spICP-MS or ICP-MS using trace residual metals or whether trace 

residual metals like yttrium can be useful as a marker in standardized testing of MWCNTs 

moving forward. 
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Supplemental Information  
 
 Light Scattering Detection of MWCNTs 

UV-Vis light scattering was first investigated to detect MWCNTs in solution. MWCNTs 

exhibit a broad response between 300 and 800 nm wavelengths (Figure S1A). Calibration 

curves were generated for both 300 nm and 400 nm wavelengths (Figure S1B) and were 

linear between 1 and 10 mg L-1. Based upon the absorbance of MWCNTs and background 

absorbance of treated wastewater, the UV-Vis method for MWCNT determination was 

deemed valid only to ~ 0.5 mg L-1 of MWCNT.  

 

 

 

 

 

 

 

 

Figure S1. The left figure (A) shows the UV-Vis spectra for 10 mg L-1 MWCNT on a 300–

800 nm wavelength scan. There is no optimal peak, so calibration curves in the right figure 

(B) were made for MWCNT at 300 nm and 400 nm wavelengths. These are commonly 

used wavelengths for carbon nanotubes. 

  



    
 

302 

Programmed Thermal Analysis of MWCNTs 

PTA was also attempted to quantify MWCNTs in water. Figure S2 shows PTA temperature 

profile applied (black line) and two PTA thermograms with a flame ionization detector 

(FID) carbon signal response (y-axis) for a dry MWCNT and then the material dried from 

the 5% MWCNT solution. The dry (powder) MWCNT product (red line) had a low 

response in the inert gas range (0–450 seconds) and then two peaks in the presence of 

oxygen gas (450–1000 seconds), which is typical of relatively pure CNTs with low organic 

content. The PTA thermogram for the MWCNT 5% solution (blue line) had a large 

response in the inert gas region, which is typical when organic compounds are present, and 

then a response that is shifted towards higher temperatures during exposure to the oxygen 

gas environment. The high background organic content from the surfactant used to stabilize 

the MWCNTs prevented the use of PTA for quantifying MWCNTs in water. 

 

 
Figure S2. PTA temperature profile (black line) and FID signal response thermograms 

for two MWCNT products, one dry (red-line) and one liquid (blue-line). 

--- MWCNT 
Powder 
--- MWCNT 
Solution 
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Calibration Curve for 89Y Pulse Counts (spICP-MS) Versus Dissolved Y Concentrations 

(ICP-MS) 

 

 
 

Figure S3. Calibration Curve for 89Y pulse counts (spICP-MS) versus dissolved Y 

concentrations (ICP-MS). This calibration curve was used to determine MWCNTs 

remaining in solution with ICP-MS. The 5% MWCNT solution was diluted to between 

0.001 and 0.10 µg L-1.   
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TEM Images of MWCNT Solution 

 

Figure S4. TEM images of MWCNTs in 1 mM NaHCNO3 matrix solution.  
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Detection Limit Calculations for 89Y by spICP-MS for MWCNTs 

 

Figure S6. Raw data for calculating minimum detection limits of MWCNT 5% solution 

using 89Y measurements on spICP-MS. 
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APPENDIX C 

DETECTION AND DISSOLUTION OF NEEDLE-LIKE HYDROXYAPATITE 

NANOMATERIALS IN INFANT FORMULA  
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DETECTION AND DISSOLUTION OF NEEDLE-LIKE HYDROXYAPATITE 

NANOMATERIALS IN INFANT FORMULA 

• This chapter has been published as Schoepf, J., Bi, Y., Kidd, J., Herckes, P., 
Hristovski, K., and Westerhoff, P. (2017). Detection and dissolution of needle-like 
hydroxyapatite nanomaterials in infant formula. NanoImpact, 5, pp. 22-28. 

• My author contribution: Approximately 20% of the research and 5% of the text 
 

Abstract 

The unknowns surrounding presence, composition and transformations during the use 

phase of engineered nanoparticles (ENPs) in consumer products raises potential human and 

environmental health concerns and public discourse. This research developed evidence and 

confirmatory analytical methods to determine the presence and composition of ENPs in a 

consumer product with a complex organic matrix (six different infant formula samples). 

Nano-scale crystalline needle-shaped hydroxyapatite (HA; appx. 25 nm × 150 nm) primary 

particles, present as aggregates (0.3–2 μm), were detected in half the samples. This is the 

first report of these ENPs in infant formula. Dissolution experiments with needle-shaped 

HA were conducted to assess potential transformations of nano-HA particles. Rapid 

dissolution of needle-shaped HA occurred only under lower pH conditions present in 

simulated biological fluids (acidic gastric fluids), but not in simulated drinking water (near-

neutral pH). Other non-nanosized HA minerals exhibited less dissolution under the same 

low pH conditions. This work demonstrates the occurrence of engineered nanomaterials in 

the food supply of a sensitive population (infants) and the need to consider transformations 

in nanomaterials that occur during use, which result in different exposures between 

pristine/as-produced ENPs and nanomaterials after passing through the human gut.   
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Introduction 

Many minerals exist in both natural and engineered nanoparticle (ENP) forms. While the 

occurrence of naturally occurring nanoparticles (e.g., hematite, hydroxyapatite) is well 

recognized in natural systems, the environmental behavior of ENPs raises new regulatory 

and health concerns. These concerns primarily stem from existing knowledge gaps in 

understanding the ENP risks, which could be summarized in two categories: (1) 

discovering where ENPs are used in commerce and hence might enter the environment, 

and (2) elucidating ENP trans- formations from pristine materials, to synthesis in the lab 

or factory, and through use and end-of-life phases. We and others have previously shown 

that silicon- and titanium-oxide ENPs exist in foods, are ingested by humans, and pass 

through wastewater treatment plants, which results in their release to surface waters and 

terrestrial systems where sewage solids are land applied (Kiser et al., 2010; Kiser et al., 

2009; Keller and Lazareva, 2014; Mueller and Nowack, 2008; Piccinno et al., 2012; 

Gottschalk et al., 2013; Reed et al., 2012; Robichaud et al., 2009). These two ENPs undergo 

little dissolution (i.e., transformation) during this process, which differs from 

antimicrobials like silver, copper, or zinc nanomaterials (Kaegi et al., 2013; Thalmann et 

al., 2014; Conway et al., 2015; Hong et al., 2015).  

Calcium phosphate minerals are an example of solids present in nature and used in 

environmental remediation/treatment processes (Lenton et al., 2015; Miretzky and 

Fernandez-Cirelli, 2008; Piccoli and Candela, 1994; Vance et al., 2015; de- Bashan and 

Bashan, 2004; Wiesner et al., 2011) or human nutritional supplements. Intentional 

formation of calcium phosphate is used to immobilize heavy metals in soil (Boisson et al., 
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1999; Fuller, 2002), remove fluoride from water to protect public health, (Fan et al., 2003) 

or remove phosphate from waste-waters to limit the eutrophication potential of wastewater 

discharges (de- Bashan and Bashan, 2004). Calcium phosphate, also referred as tricalcium 

phosphate (TCP), is used as a leavening agent in foods, a polishing material in toothpaste, 

an antioxidant activity promoter and texture stabilizer in canned vegetables, a firming agent 

or to avoid formation of clumps in food. Hydroxyapatite (HA; Ca5(PO4)3 or 

Ca5(PO4)3(OH)) is a common form of calcium phosphate. Many people take calcium 

supplements, including calcium carbonate, calcium citrate and hydroxyapatite forms, but 

the literature is mixed on which form leads to greater bioavailable calcium for health bone 

development (Straub, 2007; Ruegsegger et al., 1995). In other applications, nano- forms of 

calcium minerals have raised concern. For example, the European Union Scientific 

Committee on Consumer Safety 2015 opinion on nano-HA states that the safety of its use 

in oral and cosmetic products cannot be currently decided due to limitations in available 

data, including the exact size, shape and crystallinity of the nano-HA, but that the available 

information indicates nano-HA in needle form is potentially toxic when used in dermally-

applied cosmetic products (SCCS, 2015).  

Calcium is an essential element for all biological organisms, and is widely used in human 

food supplements. For example, infant formula is intended to be the sole nutrition source 

for infants for the first 12 months. Although regulations (e.g. 21 CFR 107.100 in the USA) 

stipulate the elements required in the infant formula, they lack guidance on the type or size 

of the compounds used to provide the nutrients. Regulations refer to HA as generally 

regarded as safe (GRAS); however, new bottom up manufacturing processes that create 
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nanomaterials com- pared to top down processes create new concerns if the GRAS status 

applies. Given potential toxicity concerns raised in the EU on nano-needle-shaped 

hydroxyapatite in products intended for human use, the need for infants to have calcium 

and other elements (P, Fe) in their diets, and potential transformations for HA under 

different pH conditions, we undertook a study to separate and identify HA and other 

nanomaterials in powdered infant formulas. This challenging work with infant formulas 

that contain salts, sparingly soluble minerals, fats and other components is a precursor to 

understanding the occurrence and role of nano-scale HA minerals in complex 

environmental matrices (soil, biota, and water).  

To identify initially unknown nanomaterials in infant formula, samples were separated by 

centrifugation after dispersing powders in water and then analyzed by transmission electron 

microscopy (TEM) with energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction 

(XRD). Findings from these samples were compared against reference calcium phosphate 

materials. We focused on HA because it was found in three out of six samples, although it 

has not yet been widely considered by the health and safety exposure community as a risk 

in the food supply system. Within a complex food matrix, HA nanoparticles are difficult 

to be detected using conventional analytical paradigms. A secondary focus was the 

dissolution of HA in synthetic biological fluids to explore potential transformation in 

human body of these nano- and micron- sized minerals. Because the intended function of 

calcium phosphate in infant formula is to promote nutrient uptake, we used aqueous 

matrices representing simple drinking water and simulated gastric fluids. Understanding 

nanomaterial transformations during their intended use emerges as a critical discussion and 
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conclusion point around the benefits of using nanotechnology (e.g., rapid dissolution of 

HA to deliver calcium and phosphate ions).  

Materials and Methods 

Chemicals  

Six infant formulas from different companies (Gerber, Similac, Enfamil, and Well 

Beginnings) were purchased in the United States and identified, for confidentiality, as S1–

S6. Samples S1–S5 were dry powders, and S6 was a liquid concentrate. Dry powders and 

a liquid concentrate were chosen to compare suspected different additives used for each 

product. Three reference powder samples of food-grade calcium phosphate, labeled as 

hydroxyapatite, were procured from three different vendors. Samples R1 (American 

Elemental) and R2 (Hebei Shunye Import and Export Limited Company) were labeled as 

99% pure and containing needle-like nano-HA. Sample R3 (NOW Foods) was an HA 

supplement provided in a gelatin pill capsule; only the contents of an opened capsule were 

used in analysis and dissolution tests.  

Electron microscopy analysis  

Infant formula (0.15 g) samples S1–6 and HA reference samples R1– 3 were suspended in 

40 mL ultrapure water (18.2 MΩ cm, Nanopure Infinity, Barnstead) and sonicated (80 

W/L, Branson Ultrasonic Bath, Emerson) for 30 min to disperse particles. This mass to 

liquid ratio was used to parallel work other food samples analyzed by our group (Yang et 

al., 2014a; Yang et al., 2016a). Additional electron microscopy experiments were 

conducted at solid to liquid ratios based upon recommended sample preparation on the 

infant formula packaging, and showed no dependence of outcomes on solid to liquid ratios. 
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Other detailed control and validation experiments are summarized in Table SI.4 and 

described in the Results section.  

Step-by-step description of sample preparation of electron microscopy samples are 

summarized in Figs. SI.2 through SI.5. Briefly, samples in 50 mL vials were centrifuged 

at F = 14.000 G for 15 min. The organics-rich supernatant was poured off, leaving a pellet 

of particulate matter at the bottom of the centrifuge tube. The pellet was re- suspended in 

20 mL ultrapure water and inverted by hand for 30 s, then 50 μL volumes were pipetted 

onto a copper/lacey carbon transmission electron microscopy (TEM) grid and allowed to 

air-dry overnight. Microscopy was performed on a Philips CM200 HR-TEM with energy 

dispersive X-ray spectroscopy (EDS). To confirm HA was not an artifact from sample 

preparation, a pure powder reference sample of HA was procured, deposited on a SEM 

stub (Fig. SI.3) and directly analyzed as a powder by scanning electron microscopy (SEM; 

FEG XL30 ESEM with EDS system) with energy dispersive spectroscopy. Mean particle 

diameter, particle size distributions, and cumulative distribution below 100 nm were 

determined by manually measuring the particles sizes of 250 particles from the images 

using ImageJ software and conducting statistical analysis.  

Sample preparation for confirmation and quantification of hydroxyapatite  

Fig. SI.6 provides a step-by-step description of sample preparation. To determine the 

relative amount of hydroxyapatite nanoparticles in infant formula, 10 g of each formula 

sample (six in total) was weighed into 50 mL centrifuge tubes with 40 mL of ultrapure 

water (18.2 MΩ cm, Nanopure Infinity, Barnstead). The mixed samples were then 

centrifuged for 20 min at F = 14.000 G to separate lighter components. The pellet collected 
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at the bottom of centrifuges was washed three additional times with UP water. The washed 

pellet was freeze-dried under vacuum for 48 h (FreeZone Freeze Dry System, Labconco), 

weighed, and compared with the weight of starting material to calculate the relative 

concentration of collected minerals. The mineral phases of pellets and reference powders 

were prepared (Fig. SI.7) and analyzed using powder X-ray diffraction (pXRD) using a 

Siemens D5000 diffractometer with a monochromated Cu–Kα radiation at 40 kV and 30 

mA. Each sample was scanned at 2θ values from 10° to 70° to collect diffractograms, which 

were compared with the diffraction patterns of standard materials in ICDD database.  

Dissolution experiments using hydroxyapatite in aqueous media  

Ultrapure water and simulated biological fluids were used to examine the dissolution 

potential of the two reference HA and calcium bio- availability after ingestion. A detailed 

procedure is outlined in Fig. SI.1. A Fed-State Gastric Fluid (Fed-SGF, pH 5.0) and a 

Fasted-State Gastric Fluid (Fast-SGF, pH ~ 1.6) were prepared following recipes reported 

previously (Marques et al., 2011) and detailed in Table SI.1. For HA dissolution, 40 mL of 

the media was placed in 50 mL plastic centrifuge vials followed by the addition of 8 mg of 

reference HA to achieve a final con- centration of 200 mg/L. The HA concentration was 

chosen to represent the serving size of HA per serving of infant formula. Immediately after 

mixing HA with simulated media, the suspensions were placed on a rotational shaker (45 

rpm). The fed-state gastric fluid and fasted-state gastric fluid were rotated for 2 h to mimic 

the average contact time of food in the human stomach (Marques et al., 2011). Within 5 

min of the completion of mixing, 15 mL of each suspension was filtered through 30 kDa 

centrifugal ultrafilters (NMWL = 30 K Da, ultracel regenerated cellulose, EMD Millipore) 
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at F = 4000 G for 12 min. A HA dose of 200 mg/L was added to the aqueous chemistry 

described in Table SI.1. The solution collected for each filtered sample was diluted in 2% 

nitric acid and analyzed for dissolved calcium and phosphorous concentrations by 

inductively coupled plasma mass spectrometry (ICP-MS, X-Series-II, Thermo Scientific).  

Control experiments were performed to understand potential impact of matrix effects (DI 

water, 1 mM NaHCO3, biological fluids) on permeation of dissolved Ca2+ through the 

ultrafilter or matrix effects due to calcium precipitation. Details and results provided in 

Supplemental Information (Table SI.2) concluded that there were no matrix effects in DI 

water, 1 mM NaHCO3, or gastric fluids (pH 1.6 or 5.0), and N90% of the spiked Ca2+ was 

recovered.  

Results and Discussion 

Presence of nanomaterials in powder formulas  

Detecting nanomaterials in complex matrices is a challenge (Singh et al., 2014; Szakal et 

al., 2014; Yada et al., 2014). Initially, powder formula samples were analyzed by scanning 

electron microscopy (SEM), but the amount of organic material prevented meaningful 

imaging from carbon contamination (see Table SI.4), the deposition of carbonaceous 

material by the electron beam from cracking of carbon-carbon bonds present on the sample 

and carbon residual within the vacuum of   
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the sampling chamber of the microscope (Ennos, 1953). To overcome these issues and 

achieve high quality TEM images and meaningful elemental analysis of solids, infant 

formula samples were added to water and then followed protocols described in the Methods 

section. Results are discussed in two parts. First, the observed results show needle-like HA 

is present in some infant formula samples. Second, experiments demonstrate such 

structures are not artifacts of sample preparation.  

TEM images in Fig. 1 are representative of multiple (typically N 10) images taken 

across several TEM grids of each sample. All six infant formula samples contained Ca and 

P as determined by EDS (Table 1), suggesting the presence of Ca-containing minerals. In 

addition, SiO2 nanoparticles were found to be present in one sample (S4) and had similar 

size (~ 7 nm) and shape with this nanomaterial in other foods (Yang et al., 2016b). Titanium 

and oxygen containing material was detected in the liquid formula (S6) and was consistent 

with TiO2 nanomaterials in foods reported in the literature (Yang et al., 2014a; Weir et al., 

2012). Previous studies in food samples discuss occurrence and characterization of SiO2 

and TiO2 materials (Yang et al., 2016b; Weir et al., 2012; Yang et al., 2014b), and therefore 

are not discussed further here.  

The three most prevalent elements in colloids detected on the TEM grids were 

calcium, phosphorous and oxygen, and these were associated with the colloidal materials 

having two general shapes (needle-like or spherical). Fig. SI.8 shows representative TEM 

with EDS spectra for these colloidal materials and additional TEM images of the samples. 

S1, S2, and S3 samples contained needle-like shaped particles 10– 30 nm in width and 

100–300 nm in length, creating impressions of dendritic networks. The size and shape of 
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HA in S3 were nearly identical to the needle-like hydroxyapatite reference (R1 and R2) 

samples (Fig. 1). Additional TEM of the three reference materials are shown in Fig. SI.9. 

Samples R1 and R2 containing nearly exclusively needle-like shaped HA whereas sample 

R3 contains only a few needle-like structures but mostly other micro-crystalline HA 

structures. This mineral phase, how- ever, was not observed in S1 and S2, although TEM 

characterization suggested its presence.  

XRD data for each sample and reference material are presented in Fig. 2. Initial 

XRD performed on the entire powdered infant formula samples exhibited a broad peak due 

to all the salts and organic materials. Therefore, XRD analysis for the infant formula 

samples were con- ducted on a purified pellet (Fig. 2 for S1–S6), but it was feasible to 

conduct XRD directly without sample pretreatment for the three reference HA. Fig. SI.10 

shows XRD diffraction pattern confirming the presence of a single-phase hydroxyapatite 

(Ca5(PO4)3(OH)) in the three reference materials. The two needle-like hydroxyapatite 

reference samples (R1 and R2) have sharper diffraction peaks compared to the spherical 

counterpart which contains only a few needle-like structures but mostly other micro-

crystalline HA structures (R3), suggesting larger crystallite sizes of R1 and R2 than R3. 

The micro-crystalline R3 sample was found to have similar morphology within S5, both 

displaying spherical shapes. Of the six infant formula samples (S1–S6) in Fig. 2, one or 

both forms of calcium were observed (calcite or calcium hydroxyapatite). XRD analysis 

unambiguously confirmed the presence of hydroxyapatite in S3 based upon library matches 

(Fig. 2). Samples S5 appeared to be mostly calcium hydroxyapatite, whereas other samples 

appear to contain a mixture of calcite and calcium hydroxyapatite. In S5 sample, how- ever, 
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the calcium phosphate was dispersed in larger aggregates composed of organics and 

calcium material and mainly composed of monetite minerals (CaHPO4) based upon XRD 

analysis.  

Together, TEM and XRD analyses provide evidence that needle- shaped Ca-

containing nanomaterials are present in 3 out of 6 infant formulas (S1, S2, and S3), likely 

in the form of HA or HA/calcite mixture. To assess the quantity of nano-scale needle-like 

HA in the samples, materials were separated from the rest of formula constituents via 

repeated sonication, centrifugation, and washing (Fig. SI.6). The minimum con- centration 

of HA in S3 was estimated to be ~0.4 wt% based on the mass of insoluble pellet. The HA 

mass recovered in pellets from samples S1 and S6 was <0.1 wt%, and even less mass was 

recovered from the other samples.  

The presence of needle-like HA in the infant formula was unexpected. Therefore, 

an extensive array of experiments was performed using S3 and R1 to confirm their presence 

in the samples and demonstrate they were not artifacts of sample preparation. Complete 

details are pro- vided in Supplemental Information text and summarized in Table SI.4. 

First, to assess the potential for artifacts or transformations in nanomaterial morphology 

and size experienced in sample preparation, hydroxyapatite reference materials were 

purchased and analyzed using the same sample preparation as the infant formulas 

(sonication, centrifugation, decantation, and resuspended (following steps in Fig. SI.2). 

During the same sample preparation, the needle-like and spherical reference materials 

maintained their size and morphology through the process, concluding sample preparation 

did not alter the nanomaterials in the infant formula. SEM analysis directly on the infant 
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formula pow- der was not able to detect needle-like HA because of the presence of salts 

and organics in the powder, where HA accounts for <0.4% of the dry mass of powder. 

Therefore, dispersion of the powder in water and separation of solids was necessary (see 

discussion related to Figs. SI.12–17).  

Second, the infant formula (S3) was prepare at a higher solid to liquid ratio (6 g 

instead of 0.15 g in 40 mL of water) to represent the recommend ratio to prepare the infant 

formula as described on the package label. The samples were mixed by hand but not 

sonicated. Liquid was then either pipetted (20 mL) directly onto a TEM grid or centrifuged 

(4050 G for 4 h) onto a TEM grid placed in the bottom of the centrifuge vial. In both cases, 

TEM analysis of the grids detected nano needle-like HA (Table SI.4). Thus, neither the 

solid-to-liquid ratio nor method of preparing the TEM grid lead to artifacts in needle-like 

HA detection.  

Third, evidence exists that needle-like HA could form due to sonication (Zhang et 

al., 2009; Sadat-Shojai et al., 2013; Cao et al., 2005). To demonstrate that sonication did 

induce needle-like HA formation experiments on dispersed S3 were performed. Sample S3 

was prepared for TEM analysis following our original method (Fig. SI.2) that included 

sonication, compared against the sample procedure without sonication. Fig. SI.11 shows 

nearly identical TEM images from these comparative experiments. Nano needle-like HA 

is present both with and without sonication. Thus, this confirms that sonication of the infant 

formula added to water under the conditions applied herein does not lead to artifacts related 

to needle-like HA formation. Upon further inspection of the literature on needle-like HA 

synthesis, conditions (sonication power of 300 watts for 3 h and 333 °K) required to 
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produce needle- like HA during sonication do not exist during our preparation of sample 

S3 (Fig. SI.2 where sonication power 80 watts for 30 min and 300 °K).  

Fourth, additional experiments were conducted to confirm our sample pretreatment 

did not in-situ produce needle-like HA due to the presence of dissolved calcium and 

phosphorous in the presence of other salts or organic macromolecules that might be present 

in infant formula. Sample S3 was dispersed in water and needle-like HA centrifuged out, 

into a pellet, following our original methodology. To the supernatant, absent of needle-like 

HA pellet, which still contains macromolecules and other inorganics, calcium and 

phosphorus ions were added to the supernatant at a 1.67 mol ratio (the optimum ratio for 

HA synthesis (Sadat-Shojai et al., 2013)) and then bath sonicated. Subsequent 

centrifugation and TEM inspection did not detect HA on the TEM grid. Thus, neither 

sonication alone nor sonication in the presence of other inorganic/organic components 

present in the infant formulas could produce nano needle-like HA artifacts, under the 

sample preparation conditions used in our work.  

Dissolution potential for hydroxyapatite as a function of pH in biologically relevant media  

High surface area or high aspect ratio of nanomaterials can increase the rate of mineral 

dissolution and result in the release of soluble ions (Conway et al., 2015; Cornelis et al., 

2012; Zhang et al., 2011; Li et al., 2013; Brasiliense et al., 2016). While dissolution of 

nanomaterials can result in toxic responses for some metals (e.g., silver, zinc, copper) for 

other ENPs, we hypothesized that a beneficial reason of adding needle-like HA 

nanomaterials to the infant formula may be to increase dis- solution potential of the mineral 

phase and bioavailability of calcium and phosphate. Therefore, dissolution experiments for 
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the reference needle-like (R1) and spherical (R3) hydroxyapatite materials were con- 

ducted in simulated drinking waters and biological fluids. The dissolution potential of HA 

in each matrix was based upon permeation of calcium ion through the 30 kDa ultrafilter. 

The HA nanomaterials have larger radii than the pore size of 30 kDa filters (~2 nm), 

allowing for the size exclusion of HA ions and colloidal HA (Erickson, 2009). Controlled 

experiments described in Supplemental Information confirm that matrix effects do not 

influence Ca2+ permeation across these ultrafilters under the operating conditions tested.  

Fig. 3 shows that dissolution of hydroxyapatite occurs in the two gastric fluids, 

while b 6% of the HA dissolves in 1 mM NaHCO3 and permeates the ultrafilters. In the 

pH 5.0 gastric fluid, N60% of needle-like HA (R1) and b 50% of the spherical HA (R3) 

dissolves. At pH 1.6, similar levels of needle-like HA (R1) dissolution occurs but a higher 

amount of dissolution occurs for spherical HA (R3). Similar patterns in UF permeation of 

phosphate during these tests were also observed (Fig. SI.18). Visual observations during 

the experiments indicate more rapid changes for R1 than R3 samples. Both samples were 

white and cloudy initially, but R1 became clear in b1 min  
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whereas the change in visibility took 1–2 h for R3 (see supplemental information Figs. 

SI.19–20). The two-hour period is physiologically relevant for the contact time for food 

and acidic gastric fluids (Marques et al., 2011). These visual observations may indicate 

disaggregation or dissolution. Measurement of dynamic light scattering after each 

dissolution test indicated a significant decrease in mean diameters for the needle-like HA 

reference material (Fig. SI.19), which could indicate either disaggregation or dissolution. 

Overall, the quantitative data for calcium and phosphorous, as indicators of HA, presented 

in Fig. 3 were supportive of qualitative visual observations.  

Attempts were made to differentiate ionic from colloidal forms of Ca and P using 

single-particle ICP-MS, which is a powerful tool for analysis of many nanoparticles in 

aqueous media (Reed et al., 2012; Montano et al., 2014; Bi et al., 2014; Pace et al., 2012; 

Hassellov et al., 2008; Arvidsson et al., 2011). However, the minimum detection of Ca and 

P elements and associated mineral forms were more than several hundred nanometers due 

to the response factors of the ICP-MS (Singh et al., 2014). This highlights an important 

research need to improve sensitivity of spICP-MS for materials like HA.  

Thermodynamic chemical equilibrium modeling (Visual MINTEQ (ver. 3.1)) 

predicts complete dissolution of HA in either gastric fluid (Fig. SI.22). The discrepancies 

between model predictions and experimental observations (Fig. 3) indicate that the 

dissolution of HA in the simulated gastric fluids may have kinetic limitations or differences 

in solubility products for different aspect ratio HA or presence of non-crystalline forms of 

calcium phosphate solids. In comparison to two other calcium minerals (i.e., calcite, 

monetite) identified in infant formula, hydroxyapatite has the lowest solubility at pH N 5.4 
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(Fig. SI.22). However, in both gastric fluids, all calcium minerals are predicted to dissolve 

completely at equilibrium with a serving concentration of 2 mM Ca in infant formula. 

Future research is needed to quantify the rates of dissolution for these two different HA 

morphologies.  

The calcium bioavailability of different minerals cannot be concluded until 

additional kinetic studies are performed. However, the comparison between R1 (needle-

like) and R3 (spherical) samples of HA (confirmed by XRD) suggest a priori assumptions 

about thermodynamic stability constants may not be appropriate for different shapes of 

HA. The dissolution mechanisms of calcium phosphate nanomaterials with respect to shape 

are not well understood. However, dissolution of high aspect ratio (i.e. needle-shaped) 

metal oxide nanoparticles have been reported to dissolve preferentially from each of the 

two ends (Cwiertny et al., 2009). Numerous methodologies exist to synthesize calcium 

phosphate, including those to produce needle-like nanostructures (Zhang et al., 2009; 

Sadat-Shojai et al., 2013), and it appears these different shapes could impact ability to 

dissolve in the acid biological fluids.  

Human exposure impact of findings  

TEM detected the presence of nanoparticles in all six samples. Results show that 

hydroxyapatite was detected in multiple samples at levels on the order of b 0.1 to ~ 0.4 

wt%. Other samples contained calcite, monetite, silica dioxide, and titanium dioxide at 

lower levels. Most attention was placed on hydroxyapatite because the presence of calcium 

nanomaterials in infant formula has not been reported previously. In the authors opinion, 

hydroxyapatite (needle-like structure) may be intentionally used in infant formula because 
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of its rapid (almost instantaneous) dissolution potential in gastric fluids at and below pH 5. 

However, further research is needed to prove this hypothesis. Previous research suggests 

hydroxyapatite dissolution provides favorable stoichiometric ratios of bioavailable Ca and 

P (Greer, 1989; Moy, 2000; Thompkinson and Kharb, 2007). Slower dissolution of 

spherical hydroxyapatite may not provide as much nutritional benefit. Additional 

techniques are needed to measure needle-like particles as FFF-ICP-MS, and spICP-MS 

measure particle size, but not morphology resulting in difficulty interpreting results for 

needle-like materials.  

Others have reported the global production of many types of ENMs, yet these 

reports exclude needle-like hydroxyapatite (Vance et al., 2015; Garner et al., 2015; Keller 

et al., 2013) while one report quantifies the amount of HA in the USA entering the 

environment from the use in toothpaste to be between 18 and 19 metric tons per year in 

2013 (Keller et al., 2014). The 2013 global market for infant formula was approximately 

$41 Billion (US dollar), and growing rapidly in Asia and other markets (Kent, 2015). Based 

upon the prevalence of the material in infant formula alone, the global annual production 

is likely to be on the order of carbon nanotubes, in the range of thousands of metric tons 

per year (see Supplemental Information).  

The dissolution potential of needle-like HA under mildly acidic conditions raises a 

number of issues for assessing the impact of these types of nanomaterials. First, the US 

EPA Toxic Substances Control Act (Section 8 rule for nanomaterials) may exclude, from 

being classified as nanomaterials, substances which dissociate completely in water. The 

needle-like HA examined here would be difficult to classify, because it did not rapidly 
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dissolve in water at near neutral pH, but did dissolve rapidly under mildly acidic conditions 

where it was intended to be used (i.e., digestive tract). Further proposed rule changes would 

exclude sub- stances from being classified as nanomaterials which do not exhibit new 

properties when their size falls in the range of 1–100 nm. For HA it appears that the needle-

like shape is intended to increase the rate of dissolution in acidic conditions, and this 

needle-like structure is specifically synthesized by controlled chemical and heating 

conditions through a new bottom up manufacturing process compared to standard top down 

processes. Therefore, needle-like HA could pose a challenge to proposed classification 

systems under this rule for ENPs in the USA.  

Second, evaluating the toxicity in mammalian cell culture of needle- like hydroxyapatite 

may give very different results from in vivo administration, where acidic conditions in 

gastro-intestinal tracts would apparently rapidly transform (i.e., dissolution) the size of this 

HA engineered nanoparticle. Calcium ions are absorbed by the small intestine by passive 

diffusion and active transport (Bronner, 2009; Pansu et al., 1983), but recrystallization of 

HA may occur. If there is a high con- centration of phosphate and calcium ions in the small 

intestine under alkaline conditions, you can get precipitation of HA (Jaeger and Robertson, 

2004). This could impact the effects of HA on the gut microbiome because they would be 

exposed to non-dissolved (i.e., near pristine) forms of the ENP. Thus working with ENPs 

like needle- like HA raises challenges to appropriately track dosimetry throughout 

toxicological testing (Pal et al., 2015; Cohen et al., 2015; DeLoid et al., 2014).  

Finally, elements in other nanomaterials (silver, copper, zinc, cadmium, etc.) can 

dissolve out of nanomaterials based upon variable environmental conditions. Whereas 



    
 

325 

redox conditions in solution can control the ionic release (Ag+, Cu2 +, Zn2 +, etc.) from 

these ENPs, dissolution of calcium and phosphate ions from HA appears to be controlled 

by its pH-dependent solubility rather than redox conditions in water. The needle-like HA 

structure may have different KSP values compared against other calcium phosphate forms, 

or may just influence the relative dissolution kinetics. Fortunately, calcium and 

phosphorous are not toxic like other metals.   
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Supplemental Information 

Background Information on Calcium Phosphate in Foods and Infant Formula Composition 

The European Union codes food additives with E-numbers. For example, color 

additives are all in the E100 series, preservatives are in the E200 series, and anti-oxidants 

in the E300 series. Because of their versatile use, calcium based additives occur across 

multiple series, including calcium carbonate for color (E170), preservatives (e.g., calcium 

sorbate, sulfite), anti-oxidants (calcium ascorbate), emulsifiers (E404 calcium alginate), 

and other uses (E333 calcium citrate; E327 calcium lactate; E538 calcium oxide; E341 

calcium phosphate). Other uses include acid, acidity regulators, anti-caking agents, anti-

foaming agents, bulking agents, carriers and carrier solvents, emulsifying salts, firming 

agents, flavor enhancers, flour treatment agents, foaming agents, glazing agents, 

humectants, modified starches, packaging gases, propellants, raising agents, and 

sequestrates.  

Calcium phosphate (E341), also known as tricalcium phosphate (TCP), in foods is 

used as a leavening agent, a polishing material in toothpaste, antioxidant activity promoter 

and texture stabilizer in canned vegetables, a firming agent or to avoid formation of clumps 

in foods. Calcium phosphate can be produced through crushing bones or engineered into 

specific mineral shapes and crystallinity, yet little information is available from 

manufacturers or suppliers. Unlike other food grade metal-based or metal oxide materials 

that do not dissolve in water, calcium phosphate is generally referred to as hardly soluble 

in water but easily dissolved in dilute acids. A large fraction of these other food-grade 

additives are crystalline and have primary particles below 100 nm in at least one dimension 
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[2-7]. Hydroxyapatite (HA) can be purchased in various forms, including nano-needle-like 

crystals that are aggregated together. However, little information exists on the forms of 

calcium phosphate (i.e., hydroxyapatite) in foods, how to detect it, and whether it 

undergoes transformations during use or consumption. The scientific community learned 

many lessons on the significance of nanomaterial transformations with nano-metals (silver, 

copper, zinc), fullerenes (C60 versus hydroxylated C60), and others. Environmental 

conditions in natural systems (groundwater, lakes, rivers, air, sediments), engineered 

systems (sewers and wastewater treatment plants), biota (bacteria, fish), and within humans 

(e.g., protein corona) are critical in understanding the true exposure and toxicity of 

nanomaterials.  

Infant formula is intended to be the sole source of nutrition for infants for the first 

12 months leading to heavy regulations requiring sufficient nutrition testing before being 

marketed. According to Code of Federal Regulations (CFR) Title 21, Volume 2 (21 CFR 

107.100), infant formula must have calcium, phosphorus, magnesium, iron, zinc, 

manganese, copper, iodine, sodium, potassium, and chloride. Although regulation exists 

on the elements required in the infant formula, guidance lacks on the type or size of the 

compounds used to provide the nutrients.  

Infants receive most of their diet from milk, including the elements calcium and 

iron [8, 9]. Most infant formulas contain higher concentrations of nutritional elements than 

those of breast milk because knowledge of how infants utilize these elements is limited 

[10, 11]. The composition of infant formula is complex [12] and varies by brands [13], 

including the ratios of calcium to phosphate. Iron fortified infant formulas are also common 
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and recommended at 4 to 12 mg/L [14]. Despite the essential need of Ca, P, and Fe, little 

information exists on the mineral forms and sizes for materials in foods generally, and 

infant formulas specifically. Calcium phosphate is identified on powder infant formulas in 

the USA, yet little information exists on the mineral form.  

Environmental pollutants can occur in infant formula. Lead is carefully measured 

because of its strong binding capacity with calcium phosphate. Extreme contamination was 

reported from melamine in infant formula in 2008 which led to rapid development of 

analytical techniques using conventional strategies and nano-sensing platforms [15-21]. 

However, there currently is little information or analytical detection strategies for 

nanomaterials in general, calcium phosphate mineral forms more specifically, for foods 

(including infant formula). 

 

ADDITIONAL METHOD DETAILS 

Composition fluids used to evaluate HA dissolution 

Four primary solutions were used to conduct HA dissolution tests.  First, ultrapure 

(Millipore) water (DI) without pH adjustment pH ~ 5.8 prior to any HA addition.  

Chemistries for the other three solutions are summarized in Table SI.1.  Figure SI.1 outlines 

the step-by-step procedure for conducting the experiments. 
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Table SI.1 Composition of simulated fluid (pH adjusted with HCl/NaOH) 

 
Bicarbonate Buffer Matrix Fluid, pH 8.0 

Composition Concentration 
Sodium bicarbonate 1 mM 

 
Simulated Gastric Fluid (SGF), Fasted-State, pH 1.6 [22] 
Composition Concentration 

Sodium taurocholate 80 µM 
Lecithin 20 µM 
Sodium chloride 34.2 mM 
Pepsin 0.1 g/L 

 
Simulated Gastric Fluid (SGF), Fed-State, pH 5.0  [22] 

Composition Concentration 
Sodium chloride 237 mM 
Acetic acid 17.12 mM 
Sodium acetate 29.75 mM 
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1) Media Preparation: 
The 1mM NaHCO3 buffer solution and 
the two gastric fluids were prepared 
using the recipes found in Table SI.1 in 
clean 1L glass bottles 

2) Addition of Materials: 
The media solutions were added to clean 
50mL plastic centrifuge vials up to 
40mL. HAp was weighed out and added 
in to the media at a 200mg/L 
concentration 
 

3) Simulated Mixing of Samples: 
The media vials were closed and placed 
in an end-over-end rotational shaker at 
45RPM for 2 hours 

4) Centrifugation of Samples: 
After shaking, 15mL of solution was 
added immediately to 30kDa 
ultracentrifugal filters and centrifuged at 
F=4,000G for 12 minutes. 
5) Analysis Preparation of Samples: 
The solution that passed through the 
filters was collected and acidified with 
2% HNO3 for 24 hours. The samples 
were analyzed using ICP-MS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure SI.1 Summary of sample preparation for dissolution potential 
 
 
Ultrafiltration Efficiency Control Experiments  

Calcium ion filtering efficiency of 30kDa centrifugal ultrafilters was evaluated by spiking 

2 mM of Ca (as CaCl2) to the three media solutions and mixing for 2 hours as in the original 

dissolution experiments. The concentration of Ca2+ spike was selected to be equivalent 

with the Ca concentration in 200 mg/L HA added in the original experiments.  No 

phosphorous was added, so we could explicitly determine Ca filter efficiency without 

concern about calcium phosphate solid precipitation.  After the 2 hour mixing time, 

samples were placed in the ultrafilters and centrifuged at F=4,000G for 12 minutes (same 

conditions as original experiments). Both filtrate and retentate were collected and analyzed 

by ICP-MS for total dissolved Ca concentration after acidification in 2% nitric acid.  
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Results shown in Table SI.2 indicate there were no matrix effects in DI water, 1 mM 

NaHCO3, or gastric fluids (pH 1.6 or 5.0), and >90% of the spiked Ca2+ was recovered. 

The slightly lower calcium concentrations in 1 mM NaHCO3 may be due to precipitation 

of calcium carbonate, which was slightly oversaturated under the solution conditions 

examined (Log SI = 0.4). As expected in ultrafiltration tests, the concentration of calcium 

in permeate and retentate were equivalent.  Parallel experiments with simulated saliva 

(Table SI.3) indicated loss of spiked calcium ion, which we attribute to oversaturation of 

calcium hydroxyapatite (Log SI ~12).  This would precipitate and be trapped on the filter.  

For this reason, although we conducted experiments with simulated saliva in addition to 

the fluids listed in Table SI.1, we do not report dissolution potential of reference HA in 

saliva based upon ultrafiltration data. 
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Table SI.2 – Ultrafiltration efficiency control tests based upon 2 mM CaCl2 spike.  
Sample treatment was identical to methodology where 200 mg/L of HA was added (2 
hour mixing then centrifuged with F=4000G for 12 minutes) 

Matrix description Ultrafiltration sample Dissolved Calcium 
concentration (mM) 

DI water Permeate 1.80 
Retentate 1.86 

1 mM NaHCO3 Permeate 1.79 
Retentate 1.81 

Gastric Fluid (pH 5) Permeate 1.96 
Retentate 1.98 

Gastric Fluid (pH 1.6) Permeate 1.77 
Retentate 1.95 

Saliva fluid* Permeate 0.173 
Retentate 0.106 

 
Table SI.3 - Composition of Simulated Saliva Fluid (SSF) pH 7.4  [22] 

Composition Concentration (g/L) 
Unadjusted pH = 7.4 -- 
Potassium chloride 0.720 
Calcium chloride dihydrate 0.220 
Sodium chloride 0.600 
Potassium phosphate monobasic 0.680 
Sodium phosphate dibasic 0.866 
Potassium bicarbonate 1.500 
Potassium thiocyanate 0.060 
Citric acid 0.030 
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Results and Discussion Points 
 

Electron microscopy results and demonstration that needle-like HA observed in 
samples were not artifacts of sample preparation 
 

 
Figure SI.8A TEM and EDS on Calcium Containing Colloidal Material 
 

Sample	S6	

Sample	S3	

Sample	R1	

Sample	S1	
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Figure SI.8B Additional TEM images from infant formula 
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Figure SI.9 TEM of two reference samples containing nearly all needle-like HA (#1 and #2) and a third 
reference material containing mostly non-needle-like and spherical HA (#3). 
  

Reference	Sample	#1	 Reference	Sample	#2	 Reference	Sample	#3	
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Figure SI.10. X-ray diffraction patterns of (A) three hydroxyapatite standard reference 
materials used to simulate hydroxyapatite nanoparticles in infant formula and reference 
XRD pattern for hydroxyapatite, and (B) powder infant formula (S3) versus centrifuged 
pellet from S3. 
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Figure SI.11 TEM of sample S3 following sample preparation outlined in Figure SI.2 but (A) without 
sonication versus (B) with sonication.  Needle-like HA is present in both images and demonstrates 
sonication did not induce formation of this structure. 
 
Seven additional results are presented (see table below).  The overall conclusions of this 
work support the additional finding that needle-like HA are present in some of the infant 
formula, and are not artifacts of TEM sample preparation.  Step-by-step methods are 
described in Figures SI.1 through SI.5.  A summary of the results are now included in the 
supplemental results section (and Table SI.4).  Primary conclusions from the seven 
experiments include the following: 

1. 0.15 gram of sample S3 was placed in 40 mL and sonicated and prep’d for TEM 
following the original method in the paper. TEM found needle-like HA. 

2. Same as #1 but without sonication.  TEM found needle-like HA, and we can 
conclude that sonication did not form need-like HA. 

3. Same as #2 but we excluded centrifugation and just added 20 uL of sample onto 
the TEM grid.  TEM found needle-like HA.  Therefore, neither sonication nor 
centrifugation lead to any artifacts. 

4. Here the infant formula was prepared by adding the volume/mass to water ratio 
specified on the infant formula packaging as the “recipe” to prepare the liquid 
infant formula.  Then we applied a completely different centrifugation method 
presented on-line by EAWAG 
(https://www.youtube.com/watch?v=PplBlJ7zCCA) after a 100x dilution of the 
sample.  TEM found needle-like HA.  Using demonstrates the solid to liquid ratio 
does not lead to needle-like HA artifacts. 

5. 0.15 gram of sample S3 was placed in 40 mL and sonicated/centrifuged as 
outlined in the original manuscript.  The solid pellet was removed.  Then we 
added dissolved calcium chloride and sodium phosphate salts into the supernatant, 
where any organic polymers would still be present. The concentrations of these 
added salts were based upon the mass of solids removed as the pellet. The sample 
was re-sonicated and centrifuged.  The small pellet was then analyzed by TEM.  
Needle-like HA was not detected.  This demonstrates that needle-like HA was not 
generated as an artifact from dissolve Ca/P in the infant formula. 
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6. Same as #5 above but instead of spiking calcium chloride and sodium phosphate 
salts into sample S3 (which contained needle-like HA), the test was performed 
using sample S6 (did not contain needle-like HA, but contained complex 
organics, etc. in the infant formula).  Sample S6 was placed in 40 mL and 
sonicated/centrifuged as outlined in the original manuscript.  The solid pellet was 
removed.  Then we added dissolved calcium chloride and sodium phosphate salts 
into the supernatant, where any organic polymers would still be present. The 
concentrations of these added salts were based upon the mass of solids removed 
as the pellet. The sample was re-sonicated and centrifuged.  The small pellet was 
then analyzed by TEM.  Needle-like HA was not detected.  This demonstrates that 
needle-like HA was not generated as an artifact from dissolve Ca/P in the infant 
formula. 

7. A 1cm by 1cm piece of double sided carbon tape was placed on to an aluminum 
SEM stub. Infant formula (sample S3 which contained needle-like HA) was 
placed in a plastic weighing boat. The aluminum stub with carbon tape was 
pushed into the infant formula, allowing the dry powder to stick to the carbon 
tape. The aluminum stub with infant formula powder tape was placed inside the 
SEM (XL30 ESEM with EDAX) for analysis. No need-like HA was observed.  
This is attributed to presence of large amounts of other salts and organic materials 
which dominate by weight over needle-like HA.  This was the original motivation 
for conducting TEM analysis on suspended liquid sample which has the ability, 
during sample preparation, to separate salts and dissolved organics from nano- 
and larger scale particles. 
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Table SI.4 – Summary of experiments to validate that needle-like HA is not an artifact 
from electron microscopy sample preparation 
 

Sample Sonication Centrifugation TEM Sample 
Preparation 

Other Conclusio
n 

TEM 
Image 

1) Original 
Method 

30 min at 
80 watts 

15,000 G for 15 
minutes 

-Resuspend 
pellet into 20 
mL of water 
-20 µL 
pipetted on to 
TEM grid 

-0.15 grams in 40 
ml of water 

Presence 
of Nano 
needle-like 
HA 

 

2) Original 
without 
sonication 

No 
sonication 

15,000 G for 15 
minutes 

-Resuspend 
pellet into 20 
mL of water 
-20 µL 
pipetted on to 
TEM grid 

-0.15 grams in 40 
ml of water 

Presence 
of Nano 
needle-like 
HA 

 

3) Original 
without 
sonication or 
centrifugation 

No 
sonication 

No 
centrifugation 

-20 µL 
pipetted 
directly on to 
TEM grid 

-0.15 grams in 40 
ml of water 

Presence 
of Nano 
needle-like 
HA 

 

4) EAWAG 
Method 

No 
sonication 

4050 G for 4 
hours 

-TEM at 
bottom of vial 
- liquid is 
pipetted out of 
vial and TEM 
grid is 
removed for 
analysis 

-6 grams in 40 mL 
of water 
(instructions on 
box) 
-100X dilution 

Presence 
of Nano 
needle-like 
HA 

 

5) Ca/P 
additive to HA 
extracted 
sample 3 

30 min at 
80 watts 

15,000 G for 15 
minutes 

-Resuspend 
pellet into 20 
mL of water 
-20 µL 
pipetted on to 
TEM grid 

-0.15 grams of 
infant formula into 
40 mL of water 
-Supernatant from 
centrifugation 
step was 
removed and 
spiked with 
CalCl2H2O and 
Na2HPO4 

No Nano 
needle-like 
HA 

 

6) Ca/P 
additive to 
sample 6 
(sample 
absent of 
nano needle-
like HA)  

30 min at 
80 watts 

15,000 G for 15 
minutes 

-Resuspend 
pellet into 20 
mL of water 
-20 µL 
pipetted on to 
TEM grid 

-0.15 grams in 40 
mL of water and 
spiked with 
CalCl2H2O and 
Na2HPO4 

No Nano 
needle-like 
HA 

 

7) SEM 
analysis of dry 
powder 

No addition to liquid.  No sonication.  No centrifugation.  Sample S3 
applied as dry powder to carbon tape on SEM stub 

No nano 
needle-like 
HA 
observed 
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Scanning Electron Microscopy Imaging of Infant Formula and Hydroxyapatite 
Reference Material 

Two samples, Infant formula (sample 3) and HA reference material 1, were 
analyzed by scanning electron microscopy paired with energy dispersive X-ray 
spectroscopy (EDS) as dry powders with minimal sample preparation. To prepare the 
samples, the infant formula and HA reference material were poured into weigh boats. 
Double sided tape was placed onto an aluminum SEM stub and lightly pushed by hand 
into the powder samples to adhere the samples to the carbon tape. The samples were 
sputter coated with Au for 120 seconds (~10nm thick coating) to prevent charging by the 
electron SEM beam and placed within the SEM (FEI/Philips XL-30 Field Emission 
ESEM). Needle-like HA materials were characterized in the HA reference material 1 by 
SEM as shown in Figure SI.12-14 (average length: 156 ± 43, width: 35 ± 7nm). Sample 3 
was analyzed for the presence of needle-like HA as shown in Figure SI.15-17 (average 
diameter: 33 ± 28 µm). The abundance of carbon substances in sample 3 prevented 
meaningful analysis of the sample by SEM. Carbon particulate (figure SI.16) was 
observed in the dry infant formula (diameter: 187 – 499 nm); however, needle-like HA 
particles were not observed. The needle-like HA is suspected to be within the micron 
sized carbon compounds.  We conclude that the salt and organic matrix that comprises 
the infant formula prevents detection of the needle-like HA in the powder, and that 
separation of the salts and organic matrix is required to detect the needle-like HA which 
other parts of this paper suggest represents < 1% of the total mass of the powder formula 
on a mass basis. 

 
Figure SI.12: SEM image of HA reference material 1. Light substances are needle-like 
HA. The dark background is the carbon tape 
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Figure SI.13: SEM of needle-like HA reference 1. Background is the carbon tape 
 

 
 
Figure SI.14: EDS of needle-like HA (confirmed presence of calcium, oxygen, and 
phosphorous) found in image SI.13. 
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Figure SI.15: SEM of dry infant formula sample 3 
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Figure SI.16: SEM of dry infant formula 3 
 
Figure SI.17: EDS characterizing the presence of carbon, oxygen and gold in Figure 
SI.16. Gold peaks are from the goal sputtering. 
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Reference HA Dissolution Experiments: Phosphate Permeation through UF Plus 
Visual and Turbidity Changes  
 
 
 

 
Figure SI.18 Percentage of total dissolved hydroxyapatite in the three simulated fluids based upon 
percentage of phosphate in the ultrafilter permeate relative to the added mass (100 mg HA/L and measured 
by ICP-MS) present as phosphate. 
 
 In addition to measuring calcium and phosphate during ultrafiltration experiments, other 
measurements with ultrafiltration were also conducted.  Within 30 minutes of the end of mixing, the 
remaining unfiltered samples were analyzed for turbidity (DRT-15CE Turbidimeter), mean size, and 
polydispersity. A Primetime Turbidity Standard of 0.02NTU (Lot 21202) was used and triplicate turbidity 
measurements were performed in 4 second intervals. Hydrodynamic diameter was determined by Phase 
Analysis Light Scattering [PALS] (ZetaPALS, Brookhaven Instruments Corp., NY, USA). 

Turbidity did not differ after four hours in the 1 mM bicarbonate solution 
(pH=8.3) with R1 or R3 suggesting the reference materials did not dissolve. Figure SI.19 
shows the turbidity in this solution and is the baseline for comparison against HA 
exposure in other liquids. These results are consistent with the calcium and phosphate UF 
permeation results. 

Turbidity with the spherical HA (R3) did not differ among the simulated 
biological fluids from the baseline sodium bicarbonate solution. This suggests that only a 
portion of the HA may readily dissolve, and TEM images suggest the presence of both 
crystalline and non-crystalline materials. In contrast to these results, turbidity decreased 
by >90% for the needle-like HA reference materials (R1 and R2) in the two gastric fluids 
and increased slightly in the shorter exposure period to simulated saliva. These turbidity 
measurements were consistent with visual assessment of relative “cloudiness”, which 
only decreased for R1 and R2 in the gastric fluids (see photos in Figure SI.21). There was 
no visual precipitation of sediment in any of the vials suggesting the materials dissolved 
rather than destabilized resulting in the decreased turbidity. Although the turbidity change 
were not quantified over reaction time, qualitative visual observations indicated near 
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complete dissolution of R1 and R2 within minutes, whereas the spherical HA reference 
(R3) remained cloudy throughout the experiment.  

Mean particle size and polydispersity were also measured by phase-analysis light 
scattering (PALS) on the same samples as turbidity (Figure SI.19). Although PALS 
assumes spherical particles, they allow for the development of trends of particle 
hydrodynamic size and polydispersity. The results are consistent with turbidity: mean 
diameters decrease by >90% and polydispersities are lower for needle-like HA (R1 and 
R2) in the two gastric fluids whereas little change occurs for spherical HA (R3) material. 

 
Figure SI.19 (A) Turbidity, (B) Mean Diameter, and (C) Polydispersity of the three 
different reference materials after mixing for two minutes (Saliva) and two hours (Gastric 
Fluids and Sodium Bicarbonate). One-way analysis of variance (ANOVA) tests were 
conducted at 95% confidence intervals to determine statistical significance (see Figure 
SI.20). The analysis was conducted to compare each individual reference material across 
the four simulated biological fluids for each nanomaterial physical property parameter. 
We did not compare each reference material to each other. We did not compare across the 
different nanomaterial properties. Turbidity controls containing no reference material 
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were as follows: 1mM sodium bicarbonate (0.29NTU), simulated saliva (2.20NTU), fed-
state gastric fluid (0.23NTU), and fasted-state gastric fluid (0.20NTU).   
 
 

 
 

  



    
 

350 

 
 
Figure SI.20: ANOVA statistical analysis of (A) Turbidity, (B) Mean Diameter, and (C) 
Polydispersity 
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Figure SI.21 Photographs show vials containing hydroxyapatite (HA) reference materials (R1, R2, R3) or 
control (no HA added) in different fluids after the prescribed mixing times. The relative cloudiness of the 
samples differs among the vials. 
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Figure SI.22 Calculated total dissolved Ca concentration (Log[Ca]T) as a function of pH 
in simulated gastric fluid for the three calcium minerals found in infant formula, i.e., 
hydroxyapatite, calcite, and monetite. Calculations were performed using Visual 
MINTEQ software (ver. 3.1). Simulation conditions: sodium = 0.267 M, acetate = 0.0469 
M, and chloride = 0.237 M. Calcium mineral concentrations: hydroxyapatite = 0.4 mM, 
calcite = 2 mM, and monetite = 2 mM, to achieve a total Ca concentration of 2 mM for 
all three minerals.  
 
Estimated Usage of Needle-like Hydroxyapatite 
The 2013 global market for infant formula was approximately $41 Billion (US dollar), and growing rapidly 
in Asia and other markets [23].  The cost of powder formula is on the order of $1 (US) per ounce (based 
upon market costs in US and web-based reports (e.g., http://www.popsugar.com/moms/How-Much-Infant-
Formula-Costs-8104334 ).  Most of the infant formula is powder, as opposed to liquids [23].  We 
conservatively assume 75% of the market is infant formula.  Based upon our estimate of 0.4 wt% HA in the 
formula from S3 sample, this results in a cost of $8 per gram HA delivered in infant formula.  Assuming 
$41B (US) market at this cost results in production of up to 5125 metric tons of HA for infant formula 
alone.  Nano-structured needle-like HA was not present in all samples.  Assuming only 50% of infant 
formula uses needle-like HA, the global annual production may be on the order of 2500 metric tons.  These 
estimates (2500-5000 metric ton/year) for needle-like HA in just this one product class (infant formula) is 
the same order of magnitude for the 2010 global production estimate for carbon nanotubes of 2916-3200 
metric ton/year) (Table S4 in [24]).  There are uses of needle-like HA in cosmetics [25] and probably many 
other applications, although data is not readily available. 


