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ABSTRACT 

Increasing use of inorganic nanoparticles (INPs) in consumer products and industrial 
processes has resulted in a more significant presence of these nanoparticles in wastewater. It is 
essential to understand the occurrence and characteristics of various nanoparticles in community 
wastewater. The primary objectives of this research were (1) to further develop and improve 
techniques to identify, quantify, and characterize these inorganic nanoparticles; (2) to investigate 
the presence of nanoparticles from 14 elements in wastewater from a large community with diverse 
wastewater sources; and (3) to explore the impacts of the size and wastewater sources of 
wastewater treatment plants (WWTPs) on the occurrence of inorganic nanoparticles. These 
objectives were motivated by the lack of information on the fate and transport of inorganic 
nanoparticles in wastewater streams and in the environment after consumer and industrial use.  The 
presence of these nanoparticles in various water sources could pose a potential risk to public health 
and the environment. Extraction and concentration protocols were developed to prepare samples 
for instrumental analysis. Single Particle Inductively Coupled Plasma Mass Spectrometry (spICP-
MS) was utilized, along with other nanoparticle characterization techniques. 

 Specific accomplishments of this research were: (1) the detection of inorganic 
nanoparticles from the 14 different targeted elements (Mg, Al, Mn, Fe, Cu, Sr, Mo, Ag, Sn, Ba, 
Pb, Zr, Ti, Zn) in municipal wastewater at different concentrations in influent and effluent streams; 
(2) the sizes and concentrations of these inorganic nanoparticles were variable over time due to the 
complexity of wastewater sources and the sampling period; and (3) the preparatory method 
developed in this work achieved good removal efficiencies of dissolved materials to minimize 
matrix-effects in single-particle ICP-MS analysis; (4) the nanoparticle size ranges obtained from 
different analytical techniques showed significant differences due to size distribution limits and 
agglomeration; (5) spICP-MS analysis coupled with statistical analysis indicated various levels of 
differences in nanoparticle concentrations between the WWTPs with different sizes and 
wastewater sources; (6) the effects of WWTP size (i.e., flowrate) and wastewater sources on 
detection of inorganic nanoparticles; and (7) the INPs removal efficiencies (10% -100%) between 
the influent and effluent vary with WWTPs sizes, sources and treatment. This work provides (1) a 
protocol to collect wastewater samples & analyze various INPs in complex wastewater systems; 
(2) a framework to assess some major factors affecting the nature of nanoparticles which are of 
importance to those determining environmental impacts; and (3) valuable information on the 
concentrations and size of different INPs in wastewater for realistic risk assessment. 
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EXECUTIVE SUMMARY 

Increasing use of inorganic nanoparticles in consumer products and industrial processes 

has resulted in a more significant presence of these nanoparticles in wastewater. It is essential to 

understand the occurrence and characteristics of various nanoparticles in wastewater systems.  

The primary objectives of this research were to (1) further develop and improve techniques 

to identify, quantify, and characterize these inorganic nanoparticles; (2) investigate the presence 

of nanoparticles from 14 elements in wastewater treatment plants (WWTPs) influent & effluent 

streams from a large community with diverse wastewater sources; and (3) explore the impacts of 

the size and wastewater sources of wastewater treatment plants (WWTPs) on the occurrence of 

inorganic nanoparticles. These objectives were motivated by the lack of information on the fate 

and transport of inorganic nanoparticles in waste streams and in the environment after consumer 

and industrial use; the presence of these nanoparticles in various water sources could pose a 

potential risk to public health and the environment. 

In this work, sampling and analyses were performed in two phases on various wastewaters 

from four WWTPs in Massachusetts. Wastewater samples were collected over monthly time 

intervals from UB WWTP (Phase I) and four WWTPs: AC, SB, UB, and DI (Phase II). Extraction 

and concentration protocols were developed to prepare samples for further analysis. Single Particle 

Inductively Coupled Plasma Mass Spectrometry (spICP-MS) was utilized, along with other 

analytical nanoparticle characterization techniques, including Scanning Electron Microscopy 

(SEM), Dynamic Light Scattering (DLS), and Atomic Force Microscopy (AFM).  



 xvii 

Specific accomplishments of Phase I research were: (1) the detection of inorganic 

nanoparticles from the 14 different targeted elements (Mg, Al, Mn, Fe, Cu, Sr, Mo, Ag, Sn, Ba, 

Pb, Zr, Ti, Zn) in wastewater samples via spICP-MS, with significant variability in concentrations 

over time; (2) the size distributions of detected inorganic nanoparticles in the wastewater samples 

were revealed, highlighting the most frequent sizes  in these samples which varied from 16 nm 

(Pb) to 139 nm (Ti); and (3) the effectiveness of the sample preparatory method developed in this 

study in removing dissolved, background, concentrations that interfere with the single-particle 

analysis was examined.  

Specific accomplishments of Phase II research were: (1) spICP-MS analysis coupled with 

statistical analysis indicated various levels of differences in nanoparticle concentrations between 

the WWTPs with different sizes and wastewater sources; (2) the effects of WWTP size (i.e., 

flowrate) and wastewater sources on detection of inorganic nanoparticles; and (3) the INPs 

removal efficiencies (10% -100%) between the influent and effluent vary with WWTPs sizes, 

sources and treatment. 

This research on nanoparticles in wastewater contributes to our knowledge of community 

impact on public health and the environment. In particular, the findings of this research: (1) 

provided a framework/protocol to collect wastewater samples & analyze various inorganic 

nanoparticles in complex wastewater systems; (2) explored factors affecting the nature of 

nanoparticles which are of importance to those determining environmental impacts; and (3) 

provided valuable information on the concentrations and size of these different INPs in wastewater 

for realistic risk assessment. For future perspectives, we recommend that (1) research on 

wastewater composed of different sources and sampling periods can be conducted to gain a better 

understanding of the origin, fate, and transport of INPs in wastewater; (2) an improvement in the 



 xviii 

spICP-MS sensitivity is needed to detect the smaller INPs than the current cut off point; (3) a 

development of new analytical techniques and novel approaches to detect, quantify and 

differentiate natural from engineered INPs; and (4) studies in organisms exposed to treated 

effluents could consider these measurements, in order to obtain a realistic scenario for organisms 

exposed to INPs. 
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I. INTRODUCTION 

Inorganic nanoparticles, defined as solid particulate material with dimensions of 1-100 nm, 

are widely used for various purposes in agricultural, domestic, and industrial sectors. The 

production and application of engineered nanoparticles (ENPs) have grown dramatically over the 

past decades and become a significant constituent of global material flow (Keller et al. 2013). 

Because their surface area to volume ratio is high, nanoparticles have unique properties and are 

used beneficially in many practical applications. Nanosized silver (nAg) is employed in some 

healthcare products (Foss Hansen et al. 2016). Nanosized gold (nAu) is applied in components of 

various electronic equipment and is also utilized as a catalyst in different industrial processes (Toro 

et al. 2007). Nanosized titanium dioxide (nTiO2) is a common constituent in domestic products 

such as sunscreens, cosmetics, toothpaste, paintings, and certain food products (e.g., chewing gum) 

(Helsper et al. 2016; Peters et al. 2014). In the automobile industry, nanomaterials composed of 

metals such as Fe, Ag, Ce, W, Pd, Pt, Rh, Zn, Ti, Si, Cu, as well as Mo and B, are used in many 

components such as brake linings and engine parts. Nanosized zinc oxide (nZnO) is used as a 

vulcanization activator in car tires (Semaan, Quarles, and Nikiel 2002). In addition, nanosized 

W2S, Mo2S, BN, CeO2, and C60 are used as additives in engine oils and fuels to improve engine 

performance (Jung, Kittelson, and Zachariah 2005; Lahouij et al. 2012). Clearly, many types of 

inorganic nanoparticles have been used in a multitude of applications for beneficial purposes, and 

there is little doubt that the amount of nanoparticles used and produced by society will increase. 

Many nanoparticles have been found to produce deleterious impacts on various lifeforms, 

presumably due to their high surface activity as a result of their high surface-area-to-volume ratio. 

It has been demonstrated that nanoparticles may damage DNA in microorganisms (Auffan et al. 
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2009). In the presence of ultraviolet (UV) light, some nanoparticles can produce reactive species 

resulting in cell damage (Alkahtane 2015). In addition to nanoparticle-induced toxicological 

problems, nanoparticles can disrupt vital functions of microbial cells through physical means, such 

as blocking pores (Elsaesser and Howard 2012).  

Research has also been conducted to determine the effect of nanoparticles on animals. Lam 

et al. (2004) showed that carbon nanotubes induced dose-dependent granulomas in mice, and in 

some cases, the nanoparticles produced interstitial inflammation in the animals after seven days of 

exposure. Oberdörster et al. (2005) demonstrated that nanoparticles (C60 fullerenes) induced 

oxidative stress in a fish model. The toxicity of nanoparticles should be considered when 

producing, using, and releasing nanoparticles into wastewater. Thus, the need to determine the 

occurrence, concentrations, and types of nanoparticles in wastewater, as well as the consequences 

of their presence. 

The release of nanoparticles is not only a concern due to possible deleterious impacts on 

aquatic life and the environment; there are also potential human health concerns. Hematopoietic 

human progenitor cells have been shown to be affected by a 5 μg/mL dose of antimony trioxide 

nanoparticles in a laboratory environment (Bregoli et al. 2009). A research study examined the 

relationship among working groups with vague symptoms of exposure to airborne polyacrylate 

nanoparticles (Song, Li, and Du 2009). Polyacrylate has been shown to be airborne in the 

workplace in a nano-particulate form. For specific working groups, diseases (i.e., non-specific 

pulmonary inflammatory disease, pulmonary fibrosis, and foreign-body granulomas of pleura) 

were reported in the pathological exam of seven young women aged 18-47. This study confirmed 

the chronic toxicity of nanosized polyacrylate in the lung (Song et al. 2009). Iron oxide 

nanoparticles were also found to cause cell death associated with membrane damage (Berry et al. 
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2004). And Jeng and Swanson (2006) found significant inorganic oxide nanoparticles (TiO2, ZnO, 

Fe3O4, Al2O3, and CrO3) toxicity in mammalian cells.  

Even though the use of nanoparticles in many societal sectors is increasing, there is little 

data on the fate and transport of nanoparticles in our waste streams and in the environment after 

consumer and industrial use. And information on the ultimate disposal and release/emissions of 

nanoparticles is sparse. However, it is expected that the increasing use of nanoparticles in 

consumer products and in specific industrial processes will result in a growing number of 

nanoparticles in municipal wastewater streams.  

Much research has focused on the advancement of analytical methods to identify certain 

nanoparticles in water (Choi et al. 2017). Yet, an accurate examination of the presence of a wide 

range of nanoparticles in actual wastewater utilizing these techniques has not been published. In 

addition, they are studies that only focused on nanoparticles identification in the different treatment 

steps in a single WWTP facility, but no study has compared WWTPs with various sizes and 

sources. Few studies collected actual samples so as to indicate the presence of different 

nanoparticles, regardless of whether inorganic or organic (Bäuerlein et al. 2017). Past notable 

research has included the characterization of Ti and Zn nanoparticles in actual wastewater samples 

(Choi et al. 2017). Research focusing on the broader population of nanoparticles in wastewater has 

not been performed. Most previous studies were focused only on nanoparticulate elemental Ti, Ag, 

and Zn. The results of earlier studies on the identification and quantification of nanoparticles under 

actual conditions at wastewater treatment plants are summarized in Table 1. Therefore, further 

research is needed to assess the occurrence of multiple types of nanoparticles under field conditions 

in wastewater is needed. In addition, an accurate and systematic identification and quantification 
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of INPs in wastewater is needed to determine their relations to the sources and sizes of WWTPs 

and their possible risks 

Table 1 Identification and quantification of engineered nanoparticles under field conditions 

at wastewater treatment facilities. 

Nanoparticles Analytical techniques Reference 

nTiO2 ICP-OES, SEM, EDX Kiser et al., 2009 

nAg, nAu, nC60 ICP-OES (nAg, nAu), HPLC (nC60) Kiser et al., 2012 

nAg spICP-MSb Tuoriniemi et al., 2012 

nAg GFAASa Li et al., 2013 

nZnO spICP-MSb Hadioui et al., 2015 

nTiO2, nZnO ICP-OES, SEM Choi et al., 2017 

nTi, nAg ICPQQQc, STEMd Polesel et al., 2018 

a GFAAS = Graphite Furnace Atomic Adsorption Spectrometry. 
b spICP-MS = Single Particle Inductively Coupled Plasma Mass Spectrometry. 
c ICPQQQ = Inductively Coupled Plasma Triple Quadrupole Mass Spectrometry. 
d STEM = Scanning Transmission Electron Microscopy. 

 

In addition to studies on nanomaterials in wastewater systems, ICP-MS methods have been 

demonstrated to be sensitive enough to identify and quantify NPs in low quantities in the 

environment. They have been applied to determine the presence of copper nanoparticles (nCu) in 

soil (Navratilova et al. 2015). Another study monitored the discharge of nanosized titanium oxide, 

nTiO2, originating from sunscreens into surface water (Gondikas et al. 2014). Two other research 
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efforts investigated the issue of nTiO2 and nAg in the aquatic environment arising from outdoor 

coatings. It was reported that nTiO2 and nAg nanoparticles were found to be released into the 

environment at 600 μg TiO2/L (20–300 nm size range) and 145 μg Ag/L (< 15 nm in size) (Kaegi 

et al. 2008, 2010). These nanoparticles were directly identified at the source in high concentrations; 

therefore, dilution away from the source was expected. Questions remain on how these 

nanoparticles can be effectively removed from industrial and domestic wastewaters and what are 

the proper sample preparation techniques required for nanoparticles analysis (Brar and Verma 

2011).  

As seen in Table 1, previous studies used Single Particle Inductively Coupled Plasma Mass 

Spectrometry (spICP-MS) to investigate only one single element in wastewater and surface water, 

which included nAg, (Tuoriniemi et al., 2012) and nZnO (Hadioui et al., 2015). These studies 

focused on quantifying a single element per run, which will be a lengthy process in our study of a 

broader variety of nanoparticles in wastewater. As a result, the ability to identify several elements 

utilizing spICP-MS in a single run can drastically reduce total measurement time and provide a 

broader study of nanoparticles in wastewater. 

In accordance with the prior discussion, the following hypotheses, and objectives were 

developed to navigate this research: 

Hypotheses: 

• There is a wide range of different types of nanoparticles based on multiple elements 

present in municipal wastewaters.  
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• Single Particle ICP-MS (spICP-MS) is a sensitive technique to detect and quantify 

multiple inorganic nanoparticles at once with low concentrations and small size 

distributions in wastewater. 

• Inorganic nanoparticles are only partially removed in WWTPs which vary greatly  with 

the WWTPs sizes and the wastewater sources. 

Objectives: 

• Develop techniques to identify, quantify, and characterize inorganic nanoparticles in 

wastewater primarily using single-particle ICP-MS. 

• Investigate the nature and occurrence of the various inorganic nanoparticles in 

wastewater treatment plant (WWTP) influent and effluent streams. 

• Investigate the effect of the WWTP size and the related wastewater source compositions 

on the occurrence of inorganic nanoparticles in municipal wastewaters. 

The objectives of this research were met through the following activities:  

1. A detailed literature review was performed to scan the related work to inorganic 

nanoparticles, synthesize the major findings, and develop a solid knowledge foundation. 

2. Experimental sampling and analyses were performed in two phases on various 

wastewaters from four WWTPs in Massachusetts. Extraction and concentration protocols 

were developed to prepare samples for further analysis. 

3. Several analytical methodologies were used to identify and quantify inorganic 

nanoparticles in wastewater samples, including Single Particle Inductively Coupled 

Plasma Mass Spectrometry (spICP-MS), Scanning Electron Microscopy (SEM), 

Dynamic Light Scattering (DLS), and Atomic Force Microscopy (AFM). 
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4. Collecting, evaluating, and analyzing data and results, and formulating major conclusions 

and suggestions. 

This rest of the thesis is organized as follows: First, a background section is developed to 

provide an overview of the sources, fate and toxicity of inorganic nanoparticles (section II). 

Second, a Materials and Methods section is provided, where the overall methodology used in this 

study is introduced, including the spICP-MS analysis along with other analytical techniques 

(section III). The research timeline and study phases (Phase I and Phase II) conducted to have a 

broad identification and quantification of INPs, are also explained). Third, Results and Discussion 

sections for both Phases I and II are in developed in detail (section IV and section V). Finally, 

Conclusions section is provided with key results summary and future recommendations (section 

VI). Appendixes are provided at the end.   
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II. BACKGROUND 

The background section includes an overview of the sources of inorganic nanoparticles 

(section II.1), the fate of inorganic nanoparticles (section II.2), and the toxicity of inorganic 

nanoparticles (section II.3). 

II.1 Sources of Inorganic Nanoparticles 

Figure 1 summarizes some of the important sources of inorganic nanoparticles, including 

their engineered and natural origins. A detailed explanation of each source, its importance, and 

some application examples are developed in the following subsections. 

 

Figure 1.  Overview of key sources of inorganic nanoparticles. 
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II.1.1 Engineered Inorganic Nanoparticles 

II.1.1.1 Sun Protective Products 

Sunscreen is an integral part of our routine for protecting our skin from ultraviolet (UV) 

rays. UV rays can cause dimerization of thymine bases and, in some instances, breakdown of the 

sugar-phosphate backbone of DNA if you don't wear sunscreen. Most photodamage to the skin is 

caused by UV radiation with wavelengths between 280 and 400 nm. UV light is divided into three 

categories: UVA (320–400 nm) is the most extended wavelength component; it can penetrate the 

dermis, where melanoma is found. UVB (280–320 nm) rays are primarily blocked by the 

epidermis, resulting in inflammation known as "sunburn cell development"; and UVC (200–280 

nm), often known as germicidal rays, is the most energetic and, as a result, has the most significant 

potential for harm (Hidaka et al. 1997). Fortunately, the stratospheric ozone layer filters it out most 

of the time, so it isn't a ground-level problem. However, as long as chlorofluoro hydrocarbons 

(CFC) are used, this barrier will be depleted, allowing this beam to reach our skin. Nonetheless, 

prolonged sun exposure causes photocarcinogenesis, which causes the immune system to be 

suppressed as well as photoaging of the skin, eventually leading to the formation of basal cell 

carcinoma (Matsumura and Ananthaswamy 2004). 

The organic molecules used in sunscreens are primarily advanced aromatic compounds 

that have been functionalized to delocalize electrons and absorb light in the 280–400 nm 

wavelength range. Unfortunately, UV light can aid in the disintegration of these molecules, and 

the resulting subunits are readily absorbed via the skin, posing a risk of allergic responses (Perugini 

et al. 2002). Inorganic particles like TiO2 and zinc oxide were then incorporated into sunscreen 
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formulations to reflect UV radiation and lower the quantity of organic molecules needed to reach 

the appropriate sun protection factors (SPFs) for increased protection. 

When TiO2 is irradiated with UV light, the energy is larger than the bandgap, causing 

electrons to move from the valence to the conduction band. These electrons then swiftly travel to 

the particle's surface, where they combine with oxygen to create superoxide and hydroxyl radicals 

(Miriam 2017). The penetration of nanosized particles is another challenge with inorganic 

materials. Cosmetic companies use nanosized (100 nm) inorganic materials such as TiO2 and zinc 

oxide because their tiny sizes allow maximum coverage without opacity. The health risks posed 

by nanoparticles, on the other hand, might be a concern in a variety of topical applications. 

II.1.1.2 Biomedical/Drug Delivery 

The systemic distribution of molecular medicines (i.e., drug delivery) is now used as a 

conventional therapeutic approach for the treatment of several disorders. The most popular 

medications are chemical substances that function quickly and are taken orally (in tablet or liquid 

form) or injected. As a result, medication development must advance with controlled drug release 

and delivery system targeting. Diagnostic and therapeutic inorganic nanoparticles (e.g., Carbon 

NPs, Gold NPs), have been extensively researched as novel platforms for various biomedical 

applications throughout the last few decades (Figure 2). 

The use of magnetic nanoparticles managed by an external magnetic field is an intriguing 

method with enormous promise for remotely controlling the delivery of medication or genes. 

Lübbe et al. (1996) provided the first findings on magnetic medication targeting in human patients 

in 1996, after a prior investigation on animals. A ferrofluid, a colloidal dispersion of multidomain 

iron oxide (Fe3O4) with a 50-150 nm size range, was employed and generated using a wet chemical 
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process. Anhydro-glucose polymers were used to enclose the particles in order to increase stability 

under diverse physiological circumstances as well as drug chemisorption. Desorption of the drug 

that had been attached to the surface happened according to the physiological environment (pH, 

osmolality, and temperature) because the interaction between the coatings of the drug and 

magnetic particles was reversible (Lübbe et al. 1996).  

The adaptability of diverse synthesis processes currently allows for the exact engineering 

of the essential properties of a broad range of nanoparticles, which is one of the main benefits of 

adopting nanotechnology for biological reasons. Various magnetic nanoparticles (MNPs) have 

been suggested and tested for biomedical applications to utilize nanoscale magnetic phenomena. 

Magnetite (Fe3O4), maghemite (γ-Fe2O3), ferrite of general formula MFe2O4 (M = Co, Ni, Zn), 

iron, and iron-based alloys such as iron-platinum (FePt) have all been identified as prospective 

possibilities for biomedical uses (Claudia 2017). Figure 2 shows more detailed representation of a 

multifunctional magnetic nanoparticle used for biomedical application. 
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Figure 2. An overview of using nanoparticles in biomedical applications: (a) various INPs 

and their potential uses in biomedical applications; (a) an example of multifunctional hybrid 

magnetic nanoparticle for biomedical purposes, adapted from  Claudia (2017). 

II.1.1.3 Catalysis 

A catalyst is a chemical reactant that is necessary to speed up a chemical reaction without 

being consumed in the process. The effects of catalysts appear in the rate law but doesn’t influence 

the overall stoichiometry of the chemical reaction. The main types of catalyst materials used are 

metals, metal oxides, metal complexes, and biocatalysts. The catalytic function (i.e., activity and 

selectivity) is determined by the structure and content of the catalyst. One of the elements 

impacting catalytic characteristics is particle size. Because the catalytic reactions occur exclusively 

on the catalyst’s surface, small particle sizes are preferred to increase specific surface area 

(Toshima 2011). 

The reactive nature of nanoparticles makes them a natural choice for catalysts. Catalysts 

are divided into two groups based on the reaction phase in which they are utilized: homogeneous 

catalysts and heterogeneous catalysts (Figure 3). Metal complex catalysts and biocatalysts, for 
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example, are commonly utilized in solution, where other catalysts and reactants can be dissolved. 

On the other hand, metal catalysts are frequently used in heterogeneous phases such as gas/solid 

and liquid/solid. Small metal particles, such as alumina (Al2O3) and silica (SiO2), are immobilized 

on inorganic oxide substrates for this purpose. Solid supports are advantageous not only for 

separating catalysts from reactants and products in a heterogeneous phase but also for improving 

catalytic functions such as lifetime through metal particle dispersion and dilution, tuning the 

electronic state of catalytic sites through interactions between metal particles and the support 

(Toshima 2011). 

 

Figure 3.  Nanoparticles as catalysts (a) Overview of types, classification, factors influencing 

the catalytic function and purposes; (b) Schematic representation of homogeneous and 

heterogeneous catalysts of NPs, adapted from Toshima (2011). 

II.1.1.4 Rechargeable Batteries 

Batteries are a common product that is used by many on a daily basis. Without batteries, 

which are portable energy storage devices, modern life would be hard to fathom. In recent years, 

much effort has been put into synthesizing and exploring nanomaterials in relation to batteries and 
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energy storage (e.g., fuel cells and photovoltaic solar cells). Inorganic nanoparticles (INPs) are 

being investigated as battery electrode materials. There has been impressive work on the 

development of new electrolyte systems in which inorganic nanoparticles play an important role 

in enhanced ionic conductivity. In addition, nanoparticles are critically important as catalysts for 

the reduction of oxygen and the oxidation of fuels (e.g., H2, CH3OH, CH3CH2OH,) in fuel cells. 

Furthermore, the use of nanoparticles significantly improves the performance of photovoltaic solar 

cells in terms due to the large surface area that enhances sunlight gathering, and therefore energy 

density. 

The first aqueous batteries were introduced to the market. These systems are lead-acid, Ni-

Cd, Ni–MH, and Zn–based batteries. All forms of lithium and lithium-ion batteries are included in 

the nonaqueous systems. Due to passivation processes, reactive electrodes (Li, Li–C, Li–M, Mg, 

Na, low redox potential, LiMOx) are stable in nonaqueous environments. Rechargeable systems 

are the focus of most attempts to integrate nanomaterials into batteries and associated devices, 

including Zinc Anode Batteries, Lithium-Liquid Cathode,Lithium Batteries with Solid Cathodes, 

Lead-Acid Batteries, Ni-Cd Batteries, Ni-Metal Hydride Batteries, Li (Metal)-MX2 Batteries, Li-

Ion Batteries.  (Doron and Ortal 2017). Figure 4 summarize some key primary and secondary 

battery systems and related devices (i.e., fuel cells) that uses nanoparticles. 
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Figure 4.  Nanoparticles in batteries and energy storage (a) A schematic review of INPs used 

in batteries and energy storage (b) Capacity of electrode materials for advanced 

rechargeable Li batteries. The arrows point to materials that are or could be used as 

nanoparticles, adapted from Doron and Ortal (2017). 

II.1.1.5 Antibacterial Textiles Applications 

The substantial specific surface area of nanomaterials and their novel size-dependent 

physical and chemical characteristics compared to bulk structures are driving interest in their 

creation and uses in various applications. The deposition of nanoparticles (NPs) on various 

substrates might increase their possible applications considerably (Figure 5). The possibility of 

combining the properties of the substrate and the coated NPs layer has piqued interest in coating 

different types of substrates with metal oxides. There is a considerable emphasis on the fact that 

one of the materials will determine the surface properties of the composite. At the same time, the 

other can be responsible for other system properties (e.g., optical, catalytic, magnetic, 

antibacterial) (Nina et al. 2017). 
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There is an increasing demand for high-quality fabrics with antibacterial qualities for 

sanitary clothes, athletic wear, and wound healing. Both synthetic and natural fibers are known to 

be susceptible to bacteria and harmful fungus. Microorganism control spans from medical facilities 

to everyday houses. Antibacterial fabrics have seen a considerable increase in manufacturing due 

to consumer demand (Figure 5). Likewise, the wound-care output is predicted to rise at a breakneck 

pace (Nina et al. 2017).  

 

Figure 5. Inorganic nanoparticles in antibacterial textiles. (a) Examples of antibacterial uses 

of INPs in textiles (b) Illustration of the adhesion of nanoparticles to a given substrate, 

adapted from Nina et al (2017). 

Nanosilver is a common antibacterial ingredient in general fabrics and wound dressings. 

More emphasis has recently been made on using inorganic metal oxides in textile antibacterial 

finishes. The Food and Drug Administration (FDA) has determined that several metal oxides, such 

as TiO2, ZnO, MgO, and CuO, are harmless to human skin when used in fabrics. Photocatalytic 

activity, UV absorption, and protoxidizing capacity of nanosized TiO2, ZnO, and MgO particles 
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increased study in the previous decade, with an emphasis on the development of antibacterial, self-

decontaminating, and UV-blocking textiles (Nina et al. 2017). 

II.1.1.6 Environmental Remediation   

Although the number of accessible environmental nanotechnologies is rapidly increasing, 

nanoscale iron particles and their derivatives are the most commonly employed nanomaterials for 

the rehabilitation of polluted soil in routine commercial applications. Over the last 40 years, the 

use of iron-based reagents to remove or degrade pollutants or toxicants in industrial waste streams 

has been extensively researched. Metallic iron, sometimes known as "zero-valent iron" (ZVI), has 

been used for land restoration since the mid-1990s (Scott 2011). 

Previous studies show that iron nanoparticles (INPs) may be utilized to successfully 

remove or eliminate pollutants from groundwater in both in situ and ex situ approaches. An 

overview of using nanoparticles in environmental remediation, and a schematic view of using 

nanoparticles to clean up contaminated sediments are shown in Figure 6. Some INP remediation 

applications include remediation of chlorinated solvents such as trichloroethylene (TCE), a 

common groundwater contaminant. TCE exposure has been associated with liver damage, birth 

abnormalities, and cancer in humans. INPs have been shown in several studies to be exceptionally 

efficient at rapidly degrading TCE and other chlorinated hydrocarbons via reduction processes. 

INPs have also been applied to the remediation of uranium since its mining is one of the most well-

known forms of heavy metal contamination (Scott 2011). 
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Figure 6.  Nanopartciles uses for environrmntal remediation (top) ; schematic of using 

nanoparticles to clean up contaminated sediments. Particles are injected into the polluted 

region, where they quickly sequester contaminating species in the groundwater, 

immobilizing or killing them (bottom); adapted from Scott (2011). 

II.1.2 Natural Inorganic Nanoparticles 

Natural inorganic nanoparticles (NINPs) can be created by various mechanisms shown in 

Figure 7. These mechanisms can be classified into three major categories:  

• Mechanical processes such as wind erosion and weathering (i.e., mechanical processes 

mixed with dissolution/precipitation). Inorganic nanoparticles can be generated by 

desert wind aeolian erosion, deforested fields and un-vegetated farmlands, and can be 

ejected from events triggered by mechanical grinding of the Earth's crust during 

earthquakes (Sharma et al. 2015). 
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• Nucleation and growth processes such as volcanic activity (i.e., fast cooling of fumes 

and explosions expelling tephra) and cosmic dust. Various inorganic phases nucleate 

and grow in the atmosphere, hydrosphere (including black smokers and other 

hydrothermal vents), and lithosphere (melts), due to purely inorganic reactions, or with 

contributions from organic matter. These processes produce NINPs containing Mn, Cr, 

Cu, Ba, and Pb (Sharma et al. 2015). 

• Thermal processes including bio-assisted thermal reactions (i.e., biological) and 

biomass combustion. These processes can produce NINPs such as Fe- and Si-based 

nano-minerals, calcium carbonate, and calcium phosphate (Sharma et al. 2015). 

In many circumstances, the production of NINPs is the result of a mixture of all the above-

mentioned processes. An example includes a combination of weathering, the production of 

colloids in rivers, and volcanic activity. In addition, NINPs are mostly produced at phase 

transitions (e.g., solid–gas–wind erosion, liquid–gas–sea spray evaporation, solid–liquid–

rock/mineral weathering, and so on). NINPs are generated in various forms including colloids, 

aerosols, dust (including cosmic dust), elements of soils and sediments, hydrothermal/chemical 

deposits (including evaporites), mineral nuclei, reaction rims, and lamellae. These nanoparticles 

can contain a broad range of elements most commonly as a part of the following chemical groups: 

metal oxides/hydroxides, metals or alloys, silicates, sulfides, sulfates, halides, and carbonates 

(Sharma et al. 2015).  

Inorganic sulfide (H2S and HS) is a key element of the worldwide biogeochemical sulfur 

cycle, which includes hydrothermal vents, mining water, sediments, and wastewater treatment 

plants (WWTPs). Figure 7(b) depicts the probable creation of noble metal NPs and associated 

sulfides through direct formation or transition mechanisms. 
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Figure 7. Formation of Natural Nanoparticles. (a) An overview of the natural environmental 

mechanisms that contribute significantly to the formation of nanoparticles. (b) The potential 

mechanisms of creating inorganic nanoparticles in the environment in the deep ocean and 

WWTP. Adapted from Sharma et al (2015). 
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In physicochemical transformation, the processes of ENP aggregation, stability, 

dissolution, and deposition are all interconnected. The natural pathways of photochemical 

reactions triggered by sunlight are important in managing photo transformations. Adsorption of 

molecules in the surrounding matrix of a natural system exhibiting macromolecular changes is a 

common occurrence. The aerobic and anaerobic environments can also influence ENP activity by 

affecting ligand affinity, such as sulfidation under O2-limiting circumstances (Dwivedi et al. 2015).  

The colloidal stability and aggregation of ENPs is explained by Derjaguin–Landau–

Verwey–Overbeek (DLVO) theory through the interactions between colloid particles and adhering 

surfaces (Adamczyk and Weroński 1999). It has been shown that the DLVO explanation of ENP 

aggregation and stability is affected by the core–shell structure, surface properties (i.e., 

hydrophobic to hydrophilic coatings), and the degree of transformation (Hotze, Phenrat, and 

Lowry 2010). The key factors regarding aggregation kinetics and stability include ionic strength 

effects (e.g., capping agents and preparation methods, cation valence and salt type), and pH effects 

(Dwivedi et al. 2015).  

ENPs can be classified in two types, (1) dissolvable (e.g., Ag, Zn, CuO, ZnO) and (2) non-

dissolvable (e.g., graphene, CNTs). The dissolution behaviour of ZnO and CuO determine their 

toxicity to algae and bacteria. ENPs will last longer in the environment as a result of their 

dissolution. The metal speciation and its transport in the environment are highly influenced by 

oxidative and reductive dissolution processes (Stumm 1987). Metal ions tend to participate in 

redox and complexation processes, based on their rate of dissolution. It has also been shown that 

the increase of ionic strength will increase the dissolution of nanoparticles. Ultimately, several 

studies suggest that the dissolution of ENPs in the aquatic environment is a regulatory mechanism 

for particle/ion partitioning (Dwivedi et al. 2015).  
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Deposition refers to the process of molecules attaching to a solid surface from a solution, 

as opposed to detachment and/or dissolution. Surface coatings have been examined for their impact 

on ENPs mobility in porous media, but their impact on ENPs deposition and environmental fate 

has received less attention (Wang et al. 2014). The initial surface deposition of ENPs onto 

polysaccharide-coated surfaces was governed by electrostatic interactions, according to ENP 

deposition parameters. Furthermore, the distribution and heterogeneity of charges throughout the 

surface may have a role in ENP deposition, which requires further investigation for a more accurate 

prediction of ENP attachment to environmental surfaces (Ikuma et al. 2014). 

Macromolecular interactions (i.e., interactions of Natural Organic Matter (NOM) and bio-

macromolecules) take place in soil and water matrices and have the ability to speed up ENPs 

transformation in the environment. Several investigations have shown that NOM stabilized ENPs 

via electrostatic and steric interactions (Fernández-Nieves and de las Nieves 1999; Mylon, Chen, 

and Elimelech 2004). (Bio)macromolecules can be controlling variables in changes in stability and 

transformation (King and Jarvie 2012). The current data indicate that the interaction of ENPs with 

biological matter is an important aspect in their transformation and bioavailability studies 

(Dwivedi et al. 2015). 

Photo transformation is an important mechanism in the regulation of the fate and the 

behaviour of ENPs. They are connected to reactive transients of various excited states as well as 

reactive oxygen species (ROS) of source and sink that can influence photoreactions. In addition, 

the environmental setting of aerobic and anaerobic conditions might have an impact on 

transformation routes (Dwivedi et al. 2015). 

II.2.2 Natural Inorganic Nanoparticles 
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Several environmental parameters influence the fate (i.e., aggregation and dissolution) of 

natural inorganic nanoparticles (NINPs), including ionic strength, ionic components, pH, redox 

conditions, NOM content and nature, and the kind of individual nanoparticles. The potential for 

NINPs to be altered and transported in the complex environment will be determined by the 

cumulative influence of these physicochemical parameters (Sharma et al. 2015). 

The influence of ionic strength and background electrolytes on the stability of 

manufactured NINPs has been investigated in a large number of research efforts. It has been shown 

that the presence of iron species, such as Fe3+ ions, has been found to have no effect on NINPs 

stability. However, the presence of Mg2+ and Ca2+ has an influence on the stability of NINPs. 

Furthermore, as NINPs are transported from freshwater to river water and then to seawater, the 

number of ions increase, and the stabilized NPs may become less stable (Sharma et al. 2015). 

Several studies showed that the stability of naturally formed NPs is increased by NOM. 

The surface composition of NPs, as well as the binding manner of NOM, have an impact on their 

stability. Whether particles are generated at room temperature (RT) or at a higher temperature, this 

phenomenon may be observed. The size and shape of the particles also have an impact on their 

stability. Furthermore, NNPs in the environment may dissolve or ionize, for example, they can 

readily dissolve in physiological circumstances to generate ionic forms (Sharma et al. 2015). 

II.3 Toxicity of Inorganic Nanoparticles 

II.3.1 Engineered Inorganic Nanoparticles 

The toxicity of engineered nanoparticles can affect ecosystems and creatures from different 

trophic levels, including bacteria, plants, and multicellular aquatic/terrestrial organisms as shown 
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in Figure 8. Several studies have been conducted to investigate the genotoxicity, cytotoxicity, and 

ecotoxicity of engineered AgNPs and AuNPs against a variety of food chain members, including 

bacteria, plants, aquatic and terrestrial organisms, as well as the toxicity of engineered AgNPs to 

marine organisms and algae (Sharma et al. 2015). It has been found that the toxicity of NPs is 

influenced by their surface chemistry, charge, and organic coating. 

Bacteria are essential components of the food chain and perform important environmental 

activities. They are common ecosystem components who play an important role in global nutrient 

cycle. Because of its ecological importance, as well as the relative simplicity of culture, bacteria 

have been a key focus of eco-nanotoxicity research to date, including the use of a diverse variety 

of model organisms and toxicity tests to assess the effects of nanoparticles. While there is a 

considerable amount of data indicating nanoparticles are absorbed by a variety of mammalian 

cells, the absorption of nanomaterials by bacterial cells is yet unknown. There have been few 

systematic studies that have measured the rates and internal locations of nanoparticles in bacteria 

(Maurer-Jones et al. 2013). 

Plants are particularly significant in eco-nanotoxicity concerns because to their interaction 

with air, soil, and water, all of which may include manufactured nanoparticles. Furthermore, 

because plants are fed by lower trophic level creatures, animals, and humans, they provide a large 

potential to enable nanoparticle transmission among many species in the food chain. Because many 

plant species have vast surface area leaf and root systems, they have plenty of opportunities to 

interact with nanoparticles. Several studies investigated the exposure of plant seeds to various 

nanoparticle solutions and then monitoring germination and root extension from the seed. They 

showed that the nanoparticles themselves (rather than the ions created during nanoparticle 
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dissolution) have an influence on the initial stages of plant growth, and that differences in 

nanoparticles effects exist (Maurer-Jones et al. 2013). 

The paths of nanomaterial exposure to live creatures are determined by the organism's 

environment. As previously discussed, entrance through the roots is a major concern for plant 

uptake. Nanoparticles that are present in the aqueous or soil phases give a way for entrance into 

the animal (gills, mouth, to the stomach) that might be substantially influenced by the 

characteristics of the nanoparticle surface for fish in water or worms in soil. The noble metals are 

also becoming an increasing area of research on possible fish contamination, possibly as a result 

of increased market awareness of "antimicrobial nano-silver" products (Maurer-Jones et al. 2013). 

 

Figure 8. Schematic view of toxicity of engineered nanoparticles in the environment.  
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Few investigations on the toxic consequences of NNPs (e.g., natural Ag and Au) have been 

carried, due to their low concentrations. Recent research investigated the toxicity of natural Ag-

based NPs by measuring the minimum inhibitory concentrations (MIC) of particles generated from 

the reduction of Ag+ by organic matter against Gram-positive (GP) and Gram-negative (GN) 

bacteria (Adegboyega et al. 2014). More crucially, natural noble metal NPs showed lower MIC 

values than ENPs, implying that natural noble metal NPs were less harmful than man-made 

nanoparticles. For GP species, the difference in toxicity between ENPs and natural AgNPs was 

substantially greater than for GN species. The organic coating produced in the natural environment 

appears to build complex structures, which may be responsible for the decreased toxicity. Another 

theory is that natural organic materials are less hazardous by nature than the polymers and 

surfactants employed in ENP manufacturing or post-processing treatment. The variations in 

toxicity of NNPs and ENPs might potentially be attributed to the surface coating compounds used 

to cover them (Sharma et al. 2015). 

The presence of natural organic matter functional groups encasing naturally generated 

noble metal NPs would have a significant impact on their toxicity. The interaction of these NPs 

with aquatic creatures is poorly understood. Significantly, depending on the functioning of the 

organic matter and the formation of reactive oxygen species, these NPs may have varied toxicity 

(Sharma et al. 2015). 

Having a better understanding of the sources, fate and toxicity of various engineered and 

natural inorganic nanoparticles, is essential to understand the presence of INPs in wastewater. 

Next, we will introduce the methodology used in this research to monitor and quantify INPs in 

wastewater, as an important step to evaluate their potential implications and risks on the 

environment. 
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III. MATERIALS AND METHODS 

The materials and methods section includes methodology for sample collection (section 

III.1), sample preparation (section III.2), overall analysis methodology using Inductively Coupled 

Plasma Mass Spectrometer (ICP-MS) (section III.3), and other analytical methods used for 

nanoparticles characterization including SEM (section III.4), DLS (section III.5) and AFM 

(section III.6). These methods were used to validate and confirm the occurrence of the INPs 

detected by spICP-MS. 

I.1 Sample collection 

I.1.1 Sample collection for Phase I: UB WWTP 

Wastewater samples were collected at monthly intervals over a twelve-month sampling 

duration from the influent stream to the UB wastewater treatment facility serving approximately 

250,000 people in the Northeast U.S. Samples from the effluent were also obtained. The treatment 

facility treats an average daily flow rate of about 30 million gallons per day (MGD), influent 

Carbonaceous Biochemical Oxygen Demand (CBOD) averaging approximately 150 mg/L, and 

influent Total suspended solids (TSS) averaging around 160 TSS. The UB treatment facility 

utilizes screening, grit removal, primary clarification, activated sludge, chlorine disinfection, and 

dechlorination prior to discharge. See the detailed treatment flow diagram in Appendix C.3. One-

liter wastewater samples were collected and stored in capped, high-density polyethylene containers 

at 4°C until analysis was performed within three days of sampling.  

I.1.2 Sample collection for Phase II: AC, SB, UB, and DI WWTPs 
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Wastewater samples were collected from four WWTPs in Massachusetts: AC, SB, UB, and 

DI. Descriptions regarding these WWTPs are shown in Table 2. For each WWTP, one-liter 

samples were collected from both influent and effluent wastewater. Afterward, wastewater 

samples were stored in polyethylene containers at 4°C. Then, analysis was performed within three 

days of sampling. 

The AC WWTP treats an average daily flow rate of about 0.5 million MGD. Raw 

wastewater from the nearby domestic community is pumped to the treatment facility and it is first 

strained and aerated. The AC treatment facility then utilizes coagulation, flocculation, 

equalization, membrane filtration, disinfection, and fluoridation prior to discharge. See the detailed 

treatment flow diagram in Appendix C.1. 

The SB WWTP treats an average daily flow rate of about 5 MGD. The influent wastewater 

consists of both domestic and industrial sources from the surrounding areas. The SB treatment 

facility utilizes screening, grit removal, primary clarification, activated bio-filter, chlorine 

disinfection, and dechlorination prior to discharge. See the detailed treatment flow diagram in 

Appendix C.2. 

The DI WWTP treats an average daily flow rate of about 360 MGD. The facility eliminates 

human, domestic, commercial, and industrial contaminants from wastewater that originates in 

homes and companies in 43 towns around the greater Boston area. The DI treatment facility utilizes 

screening, grit removal, primary clarification, activated sludge, chlorine disinfection, and 

dechlorination prior to discharge which are similar to the processes used by UB and SB WWTPs. 

See the detailed treatment flow diagram in Appendix C.4. 
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 The major differences among these four WWTPs are the design flow rates and the 

wastewater sources, which include industrial and domestic sources (Table 2).  The sizes of 

WWTPs with mixed sources (SB, UB, and DI) are three orders of magnitude larger than the purely 

domestic AC WWTP. These comparisons will help us to determine both the effect of the size and 

sources of WWTPs on the presence of INPs. 

Table 2 Information about AC, SB, UB, and DI wastewater treatment plants. 

WWTP Design flow rate (mgd) Wastewater type 

AC 0.05 domestic 

SB 5 domestic + industrial 

UB 30 domestic + industrial 

DI 360 domestic + industrial 

 

I.2 Sample preparation 

I.2.1 Removal of dissolved constituents from the samples with dialysis 

The procedure used to remove the dissolved inorganic and organic constituents from the 

wastewater samples with dialysis was adapted from Choi et al. (2017) and Choi et al. (2018). 

Samples were transferred to 24 mm diameter, 1 kDa molecular weight cut off dialysis tubes 

(Spectrum Chemical Manufacturing Corporation, 25 cm in length), sealed on both ends by plastic 

clips, and immersed in purified water in a 2 L conical glass flask subjected to constant stirring for 

72 hours. The ionic strength was continuously monitored with a conductivity meter (Model 150, 
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Orion Thermo Scientific). Results showed substantial removal of the dissolved constituents over 

time as the conductivity dropped from 45-50 to 1.4-1.8 μS/cm after 72 h with the purified rinse 

water changed every 24 hours. Purified water was produced with a Thermo Scientific Barnstead 

Nanopure Life Science UV/UF system (Waltham MA, USA). 

I.2.2 Further removal of organics from the samples 

To further remove dissolved organic material from the samples subsequent to dialysis, the 

deionized samples were transferred from the dialysis tubes to 150 mL glass beakers. Ten mL of 

hydrogen peroxide, H2O2 (30%, Macron Fine Chemicals), was added to each beaker, and the 

beakers were held at 100°C for 2 h on a hot plate. This technique was adapted from Choi et al. 

(2017). To evaluate the possible particle size changes due to the redox conditions of H2O2, standard 

Au nanoparticles of known size were subjected to the same method above. The detected size of 

Au nanoparticles was within the manufacturing range. 

I.2.3 Removal of coarse particles from the samples 

The prepared samples were subjected to ultrasonication at an intensity of 24 W for 10 

minutes (Marshall Scientific, Model 1510R-MT). The samples were transferred to 50 mL 

polypropylene tubes (VWR North American) after sonication, and centrifuged (Eppendorf, Model 

5804) for the separation of coarse particles from the samples. The centrifugation process was 

conducted at a speed of 1000 g (2794 rpm) for 3 min, which was adequate to separate particles at 

sizes larger than 200 nm when composed of metallic oxides with a density in the range of 2.6–3.0 

g/cm3 (Choi et al. 2017). 

I.2.4 Filtration of samples  
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The samples were then transferred to 50 mL polypropylene tubes (VWR North American) 

using syringes equipped with 0.45 µm filters (polyvinylidene fluoride, Fisher Scientific). The 

filtered samples were subjected to subsequent analysis as described below. Filtration is an essential 

step in all ICP-MS analysis to protect the equipment from clogging by large particles. 

I.3 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) analysis 

ICP-MS analysis was conducted with a PerkinElmer NexION 300x Inductively Coupled 

Plasma Mass Spectrometer. A schematic showing the two modes of ICP-MS analysis, 

conventional ICP-MS and single-particle ICP-MS, employed in this research is illustrated in 

Figure 9. 
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Figure 9. Schematic of the characterization approach for the inorganic nanoparticles by 

conventional and spICP-MS. 

Conventional ICP-MS analysis is typically designed for samples that contain dissolved 

metals or inorganic elements. In this mode, constant streams of charged ions are generated in 

plasma, resulting in a constant concentration signal in the instrument. However, single-particle 

ICP-MS analysis is intended for samples with metal or inorganic nanoparticles. In single-particle 

mode, pulses of charged ions are created in plasma instead of a continuous flow of charged ions 

(as in conventional mode), providing spikes of signal that can be converted to nanoparticle size 

and concentration. 
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I.3.1 Conventional ICP-MS analysis 

50 mL of filtered samples and 50 mL of raw wastewater samples were digested in nitric 

acid (HNO3) solution (67-70% purity, Fisher Scientific) and heated with a hot plate. After heating, 

samples were cooled to room temperature and diluted with purified water to 50 mL. The acid-

digested wastewater samples were filtered with 0.45 µm syringe filters prior to analysis. 

I.3.2 Single Particle ICP-MS analysis 

Based on the ionic standard for each element, nanoparticle calibration curves were 

generated and used for converting the intensities of single-particle events to the equivalent mass 

of each element. Particle number concentrations in the single-particle mode were determined from 

the number of "events" (detected particles) and the transport efficiency in the ICP. The 

determination of the transport efficiency of the ICP-MS included the use of an aqueous suspension 

containing 60 nm diameter Au nanoparticles. Particle diameters in the samples were determined 

from the known density of each type of nanoparticle, the mass fraction of each element, and its 

anticipated form. Ionic standards were obtained from ICP-MS multi-element standard solutions 

(Instrument Calibration Standard, 100 µg/mL, PerkinElmer). 

I.4 Scanning Electron Microscopy (SEM) analysis 

Scanning Electron Microscopy (SEM) can be used to characterize particles from 50 nm to 

1cm. It can also offer information about the element's composition using EDS. The prepared 

nanoparticle samples were filtered with 0.015 μm Nuclepore membranes (GE Healthcare 

Whatman™, polycarbonate hydrophilic membranes) to isolate the nanoparticles for SEM analysis. 

After filtration of the samples, the nanoparticle-loaded membranes were freeze-dried for 72 hours, 
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followed by resuspension with ethanol (90.5%, Fisher Scientific) in an ultrasonic bath for 2 hr. 

Subsequently, the nanoparticles in ethanol solution were deposited drop-wise onto SEM stubs, 

dried, and coated with Pt/Au prior to SEM imaging with a JSM-7000F SEM (JEOL Ltd.). 

I.5 Dynamic Light Scattering (DLS) characterization 

Dynamic Light Scattering (DLS) relies on Brownian motion of particles in a liquid medium 

to determine particle size in the range of 50nm to 1 micron. The prepared samples were subjected 

to an ultrasonic bath for 15 minutes in order to disaggregate the nanoparticles. The samples were 

then transferred to 12 mm glass cells (Malvern Panalytical Inc, PCS1115) followed by dynamic 

light scattering measurements conducted with a Zetasizer Nano ZS (Malvern, Model ZEN3600) 

instrument. 

I.6 Atomic Force Microscopy (AFM) analysis 

Atomic Force Microscopy (AFM) is used for characterizing particles from 0.1 nm to 10 

micrometers. It offers information on many physical properties including size, morphology, 

surface texture and roughness. Fifty µL volume samples were loaded on a glass slide using a 

pipette (Thermo Scientific, Catalog No. 14-386-318) and allowed to air dry. AFM images were 

acquired over a 5 μm scan range at a fast scan speed in phase-contrast mode. All images were 

obtained using a Nanosurf Company AFM (NaioAFM) and were analyzed using Gwyddion 

software. A stiff cantilever (MIKROMASCH USA, Model NSC16/Cr-Au) and phase-contrast 

mode were chosen to avoid the possible dragging of nanoparticles by the cantilever tip. 

An additional round of AFM analysis was conducted with concentrated samples. The 

samples were concentrated by evaporating approximately 95% of the water using a hot plate at 
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110°C. 50 μL of the concentrated samples were loaded on slides and allowed to dry. Images were 

obtained with a scan range of 1 μm at a fast scan speed in phase-contrast mode.  

Next, the outcomes of using all the above methods to quantify INPs in samples from 

different WWTPs in MA are discussed: (1) in phase I, where we focused on UB WWTP for 

influent and effluent sample collection in a monthly time interval, and analysis using sp-ICP-MS 

and other analytical methods; (2) in phase II, where we performed sample collection from four 

different WWTPs AC, SB, UB and DI followed by spICP-MS analysis and statistical analysis. 
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IV. RESULTS AND DISCUSSION PHASE I 

The results and discussion phase I section includes results of nanoparticles analysis using 

ICP-MS in UB WWTP (section IV.1), SEM results (section IV.2), AFM results (section IV.3), 

DLS results (section IV.4), a discussion on the potential for nanoparticle release to the environment 

(section IV.5), and limitations of spICP-MS on detecting nanoparticles composed of multiple 

elements (section IV.6). 

IV.1 Nanoparticles Analysis using ICP-MS 

IV.1.1 Identification and concentration of inorganic nanoparticles in the wastewater samples 

After sample preparation (described above), the targeted fourteen different types of inorganic 

nanoparticles (i.e., Mg, Al, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Mo, Ag, Sn, Ba, Pb) were identified through 

single-particle ICP-MS analysis of the wastewater samples. Figure 10 shows the average particle 

number concentrations using single-particle ICP-MS analysis over the 12-month sampling 

duration. These results indicated that the techniques developed in this study successfully identified 

multiple types of inorganic nanoparticles in the wastewater samples. In addition, many different 
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types of inorganic nanoparticles were present at concentrations over 106 particles/mL, based on 

their elemental composition.  

  

Figure 10.  Average nanoparticle concentrations in wastewater samples from UB WWTP 

over a 12-month sampling period. Error bars show standard deviation. 

The presence of different types of nanoparticles in community wastewater with multiple 

wastewater sources, domestic and industrial, should be expected, as various nanoparticles are used 

in many industrial and consumer applications and materials (see Table 3). The detection of many 

different nanoparticle types in the analyzed samples is anticipated due to the multitude of 

nanoparticle applications in communities. In particular, for the studied UB WWTP samples, the 
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detection of all nanoparticles identified here should be expected as many of the sources listed in 

Table 3 are present in this municipality. 

Table 3 A summary of industrial and consumer uses of various nanoparticles. 

Nanoparticles Industrial and consumer uses References 

 
BaSO4 

 
Fillers in coatings (e.g., in motor vehicles) 
Orthopedic medicine 
Diagnostic imaging  

 
Gomoll et al., 2008 
Mohn et al., 2010 
Villalobos-Hernández 
and Müller-Goymann, 
2005 

 
TiO2 

 
Ultraviolet protective cosmetics 
 
Self-cleaning coated glass 
Construction and building materials 
Biomedical applications  
Toothpastes 
Photocatalysts 

 
Egerton and Tooley, 
2012 
Faure et al., 2013 
F. Li et al., 2013 
Shandilya et al., 2015 
Fei Yin et al., 2013 
Rompelberg et al., 
2016 
Chowdhury et al., 2017 
 

MoOx Electronics, catalysis, sensors, energy‐
storage units, field emission devices, 
lubricants, superconductors, thermal 
materials, biosystems, chromogenic and 
electrochromic systems. 

de Castro et al., 2017 

 
ZrO2  

 
Abrasives 
Piezoelectric, electro-optic, and dielectric 
material 
Catalysts 

 
Heuer, 1987 
Somiya, 1988 
 
Yamaguchi, 1994 

 
SrCO3 

 
Ceramics, paints, dryers, pigments, 
fireworks 
Nanocarriers for drug delivery 

 
Shi and Du, 2007 
Qian et al., 2012 

 
Cr 

 
Catalysts and pigments 

 
Bvrith and Reddy, 2013 
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Over the 12-month testing duration, the particle concentrations for some nanoparticle types 

varied over large concentration ranges (over an order of magnitude) dependent on the nanoparticle 

type, ranging from 32 particles/mL (Mo in December) to 8.2 x106 particles/mL (Al in May) (data 

not shown). The concentration of Al-based NPs was the highest in influent sample of UB 

wastewater and Mo nanoparticles was the lowest. Aluminum nanoparticles are used usually in 

household appliances, the manufacture of cans for beverage, medicines, and as a base for making 

pigments and cosmetic. Also, the largest consumers of Al include the fields of transportation and 

construction as well as production of electrical equipment.  

The concentrations of titanium and zirconium nanoparticles in wastewater samples from 

UB WWTP over the 12-month sampling period are shown in Figure 11. The significant variation 

in concentration for these two nanoparticle types with time can be seen in these data. Titanium 

concentrations range over almost two orders of magnitude, while zirconium ranges in 

concentration from ~105 to 3×105 particles/mL. Note that there are many uses for these 

nanoparticles; for titanium, this includes cosmetics, glass coatings, building materials, biomedical 

applications, toothpaste, and photocatalysts; and zirconium uses include abrasives, piezoelectrics, 

dielectrics, and catalysts (See Table 3). In addition, the samples collected at different months 

exhibited similar particles concentration with high values in June, Sep for Ti, perhaps due to an 

industrial source (e.g., paint, polishers, semiconductor wastes) discharged into the sewers during 

these months. For example, TiO2 is extensively used in consumer products, including paints, 

paper, plastics, sunscreens, and even food 
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Figure 11. Variation in concentration of titanium and zirconium nanoparticles in wastewater 

samples collected every month from UB WWTP over a 12-month sampling period. (a) 

Concentration of titanium nanoparticles. (b) Concentration of zirconium nanoparticles. 
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The concentrations of nanoparticles in the influent wastewater samples found from our 

research were comparable with the data published by Huang et al. (2021).  For example, Ti 

nanoparticles detected in the wastewater samples studied here ranged in concentration from 104 to 

106 particles/mL. By assuming a spherical shape and estimating density, a concentration range 

from 60 to 6500 ng/L was calculated; whereas Huang et al. found approximately 2000 ng/L Ti in 

their samples. Possible reasons for the variations include differing degrees of agglomeration, 

sample pretreatment methods, and sampling periods (i.e., the samples in this work were taken over 

a 12-month period). And indeed, different sources of wastewater must be considered as a reason 

for variations in sizes and concentrations from location to location. 

IV.1.2 Most frequent sizes of nanoparticles in the wastewater samples 

Figure 12 shows the most frequent size distributions of detected nanoparticles in the studied 

wastewater samples, averaged over the 12-month sampling duration. The most frequent sizes of 

detected inorganic nanoparticles in these samples varied from 16 nm (Pb) to 139 nm (Ti). The 

most frequent size found for Ti in these samples differed from that found by Huang et al. , who 

measured a Ti nanoparticle size of around 255 nm, whereas 139 nm was found in this work. 
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Figure 12. Most frequent sizes of nanoparticles detected in wastewater samples averaged 

over a 12-month sampling period. Error bars indicate standard deviations. 
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interfere with the single-particle analysis can be quantified by the dissolved mass removal 

efficiency (qd) as expressed in Equation 1. 

 !! = 1 − %!"#$%&"&,(#)*+,-./!%,#0,!"&&-$12!
 (1) 

 %,#0,!"&&-$12! = %,#0,3-3#$ − &%!"#$%&"&,3-3#$ − %!"#$%&"&,(#)*+,-./!' (2) 

Where Cdialysis,background is the background concentration, as prepared with this methodology, 

reported by the sp-ICP-MS analysis, and Craw,dissolved is a measure of the dissolved concentration 

in the raw samples, calculated using Equation 2. 

As shown in Figure 13, the analytical method developed in our study achieved greater than 

90% removal efficiencies for Mg, Mn, and Sn for all samples. Zn and Mo showed somewhat lower 

removal efficiencies than for Mg, Mn, and Sn. Removing dissolved background by our preparatory 

method results in a more accurate measurement of INP concentration and sizes even in the 

presence of high content of organic matter in the influent. 
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Figure 13. Removal of background dissolved constituents using sample preparatory 

techniques as quantified by dissolved mass removal efficiency for Mg, Mn, Sr, Mo, Zn. Error 

bars indicate standard deviations. 
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included drying, it is possible that the drying step promoted some degree of agglomeration, as 

found by others (Polesel et al. 2018; Smeraldi et al. 2017).  

SEM and EDS results revealed that elemental O, Fe, Al, Ti, Mo, Ba, Mg, Zn, and Si were 

frequently present as elements in the particles (Figure 14c). It should be noted that size information 

determined from SEM analysis does not differentiate between the different elemental forms of 

nanoparticles as ICP-MS does. Also, agglomerates of particles greater than 1 µm in size were 

detected (Figure 14(a-b). Elemental O and Si were frequently detected in association with Fe, Al, 

Mg, and Zn in the samples (Figure 14(c)), indicating a possibility that metallic oxide particles were 

associated with SiO2 nanoparticles in wastewater. Ti, Mo, and Ba showed both elemental and 

oxidized forms of particles (Figure 14(c)). Elemental Au and Pd were also detected, but because 

the coating materials used in SEM sample preparation contained Au and Pd, it is unclear if these 

elements were initially present in the samples. Other elements that were found in the ICP-MS 

analysis were not detected with SEM/EDS, possibly because of low concentrations (Polesel et al. 

2018). 

The SEM results demonstrated that the nanoparticles agglomerated in aggregates of sizes 

from approximately ~ 1-3 µm. In addition, the EDS elemental analysis confirmed that these 

aggregates of nanoparticles are based on Al, Ti, Mg, Fe, Zn, Ba, Sn and Mo, which is in good 

agreement with the elements detected with spICP-MS analysis. 
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Figure 14. SEM images and elemental analysis (EDS) of inorganic nanoparticles in the 

wastewater samples. (a) 10,000 magnification, (b) 30,000 magnification, (c) Elements O, Fe, 

Al, Ti, Mo, Ba, Mg, Zn, Si analyzed by EDS. 
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IV.3 Dynamic Light Scattering (DLS) results 

The average size of the nanoparticles, as well as the size range, was determined by DLS, 

and found to be 261 ± 22 nm. The average sizes found from DLS analysis were observed to be 

significantly larger than indicated by ICP-MS and SEM. And, similar to SEM size analysis, DLS 

does not differentiate between nanoparticles of different compositions as ICP-MS does. Since the 

size difference between the upper and lower limit of the NP size distribution in ICP-MS is 9:1, it 

was expected that the DLS would be unable to confirm the size of all the nanoparticles accurately. 

Previous research has shown that particle mixtures with a size difference greater than 2:1, result 

in statistical data that not representative of the mixture. The large 260 nm value could be due to 

agglomeration or impurities (Hoo et al. 2008). The sizes of the different nanoparticle types may 

be considered necessary in fate and transport studies, and spICP-MS can provide that information 

in actual samples such as wastewater. 

IV.4 Atomic Force Microscopy (AFM) results 

Figure 15 shows the AFM image obtained from the influent wastewater sample. Detected 

particle sizes ranged from approximately 50 nm to 200 nm. This result suggests that the sizes of 

INPs are closer to the upper limit obtained values with ICP-MS analysis. The larger sizes found 

with AFM analysis compared to the results from ICP-MS and SEM could be attributed to 

aggregation and agglomeration of the nanoparticles during the sample preparation, including 

drying. The possible presence of SiO2 nanoparticles could also be playing an important role in the 

size increase, as discussed in the DLS results.  
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Figure 15. Z-axis forward image of concentrated wastewater samples with a scan range of 1 

μm at a fast scan speed in phase-contrast mode. Height range of approximately 76 nm. The 

dark strip at the bottom does not represent the nanoparticles. 

IV.5 Potential for nanoparticle release to the environment 

The results show the presence of a significant amount of many different types of inorganic 

nanoparticles in community wastewaters. While wastewater may be directly discharged to a 

receiving water source in some locations, it should be expected that many communities would 

subject their wastewater to treatment to certain standards before discharge, through the utilization 

of specific treatment process levels (e.g., primary, secondary, tertiary). The many processes in a 

wastewater treatment facility can impose significant water quality changes. Yet sampling of 

effluent from a wastewater treatment facility with conventional processes shows that a significant 

inorganic nanoparticle mass remains in the effluent; data is shown in Figure 16 (nanoparticle sizes 

range from 20 nm to 120 nm). Future work needs to address the potential release of this material 

from wastewater treatment facilities in water discharge and the potential impact on the receiving 
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water sources. Nanoparticulate material may also be an unanticipated source of contamination in 

water directed for reuse applications and biosolids utilized in land applications. 

 

Figure 16. Average nanoparticle concentrations in effluent from a wastewater treatment 

facility over a 12-month sampling duration. Error bars show standard deviation. 

  

Mg Al Ti Mn Fe Cu Zn Sr Zr Mo Ag Sn Ba Pb
103

104

105

106

107

Av
er

ag
e 

pa
rti

cl
e 

co
nc

en
tra

tio
n 

(p
ar

tic
le

s/
m

L)



 68 

 

IV.6 Limitations of spICP-MS on detecting nanoparticles composed of multiple metal 

elements 

In spICP-MS, only one nanoparticle will enter the Inductively Coupled Plasma (ICP) at a 

time. When a nanoparticle enters the plasma, it is vaporized, atomized, and ionized, resulting in a 

cloud of elemental ions. The generated ions produced by the ICP are directed toward the mass 

analyzer. This cloud of elemental ions will produce an extremely rapid transient signal (i.e., signal 

spike) with a total duration of a fraction of a millisecond. The mass analyzer must be able to do a 

quick measurement to identify these ions. However, the mass spectrometer/analyzer used in our 

ICP-MS (i.e., quadrupole) can only capture one or two elements (oxide particles) from this 

transient signal. The mass spectrometer will not be able to capture all the metal elements within 

this nanoparticle even if a nanoparticle contains more than one metal element. 

Our study uses spICP-MS to analyze nanoparticles in wastewater samples, assuming that 

these nanoparticles are mostly engineered and contain only a single metal element or oxide-

particles. A recent study showed that this assumption is valid when spICP-MS is used to analyze 

engineered nanoparticles in wastewater samples, even though other nanoparticles (i.e., natural 

INPs) may contain more than one metal element (Cervantes-Avilés and Keller 2021). This 

assumption applies to our study since we focused mainly on engineered nanoparticles (ENPs) that 

come from industrial and domestic wastewater sources. ENPs usually contain a single metal 

element versus natural nanoparticles, which often contain multiple elements. (Azimzada et al. 

2020). 
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To sum up, a reliable analysis of more than one metal element in a single particle is not 

practical for the current spICP-MS, especially if the samples contain multiple elements (e.g. 

wastewater samples) measured in a single run. But it may be feasible for samples containing only 

two metal elements (e.g., Au-Ag Core−Shell Nanoparticles sample) (Merrifield, Stephan, and 

Lead 2017). In this case, it is necessary to run the sample twice, once for each target metal element, 

to detect both accurately. In addition, time-of-flight (TOF) mass spectrometry can possibly address 

this challenge by allowing detection of multiple metal elements per nanoparticle in a single 

measurement (Naasz et al. 2018).  

In the next section, the outcomes of phase II are discussed. In phase II, samples were 

collected from four different WWTPs AC, SB, UB and DI followed by spICP-MS analysis and 

statistical analysis. The major differences among these four WWTPs are the design flow rates and 

the wastewater sources, which include industrial and domestic sources. These comparisons will 

help to determine both the effect of the size and sources of WWTPs on the presence of INPs. 
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V. RESULTS AND DISCUSSION PHASE II 

The results and discussion phase II section includes results of identification of inorganic 

nanoparticles in four different WWTPs AC, SB, UB and DI, and investigate the effect of 

wastewater (WW) sources on INPs presence in influent streams (section V.1), effect of WWTP 

sizes on INPs presence in influent streams (section V.2) Nanoparticle Mass Proportion 

Comparison (section V.3), Effect of WWTP Size in INPs Removal Efficiency (section V.4), and 

Particle Size Comparison for WWTPs with Mixed Sources (section V.5),  

V.1 Effect of WW sources on INPs presence in influent streams   

Figure. 17 shows the detected particle number concentrations of 14 elements (Mg, Al, Ti, 

Mn, Fe, Cu, Zn, Sr, Zr, Mo, Ag, Sn, Ba, Pb) of four WWTPs (AC, SB, UB, and DI). Overall, 

particle number concentrations range from 7×102 to 2×106 particles/mL. Trends of our results 

indicated relatively similar concentrations of 6 elements (Ti, Zn, Mo, Ag, Ba, and Pb) shown in 

Figure 17(a) and different concentrations of 8 elements (Mg, Al, Mn, Fe, Cu, Sr, Zr, and Sn) shown 

in Figure. 17(b). Due to the potential presence of various inorganic engineered nanoparticles in 

industrial wastewater and the differences in designed treatment processes between domestic and 

industrial wastewater, particle concentrations from the AC WWTP were expected to differ from 

those in the other WWTPs (SB, UB, DI). To understand the statistical difference between AC data 

and other WWTPs (SB, UB, DI) data, t-tests were conducted for the detected elements. The student 

t-test is generally designed for two populations with equal variances. The Welch t-test is used for 

populations with unequal variances (Nuzzo 2014). In this study, the variances specifically refer to 

standard deviations; H0 (null hypothesis) represents that there is no statistical significance between 

the particle number concentrations of each element. Student's t-tests and Welch's t-tests were 
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selectively conducted based on standard deviations of data that were compared. Generally, a p-

value measures if an observed result can be attributed to chance (Nuzzo 2014). A 95% confidence 

level has been applied in the present study meaning p values above 0.05 were considered no 

significant differences between the data.  

Based on our analysis we classified the 14 INPs into two groups: the first group (Figure 

18(a)) includes Ti, Zn, Mo, Ag, Ba, Pb that showed similar concentration trends in both AC 

WWTP which receives only domestic WW and SB, UB and DI WWTPs that have mixed WW. 

This highlights that the major sources of this group of INPs are both domestic and industrial 

activities. As shown in Figure 18(a), elements with similar concentrations have most p values 

above 0.05, indicating most of these elements (Ti, Zn, Mo, Ag, Ba, Pb) have no significant 

differences between WWTP AC and other WWTPs (SB, UB, DI). Only elements that showed 

significant differences were Zn from AC/UB, Ag from AC/SB, and Pb from AC/UB. This result 

further confirms that these INPs come from both domestic and industrial sources. The second 

group (Figure 18(b)) of INPs include Mg, Al, Mn, Fe, Cu, Sr, Zr, Sn that showed variable 

concentration trends in both AC WWTP which receive only domestic WW and SB, UB and DI 

WWTPs with mixed sources. This highlights that the major sources of this group of INPs are 

related mainly to industrial activities. In Figure 18(b), we can see that most p values are within the 

range of 0.05, meaning that there are significant differences between WWTP AC and other 

WWTPs (SB, UB, DI) for elements Mg, Al, Mn, Fe, Cu, Sr, Zr, and Sn according to a 95% 

confidence level. 

 



 72 

 

 

Figure 17. Influent number concentrations of detected elements (Mg, Al, Ti, Mn, Fe, Cu, Zn, 

Sr, Zr, Mo, Ag, Sn, Ba, Pb) of four WWTPs (AC, SB, UB and DI). (a) Elements with similar 

concentrations; (b) Elements with different concentrations.  
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Figure 18. P values regarding different comparison groups between AC and other three 

WWTPs. (a) Elements with similar concentrations; (b) Elements with different 

concentrations. 
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V.2 Effect of WWTP sizes on INPs presence in influent streams   

To understand the relationship between the WWTP size and the presence of INPs elements, 

the samples concentration data from three WWTPs mixed domestic and Industrial WW sources, 

were compared.  As seen in Figure 19(a), the variation with size of the average particle 

concentrations of all the 14 elements is highly dependent on the element. For example, the 

concentration of Cu increases when the WWTP size increases. This can be explained by the larger 

the WWTP, the larger the industrial activities that discharges WW containing Cu. The opposite 

behavior was seen for Ag, where its concentration increases when the WWTP size decreases.  

Moreover, to estimate the statistical significance of comparative data among WWTPs (SB, 

UB, and DI) with mixed wastewater sources (domestic and industrial), t-tests were conducted as 

well. Results for p values related to different groups of comparisons of each element are shown in 

Figure 19(b). As we can see from Figure 19(b), 24 out of 42 p-values are below or approximately 

close to the 0.05 line, meaning that 57% of the data from different WWTPs are statistically 

different, and 43% of the other data has no statistical differences based on a 95% confidence level. 

There are several possible explanations for this result. First, nanoparticle concentrations are highly 

dynamic due to different sampling times and various components of wastewater sources. Second, 

sample sizes for three WWTPs are relatively small. Twelve samples were collected for UB 

WWTPs; meanwhile, three samples were collected for both SB and DI WWTPs. In large samples, 

the estimate will be closer to the population standard deviation so that the test statistic will be 

approximately standard normal. 
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Figure 19. (a) Influent number concentrations of detected elements with of three WWTPs 

with mixed sources (SB, UB and DI). (b) P values regarding different groups among SB, UB, 

and DI WWTPs. 
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V.3 Nanoparticle Mass Proportion Comparison 

To further understand the relations among WWTPs (SB, UB, DI) with mixed wastewater 

sources, the nano mass to total mass ratio calculation has been developed. Nano mass to total mass 

ratio (qp) was derived from CT (mg/L), C1 (mg/L) and CR (mg/L), i.e., qp = (CT - C1)/CR, where CT 

(mg/L) is the total dissolved mass concentrations of samples treated by the analytical method 

(including particle and dissolved concentrations), C1 (mg/L) is the dissolved mass concentration 

in treated samples, and CR (mg/L) is the total dissolved mass concentration of raw wastewater 

samples (nanoparticle + dissolved concentrations).  

Figure 20(a) presents the influent nanoparticle mass to total mass ratio for SB, UB, and DI 

WWTPs. The graph shows that the ratios of elements Mg, Ti, Mn, Zn, Sr, and Ba decrease as 

design flow rates increase from SB to DI WWTP. A possible explanation for this might be that the 

larger the design flow rate, the more nanoparticle concentration is diluted. As can be seen from 

Figure 20(b), elements Mg, Mn, Fe, and Sr are in the nano mass ratio range of 0 to 10%; elements 

Al, Ti, Zn, Mo, Ag, Ba, and Pb are in the range of 10% - 30%; elements Cu, Zr, and Sn are in the 

range of 40% - 60%.   

 

 

 

 



 77 

 

 
Figure 20. (a) Nanoparticle mass to total mass ratios of detected elements (Mg, Al, Ti, Mn, 

Fe, Cu, Zn, Sr, Zr, Mo, Ag, Sn, Ba, Pb). (b) Average nanoparticle mass to total mass ratios. 
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V.4 Effect of WWTP Size in INPs Removal Efficiency 

The removal efficiencies were calculated from the influent nanoparticle concentrations and 

effluent nanoparticle concentrations. Figure 21(a) provides information on removal efficiencies 

related to nanoparticles (Mg, Al, Ti, Mn, Fe, Sr, Zr) that were removed during treatment processes. 

As can be seen in Figure. 21(a), removal efficiencies of elements Mg, Ti, Mn, and Sr decrease as 

the flow rate increases from SB to DI WWTP. Therefore, it is possible that smaller-sized WWTPs 

have relatively higher nanoparticle removal efficiencies. It can be seen from the data in Figure 

21(b) that the average removal efficiencies of elements Mg, Mn, and Sr were within the range of 

0 – 50%. Elements Al, Ti, Fe, and Zr were in the range of 50 – 100% average removal efficiency. 

These findings suggest that with various sizes of WWTPs and treatment processes utilized in 

WWTPs, the removal effects of nanoparticles are very much different. In addition, SB treatment 

is able to remove more than 30% of almost all INPs especially those that are originated from 

industrial sources, compared to UB and DI. This indicates that the smaller the size, the better the 

removal for most INPs. 
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Figure 21. (a) Nanoparticle removal efficiencies of Mg, Al, Ti, Mn, Fe, Sr, Zr. (b) Average 

removal efficiencies. 
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V.5 Particle Size Comparison for WWTPs with Mixed Sources 

The overall average size changes of nanoparticles that were removed during treatment 

processes are shown in Figure 22. Most of the elements (Al, Ti, Sr, Zr) showed size decreases from 

influent to effluent in three WWTPs, due to the partial solubility of some NPs, or their 

transformation to more stable forms. Elements Mg in UB and DI WWTPs, Mn in SB WWTP, and 

Fe in SB WWTP showed size increases in the treatment systems, which can be explained by the 

aggregation and agglomeration. If the nanoparticulate concentration decreased during the 

treatment system, an increase in particle size would offset the effect of the decrease in 

nanoparticulate concentration. This behavior indicates that the nanoparticulate mass might remain 

the same with nanoparticle size increases.  

 
 

Figure 22. Average sizes of nanoparticles removed during wastewater treatment processes 

(Mg, Al, Ti, Mn, Fe, Sr, Zr). 
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V.6 Fate and transport of inorganic nanoparticles in wastewater streams 

Based on the results, the studied WWTPs treatment systems removed between 10% to 

100% of the INPs. This value varies with the element type and the size of the WWTP. The size 

change of nanoparticles from influent to effluent is related to their transport mechanisms. A size 

decrease is due to the partial solubility of some NPs, or their transformation to more stable forms. 

A size increase can be explained by the aggregation and agglomeration. There are other factors 

that were not included but can significantly affect the fate and transport of INPs, such as the 

treatment processes steps, addition of compounds that can lead to INPs formation and WWTP 

location. For example, Mg compounds can be added in the biological process to increase the 

influent alkalinity and control the pH value. Fe compounds can also be added for phosphorous 

removal during the wastewater treatment process. The treatment steps involved could also 

influence the transformation of INPs. For example, the anerobic treatment allows the aggregation, 

settling, accumulation, and potential transformation of INPs due to the anaerobic conditions 

(Cervantes-Avilés and Keller 2021). Thus, the fate and transformation of nanoparticles in 

wastewater treatment processes could be very complex and could include formation (e.g., during 

oxidation conditions) and dissolution (under reducing conditions). 

In the next section, the outcomes of phases I and II are summarized. Major research 

findings and conclusions are developed. A discussion of the research implications and future 

perspectives is provided. 
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VI. CONCLUSIONS 

The work in Phase I developed and improved techniques to identify, quantify, and 

characterize inorganic nanoparticles in wastewater, and investigated the nature of inorganic 

nanoparticles in wastewater from a community. This information is useful for those determining 

the impact of discharged wastewater on receiving streams. Based on the results, the following 

conclusions were obtained. 

a) Results indicated the presence of detectable quantities of inorganic nanoparticles in wastewater 

for elements evaluated in this work (Mg, Al, Mn, Fe, Cu, Sr, Mo, Ag, Sn, Ba, Pb, Zr, Ti, Zn) 

examined by the analytical methods in this study. This further developed analytical method 

can serve as a means to study inorganic nanoparticles in various environmental systems.  

b) Both nanoparticle sizes and concentrations were highly dynamic over time in wastewater, and 

it is recommended that nanoparticle variations with time in wastewater be further investigated. 

The temporal fluctuation of the data may result from the complexity of wastewater sources and 

the sampling period applied in this study. Furthermore, research regarding wastewater 

composed of different sources and sampling periods (i.e., weekly, daily, hourly sampling) can 

be conducted to gain a better understanding of the origin, fate, and transport of inorganic 

nanoparticles in wastewater. 

c) The dissolved mass removal efficiency (qd) was defined and discussed in this research. Results 

revealed that the preparatory method developed in this work achieved acceptable removal 

efficiencies of dissolved materials to minimize matrix effects in single-particle ICP-MS 

analysis.  
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d) Both elemental and oxidized forms of inorganic nanoparticles were detected in the wastewater 

samples. The nanoparticle size ranges obtained from ICP-MS, SEM, DLS, and AFM showed 

significant differences between the instrumental techniques. ICP-MS can provide more 

detailed size information on specific nanoparticle types (elemental composition) that may 

assist fate and transport studies. 

Phase II research was designed to examine the effects of the WWTP size and wastewater 

sources on the presence of inorganic nanoparticles in wastewater. It also investigated the nature of 

inorganic nanoparticles from four different WWTPs. Based on the findings, the following 

conclusions were acquired.  

a) Results showed the presence of detectable quantities of inorganic nanoparticles in this work 

(Mg, Al, Mn, Fe, Cu, Sr, Mo, Ag, Sn, Ba, Pb, Zr, Ti, and Zn). The analytical methods 

developed in previous research (Chen and Bergendahl 2021) were shown to be applicable for 

studying inorganic nanoparticles in different environments. 

b) Results indicated the presence of significant differences between WWTP AC and other 

WWTPs (SB, UB, DI) for elements Mg, Al, Mn, Fe, Cu, Sr, Zr, and Sn according to a 95% 

confidence level. Elements Ti, Zn, Mo, Ag, Ba, and Pb, have no significant differences 

between WWTP AC and other WWTPs (SB, UB, DI) due to the differences in wastewater 

sources. 

c) Nanoparticle mass proportion ranges from 0 – 60% among WWTP SB, UB, and DI. Further 

research regarding wastewater composed of different sizes can be conducted to understand 

better the nature of inorganic nanoparticles in mixed wastewater (industrial and domestic). 

d) The effectiveness of treatment processes was compared among WWTP SB, UB, and DI. 

Results indicated that there are no clear correlations between the size of WWTP and the 
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removal efficiency of inorganic nanoparticles, possibly because of how different the treatment 

processes are applied.  

As treated municipal wastewater is frequently discharged to the environment, research on 

nanoparticles in wastewater contributes to the knowledge of the effects on public health and the 

environment. In particular, the findings of this research: (1) provided a framework/protocol to 

collect wastewater samples & analyze various inorganic nanoparticles in complex wastewater 

systems; (2) explored factors affecting the nature of nanoparticles which are of importance to those 

determining environmental impacts; and (3) provided valuable information on the concentrations 

and size of these different INPs in wastewater for realistic risk assessment.  

For future perspectives, we recommend that: (1) research on wastewater composed of 

different sources and sampling periods can be conducted to gain a better understanding of the 

origin, fate, and transport of INPs in wastewater; (2) an improvement in the spICP-MS sensitivity 

is needed to detect the smaller INPs than the current cut off point; (3) a development of new 

analytical techniques and novel approaches to detect, quantify and differentiate natural from 

engineered INPs; and (4) studies in organisms exposed to treated effluents could consider these 

measurements, in order to obtain a realistic scenario for organisms exposed to INPs.
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APPENDIX A. ICP-MS MONTHLY DATA (UB WWTP) 

A.1  Monthly nanoparticle data 

Monthly nanoparticle concentration data in particles/mL 

Element Type June July August September October November December January February March April May 

Mg 

Influent 2256.59 143812 68007.24 562.04 119395.9 104160.9167 197090.3424 153228.5 202380.7 260743.9 126294 275334.5 

Effluent 141.04 132845.2 40654.47 53019.42 100849 331.1952838 170993.0834 73881.41 183921.4 189565.4 109331.5 282718.2 

Al 

Influent 2310752 1003921 115968.3 3428839.068 2608660 6268698.734 701423.875 6036790 1017106 2910633 4857155 8209710 

Effluent 609421.3 97149.58 31661.77 186973.0844 275554.5 267108.9964 444934.2499 806099 73165.82 784427.3 372713.9 755858.4 

Ti Influent 700860.9 279716.3 14950.35 516199.338 121101.6 118750.069 61464.64862 284141.9 68685.25 213370.8 365481.7 181211.7 
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Effluent 142876.4 7832.113 3578.343 9667.145444 6855.742 28813.98969 29363.41901 21127.82 6695.679 24775.24 21881.71 33459.85 

Mn 

Influent 8242.87 20209.99 8411.92 7699.994 14589.15 16659.12 22558.92 19940.44 11914.62 17748.88 10501.37 13348.96 

Effluent 4931.26 20842.05 7418.97 9236.246 10382.97 10995.68 11671.72 22145.58 4916.877 17895.26 1357.006 2079.096 

Fe 

Influent 115650.4 90787.08 64822.33 332542.3094 204347.5 80149.25867 85176.32995 104225.6 52525 134671.9 141714.6 33420.99 

Effluent 28912.6 50601.46 60700.68 28102.16699 8114.284 13744.60428 14729.74127 7915.866 25003.92 59101.94 17579.39 11269.87 

Cu 

Influent 35964.46 72234.94 889339.9 101167.8012 23846.06 106810.479 1345850.056 54280.22 618217.6 144369.8 6785.028 2680480 

Effluent 3808.002 1540533 4612315 5806844.439 13247.81 8942.272662 21614.29425 434430.2 459803.5 4391.476 418204.4 314973.4 

Zn 

Influent 423.1113 131.5755 N/A N/A 11260.64 331.1952838 N/A 556372.3 153211.9 4208.498 4780.36 3303.237 

Effluent 423.1113 490193.5 3559.608 349590.9573 2087855 2649.56227 255528.9898 456293.1 N/A 360832.9 1686542 2787738 
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Sr 

Influent 10889.27 21828.37 21826.02 20889.28 16427.29 17106.24 26305.4 24539.18 14549.26 21792.7 10054.18 30059.46 

Effluent 27707.61 11297.07 7587.59 11596.83 7981.806 17669.27 21662.33 24595.73 14180.07 22030.57 9529.88 17876.34 

Zr 

Influent 142800.1 137378 341216.5 206700.8056 208106.6 131219.5714 125667.1078 104772.1 88184.95 244074.6 163041.1 196736.9 

Effluent 27050.91 22764.12 28308.25 41535.00281 13711.48 21792.64967 37368.71318 75445.74 20892.53 102101.8 37841.95 20577.22 

Mo 

Influent 187.9953 171.0481 N/A 2660.338475 198.7172 1043.265144 32.02117667 603.1136 2684.984 36.59563 246.7283 7636.307 

Effluent 43.38353 21861.92 N/A 156810.0918 10399.53 312780.826 51826.27444 94.2365 50.34345 86658.45 34387.75 170932.8 

Ag 

Influent 706.0669 192205.5 396146.9 743264.8473 15284.66 960.466323 8565.66476 2996.721 60915.58 567.2323 53987.23 17021.39 

Effluent 52.30126 32139.12 199694 4290.26416 138274 11095.04201 61736.82862 4033.322 35710.29 74911.26 6214.469 39949.74 

Sn Influent 468807.3 195258 4303004 313245.488 574955 832459.3458 2380134.062 50887.71 3848757 679397.9 181653.7 305063.7 
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Effluent 1476235 291448.7 931305.8 844563.7919 1567547 494805.754 473112.8853 240680 288300.2 339607.5 58443.76 31477.91 

Ba 

Influent 17065.49 5657.746 81121.59 103416 75181.33 54481.62 60199.81 33548.19 4698.722 9514.864 6322.412 27591.75 

Effluent 7757.04 77667.36 52457.38 45525.51 53819.23 48520.11 86297.07 857175.2 335.623 1280.847 7401.848 36141.3 

Pb 

Influent 88853.37 282097.8 156435.4 1119215.637 89257.13 95053.04644 60680.12979 29590.26 47322.85 177305.8 1112436 20790.96 

Effluent 150345.5 4683447 5344283 4951789.171 4750168 247568.4746 6959642.644 940103.3 649094.9 5404809 23593.39 219762.4 
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Monthly nanoparticle size data in nanometer 

Element Type June July August September October November December January February March April May 

Mg 

Influent 95 120 66 74 89 104 102 100 83 97 93 100 

Effluent 107 117 74 85 104 103 127 124 99 109 100 86 

Al 

Influent 108 100 62 99 102 93 82 75 86 94 97 111 

Effluent 53 67 56 58 60 63 64 55 59 64 61 59 

Ti 

Influent 170 155 128 156 141 133 126 130 132 133 137 122 

Effluent 135 122 69 70 58 56 110 95 122 97 94 83 

Mn Influent 56 48 31 45 42 49 46 47 35 43 49 40 
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Effluent 46 75 31 28 32 40 31 32 30 43 31 29 

Fe 

Influent 184 149 86 107 126 94 137 157 116 156 156 138 

Effluent 157 115 71 75 87 99 140 162 108 119 155 121 

Cu 

Influent 35 34 30 31 23 25 17 17 27 23 24 17 

Effluent 21 18 15 14 17 17 18 15 14 21 14 15 

Zn 

Influent 47 46 N/A N/A 45 49 N/A 34 42 51 48 46 

Effluent 35 43 34 33 31 39 38 38 N/A 39 35 33 

Sr 

Influent 82 66 43 64 58 61 71 63 51 55 57 64 

Effluent 59 49 36 39 47 51 64 51 44 47 45 52 
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Zr 

Influent 107 103 25 71 65 36 52 63 55 72 68 69 

Effluent 38 42 26 26 31 30 36 31 26 32 41 71 

Mo 

Influent 36 27 32 40 28 28 36 28 23 36 27 32 

Effluent 15 21 20 22 23 33 19 18 19 15 21 20 

Ag 

Influent 30 18 13 12 15 22 20 16 14 22 15 16 

Effluent 45 16 11 12 13 13 15 12 12 13 12 12 

Sn 

Influent 81 91 32 47 64 54 75 122 32 64 72 68 

Effluent 72 79 49 48 46 77 112 122 41 87 91 85 

Ba Influent 38 36 38 38 44 36 40 25 27 45 45 40 
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Effluent 28 25 37 35 37 38 40 16 37 35 42 36 

Pb 

Influent 25 14 13 13 15 12 14 18 17 17 15 18 

Effluent 13 13 31 30 10 39 12 14 13 18 16 16 
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A.2  Monthly total concentration data 

Monthly total concentration of raw wastewater data in parts per billion (ppb) 

Element Type June July August September October November December January February March April May 

Mg 

Influent 5535.291 5432.785 6030.36 4866.696 5566.1 5906.217 5484.038 5666.145 5466.283 5486.246 5556.242 5545.927 

Effluent 11952.687 14435.302 18317.716 15391.521 17692.934 20884.628 13193.995 14901.902 15024.307 15558.032 16445.798 15981.255 

Al 

Influent 629.163 249.436 419.295 1192.43 889.155 311.017 439.300 432.631 622.581 675.896 615.083 589.971 

Effluent 38.332 42.045 47.06 293.235 24.412 44.32 40.189 42.479 105.168 89.017 81.567 75.656 

Ti 

Influent 16.403 12.507 24.06 34.228 42.453 14.865 14.455 17.657 21.800 25.930 24.086 22.710 

Effluent 2.9 2.629 2.978 4.562 1.411 1.63 2.765 2.836 3.267 2.896 2.685 2.696 
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Mn 

Influent 168.884 183.665 166.685 175.652 148.389 168.425 176.275 173.078 173.722 168.655 168.617 169.711 

Effluent 15.298 71.602 46.036 82.222 20.626 32.645 43.450 44.312 53.790 47.157 44.738 44.554 

Fe 

Influent 1138.528 1004.797 1852.162 2356.903 2576.789 1687.104 1071.663 1331.829 1588.098 1785.836 1769.381 1669.707 

Effluent 222.676 277.256 245.793 192.265 162.593 187.385 249.966 248.575 234.498 220.117 214.661 219.705 

Cu 

Influent 29.218 26.492 49.617 34.02 49.62 38.427 27.855 35.109 34.837 37.793 37.899 36.464 

Effluent 5.778 8.851 8.46 5.257 6.812 8.264 7.315 7.696 7.087 7.032 7.237 7.248 

Zn 

Influent 69.569 51.011 107.766 82.155 94.133 187.149 60.290 76.115 77.625 80.927 98.631 93.153 

Effluent 26.889 61.94 44.322 24.077 26.497 41.889 44.415 44.384 39.307 36.745 37.602 38.576 

Sr Influent 220.443 231.575 212.531 206.02 180.629 255.281 226.009 221.516 217.642 210.240 217.747 218.927 
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Effluent 188.784 181.186 200.205 193.336 181.346 235.733 184.985 190.058 190.878 188.971 196.765 195.082 

Zr 

Influent 3.023 0.151 2.513 0.667 2.717 3.857 1.587 1.896 1.589 1.814 2.155 2.074 

Effluent 0.288 0.335 0.282 1.32 0.189 0.274 0.312 0.302 0.556 0.483 0.448 0.429 

Mo 

Influent 2.734 5.167 4.311 4.159 8.605 3.778 3.951 4.071 4.093 4.995 4.792 4.672 

Effluent 1.621 2.266 4.004 2.349 3.271 2.245 1.944 2.630 2.560 2.702 2.626 2.529 

Ag 

Influent 0.326 0.077 0.105 0.214 0.261 0.253 0.202 0.169 0.181 0.197 0.206 0.205 

Effluent 0.045 0.02 0.028 0.035 0.027 0.032 0.033 0.031 0.032 0.031 0.031 0.031 

Sn 

Influent 5.718 2.049 4.092 0.84 2.963 4.674 3.884 3.953 3.175 3.132 3.389 3.460 

Effluent 0.76 0.496 1.794 0.638 0.795 1.983 0.628 1.017 0.922 0.897 1.078 1.013 
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Ba 

Influent 44.054 38.314 52.194 67.32 61.679 59.629 41.184 44.854 50.471 52.712 53.865 52.053 

Effluent 23.405 21.181 22.563 37.111 21.353 27.865 22.293 22.383 26.065 25.123 25.580 25.110 

Pb 

Influent 4.242 1.374 3.081 47.902 13.977 2.844 2.808 2.899 14.150 14.115 12.237 10.890 

Effluent 0.275 0.581 0.359 12.396 0.307 0.241 0.428 0.405 3.403 2.784 2.360 2.084 
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Monthly total concentration of treated samples (nanoparticle + dissolved) data in parts per billion (ppb) 

Element Type June July August September October November December January February March April May 

Mg 

Influent 336.198 263.952 248.892 289.156 289.796 405.777 300.075 283.014 284.550 285.599 305.629 304.835 

Effluent 464.595 489.741 390.352 415.138 403.474 695.341 477.168 448.229 439.957 432.660 476.440 476.544 

Al 

Influent 174.191 68.223 259.877 521.978 168.453 171.603 121.207 167.430 256.067 238.544 227.388 212.219 

Effluent 118.31 31.525 130.333 392.065 43.051 35.635 74.918 93.389 168.058 143.057 125.153 117.977 

Ti 

Influent 3.583 4.299 8.178 20.065 7.616 8.082 3.941 5.353 9.031 8.748 8.637 7.966 

Effluent 0.882 1.456 4.102 4.686 1.105 1.788 1.169 2.147 2.782 2.446 2.337 2.170 

Mn Influent 12.346 10.737 8.045 15.988 19.866 16.142 11.542 10.376 11.779 13.396 13.854 13.524 
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Effluent 3.116 4.064 4.486 15.024 2.726 3.497 3.590 3.889 6.673 5.883 5.486 5.215 

Fe 

Influent 86.242 258.639 573.477 403.996 360.007 385.673 172.441 306.119 330.589 336.472 344.672 320.068 

Effluent 47.469 66.352 116.588 64.297 44.932 98.908 56.911 76.803 73.677 67.928 73.091 70.780 

Cu 

Influent 17.488 22.243 87.923 26.809 31.232 35.57 19.866 42.551 38.616 37.139 36.878 34.447 

Effluent 4.707 8.103 11.061 4.683 7.032 15.637 6.405 7.957 7.139 7.117 8.537 8.233 

Zn 

Influent 32.778 20.567 34.067 68.254 40.077 51.555 26.673 29.137 38.917 39.149 41.216 39.139 

Effluent 10.288 14.991 14.024 28.362 15.548 19.882 12.640 13.101 16.916 16.643 17.183 16.534 

Sr 

Influent 11.255 9.683 6.48 10.463 9.231 17.665 10.469 9.139 9.470 9.422 10.796 10.749 

Effluent 7.512 6.592 4.624 7.784 5.791 10.022 7.052 6.243 6.628 6.461 7.054 7.054 
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Zr 

Influent 1.102 1.769 2.078 6.174 1.944 2.305 1.436 1.650 2.781 2.613 2.562 2.401 

Effluent 0.699 0.639 0.641 2.291 0.358 0.82 0.669 0.660 1.068 0.926 0.908 0.874 

Mo 

Influent 2.319 0.96 2.255 1.956 1.136 1.236 1.640 1.845 1.873 1.725 1.644 1.643 

Effluent 0.489 0.402 1.388 0.643 0.446 0.4 0.446 0.760 0.731 0.674 0.628 0.602 

Ag 

Influent 0.414 0.123 0.339 0.254 0.162 0.179 0.269 0.292 0.283 0.258 0.245 0.249 

Effluent 0.047 0.03 0.096 0.041 0.037 0.048 0.039 0.058 0.054 0.050 0.050 0.048 

Sn 

Influent 12.562 20.373 10.972 13.24 26.372 24.518 16.468 14.636 14.287 16.704 18.006 17.786 

Effluent 1.185 33.337 9.034 33.381 53.199 58.647 17.261 14.519 19.234 26.027 31.464 29.435 

Ba Influent 35.121 5.329 7.593 46.467 42.055 45.959 20.225 16.014 23.628 27.313 30.421 28.964 
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Effluent 32.392 1.85 5.027 40.109 44.536 37.773 17.121 13.090 19.845 24.783 26.948 25.544 

Pb 

Influent 0.769 0.967 2.287 459.143 3.313 1.662 0.868 1.341 115.792 93.296 78.024 67.001 

Effluent 0.651 0.349 1.833 8.319 0.428 0.385 0.500 0.944 2.788 2.316 1.994 1.781 
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Monthly total concentration of treated samples (dissolved) data in parts per billion (ppb) 

Element Type June July August September October November December January February March April May 

Mg 

Influent 173.969 154.559 127.323 226.998 182.819 253.612 164.264 151.950 170.712 173.134 186.547 183.364 

Effluent 282.446 276.556 188.252 322.671 254.659 426.184 279.501 249.084 267.481 264.917 291.795 290.038 

Al 

Influent 61.615 14.879 66.236 100.177 72.825 87.051 38.247 47.577 60.727 63.146 67.131 63.004 

Effluent 0.000 0.000 27.892 0.944 2.852 1.804 0.000 9.297 7.209 6.338 5.582 4.785 

Ti 

Influent 2.447 2.919 4.689 5.270 4.435 3.401 2.683 3.352 3.831 3.952 3.860 3.692 

Effluent 0.665 0.553 1.649 0.335 0.303 0.618 0.609 0.956 0.801 0.701 0.687 0.676 

Mn Influent 8.005 8.273 4.734 8.932 12.362 8.728 8.139 7.004 7.486 8.461 8.506 8.453 
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Effluent 2.250 2.844 2.510 9.558 1.482 1.663 2.547 2.535 4.291 3.729 3.385 3.265 

Fe 

Influent 214.519 743.939 127.799 486.945 461.392 413.074 479.229 362.086 393.301 406.919 407.945 418.128 

Effluent 9.210 34.076 0.000 2.855 0.000 0.000 21.643 14.429 11.535 9.228 7.690 9.683 

Cu 

Influent 1.447 0.843 12.637 4.719 2.026 1.641 1.145 4.976 4.911 4.334 3.885 3.494 

Effluent 0.578 0.000 0.000 0.269 0.404 0.866 0.289 0.193 0.212 0.250 0.353 0.344 

Zn 

Influent 20.716 0.000 26.129 39.750 21.458 28.696 10.358 15.615 21.649 21.611 22.791 21.015 

Effluent 1.803 0.000 11.105 12.400 2.819 2.991 0.901 4.303 6.327 5.625 5.186 4.574 

Sr 

Influent 7.978 7.373 4.125 6.700 5.989 10.360 7.676 6.492 6.544 6.433 7.087 7.171 

Effluent 5.894 4.683 2.939 4.581 3.621 5.401 5.289 4.506 4.524 4.344 4.520 4.630 
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Zr 

Influent 1.356 5.418 2.610 3.724 5.487 3.905 3.387 3.128 3.277 3.719 3.750 3.698 

Effluent 0.469 0.457 0.419 0.491 0.444 1.477 0.463 0.448 0.459 0.456 0.626 0.603 

Mo 

Influent 0.643 0.833 1.277 0.681 0.632 0.517 0.738 0.918 0.859 0.813 0.764 0.760 

Effluent 0.235 0.263 3.866 0.096 0.116 0.121 0.249 1.455 1.115 0.915 0.783 0.707 

Ag 

Influent 0.498 0.251 0.302 0.174 0.087 0.154 0.375 0.351 0.307 0.263 0.245 0.263 

Effluent 0.290 0.234 0.285 0.003 0.050 0.097 0.262 0.270 0.203 0.172 0.160 0.174 

Sn 

Influent 55.044 394.027 3.254 49.570 80.783 82.033 224.536 150.775 125.474 116.536 110.785 127.035 

Effluent 288.635 591.771 1.157 126.576 183.814 182.974 440.203 293.854 252.035 238.391 229.155 259.304 

Ba Influent 23.229 0.709 4.421 30.702 26.312 28.374 11.969 9.453 14.765 17.074 18.958 17.959 
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Effluent 19.799 0.000 2.780 22.910 25.305 19.176 9.899 7.526 11.372 14.159 14.995 14.267 

Pb 

Influent 2.620 3.511 2.196 0.941 2.916 1.628 3.066 2.776 2.317 2.437 2.302 2.411 

Effluent 2.482 3.040 1.902 0.595 1.761 1.246 2.761 2.475 2.005 1.956 1.838 1.970 
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APPENDIX B. ICP-MS DATA (AC, SB, AND DI WWTPS) 

B.1  AC WWTP  

Nanoparticle concentration data in particles/mL 
Element Type Sample1 Sample2 Sample3 

Mg Influent 1748.773 30117.751 15933.262 
Effluent 0.000 47216.861 23608.430 

Al Influent 6995.090 6412.166 6703.628 
Effluent 37307.149 76168.763 56737.956 

Ti Influent 205344.767 3925.023 104634.895 
Effluent 60488.102 83144.423 71816.262 

Mn Influent N/A N/A N/A 
Effluent 58.292 58.292 58.292 

Fe Influent 388.616 971.540 680.078 
Effluent 3497.545 1360.156 2428.851 

Cu Influent 157195.228 8743.863 82969.545 
Effluent 2017306.372 353640.686 1185473.529 

Zn Influent 364521.937 180123.580 272322.759 
Effluent 961242.017 649960.491 805601.254 

Sr Influent N/A N/A N/A 
Effluent N/A N/A N/A 

Zr Influent 42087.128 485.770 21286.449 
Effluent 204684.120 196095.703 200389.912 

Mo Influent 64005.078 0.000 32002.539 
Effluent 66472.790 66841.976 66657.383 

Ag Influent 73293.004 6567.613 39930.308 
Effluent 17682.034 116409.964 67045.999 

Sn Influent 41193.311 67619.208 54406.259 
Effluent 301566.123 1078409.783 689987.953 

Ba Influent 3691.853 356555.307 180123.580 
Effluent 325077.399 860979.054 593028.226 

Pb Influent 1265917.069 801520.784 1033718.927 
Effluent 805406.946 852040.882 828723.914 
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Total concentration of raw wastewater data in parts per billion 
(ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 10350.373 10233.617 10008.309 
Effluent 7601.782 8043.669 7834.952 

Al Influent 381.784 382.394 346.117 
Effluent 1.826 9.956 10.179 

Ti Influent 22.927 24.002 25.296 
Effluent 14.752 15.727 15.641 

Mn Influent 40.85 39.483 36.264 
Effluent 6.324 6.234 4.582 

Fe Influent 347.781 347.597 334.029 
Effluent 141.396 190.328 172.332 

Cu Influent 40.234 50.856 63.637 
Effluent 8.993 12.971 17.11 

Zn Influent 148.431 147.349 148.739 
Effluent 18.993 72.251 58.241 

Sr Influent 204.019 204.185 192.924 
Effluent 161.149 177.193 170.351 

Zr Influent 212.085 167.553 136.196 
Effluent 7.619 29.571 23.78 

Mo Influent 2.608 1.402 1.202 
Effluent 0.572 0.13 0.107 

Ag Influent 0.463 0.189 0.183 
Effluent N/A 0.021 0.016 

Sn Influent 24.994 12.38 8.567 
Effluent 0.885 4.35 2.118 

Ba Influent 60.183 61.826 62.284 
Effluent 21.866 29.31 25.458 

Pb Influent 1.962 0.868 1.192 
Effluent 0.142 0.166 0.14 
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Total concentration of treated samples (nanoparticle + dissolved) 
data in parts per billion (ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 737.409 754.519 739.72 
Effluent 240.517 271.117 280.216 

Al Influent 160.787 194.119 209.983 
Effluent 18.67 15.924 21.807 

Ti Influent 9.012 9.007 8.272 
Effluent 1.997 2.596 2.602 

Mn Influent 4.286 4.752 4.122 
Effluent 1.395 1.126 1.042 

Fe Influent 108.098 128.699 122.482 
Effluent 44.623 18.897 21.746 

Cu Influent 73.413 102.086 101.124 
Effluent 50.03 21.392 36.129 

Zn Influent 100.466 115.066 100.146 
Effluent 139.928 62.816 53.844 

Sr Influent 9.541 9.791 9.53 
Effluent 6.577 6.944 7.675 

Zr Influent 257.249 326.429 308.726 
Effluent 62.899 65.275 56.099 

Mo Influent 0.907 0.804 0.72 
Effluent 0.252 0.432 0.449 

Ag Influent 0.136 0.145 0.15 
Effluent 0.047 0.049 0.059 

Sn Influent 20.435 20.669 22.54 
Effluent 3.806 4.467 4.372 

Ba Influent 33.727 33.666 30.695 
Effluent 36.159 44.344 43.231 

Pb Influent 1.173 1.929 6.622 
Effluent 1.714 0.158 0.174 
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Total concentration of treated samples (dissolved) data in parts 
per billion (ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 468.044 467.905 467.975 
Effluent 165.325 174.798 170.062 

Al Influent 78.858 85.007 81.933 
Effluent N/A N/A N/A 

Ti Influent 27.212 17.780 22.496 
Effluent 2.556 2.070 2.313 

Mn Influent 5.023 5.042 5.033 
Effluent 1.048 0.741 0.894 

Fe Influent 314.528 297.436 305.982 
Effluent 0.691 N/A 0.346 

Cu Influent 13.365 12.473 12.919 
Effluent 0.833 0.717 0.775 

Zn Influent 78.849 71.810 75.330 
Effluent 13.606 18.164 15.885 

Sr Influent 10.571 9.961 10.266 
Effluent 5.979 6.462 6.220 

Zr Influent 8.474 5.426 6.950 
Effluent 0.710 0.511 0.611 

Mo Influent 1.137 0.603 0.870 
Effluent 0.150 0.121 0.135 

Ag Influent 0.191 0.182 0.186 
Effluent 0.174 0.172 0.173 

Sn Influent 40.589 30.745 35.667 
Effluent 1.794 1.901 1.847 

Ba Influent 18.949 13.463 16.206 
Effluent 23.107 12.337 17.722 

Pb Influent 2.943 2.898 2.921 
Effluent 2.899 2.905 2.902 
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B.2  SB WWTP  

Nanoparticle concentration data in particles/mL 
Element Type Sample1 Sample2 Sample3 

Mg Influent 177062.263 276192.192 327822.237 
Effluent 113677.298 147759.705 114554.982 

Al Influent 1070270.720 988597.634 1217654.466 
Effluent 229224.972 799689.656 210829.914 

Ti Influent 111827.704 116399.734 48178.088 
Effluent 3013.384 1932.722 4630.946 

Mn Influent 23005.625 28575.189 14177.195 
Effluent 10661.143 10827.399 8551.001 

Fe Influent 18080.301 18911.580 10968.030 
Effluent 4572.030 1662.556 9952.472 

Cu Influent 198467.677 404832.497 197221.432 
Effluent 32004.212 43018.648 86728.683 

Zn Influent 1960985.342 3742206.767 903034.488 
Effluent 838967.552 622419.574 10968.030 

Sr Influent 4904.542 10016.903 17203.559 
Effluent 15586.467 6109.895 6926.108 

Zr Influent 88697.387 121491.313 243530.893 
Effluent 220829.061 112804.456 5484.015 

Mo Influent N/A 8458.256 184770.687 
Effluent 80675.552 49980.604 54819.840 

Ag Influent 715314.916 540143.811 476439.046 
Effluent 479252.681 395459.835 355993.825 

Sn Influent 274529.635 157527.224 165129.788 
Effluent 578154.008 739006.345 511638.299 

Ba Influent 226731.137 65255.341 236218.873 
Effluent 174152.789 60059.852 424503.392 

Pb Influent 8118471.002 609742.581 3931023.277 
Effluent 2195613.622 2108952.867 1418938.132 
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Nanoparticle size data in nanometer 
Element Type Sample1 Sample2 Sample3 

Mg Influent 84 100 99 
Effluent 63 65 62 

Al Influent 57 62 48 
Effluent 46 35 40 

Ti Influent 141 184 143 
Effluent 88 123 72 

Mn Influent 35 42 48 
Effluent 71 67 71 

Fe Influent 142 202 128 
Effluent 149 229 159 

Cu Influent 20 21 21 
Effluent 24 21 23 

Zn Influent 41 40 42 
Effluent 41 44 44 

Sr Influent 39 47 53 
Effluent 40 44 41 

Zr Influent 38 28 28 
Effluent 28 28 37 

Mo Influent N/A 28 26 
Effluent 26 26 26 

Ag Influent 47 53 36 
Effluent 40 12 32 

Sn Influent 45 48 45 
Effluent 50 50 48 

Ba Influent 35 32 30 
Effluent 42 41 42 

Pb Influent 19 23 16 
Effluent 19 19 16 
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Total concentration of raw wastewater data in parts per billion 
(ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 4130582.127 3980403.97 3745383.459 
Effluent 4155811.394 3712268.192 4029382.23 

Al Influent 2752754.002 2098055.255 1939800.887 
Effluent 88020.494 42626.754 67382.48 

Ti Influent 27372.776 20843.669 19646.81 
Effluent 4470.112 2649.089 3829.32 

Mn Influent 240415.601 182276.134 165009.887 
Effluent 248215.264 162574.974 203937.2334 

Fe Influent 16554549.84 14217525.68 13365770.41 
Effluent 1805076.017 1040882.683 1438293.234 

Cu Influent 87581.443 73978.059 74655.324 
Effluent 10463.147 9987.929 10383.64 

Zn Influent 89391.925 72294.779 70717.611 
Effluent 21357.685 16277.563 18394.56 

Sr Influent 89036.897 100734.622 101017.502 
Effluent 120250.232 119210.063 120345.869 

Zr Influent 702573.449 544701.969 456410.72 
Effluent 521232.248 164288.157 429495.958 

Mo Influent 4782.667 5211.393 3812.283 
Effluent 3479.192 3841.974 3792.483 

Ag Influent 805.872 238.779 391.844 
Effluent 144.934 90.181 120.42 

Sn Influent 26769.076 13459.288 6330.937 
Effluent 7336.03 1159.032 3948.058 

Ba Influent 35920.089 39083.521 28937.134 
Effluent 17394.013 13960.805 16483.289 

Pb Influent 5333.306 4076.148 3655.719 
Effluent 1154.568 737.823 974.293 
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Total concentration of treated samples (nanoparticle + dissolved) 
data in parts per billion (ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 219066.026 356205.878 390169.969 
Effluent 82941.314 96268.398 90532.79 

Al Influent 146247.216 324479.348 81002.92 
Effluent 164583.065 18443.921 103200.425 

Ti Influent 7047.096 6752.683 4960.395 
Effluent 2785.179 2662.403 2052.581 

Mn Influent 8600.729 14550.93 11332.972 
Effluent 48241.845 52151.677 45780.035 

Fe Influent 1604142.26 1612124.617 163127.818 
Effluent 1459869.222 59782.834 43459.734 

Cu Influent 17095.366 34895.613 15964.243 
Effluent 16918.917 6022.717 23396.735 

Zn Influent 16791.254 25665.653 20015.129 
Effluent 15690.478 12571.936 15597.44 

Sr Influent 2729.462 5943.7 6790.629 
Effluent 3088.349 3432.341 2883.958 

Zr Influent 614409.692 795296.103 55008.615 
Effluent 344962.099 89444.578 111926.216 

Mo Influent 3301.228 1664.498 1606.921 
Effluent 674.85 710.201 664.027 

Ag Influent 237.629 149.893 65.641 
Effluent 90.599 119.871 99.542 

Sn Influent 77717.55 77975.542 2053.766 
Effluent 71917.783 2960.37 1894.454 

Ba Influent 11505.843 14100.968 8106.567 
Effluent 41519.736 39177.907 30142.589 

Pb Influent 1817.375 1188.629 276.683 
Effluent 1287.277 63.306 134.503 
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Total concentration of treated samples (dissolved) data in parts 
per billion (ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 148.077 239.353 267.263 
Effluent 53.704 54.284 48.344 

Al Influent 11.728 16.072 N/A 
Effluent N/A N/A N/A 

Ti Influent 10.871 6.315 4.693 
Effluent 1.626 1.430 0.686 

Mn Influent 2.839 6.578 9.962 
Effluent 23.037 21.651 26.542 

Fe Influent 355.753 653.229 307.908 
Effluent N/A 6.184 N/A 

Cu Influent 2.357 3.595 1.403 
Effluent 1.611 1.760 1.036 

Zn Influent N/A N/A N/A 
Effluent N/A N/A N/A 

Sr Influent 1.804 4.489 6.219 
Effluent 2.214 2.310 2.370 

Zr Influent 1.030 0.352 1.678 
Effluent 0.372 0.225 1.763 

Mo Influent 1.235 1.258 1.480 
Effluent 0.295 0.308 0.322 

Ag Influent 0.001 N/A 0.145 
Effluent N/A N/A 0.144 

Sn Influent 7.211 5.830 5.382 
Effluent 4.995 5.776 4.129 

Ba Influent 7.591 1.731 1.840 
Effluent 24.243 18.679 16.603 

Pb Influent 2.332 2.362 3.246 
Effluent 2.048 2.046 3.178 
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B.3  DI WWTP  

Nanoparticle concentration data in particles/mL 
Element Type Sample1 Sample2 Sample3 

Mg Influent 364131.5 388241.1471 379924.2125 
Effluent 335429.6357 381544.0351 355451.1723 

Al Influent 1327558.935 1081105.215 886358.2537 
Effluent 271711.3991 265014.2872 234467.514 

Ti Influent 131952.24 93549.08664 143305.4393 
Effluent 28147.0048 20952.3931 19025.81511 

Mn Influent 13681.24298 16647.10685 19025.81511 
Effluent 12781.91652 11939.99388 16756.138 

Fe Influent 59508.62333 13968.26207 39472.64546 
Effluent 18177.87529 6888.458006 14999.60527 

Cu Influent 2825415.859 2737588.019 1472329.676 
Effluent 1286993.571 420578.6305 93550.16973 

Zn Influent 616708.3376 1248915.706 187692.4291 
Effluent 5035080.11 1891647.107 5859122.128 

Sr Influent 17221.14501 22272.68089 19933.68596 
Effluent 15709.51117 14523.16563 18019.26265 

Zr Influent 75218.1345 78719.76732 79951.84337 
Effluent 16015.66486 34958.92438 180784.7162 

Mo Influent N/A N/A 2605.1946 
Effluent 430145.9333 121810.8991 577938.7385 

Ag Influent 30175.27299 90028.31922 137522.6968 
Effluent 546197.3161 367518.3692 383832.0044 

Sn Influent 1079000.408 1076130.217 903134.128 
Effluent 92611.49097 88401.87774 81511.01287 

Ba Influent 117103.7861 387284.4168 417620.5889 
Effluent 49367.28238 58551.89305 155522.2231 

Pb Influent 1067519.645 8699357.077 1258585.3 
Effluent 4226451.679 3026137.871 3718125.839 
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Nanoparticle size data in nanometer 
Element Type Sample1 Sample2 Sample3 

Mg Influent 146 154 141 
Effluent 156 148 152 

Al Influent 62 58 68 
Effluent 60 57 56 

Ti Influent 173 166 141 
Effluent 80 133 114 

Mn Influent 54 54 52 
Effluent 47 48 46 

Fe Influent 147 175 147 
Effluent 135 163 141 

Cu Influent 22 19 23 
Effluent 22 23 25 

Zn Influent 55 48 54 
Effluent 41 41 38 

Sr Influent 71 66 69 
Effluent 65 63 63 

Zr Influent 50 45 47 
Effluent 39 31 31 

Mo Influent N/A N/A 31 
Effluent 18 24 18 

Ag Influent 14 15 15 
Effluent 13 20 13 

Sn Influent 41 37 39 
Effluent 66 62 72 

Ba Influent 46 47 49 
Effluent 44 45 39 

Pb Influent 19 16 17 
Effluent 16 16 16 
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Total concentration of raw wastewater data in parts per billion 
(ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 21506 20839.967 21196.71 
Effluent 25663.472 25987.185 26766.754 

Al Influent 753.95 729.705 758.039 
Effluent 36.702 41.35 39.38 

Ti Influent 23.633 21.413 21.336 
Effluent 5.533 5.778 5.828 

Mn Influent 238.05 229.199 224.867 
Effluent 163.125 168.342 172.314 

Fe Influent 6449.559 6336.677 6144.159 
Effluent 477.171 477.323 485.074 

Cu Influent 61.358 61.431 63.839 
Effluent 10.789 13.696 13.373 

Zn Influent 124.238 131.063 131.111 
Effluent 24.96 25.822 24.052 

Sr Influent 234.286 224.965 229.592 
Effluent 235.844 232.192 235.668 

Zr Influent 1957.055 775.498 1156.351 
Effluent 540.536 625.255 529.286 

Mo Influent 5.778 4.409 4.466 
Effluent 7.201 7.414 7.563 

Ag Influent 0.399 0.33 0.342 
Effluent 0.077 0.071 0.083 

Sn Influent 11.62 3.203 2.409 
Effluent 0.833 0.637 0.749 

Ba Influent 97.473 93.342 94.493 
Effluent 34.608 35.054 34.777 

Pb Influent 6.975 10.222 6.781 
Effluent 0.351 0.359 0.362 
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Total concentration of treated samples (nanoparticle + dissolved) 
data in parts per billion (ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 799.802 750.639 794.673 
Effluent 808.028 825.01 873.166 

Al Influent 135.254 143.312 155.005 
Effluent 32.809 27.73 29.72 

Ti Influent 6.535 5.206 5.242 
Effluent 1.798 1.459 1.548 

Mn Influent 14.83 15.343 15.44 
Effluent 10.653 10.84 10.672 

Fe Influent 405.983 412.758 397.075 
Effluent 81.212 64.018 72.159 

Cu Influent 39.958 36.595 44.134 
Effluent 8.042 7.067 7.676 

Zn Influent 57.727 45.265 60.054 
Effluent 18.094 16.397 16.318 

Sr Influent 13.268 12.716 13.029 
Effluent 9.635 9.579 10.179 

Zr Influent 606.53 621.707 606.855 
Effluent 173.191 140.194 152.628 

Mo Influent 3.933 1.527 1.675 
Effluent 0.655 0.456 0.497 

Ag Influent 0.203 0.113 0.101 
Effluent 0.078 0.071 0.085 

Sn Influent 51.735 39.137 32.458 
Effluent 34.62 26.17 32.124 

Ba Influent 46.447 44.179 54.483 
Effluent 28.383 25.855 27.492 

Pb Influent 1.267 0.722 0.91 
Effluent 0.222 0.121 0.128 
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Total concentration of treated samples (dissolved) data in parts 
per billion (ppb) 

Element Type Sample1 Sample2 Sample3 

Mg Influent 651.400 607.364 651.556 
Effluent 680.911 655.491 678.392 

Al Influent 12.107 8.464 23.140 
Effluent 9.963 7.189 6.450 

Ti Influent 9.924 6.478 4.214 
Effluent 1.932 1.662 0.826 

Mn Influent 13.256 12.997 14.837 
Effluent 10.823 10.614 10.611 

Fe Influent 236.697 210.207 264.179 
Effluent 103.752 105.040 81.662 

Cu Influent 2.907 2.202 2.716 
Effluent 0.846 1.003 0.892 

Zn Influent 38.964 17.581 39.981 
Effluent 6.732 4.026 4.902 

Sr Influent 14.699 13.521 14.175 
Effluent 11.567 10.970 11.054 

Zr Influent 1.697 0.739 1.343 
Effluent 0.821 0.360 0.529 

Mo Influent 1.537 1.034 1.561 
Effluent 0.261 0.247 0.293 

Ag Influent 0.058 0.048 0.057 
Effluent 0.042 0.039 0.044 

Sn Influent 10.557 7.914 10.066 
Effluent 97.286 72.775 94.434 

Ba Influent 38.921 33.275 39.720 
Effluent 26.838 25.606 25.258 

Pb Influent 3.093 2.981 2.301 
Effluent 2.862 2.833 1.974 
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APPENDIX C. TREATMENT PROCESS FLOW DIAGRAM (AC, SB, UB, AND DI WWTPS) 

C.1  AC WWTP  

 

Figure C1. AC WWTP treatment flow diagram. 
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C.2  SB WWTP  

 

Figure C2. SB WWTP treatment flow diagram. 
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C.3  UB WWTP 

 

Figure C3. UB WWTP treatment flow diagram. 
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C.4  DI WWTP  

 

Figure C4. DI WWTP treatment flow diagram
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APPENDIX D. SEM/EDS DATA 

 

Figure D1. UB influent with 3000 magnifications. 
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Figure D2. UB influent with 4000 magnifications. 
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Figure D3. UB influent with 8000 magnifications. 
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Figure D4. UB influent with 10,000 magnifications. 
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Figure D5. UB influent with 30,000 magnifications. 
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Figure D6. UB influent EDS analysis (Figure D5). 
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APPENDIX E. AFM DATA 

 

 

Figure E1. Z-axis (a, b) and phase (c, d), forward (a), and backward (b) images of 

concentrated wastewater samples with a scan range of 1 μm at a fast scan speed in 

phase-contrast mode. Height range of approximately 76 nm. 
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APPENDIX F. DLS DATA 

 

Figure F1. UB influent sample size distribution results. 

 

 

Figure F2. UB effluent sample size distribution results. 
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