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Abstract 

The environmental fate and effects of engineered nanomaterials have become a 

topic of interest to researchers due to their increased incorporation within consumer 

products. Current research into the effects of nanoparticles towards the environment 

focuses almost entirely on using the pristine form of the nanoparticles for testing. 

However, due to the countless evidence of physical and chemical transformations to 

which nanoparticles are often subjected, the appropriateness of using pristine 

nanoparticles for environmental testing is being questioned. Through this research, we 

examine the chemical and physical transformations of nanoparticles in commercial 

products by modeling typical use scenarios that could occur throughout the product 

lifecycle. Nanomaterial-containing commercial products were put through conditions 

mimicking a typical lifecycle from product incorporation to leaching into the wastewater 

collection stream. A combination of transmission electron microscopy (TEM), energy 

dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and 

inductively coupled plasma-mass spectrometry (ICP-MS) was used to examine the 

morphological and compositional effects of the product lifecycle on the nanoparticles.  

Silver nanoparticles (AgNPs) have seen widespread use in consumer products due 

to their exceptional antimicrobial properties. We studied the transformation of AgNPs 

from the production of AgNPs-laden textiles, through day-to-day use scenarios and 

leaching into the wastewater collection system. The day-to-day use includes exposure to 

sweat due to the market for the AgNP-containing sports clothing, as well as laundering, 

which would expose the nanoparticles to detergent and bleach. Exposure to these 

weathering conditions showed the aggregation and agglomeration of AgNPs as well as 
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transformation into AgCl and Ag2S. Despite the transformations above, the nanoparticle 

form of Ag was still present after the various use conditions. 

Zinc Oxide nanoparticles (ZnO NPs) have been widely used for their 

antimicrobial properties and, more recently as a UV blocker. The lifecycle of ZnO NPs 

was tested within the medicated baby powder, athletic socks, sunscreen, and UV 

protective textiles as well as in the pristine nanoparticle form. The nanoparticle-

containing products were weathered through day-to-day use, which included sweat, 

chlorinated water from swimming pools, and UV exposure, followed by laundering in 

detergent and bleach, and finally making its way into wastewater collection. ZnO NPs 

were observed to dissolve into solution, a process accelerated by an acidic environment. 

Transformation to ZnCl2 and ZnS salts were also observed through the various 

weathering processes. 

Cerium oxide nanoparticles (CeO2 NPs) have been gaining attention in recent 

years due to their remarkable catalytic antioxidant properties. Moreover, CeO2NPs have 

the ability to block UV rays and are transparent in the visible spectrum. CeO2 NPs have 

not been widely used in consumer products; however, due to the many benefits of CeO2 

NPs, it had been suggested to be used as a UV blocker by various sources. Assuming the 

inevitable use of CeO2 nanoparticles in sunscreens, we have impregnated current 

consumer sunscreens with CeO2 NPs and analyzed the chemical and physical 

transformation through the lifecycle of the product. CeO2 NP impregnated sunscreens, 

and pristine nanoparticles were weathered through day-to-day use scenarios, which 

included exposure to sweat, chlorinated pool water, and UV exposure followed by the 

leaching of nanoparticles into the wastewater collection system. The CeO2 NPs were 
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observed to agglomerate and chemically associate with chlorine and sulfur after these 

treatments. 

Overall, this thesis provides data that can be used to develop a more relevant 

model “weathered nanoparticle” sample that can be used in place of pristine nanoparticles 

for environmental studies seeking to inform future regulatory decision making. 
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Preface 

This preface provides full bibliographical details for each article included in this 

thesis, as well as whether the article is reproduced in whole or in part. The use of 

copyrighted material is likewise acknowledged here. When citing material from this 

thesis, please cite the article relevant to the chapter, if the chapter is based on a 

publication.  

This thesis is constructed in the form of an integrated thesis and it consists of a 

total of 6 chapters as follows: 

Chapter 1 is a brief general introduction to the research topics, including research 

objectives, methodology, approach, a summary review of the literature that presents the 

relevant theoretical background information, as well as the previous works most related 

to the research, and a list of hypotheses for examination. The chapter is prepared for 

thesis purposes only. 

Chapter 2 provides a general description of the analytical techniques used 

throughout this research. The chapter is prepared for thesis purposes only. 

Chapter 3  

Mohan, S.; Princz, J.; Ormeci, B.; DeRosa, M.C. Morphological Transformation 

of Silver Nanoparticles from Commercial Products: Modeling from Product 

Incorporation, Weathering through Use Scenarios, and Leaching into Wastewater. 

Nanomaterials 2019, 9, 1258. 
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The article is wholly reproduced and edited for formatting and clarity of 

presentation. Selvan Mohan performed all the experimental work. This article was 

written by Selvan Mohan. Maria DeRosa assisted with result interpretation. Juliska 

Princz, Banu Ormeci, and Maria DeRosa assisted with the experimental design and 

editing of the article.  

Chapter 4 

Mohan, S.; Phillips, K.; Princz, J.; DeRosa, M.C. Transformation of Zinc Oxide 

nanoparticles during potential use scenarios from product incorporation to collection in 

the wastewater stream. (pending submission). 

The article was written for publication purposes. Selvan Mohan performed the 

majority of experimental work with the assistance of Kelsey Philip on experimental and 

sample preparations. This article was written by Selvan Mohan. Maria DeRosa assisted 

with result interpretation and editing the article. Juliska Princz and Maria DeRosa 

assisted with the experimental design. 

Chapter 5 

Mohan, S.; Phillips, K.; Princz, J.; DeRosa, M.C. Transformation of Cerium 

Oxide nanoparticles during potential use scenarios from product incorporation to 

collection in the wastewater stream. (pending submission). 

The article was written for publication purposes. Selvan Mohan performed the 

majority of experimental work with the assistance of Kelsey Philip on experimental and 

sample preparations. This article was written by Selvan Mohan. Maria DeRosa assisted 



vi 
 

with result interpretation and editing the article. Juliska Princz and Maria DeRosa 

assisted with the experimental design. 

Chapter 6 provides the overall conclusions, application of the research, and 

approach of future work. The chapter is prepared for thesis purposes only.  

Note: Since this thesis is in a paper-based format, it is important to note that some 

of the information in the introduction and materials and methods of the papers might be 

repeated. 

Pursuant to the Integrated Thesis policy of Carleton University, the “supervisor” 

(Maria DeRosa) and the “student” (Selvan Mohan) confirm that the student was fully 

involved in setting up and conducting the research, obtaining data and analyzing results, 

as well as preparing and writing the material presented in the co-authored article(s) 

integrated in the thesis. Additionally, the supervisor confirms the information provided 

by the student in this preface. 
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Chapter 1: Introduction 

1.1 Overview 

Nanotechnology, the science and engineering conducted at the nanoscale, has 

been transformative and its innovations have enabled products that are touching every 

aspect of our lives, from energy, to health, to electronics, and beyond1–5. Inevitably, the 

incorporation of nanomaterials into consumer products has led to the release of 

nanoparticles into the terrestrial and aqueous environments6–8. It is estimated that 

globally, 69200, 51000, and 8100 metric tons per year of engineered nanomaterials are 

released into water, soil, and air respectively9. Coupled with studies that nanomaterials 

may have toxic impacts on our ecosystems and our own health, greater efforts are being 

made to understand the behavior of released nanoparticles, the potential transformations 

that could take place during their lifecycle, and their ultimate effects on our health and 

environment10–12. 

Widespread adoption of nanomaterials in commercial applications is made 

possible by more efficient and cost-effective synthesis methods13. Silver nanoparticles 

(AgNPs) are found in a variety of consumer products due to their antibacterial 

capabilities 14. Zinc oxide nanoparticles (ZnONPs) are widely used in commercial 

products for their antimicrobial15 and UV absorbing capability16.  Industrial-scale 

production of cerium oxide nanoparticles (CeO2NPs) is expected to increase due to its 

use as a reducing agent to catalyze reactions17, UV light absorbent in UV light blocking 

products18, and an abrasive in the glass19 and semiconductor20 industry. 
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One can predict that a variety of chemical and morphological transformations 

could take place as a nanomaterial is first prepared in pristine form, then incorporated 

into a nano-enabled product, then that product is used, and eventually, the product is 

disposed of.  For example, nanoparticles might aggregate upon introduction in a product 

matrix21.  During use, exposure to UV light can alter the size, surface charge, surface 

chemistry, and dissolution rate of AgNPs22.  The pristine or modified nanoparticles might 

also be released from their consumer product of origin into the environment, for example, 

during laundering of textiles23,24 or from washing off personal care and cosmetic 

products25. The majority of released nanoparticles are discharged into wastewater sewer 

systems and transported to wastewater treatment plants.  Within the wastewater collection 

stream, they will be exposed to a variety of chemical agents26, which could lead to further 

transformations27. 

 

1.2 The objective of the study 

The objective of this study is to explore the preparation of a more relevant model 

“weathered nanoparticle” sample that can be used in place of pristine nanoparticles for 

environmental studies seeking to inform future regulatory decision making. This is 

achieved by investigating the morphological and compositional transformations of 

nanoparticles in commercial products as they are put through product-specific day-to-day 

use scenarios followed by the leaching of these nanoparticles into the wastewater 

collection stream. Towards this goal, the following chapters demonstrate that Ag 

(Chapter 3), ZnO (Chapter 4), and CeO2 (Chapter 5) nanoparticles exhibit both physical 
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and chemical changes when exposed to a simulated product life cycle.  The commercial 

products are exposed to sweat as a result of human contact, UV light to mimic the sun’s 

rays, chlorinated water to mimic a swimming pool, bleach, and detergent to simulate 

laundering and incubation in wastewater as the leached nanoparticles will make its way 

to the wastewater treatment facility. Nanoparticle transformation comparisons will be 

made between the use of pristine nanoparticles and commercial products containing such 

nanoparticles. Moreover, the extent to which each weathering step affects the physical 

and chemical integrity of the nanoparticles will be explored. 

It is expected that identifying the modified form of the nanoparticles will result in 

new findings and contributions regarding a more appropriate model system for studying 

the health and environmental impacts of nanoparticles.  Moreover, an insight towards the 

transformed form of nanoparticle entering the sewage treatment plant will help in the 

development of new treatment techniques. The weathering of commercial products 

containing nanoparticles with day-to-day use scenarios and through the wastewater 

collection system will expose the nanoparticles to varying pH, UV radiation, various 

organic and inorganic molecules,, as well as an oxidizing and reducing environment 

which will cause the nanoparticles to morphologically and compositionally transform. 

 

1.3 Nanomaterials 

The International Organization for Standardization (ISO) denotes an object as a 

nanomaterial when one of the dimensions of the material is between 1 nm to 100 nm28.  

Nano-objects can be classified as nanoplates, nanofibers, and nanoparticles, with the 
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latter having all 3 dimensions less than 100 nm28. Nanoparticles are playing an important 

part in shaping the 21st century, where many countries are heavily investing in the 

research and development of nanoparticle technology29.Error! Reference source not 

found. Figure 1-1 shows the percentage of research articles published from 2010 to 

2019, curated from the SciFinder database, for carbon-based, metal and metal-metal 

oxide, ceramic, semiconductor, and polymer nanoparticles from a total of 207806 articles 

on nanoparticles. 

 

Figure 1-1: Pie chart showing the percentage of research articles of various classes of 

nanoparticles published from 2010 to 2019 from a total of 207806 articles. Data obtained 

from SciFinder (Last accessed December 12, 2019) 

 

Given the ever-increasing discoveries in nanotechnology and their favorable 

properties, nanomaterials are increasingly adopted into commercial products. 

Nanoparticles are integrated into commercial products for their color, antimicrobial 

properties, conductivity, and UV absorbance property, which can be vastly superior to 
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that of the analogous bulk materials30–32. Figure 1-2 shows the percentage of research 

articles on the commercial applications of nanoparticles, curated from the SciFinder 

database, for electronics, foods and beverages, home and garden, health and fitness, the 

clothing industry, and the automotive industry from a total of 8284 articles. 

 

Figure 1-2: Pie chart showing the percentage of research articles of various commercial 

applications of nanoparticles 8284 articles. Data obtained from SciFinder (Last accessed 

December 15, 2019) 

 

The small dimensions of nanoparticles instill new properties that are unique from 

the bulk material. These distinct properties have enabled the discovery of new inventions 

and further improvement to many existing products33. These properties are usually size-

dependent, unlike a bulk material where the physical property stays constant regardless of 

size. For example, as the material gets smaller in size, the surface area to size ratio 

increases. Approaching the nanoscale, the surface area to volume ratio increases 

drastically, causing interesting and unexpected properties to arise. For example, quantum 

dot semiconductor nanoparticles with different core sizes34 and different core elements35  
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would emit different distinct wavelengths of visible light when excited by UV light, due 

to quantum confinement within the nanoparticle. Gold as a bulk material melts at 1337 K; 

however, as a 2nm nanoparticle, the melting point drops to 600 K36. Iron oxide, when 

made in the nano-scale, would be able to exhibit superparamagnetism, which is the 

ability to switch its magnetization direction based on temperature37. 

Nanoparticles that are integrated into commercial products may eventually leach 

out into the soil and waterways or be washed into the wastewater collection/treatment 

system and eventually be released into the environment as treated sewage sludge and 

water. Various studies had shown that nanoparticles leach out of commercial products 

with only water contact38–40. Nanoparticles contaminated water and sewage sludge might 

be respectively used to irrigate41 and to fertilize42 crops, causing nanoparticle exposure. 

When nanoparticles make their way to the environment, bioaccumulation into the food 

chain had been shown by various studies. For example, CeO2 NPs had been shown to 

accumulate in cilantro43, soy bean44, corn45, and tomato46 plants. The uptake of 

nanoparticles by plants is not just limited to CeO2 NPs47. Ag48 and CuO49 NP 

accumulation had also been found in  plants.  

 

1.3.1 Current Standing on Nanoparticle Toxicity 

Numerous standardized methods exist for the ecotoxicological regulation of 

Chemical Substances. Internationally harmonized standardized tests include the 

Organization for Economic Co‐operation and Development (OECD) tests50 and 

International Organization for Standardization (ISO), water quality acute toxicity test51. 
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Ecotoxicological test protocols are also developed by individual countries, for example, 

American Society of Testing and Materials Committee on Biological Effects and 

Environmental Fate has written protocols for testing substances on a range of aquatic 

invertebrates and fish52, as well as the Registration, Evaluation, Assessment and 

Restriction of CHemicals (REACH) regulation by the European Chemicals Agency 

(ECHA) for alternative substance testing to reduce test on animals53. Research on the 

toxicity of nanomaterials is striving to keep up with the fast pace of research on the 

properties and applications of nanoparticles. Standardized toxicity testing methods 

developed for bulk materials may not be applicable for nanoparticles, creating the need to 

develop new testing methods54,55. Early research on nanoparticle toxicity had 

demonstrated the problem with the absence of standardized toxicity testing methods for 

nanotoxicity studies56. Recently, the Organization for Economic Co-operation and 

Development (OECD) has published new guidelines for the toxicological testing of 

nanomaterials57,58.  

There have been many mechanistic cellular injury responses documented that are 

thought to be caused by nanoparticles. To list a few, TiO2 NPs and CuO NPs are known 

to cause oxidative stress, ZnO NPs and CuO NPs can release toxic metal ions through 

dissolution, polystyrene NPs can cause cationic injury to surface membranes and 

organelles, Carbon nanotubes (CNTs) can cause lung fibrosis, CuO NPs causes 

mitochondrial dysfunction that prevents Zebrafish embryo from hatching, and AgNPs 

and SiO2 NPs can cause cell membrane lysis59. A study focused on ranking the potency 

of nanomaterials had shown high toxicity levels and a similar toxicity pathway between 

various forms of CNT and TiO2 NPs when in vivo studies were done in the lungs of mice. 
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All variant nanoparticles will need to be treated equally in toxicity testing as there is not 

enough data to isolate certain particles as low in toxicity60. 

Nanoparticles impart their toxicity by its nanoparticle form and by its ionic form 

achieved through dissolution. AgNPs had been shown to be lethally toxic to Daphnia 

Magna in both powder and colloidal form. However, the colloidal form of AgNPs was 47 

times more toxic than the powder form61. Another study on the mechanisms of toxicity of 

AgNPs towards HeLA cells had shown that AgNPs penetrating the cells get accumulated 

in the lysosomes causing some membrane damage. The acidic environment in the cell 

leads to the formation of Ag+ ions which then induces cell death62. In another study, rats 

were exposed to CuNPs and Cu ions. The Cu ions required 3 times less in concentration 

to induce  liver and kidney failure when compared to CuNPs63. The ionic form of 

nanoparticles had been shown to be more toxic than the nanoparticle form.  

Priority is often given to studying how nanoparticles could have an impact on 

human health. It is also important that consideration is given to the fate of nanoparticles 

when they enter the environment64.  While in recent years, a large focus has been on the 

aquatic environment, the impact on the terrestrial environment is increasingly under 

scrutiny55.  Studying the long-term effects of nanoparticles, either for human health or for 

the environment, requires not only understanding the pristine form of the nanoparticles 

that are being used, but consideration must also be placed on the life cycle of the 

nanoparticles that can cause various transformations. The reactive and unstable nature of 

most nanoparticles makes transformations of these nanoparticles inevitable throughout 

the lifecycle of the nanoparticle65. It is important to thoroughly investigate these 

transformations to identify the effects of all the by-products of the nanoparticle lifecycle. 
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1.3.2 Nanoparticle Transformations 

Nanoparticles in commercial products are exposed to different stimuli that 

weather the nanoparticles throughout the product lifecycle. The term weather is used in 

this research to state the occurrence of a morphological or compositional change due to 

an external stimulus. With products like paint, sunscreen, sports clothing, baby powder, 

and cosmetics, the nanoparticles can be exposed to UV light, sweat, chlorinated water 

(swimming pool), laundry detergent, and laundry bleach through everyday use. 

Moreover, nanoparticles that leach out of the products will wash into the sewer system 

and be exposed to various treatments at the wastewater treatment plant. The various life 

cycle scenarios will cause the morphological and compositional transformation of the 

nanoparticles.  

1.3.2.1 Morphological Transformation  

Nanoparticles had been found to aggregate and agglomerate when exposed to 

various external factors. The definition of the terms aggregates and agglomerates had 

been used interchangeably, causing confusion in various applications (Table 1-1Error! 

Reference source not found.). In this thesis, the term aggregate is defined as particles 

that are loosely bound by contact and are readily dispersible. The term agglomerate is 

defined as particles that are rigidly bound by fusion and are not readily dispersible. 

Aggregation in nanoparticles occurs when surface interactions like Van der Walls forces 

hold the nanoparticles together. Agglomeration can be initiated by the dissolution of 

nanoparticles into solution followed by precipitation into a large agglomerate.  
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Table 1-1: The use of the terms agglomerate and aggregate from four literature sources66. 

Sources Particles that are loosely 

bound by contact.  

Readily dispersed. 

Particles that are rigidly 

bound by fusion.  

Not readily dispersed 

Chambers Science and 

Technology Dictionary67 

Aggregate Agglomerate 

The United States 

Pharmacopoeia, USP 2468 

Aggregate Agglomerate 

British Standards 

Institution, BS 295569 

Aggregate Agglomerate 

International Organization 

for Standards, ISO 1488770 

Agglomerate Aggregate 

 

1.3.2.2 Compositional Transformation 

Compositional change that can occur to nanoparticles includes the reduction or 

oxidation of the nanoparticles. The oxidation or reduction of nanoparticles can cause ion 

formation that would lead to the dissolution of nanoparticles71,72. Redox reactions with 

metal nanoparticles can cause the formation of sulfide, chloride, amine, and thiol 

salts73,74. Moreover, the cations like Ca2+ and Mg2+ had been found to aggregate on the 

surface of nanoparticles75. Furthermore, nanoparticles are also known to form passivation 

layers on their surface due to sulfidation, thiol interaction, and metal halide formation76. 

In order to further understand the properties of Ag, ZnO, and CeO2 NPs, their 

unique properties, toxicity mechanisms will be further discussed. 

1.4 Nanoparticles Researched 

The criteria used to choose nanoparticles to be researched are as follows; 

nanoparticles are being mass-produced for introduction to commercial products, the 
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nanoparticle has known toxic effects, a high number of research of the nanoparticle on 

environmental impact, and the nanoparticle undergo known transformations when 

exposed to external stimuli. AgNPs, ZnO NPs, and CeO2 NPs were chosen as the first 

three nanoparticles to analyze the possible transformations. 

 

1.4.1 Silver Nanoparticles 

1.4.1.1 Nanoparticle Properties 

Ag had historically been used for its hygienic and healing purposes77. AgNPs 

exhibit a strong antimicrobial activity, hence, leading to its presence in various consumer 

products like clothing, medical devices, and even home appliances78,79. Moreover, the 

existence of low-cost synthesis methods using various silver salts, help streamline the 

adoption of AgNPs in commercial products79. 

1.4.1.2 Toxicity  

AgNPs had been shown to be toxic to aquatic invertebrate D. magna and to trout 

and human hepatocyte cell lines47. The various toxic effects of AgNPs towards plant root 

cells is shown in Figure 1-3Error! Reference source not found.. The uptake of AgNPs 

into the plant cell is caused by the particles puncturing holes through the cell wall80. 

Translocation of AgNPs into the cell by endocytosis occurs by the creation of vesicles on 

the surface of the cell81,82. Upon entering, AgNPs impart physiological, biochemical, and 

structural toxicity within plant cells83. AgNPs also damages the DNA and RNA by 

breaking the phosphodiester bonds84,85. 
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Figure 1-3: The image shows the uptake of AgNPs from the soil. The toxic effects of 

AgNPs on the various parts of the plant cell are demonstrated86. The figure is used with 

permission from Tripathi under the terms of the Creative Commons Attribution License 

(CC BY). 

 

There are major ways that AgNPs exhibits its toxicity. Surface oxidation on 

AgNPs causes the release of toxic Ag+ ions. It had been found that ionic Ag+ inhibits 

basolateral Na+, K+‐ATPase activity, causing acute toxicity at the gills of freshwater 

trout87. AgNPs causes cellular membrane rupture when it comes in direct contact with 

cells. Researchers had been able to capture TEM images (Figure 1-4) of AgNPs, causing 

a rupture to the membrane of a gram-positive bacteria88. Damages to the cell membrane 

can lead to the production of lethal ROS species with the cells89,90. 
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Figure 1-4: TEM images of a) control, b-d) cells exposed to AgNPs. White arrows show 

the nanoparticles and the black arrows show the nanoparticles causing the cell membrane 

to rupture88. This image is used with permission from the American Chemical Society. 

 

1.4.1.3 Known Transformations 

AgNPs oxidizes into Ag+ ions in water, leading to the dissolution of AgNPs91. 

The ionization of AgNPs is aided by the presence of chloride ions in solution91. The 

transformation of AgNPs to Ag2S upon a 2-hour exposure to sewage sludge had been 

previously reported92. Moreover, AgNPs had been to form Ag2CO3, Ag3PO4, and AgCl 

when incubated in environmental and biological solutions93. AgNPs had also been shown 

to form a passivation layer on the surface of the nanoparticle. The passivation layer can 

be composed of Ag2S, Ag2O, silver halides, and ionic interactions with thiol groups76. 
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1.4.2 Zinc Oxide Nanoparticles 

1.4.2.1 Nanoparticle Properties 

ZnO exists in one of three possible crystal structures; wurtzite, zinc-blende, and 

rock-salt, as shown in Figure 1-5Error! Reference source not found.. In the nanoparticle 

form, the wurtzite structure is most common94. 

 

Figure 1-5: Stick and ball representation of ZnO crystal structures. The grey spheres are 

zinc atoms, and the black spheres are oxygen atoms95. This image is used with permission 

from AIP Publishing. 

 

The commercial uses of ZnO NPs are due to two very important properties; being 

effective in absorbing UVA and UVB light96 and being an excellent antimicrobial 

agent15. The UV absorbing property of ZnO NPs exists due to the wide, 3.37 eV bandgap 

that exists at room temperature96.  

1.4.2.2 Toxicity  

There is a large array of literature on the adverse toxic effects of ZnO NPs. The 

cytotoxic effect of ZnO NPs had been demonstrated on numerous occasions. A complete 

inhibition towards the growth of E. coli had been shown at concentrations higher than 3.4 
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mM ZnO NPs97. In the case of P. aeruginosa, B. subtilis, B. barbaricus, K. pneumonia, 

and M. luteus,  60%, 100%, 100%, 60%, and 68% inhibition in bacterial growth was 

observed in agar plates supplemented with 100 µg per plate of ZnO NPs98. The ZnO NPs 

had been shown to cause acute pulmonary inflammation and peripheral immune reactions 

in mouse models with the severity of the immune response being dependent on the size 

and coating of the NPs99. Therefore, any transformation that takes place within the ZnO 

NPs will alter the degree of toxicity of the NP. The level of toxicity of ZnO NPs varies 

between different cell types due to the varying internal pH between cell types. It had been 

shown that ZnO NPs are more toxic in an acidic environment as the low pH promotes the 

dissolution of the nanoparticle100. 

The dissolution chemistry of ZnO nanoparticles is a major contributor to its 

toxicity59. Researchers are working on the development of ZnO NP variants like zinc-iron 

oxides, that are more resistant to dissolution than zinc59. The ability of ZnO NPs to 

generate reactive oxygen species also contributes towards the toxicity of the 

nanoparticles. Hydroxyl radicals are generated by ZnO NPs in aqueous suspension due to 

the interaction of water molecules with the surface of the nanoparticles101,102. It had been 

observed that ZnO NPs showed extreme cytotoxicity, causing apoptosis in mammalian 

cancer cells (HepG2, A549, and BEAS-2B) by the production of ROS while having no 

effects on normal cells (rat astrocytes and hepatocytes)103 suggesting the potential of ZnO 

NP as an alternative for cancer therapy. ZnO NPs can cause damage to bacterial cell 

membrane when it comes in direct contact. The damaged cell membrane causes an 

increase in membrane permeability, which leads to the accumulation of ZnO NPs within 
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the cell104. The damage on the cell membrane is caused by electrostatic forces that attract 

the nanoparticle to the bacterial membrane105. 

1.4.2.3 Known Transformations 

ZnO NPs had been found to soluble in water, where the solubility increases with 

the decreasing particle size and a decreasing pH. 7 nm ZnO NPs at pH 7.5 has a solubility 

constant of 3.2 x 10-6 mol/L 106. Due to the highly soluble nature of ZnO NPs, under 

morphological conditions, Zn2+ ions bind with phosphate ions to make zinc phosphate 

(Zn3(PO4)2)
107. Moreover, heating spherical ZnO NPs to 600 ℃ had shown to transform 

the nanoparticles to nanorods108. 

1.4.3 Cerium Oxide Nanoparticles 

1.4.3.1 Nanoparticle Properties 

Cerium (Ce) is the most abundant rare-earth element in the Earth’s crust109. Ce 

can stably exist as Ce3+ and Ce4+ in solution, as well as cycle between the oxidation states 

depending on the environmental condition110. Figure 1-6 Error! Reference source not 

found. illustrates the UV shielding property of CeO2 NPs, where the UV irradiation 

wavelengths of the standard solar spectrum (Error! Reference source not found. (1)) 

are absorbed by the nanoparticle, resulting in the transmission spectrum (Error! 

Reference source not found. (4)) shown111. 
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Figure 1-6: Shows the Standard solar spectrum (1), and a transmission spectrum of 

10% CeO2 NP sol in 20 μm cuvette (4). Dashed lines correspond to the left axis; the solid 

line corresponds to the right axis111. This image is used with permission from Elsevier. 

 

CeO2 NPs have the ability to exist in either a +3 (reduced) or +4 (oxidized) state 

at the nanoparticle surface. At the Ce3+ state, oxygen vacancies are introduced onto the 

surface of the nanoparticle112 (Figure 1-7Error! Reference source not found.). 

 

Figure 1-7: Shows the appearance of voids on the surface of CeO2 NPs due to oxygen 

vacancies113 used with permission from AIP Publishing. 
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 CeO2 are non-stoichiometric when in a nanoparticle form, giving it the ability to 

participate in various redox processes114,115. CeO2 NPs, with its superoxide dismutase and 

catalase enzyme mimetic property, is able to inactivate many reactive oxygen species 

(ROS) like superoxide radicals116, hydrogen peroxide112, and nitroxyl radicals117. 

1.4.3.2 Toxicity  

There are many studies that reported the non-toxic nature of CeO2 NPs43,111,118,119. 

CeO2 NPs had been shown to prevent retinal disorders leading to blindness120, increase 

the life span of brain cell cultures121, and inhibit cellular aging122. However, CeO2 NPs do 

exhibit a toxic nature in some cases of extreme exposure. When tested with a Daphnia 

magna assay and a bioluminescent test, CeO2 NPs were shown to be very toxic123. CeO2 

NPs were also shown to exhibit moderate toxicity towards human muscle tissues124, 

cause liver damage in rats125, and decrease the lifespan in roundworms126.  

Due to the limited research resulting in the toxicity of CeO2 NPs, there are few 

findings on the mechanism of nanoparticle toxicity. Direct contact with CeO2 NPs had 

been shown to damage the cytoplasmic membrane of algae cells127. In some cases, CeO2 

NPS can also act as an oxidant that induces the formation of ROS within the cell, causing 

apoptosis128. 

1.4.3.3 Known Transformations 

CeO2 NPs had been found to dissolve into solution with a solubility constant of 23 

µmol/L for 9 nm nanoparticles when pH is below 4.6129. Elemental association with 

sulfur and sodium had been found on the surface of CeO2 NPs when exposed to a matrix 
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containing sulfate groups and sodium salts129. A recent study showed the transformations 

of CeO2 NPs that took place during the combustion of a diesel engine as CeO2 

nanoparticles are used as diesel fuel additives. 3-7 nm CeO2 NPs had agglomerated to 

about 300 nm in size and a coating of various impurities had deposited on the surface of 

the agglomerated nanoparticle after the combustion of the diesel fuel130.  
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Chapter 2: Analysis Techniques 

This chapter will focus on explaining the working principles of some of the major 

analytical techniques used in this research. These techniques were specifically chosen to 

provide the required data to help achieve the research objectives.  

 

2.1 Transmission Electron Microscope (TEM) 

The TEM was chosen to obtain images of the nanoparticles in this study. The leap 

into electron microscopy in 1931 helped overcome the resolution limits of light 

microscopy1. The use of electrons was possible due to Louis de Broglie’s hypothesis that 

proposes all matter to exhibit wave-like property. The earlier electron microscopes were 

scanning electron microscopes (SEM), where the reflection of electrons on the surface of 

samples was imaged. Later, increasing the accelerating voltage of the electrons caused it 

to penetrate the samples at high speeds. The transmission of electrons through the sample 

lead to the making of a TEM. A modern TEM will be able to provide a practical 

resolution of 0.2 nm2, due to limitations from aberrations caused by the imperfections on 

electromagnetic lenses and ununiform nature of the electron beam. Attempts to combat 

aberrations by increasing operational voltage caused damage to fragile samples3. 
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Figure 2-1: Diagram of TEM components4 used with permission from North Carolina 

State University. 

 

A diagram of the various parts of the TEM can be seen in Figure 2-1 above. The 

first part of the TEM is the electron gun. Electrons are produced most commonly by 

heating a tungsten filament in the electron gun. The process of releasing electron by heat 

is called thermionic emission5,6. The electrons released are accelerated at high voltage 

(100 - 400 kV) to achieve high electron velocity that would yield a sharper, high-

resolution image.7 The electrons then pass through the condenser lens that helps focus the 

electron beam onto the specimen. Typically, electron microscopes have two condenser 

lenses. The first lens will have a fixed aperture and the second lens will have a variable 

aperture. The variable aperture of the lens helps with obtaining images at different 
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magnifications. Smaller aperture size is used to concentrate electrons into a small focal 

point on the specimen, which will produce a high magnification image8. 

In order to produce an image on the TEM, some electrons will have to pass 

through the sample. The sample has to be very thin (<100 nm) for the electrons to pass 

through. It is a challenge to deposit a thin sample, especially when dealing with 

organisms. Moreover, samples must be completely dehydrated, and heat resistant to 

maintain its structure as being bombarded by high-speed electrons produces much heat. 

The sample inserted in the TEM also has to be stable in a vacuum. The vacuum 

environment in the TEM reduces noise that can be caused by electrons scattered by air 

particles. The electrons will then scatter as it encounters the various atoms in the sample. 

The sample is usually prepared on a carbon film within a mesh. The carbon atoms are 

small enough that the electrons will pass through with minimum interference9,10. 

Electrons that are scattered by the sample passes through the objective lens to 

form the first intermediate image. The next lens that the electron pass-through is the 

intermediate lens. The intermediate lens is used to focus on a specific diffraction pattern 

produced by the samples. Images produced by strongly diffracting the electrons that pass 

through crystalline structures are called dark-field images11. Finally, electrons pass 

through the projector lens to be further magnified and projected onto the image sensor8. 

Electrons projected from a TEM can be observed in real-time on a fluorescent 

screen. The image on a fluorescent screen is generated by the excitation of a phosphor 

caused by the collision of electrons. The phosphor that is excited exhibits a green color. 

The fluorescent screen also acts as a shutter that keeps the beam from entering the 



32 
 

charge-coupled device (CCD) camera sensor, which is used to produce a digital 

image12,13. 

The TEM images in this study were obtained using FEI Tecnai G2 TEM (Thermo 

Fisher Scientific, Waltham, MA, USA) at 200 kV. Samples were prepared on copper 

mech TEM grids, CF300-CU, purchased from Electron Microscopy Sciences, Hatfield, 

PA, USA. Due to the TEM giving an image of a very small window of the sample, 

multiple replicates are were analyzed. Moreover, on each replicate, two TEM grids were 

prepared. At least 5 images were taken from different grid locations on the same TEM 

grid.  

The TEM images provided evidence of a morphological transformation to the 

nanoparticles tested. The aggregation and agglomeration of nanoparticles were 

determined through the visual analysis of TEM images. The nanoparticles were 

determined to be aggregated when the nanoparticles are clustered together, the distinction 

between individual particles is clearly visible, and the size of individual particles 

remained unchanged. The nanoparticles were determined to be agglomerated when larger 

and pristine sized particles were observed. The samples prepared for TEM imaging needs 

to be diluted to have only a thin deposition of nanoparticles as highly dense clusters of 

nanoparticles formed during the drying process can be inaccurately analyzed as a large 

agglomeration. The transformations that had been presented in this research had been 

found to be consistent on the multiple replicates and on the various grid locations that 

were imaged.   
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2.2 Energy-Dispersive X-ray Spectroscopy (EDS) 

EDS was chosen to analyze the elemental composition of the nanoparticles and 

the nanoparticle matrix analyzed in this study. EDS analysis can be performed with high 

accuracy on specific locations on a sample with a spatial resolution of 0.03 nm. The 

accuracy of EDS helps analyze distribution elements at various points in a sample. EDS 

spectroscopy is usually built into other instruments like TEM and SEM, where the 

elemental composition can help confirm the location of the desired sample. Furthermore, 

EDS works by exciting the surface of the sample with a high energy electron beam, 

which already exists in electron microscopes14. The electrons hitting the sample causes 

the emission of a specific wavelength of X-Ray dependent upon the atomic structure of 

the elements in the sample15.  
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Figure 2-2: The process of generation of X-rays. (1) The electron beam knocks off one 

of the electrons in the atom, leaving a void. (2) The void is filled by an electron from a 

higher energy shell, causing a very specific release of energy16. This image was used with 

permission from ThermoFisher Scientific. 

 

Elemental identification with EDS is very accurate due to the uniqueness of every 

atom having a specific number of electrons at fixed positions within the atom. The 

electrons are positioned in shells with different energies. As shown in Figure 2-2, the X-

ray detected by EDS is generated from an atom by first absorbing the energy from the 

electron beam to displace an electron to a higher energy level or out of the atom. The 

empty void left by the electron is later filled by a different electron from a higher energy 

level, which causes the release of energy as an X-ray16. The various energies of X-rays 

released are detected by an energy dispersive detector. Software is used to count the 

number of X-rays received (Y-axis) at specific energy levels (X-axis). Being able to 
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identify the elements and count the signals received make EDS a qualitative and 

quantitative analysis17. 

The EDS of the samples in this research was obtained via an attachment to the 

TEM, Aztec EDS from Oxford X-ray detection systems (Oxford Instruments, Tubney 

Woods, Abingdon, UK). For the purposes of this, EDS was used as a qualitative method 

only, as analyzing a complex matrix with varying thickness will provide inconsistent 

quantitative results18. The channeling effect, where individual atoms act as miniature 

lenses to the electron beam, will affect the EDS signal count when the thickness of the 

sample varies19. However, channeling is beneficial in providing a higher signal count 

when focused on a single point of the sample18. 

EDS analysis were performed on all the TEM images obtained in this research. 

The EDS analysis showed the various elements that exist in the same location as the 

nanoparticles. The conclusion is drawn on the association of the element found by EDS 

with the nanoparticle when the result is consistent throughout the various replicated and 

grid locations. The background of the nanoparticles was also analyzed to confirm that the 

elements found are not part of the surrounding matrix.  

 

2.3 Inductively coupled plasma, mass spectrometry (ICP-MS) 

A mass spectrometer is an instrument that measures the mass to charge ratio and 

the relative abundance of an ion20. Molecules are first bombarded by a stream of high-

energy electrons, which ionizes some of the molecules that are then accelerated in an 
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electric field. Then, these accelerated ions are separated according to their mass-to-charge 

ratios in an electric or magnetic field. The ions that have a specific mass-to-charge ratio 

are recognized by a sensor, which will also count the number of ions hitting it21.  

In an ICP-MS, samples are ionized by an inductively coupled plasma. The sample 

introduction system consists of the nebulizer, spray chamber, and ICP torch. Ion 

generation takes place in a high-temperature plasma (>10000 K) that atomizes the sample 

to creates atomic and small polyatomic ions22,23. 

 

Figure 2-3: Schematic of the ICP-MS system24 used with permission from Springer 

Vienna. 

 

Figure 2-3 above shows the operational schematics of an ICP-MS. The sample is 

pumped from sample vial into a nebulizer where it is mixed with argon gas to form an 

aerosol. The fine aerosol is swept into the central channel of the plasma torch. As they 

travel through the high-temperature argon plasma, the aerosol droplets are dried, 
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decomposed, atomized, and finally ionized, producing a rich source of positively charged 

ions. The ions are extracted from the plasma into the interface through sampling orifice 

and then through the skimmer cone and to the high vacuum region containing the ion 

lenses and mass analyzer. Electrostatic lenses focus the ion beam and separate the 

positive ions from unwanted neutral species. The ion detector detects the ion and the data 

can be later analyzed24. 

ICP-MS  combined with a powerful data analysis software, is a widely used 

technique in nanoparticle characterization25–27. A variant of the ICP-MS, called the 

single-particle(SP)-ICP-MS, is unique in its ability to give information on NP size, size 

distribution, elemental composition, and number concentration in just one quick 

analysis28,29. However, the shortcoming of this technique techniques is the presence of a 

dissolved analyte that may produce a continuous signal that will mask the signals 

produced by individual particles entering the plasma29. 

In this research, ICP-MS was used to measure the concentration of metal 

nanoparticles in commercial products as well as the number of nanoparticles leaching out 

when the products are put through simulated day-to-day use scenarios and incubated in 

wastewater. Attempts were made to size and count ZnO NPs using SP-ICP-MS; however, 

the high dissolution rate of ZnO NPs made a high background signal that masked the 

signals from the nanoparticles. 
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2.4 X-Ray Photoelectron Spectrometer (XPS) 

In this study, XPS was used to detect the change in the oxidation state of the 

elements comprising the nanoparticles. X-ray photoelectron spectroscopy (XPS) is a 

quantitative spectroscopic technique that is used for materials studies such as 

nanoparticles30 to determine the elemental composition of the surface (top 0-10 nm), the 

empirical formula of pure materials, and the chemical or electronic state of each element 

in the surface31. A material under investigation is irradiated with a beam of low energy X-

rays, causing electrons (a.k.a. photoelectrons) to escape from the top layer of the material 

being analyzed32,33, as shown in Figure 2-4 .  The kinetic energy (KE) of the photo-

emitted electron is calculated to identify the elements in the analyzed material31.  

 

Figure 2-4: Photoelectron release upon irradiation with an X-ray beam in XPS33 used 

with permission from Elsevier. 

 

XPS is a very sensitive and non-invasive technique that can detect all the 

elements with atomic number 3 and above (H and He cannot be identified as it only has 

one shell of electrons)34. The energies and intensities of the photoelectron peaks enable 

the identification and quantification of all surface elements35.  Peaks appear in the XPS 

https://www.indiamart.com/proddetail/x-ray-photoelectron-spectrometer-xps-supra-14764438788.html
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spectrum from atoms emitting electrons of characteristic kinetic energy (eV) plotted 

against the number of counts30,33. 

The ability of XPS to provide information on oxidation state changes is a piece of 

important information for this thesis36. The change in the oxidation state is used to 

support the occurrence of a compositional transformation within the nanoparticles 

analyzed. The transformation of the nanoparticle is only detected on the surface, as the X-

rays do not penetrate the nanoparticles. Any oxidation state changes within the 

nanoparticle can not be deduced by only XPS37. 
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Chapter 3: Morphological transformation of silver nanoparticles from 

commercial products: modeling from product incorporation, 

weathering through use scenarios, and leaching into wastewater 

Selvan Mohan, Juliska Princz, Banu Ormeci, Maria C. DeRosa  

3.1 Abstract:  

There is increasing interest in the environmental fate and effects of engineered 

nanomaterials due to their ubiquitous use in consumer products. In particular, given the 

mounting evidence that dramatic transformations can occur to a nanomaterial throughout 

its product lifecycle, the appropriateness of using pristine nanomaterials in environmental 

testing is being questioned.  Using a combination of transmission electron microscopy 

(TEM), energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy 

(XPS), and inductively coupled plasma-mass spectrometry (ICP-MS), this work 

examines the morphological and compositional effects of conditions mimicking a typical 

lifecycle of a nano-enabled product, from the production of the silver nanoparticle 

(AgNP)-laden textiles, through its use, laundering, and then finally, its leaching and 

incubation in the wastewater collection system. These simulated weathering conditions 

showed evidence for the transformation of AgNPs into AgCl and Ag2S. Incubation in raw 

wastewater had the most dramatic effect on the AgNPs in terms of transformation, no 

matter what initial weathering was applied to the NPs prior to incubation. However, 

despite extensive transformation noted, AgNPs were still present within all the samples 

after the use scenarios. 
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3.2 Introduction 

The unique properties of nanoparticles (NPs) make them attractive additives in a 

variety of commercial products. With the heightened interest in this area of research has 

come a plethora of novel nanomaterials of varying composition and morphology, many 

with attractive possible applications1,2. Of the over 1600 products claiming to contain 

nanomaterials, 383 of them explicitly declare the incorporation of silver 3. Although 

AgNPs are applied to many different commercial products worldwide, the majority of 

them are used in textiles for antimicrobial purposes 4–7. The ubiquity of AgNP-laden 

products in the marketplace sparks the question of the eventual environmental fate and 

effects of these materials. 

Studies on the environmental impact of nanoparticles are typically carried out 

using the material in pristine form and vary widely in size (10-50 nm) and coatings 

depending on the availability and ease of synthesis of the nanoparticles 8–14. Numerous 

studies have established the potential ecotoxic effects of AgNPs. They inhibit the 

photosynthesis of algae, increase the mortality rate of aquatic zebrafish embryos, and 

disrupt microbial colonies in soil 12–19. While an understanding of the potential impact of 

pristine nanoparticles on the environment is essential, particularly in simulating 

accidental spill scenarios, these results might not be universally applicable to all exposure 

situations, given the transformations that NPs could undergo throughout its life cycle 22. 

Transformations can include the agglomeration or aggregation of the nanoparticle or a 

chemical/surface transformation triggered by exposure to other agents within the product 

or exposed to the product. Although often used interchangeably, aggregation is defined as 

the loose assembly of particles and agglomeration is when the more permanent assembly 
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of the particles into tight clusters causing partial fusion 23. Several studies have already 

established that transformations to AgCl or Ag2S are possible for AgNPs 24. This 

transformation has been previously described as oxidative dissolution by chlorine and 

sulfidation, respectively 25,26. However, the presence of chloride, nitrate, selenide, and 

sulfide have also been known to lead to AgNPs transformations 27–29. Indeed, analyzing 

transformed NPs and subsequent byproducts released from the use of products containing 

NPs will inform environmental fate and toxicological studies, as well as risk assessment 

initiatives 30. 

With regards to Ag, studies have shown that AgNPs are released from AgNP-

laden fabric using only water washes 31,32. Treatments with sweat and detergent have also 

been shown to trigger the release of NPs 33–35. The composition, pH, and ionic strength of 

these solutions will contribute to the variability in the form of Ag extracted 24. As the 

fabrics are exposed to these conditions (e.g., washing, sweat, etc.), the potential is high 

that the leachates from the consumer product, containing transformed AgNPs, will 

eventually end up in the wastewater treatment process 36. However, even before reaching 

the wastewater treatment facility, incubation in the wastewater collection system could 

further transform the nanomaterials. Pristine nanoparticles are known to disrupt microbial 

colonies, biofilms, and alter the chemical properties of the wastewater, hindering the 

effectiveness of the wastewater treatment 37–39. Further transformation of these AgNPs 

can be expected through the wastewater treatment, as well as with environmental 

weathering 40–42. Finally, sludge from wastewater is treated for use in agricultural 

applications 43. The transformation of AgNPs to Ag2S when added directly to the sludge, 
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has been reported 44
. Ag2S nanoparticles of 5-10 nm have also been independently 

detected in sewage sludge 45
.  

A clearer understanding of the physical and chemical changes that take place 

throughout the lifecycle of a nano-enabled product would help inform toxicological 

studies and improve our risk assessment for nanomaterials. In this paper, the morphology 

and composition of AgNPs, when embedded into fabric, are compared following a 

variety of treatments meant to mimic several stages in the lifecycle of the nanomaterial, 

from initial product incorporation to use and washing, to right before the wastewater 

treatment process (Figure 3-1).  

 

Figure 3-1. Overview of the path of potential transformations for AgNPs studied in this 

paper. 
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3.3 Materials and Methods  

Pristine AgNPs, 25 ± 3 nm Econix Silver Nanospheres (5 mg/mL concentration, -

23 mV zeta potential) were purchased from Nanocomposix (Figure 3-2). Socks with 

AgNPs (Sports Socks) were purchased from Nanosilver (commercial socks). White 

Hanes sport cut socks, Clorox® bleach and Tide® Original laundry detergent were used 

as received. Raw wastewater (filtered to remove large solid matter) was obtained from 

the influent of the Robert O. Pickard Environmental Centre wastewater plant (Ottawa, 

Ontario, Canada). Transmission electron microscopy (TEM) grids were purchased from 

Electron Microscopy Sciences. All acids used were ultrapure reagent grade unless 

specified. Only double deionized water (ddH2O) was used in this experiment. All other 

chemicals were purchased from Sigma Aldrich and used as received.  

 

Figure 3-2. TEM images of 25 nm pristine AgNPs from Nanocomposix in ddH2O Left: 

Close up view showing particles of mostly spherical shape.  Right: A full view of the 

nanoparticle sample, indicating a reasonably monodisperse sample with little to no 

aggregation. 
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3.3.1 Preparing socks for in-situ impregnation (Kier boiling) 

Kier boiling of the commercial socks was employed to remove the wax finishing 

and non-cellulosic materials on the cotton fibers 46. In brief, 14.7 g of Na2CO3 and 33.3 

grams of NaOH was added to 1 L of ddH2O in a 2 L round bottom flask. A pair of white 

Hanes socks were added to the solution and refluxed for 10 hours. The solution turned 

yellow when boiling and eventually turned brown, indicating the removal of waxy and 

non-cellulosic material 46. The socks were removed from the solution and remained white 

in color. The socks were then rinsed five times in a 20% bleach solution and left to air 

dry. 

 

3.3.2 In-situ impregnation of Ag nanoparticles into socks (laboratory-prepared 

socks) 

A kier boiled sock was immersed in a 1 mM AgNO3 solution in a 4 L beaker at 

1:20 (w/v) and then autoclaved for 15 min at 121 °C and 15 psi. Thereafter, the solution 

was left to cool to room temperature 47. The socks were then rinsed with ddH2O (3 x 1000 

mL) to remove any free NPs and then air-dried. The socks turned from white to brown, 

indicating the deposition of AgNPs on the socks 47. 
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3.3.3 Day-to-day wear with sweat, bleach, and detergent   

Each treatment was comprised of a single sock in a 1L beaker with 750 ml of one 

of three solutions mimicking typical product use. For the sweat solution, a 1.08 % NaCl, 

0.12 % lactic acid and 0.13 % urea solution was prepared (pH 3) 34. To mimic typical 

bleaching or laundering conditions, 10 mL bleach in 750 mL of water (pH 11.3) and six 

mL of detergent in 750 mL of water (pH 8.6), were used, respectively 31. The solutions 

were then agitated on an Innova 40 Incubator Shaker at 100 oscillations per minute at 37 

°C for 24 hours, to simulate multiple uses and wash cycles as well as the average wash 

temperature.  

 

3.3.4 Wastewater exposure  

Raw wastewater was characterized (see supporting information, Table S 3-1) and 

used the very same day unless indicated.  5 µL of the pristine NPs solution (5 mg/mL) 

was added to 2 mL of raw wastewater. The leachate from the bleach, detergent, and sweat 

solutions was each mixed separately with wastewater at a 1:1 ratio to make up a 2 mL 

solution. The mixtures were then vortexed on a Vortex-Genie 2, (Scientific Industries) for 

10 minutes, and then left for 24 hours at 21 °C before the TEM grids were prepared. 

A 15 mg/L aqueous solution of 1,6-hexanedithiol and a 5 mg/L aqueous solution 

of ammonium hydroxide were also used as model sulfur-rich and nitrogen-rich solutions, 

respectively. Pristine NPs and leachate from the bleach, detergent, and sweat solutions 
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were directly added to the sulfur or nitrogen solutions, vortexed for 10 min, and left for 

24 hours at 21 °C.  

The choices for the incubation time and temperatures were guided by the previous 

work done by our research group48. 

 

3.3.5  Sample preparation for ICP-MS analysis 

3.3.5.1 Incineration 

A small pre-weighed piece of the sock (~100 mg) was placed in a 10 ml Pyrex 

beaker and placed into a TEMCO 1520 benchtop muffle furnace. The furnace was heated 

to 600 °C and left for 3 hours or until the sample turned to white ash. The sample was let 

to cool to room temperature before removing from the furnace 34. The ash was then 

dissolved in 100 µL HNO3 and diluted 10X with ddH2O. 

3.3.5.2 Aqua-regia 

A small pre-weighed piece of the sock (~100 mg) was soaked in a 1:3 ratio of 

HNO3 and HCl for 1 hour and then heated to 90 °C for 2 hours 49. The sample was 

diluted 10X with ddH2O before analysis.  

3.3.5.3 HNO3 /H2O2 

A small pre-weighed piece of the sock (~100 mg) was submerged in a 1:1 ratio of 

HNO3 and H2O. The solution was heated to 100 °C, and more HNO3 was added slowly 

until most of the sock dissolved. The solution was allowed to cool, and 30% H2O2 was 
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added until the bubbling stopped 31. The sample was diluted 10X with ddH2O before 

analysis.   

 

3.3.6 Analysis 

ICP-MS was performed on an Agilent 8800QQQ or an Agilent 7700x ICP-MS 

(used only to determine the best extraction method). The ICP-MS samples for the socks 

were prepared by dissolving the ash after incineration in 1 mL HNO3 and diluting that in 

9 mL ddH2O. The solutions from the extractions from section 2.5, leachates, and 

wastewater incubations were used as-is. Appropriate dilutions were made to ensure the 

Ag concentration was within the calibration curve and the results were normalized to 

compare the extraction methods. 

The TEM images were taken using FEI Tecnai G2 TEM at 200 kV. Samples were 

first prepared the same way as for the ICP-MS. The solutions were then vortexed for two 

minutes, and thereafter,  6 µL of the sample was placed on the grid and left for a minute. 

Residual liquid was removed using a pipette, and another 6 µL of the sample was added. 

The residual sample was removed for the second time, and the grid was left to air dry for 

two hours. The CF300-Cu grid was used. 

The EDS of the sample was taken through an attachment to the TEM, Aztec EDS, 

from Oxford X-ray detection systems. The beam was made top focus directly on the 

nanoparticle. 
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The XPS were taken using Kratos analytical model Axis Ultra DLD using AlKα 

radiation, charge neutralizer, and a delay-line detector (DLD). The samples used for XPS 

were all in the liquid form, wherein 10 µL of the sample was applied onto a glass 

coverslip. The sample was left to air dry for two hours. Once dried, another 10 µL of the 

sample was applied to the exact same spot and again left to air dry for two hours. This 

step was repeated 10 times or more until a visible spot was observed on the glass 

coverslip. 

 

3.4 Results and Discussion 

 

Figure 3-3. Summary of the lifecycle path and analysis of different AgNP sources 

studied in this paper. All analysis consists of TEM, EDS, and ICP-MS. The commercial 

socks were only analyzed through ICP-MS. 
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The diagram in Figure 3-3 shows the experimental design and path taken in 

analyzing the transformations of AgNP from three different sources through different use 

scenarios. The sources of AgNPs studied were the commercial socks, laboratory-prepared 

AgNP socks (in-situ NP synthesis used in industry 50,51), and pristine AgNPs. 

However, in order to analyze the silver content in these socks, either prior to and 

subsequent to use and wastewater exposure, a suitable method of extraction was required. 

Three methods (incineration, aqua-regia digestion, and nitric acid/hydrogen peroxide 

digestion) were selected, and the effectiveness of each technique was evaluated by ICP-

MS results. The background Ag concentration of the instrument was measured to be 5 

ng/L for the ICP-MS. Figure 3-4 shows the effectiveness of each preparation method in 

extracting Ag from the same commercial sock before day-to-day wear and wastewater 

exposure. Incinerating the socks yielded the most Ag extracted, confirmed by ANOVA 

statistical test (F > F crit, P=0.000294). As a result, incineration was selected as the 

preferred method of analysis and subsequently used to prepare the remainder of sock 

samples for analysis.  
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Figure 3-4. Mean (± standard deviation) total Ag, derived from five samples, as 

measured through ICP-MS, based on different Ag extraction procedures on commercial 

socks before day-to-day use and wastewater exposure. 

 

Transmission electron microscopy with Energy Dispersive X-ray Spectroscopy 

(TEM-EDS) was used throughout this study to confirm the presence of AgNPs and to 

note morphological and compositional changes. However, despite being able to quantify 

Ag in these textiles by ICP-MS, the AgNPs could not be found in the commercial socks 

through TEM and EDS analysis, as shown in Figure 3-5. The NPs found in the TEM 

images of commercial socks were determined to be a majority of TiO2 NPs. TiO2 NPs 

can also be added as a white pigment within fabrics to mask the brown color of AgNP 52. 

The overwhelming presence of TiO2 may have masked the ability to detect Ag through 

TEM-EDS. In contrast, the AgNPs could readily be observed in the laboratory-prepared 

socks with a size distribution of between 5 – 50 nm via TEM-EDS. The laboratory-

prepared socks were brown as no TiO2 oxide was used to mask the color. 
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The Ag-containing socks (commercial and laboratory-prepared socks) were then 

analyzed for Ag content through ICP-MS, and the results are shown in Table 3-1. The 

Ag content of the laboratory-prepared sock was about 5000x higher than that of the 

commercial socks. This low Ag content in the commercial socks was below the detection 

limit for TEM-EDS. However, the concentration of Ag in the commercial sock is 

consistent with what has been reported in the literature 2 – 1360 µg-Ag/g-socks was 

detected when analyzing 5 different Ag-containing commercial socks 53. Further analysis 

of the commercial socks was only done by ICP-MS as the detection of Ag in the 

commercial socks was not possible via TEM-EDS.  
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Figure 3-5. TEM and EDS image of a) AgNPs found in laboratory-prepared socks b) 

Only TiO2 and ZnO NPs found in commercial socks. 

 

Table 3-1. ICP-MS result of Ag content in AgNP containing socks before any use or 

wastewater exposure. 

Sample mg/g of sock 

Commercial socks 0.0063 ± 0.0040 

Laboratory-prepared socks 2.84 ± 0.47 

 

Three systems were evaluated through simulated day-to-day use conditions 

(sweating, washing, and bleaching): the commercial and laboratory-prepared socks, as 

 

a) 

b) 
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well as free, pristine AgNPs (Figure 3-3). Human sweat varies in its pH and composition 

from different individuals. Kulthong et al. (2010) evaluated the effect of artificial sweat 

of different pH ranges on both laboratory-prepared and commercial fabrics, and 

determined that a pH of 6.5 released the most amount of AgNPs 34. A similar synthetic 

sweat composition was therefore used in this study 34. Commercial detergent and bleach 

were also used in the present study, and concentrations followed that prescribed for use 

by the commercial products to mimic realistic washing and bleaching conditions. The pH 

of bleach, detergent, and sweat solution were 11.3, 8.6 and 2.8 respectively. Another 

study had shown pH not to affect the chemical properties of AgNPs 54. Exposing AgNPs 

to solutions of pH 2-10 did not change the zeta potential of the nanoparticles 54. 

The commercial and laboratory-prepared socks were incubated with bleach, 

detergent, and sweat solutions for 24 hours to mimic day-to-day wear. These solutions 

were then analyzed using ICP-MS, of which results are shown in Table 3-2. Both the 

detergent and sweat solution had extracted Ag from the commercial socks, but there was 

no significant Ag in the bleach solution. The absence of Ag in the bleach solution could 

be due to the higher pH of the solution, limiting the extraction of Ag from the cotton 

fibers, or the extracted NPs could have agglomerated and settled, leading to an 

inhomogeneous sample for ICP-MS. Such large agglomerated Ag particles caused by the 

bleach solution were observed in TEM images of samples (Figure 3-6 and Figure 3-7). 

The observed agglomeration of Ag can be due to the oxidative dissolution of AgNPs, 

followed by the precipitation of AgCl 25. 

Since the initial concentrations of Ag were low, TEM images were not taken for 

any of the solutions from the commercial socks. The laboratory-prepared socks had much 
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more silver extracted into solution. However, the ratio of Ag released compared to the 

total Ag content in the socks was similar between the commercial and laboratory-

prepared socks, indicative that the binding strength between the AgNPs and the cotton 

fibers in the lab-prepared socks resembled the commercial socks. Having similar 

nanoparticle release ratio makes the laboratory prepared socks a suitable model to yield 

an accurate representation of the commercial socks for day-to-day use and wastewater 

exposure. 

Table 3-2. Mean concentration (± standard deviation), derived from triplicates, as 

measured through ICP-MS for Ag extracted from socks into solution after 24-hours of 

day-to-day use 

 
Ag concentration 

Day-to-day use Sweat Bleach Detergent 

Commercial socks (ng/L) 

(± 5 ng/L) 
202 5 158 

Laboratory-prepared 

socks (mg/L) (± 10 mg/L) 
441 564 620 

 

Selected TEM images of the extracts from the laboratory-prepared socks sample 

exposed to bleach, detergent, and sweat conditions are shown in Figure 3-6 (a, b and c). 

Apart from the bleach solution, the AgNPs are seen to remain well-dispersed in the 

extracted solutions. The bleach solutions showed aggregated assemblies, appearing to be 

nucleated on salt crystals. EDS indicated the association of S and Cl with AgNPs in the 

sweat and detergent extracts, while only Cl could be co-detected with Ag in the bleach 

extracts.   
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For comparison, pristine NPs were put through the same conditions as the 

laboratory-prepared socks (Figure 3-6 – d, e, and f). In the sweat solution, the AgNP 

were mostly well dispersed, and some association on NaCl salt crystals was observed. 

The AgNPs extracted from the bleach solution appeared to once again to be aggregated, 

and Cl could be co-detected by EDS. Finally, in detergent, small aggregates could be 

observed with only S co-detected. The pristine AgNPs show a similar transformation as 

the AgNPs that leach out of the laboratory-prepared socks (Figure 3-6 – a, b, and c). 

 

Figure 3-6. Representative TEM images of laboratory-prepared socks weathered with of 

a) sweat b) bleach, c) detergent for 24-hours and TEM images of pristine NPs weathered 

with d) sweat e) bleach and f) detergent for 24-hours to mimic day-to-day use. See 

supporting information Figure S 3-1 and Figure S 3-2 for EDS data 

 

AgNPs extracted out of a textile by sweat, bleach, or detergent could find their 

way into the wastewater collection system by bathing of the user or washing of the 

 

 

a) b) c) 

d) e) f) 
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textile. It is estimated that wastewater travels within the collection system for a U.S. 

national average of 3.3 hours up to as long as 15 hours in larger cities before reaching the 

wastewater treatment facility55. During this time, the NPs will be exposed to organic 

matter, nitrogen, phosphorus, sulfur, metals, and a wide range of chemical compounds 

and microorganisms. The chemical and microbial reactions, dissolved oxygen 

concentration, oxidation-reduction potential, ionic strength, and pH of wastewater will 

change as a function of residence time in the sewer, which can physically and chemically 

transform the AgNPs. The effect of incubation in raw wastewater was compared for the 

AgNPs that had been extracted through the various use-scenarios, as well as pristine NPs, 

to observe effects on morphology or composition. 

The solutions obtained from bleach, detergent, and sweat extraction of laboratory-

prepared socks were added 1:1 to wastewater to observe the effects on the AgNPs. 

(Figure 3-7). With the bleach solution, the AgNPs agglomerated as their average 

diameter increased from 5-50 nm to >100 nm. In contrast, the particle sizes detected from 

the detergent and sweat solutions post-wastewater incubation did not show an increase of 

particle size. However, halos with high S and Cl content could be observed around the 

dispersed particles suggesting a respective association with Ag and potentially dissolution 

and re-precipitation. 

The solutions obtained from bleach, detergent, and sweat of pristine NPs were 

also examined after a 24-hour incubation in wastewater (Figure 3-7). Larger aggregates 

and agglomerates with low levels of Cl content could once again be observed in the 

bleach sample. NPs in the sweat solution appeared to be similar to those in the bleach 
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solution. The detergent samples appeared more dispersed and significant association with 

Cl and S was observed. 

 

Figure 3-7. Representative TEM images of a) sweat b) bleach, c) detergent solution from 

laboratory-prepared socks and TEM images of d) sweat e) bleach f) detergent solution 

from pristine NPs after 24-hour incubation with wastewater. See supporting information 

Figure S 3-3 and Figure S 3-4 for EDS data. 

 

In order to have a better understanding of the effect of wastewater composition on 

AgNP morphology and composition, pristine AgNPs that had not undergone any 

pretreatment were introduced to the wastewater, as well as sulfur-rich and nitrogen-rich 

solutions, and 1:1 wastewater/ sulfur solution and wastewater/nitrogen solutions (Figure 

S 3-5). Pristine AgNPs incubated in wastewater became aggregated, and sulfur-rich halos 

were observed around the particles. The introduction of the AgNPs to the model sulfur-

 

 

a) b) c) 

d) e) f) 
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rich solutions showed similar morphology effects to that observed with wastewater, while 

exposure to our nitrogen-rich solution did not lead to aggregation or show formations of 

halos. The detection of nitrogen could be because of ammonia forming a stable ligand 

with Ag,  Ag(NH3)2
 + which is stabilized by the OH- ions in solution 56. Similar results 

were observed by adding pristine NPs to mixtures of wastewater + sulfur-rich solution 

and wastewater + nitrogen-rich solution. The effects of different wastewater pH (4.0, 6.0 

& 8.0) were also tested (Figure S 3-6). The change in pH did not affect the physical form 

or aggregation state of AgNPs. Pristine nanoparticles had been shown to start aggregating 

when the pH drops below pH 3.0 54. 

To further analyze these chemical changes, samples of pristine AgNPs incubated 

in wastewater were analyzed using XPS. In Figure 3-8, a shift in binding energy was 

observed for Ag when the nanoparticles were incubated with wastewater. The shift to 

higher binding energy is caused by the oxidation of the Ag atom 57. The shift of the 

binding energy further supports the association of S and Cl with AgNPs observed in EDS 

are due to the AgNPs going through a chemical transformation 58. 
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Figure 3-8. XPS spectra showing the binding energy of Ag of pristine AgNPs (red) and 

those incubated in wastewater for 24-hours (black) obtained through high-resolution 

XPS. 

 

Table 3-3Error! Reference source not found. below shows the summary based on 

all the TEM images and EDS data from the samples. The nanoparticles were observed to 

aggregate, agglomerate, and associate with chlorine and sulfur when exposed to 

wastewater, regardless of origin and previous weathering. Images shown in this paper 

were selected as being the best representation of the AgNPs on the 100 nm scale. Some 

agglomerations were observed to reach the microscale, which supports the recent reports 

where pristine AgNP exposed to simulated detergent and bleach wash cycles form large 

agglomerates 33,59. The elemental association with Cl and S observed with EDS is likely 

because of the formation of AgCl and Ag2S. A similar interpretation of the EDS data for 

AgNPs in simulated wash cycles had been reported in a recent study 35. 

However, not all the nanoparticles imaged and analyzed appeared to have 

oxidized to AgCl and Ag2S. According to a previous study that exposed commercial 
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AgNP-laden fabric to the bleach and detergent, only 50% of the AgNPs were converted 

to AgCl 60. Since X-ray Absorption Near Edge Spectroscopy (XANES) was used for 

elemental analysis in that study, only the surface of the nanoparticles was analyzed for 

the presence of AgCl. The percent AgCl would potentially be lower if the entire core of 

the nanoparticle was analyzed 61. AgCl and Ag2S are stable forms of ionic silver with 

Ag2S being the more stable form in the environment 62.  Recent research had shown that 

despite the lack of short term toxicity of Ag2S, long term toxic effects were observed on 

soil microflora 63. AgNPs had been shown to form passivation layers of Ag2S on the 

surface of the nanoparticles. The passivation slows down the dissolution of the 

nanoparticle but does not completely stop it 64. The dissolution as Ag+ ions continues to 

impart toxic effects on microbes 64. 
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Table 3-3. Summary of the type of morphological changes and chemical associations of 

AgNPs when pristine or embedded into the fabric and applied to various use and 

exposure conditions. 

Samples Conditions Changes 

    
Agglomeration23 Aggregation23 

Elemental 

Association 

Laboratory-

prepared 

Socks 

Sweat 
No No 

Cl, S 

Bleach 
Yes Yes 

Cl 

Detergent 
No No 

Cl, S 

Sweat + 

Wastewater 
Yes Yes 

Cl, S 

Bleach + 

Wastewater 
Yes Yes 

Cl, S 

Detergent + 

Wastewater 
Yes Yes 

Cl, S 

Pristine 

Nanoparticles 

Sweat 
No Yes 

Cl 

Bleach 
Yes Yes 

Cl 

Detergent 
No Yes 

Cl, S 

Sweat + 

Wastewater 
Yes Yes 

Cl, S 

Bleach + 

Wastewater 
Yes Yes 

Cl, S 

Detergent + 

Wastewater 
Yes Yes 

Cl, S 

 

Despite the qualitative nature of this study, some important conclusions can be 

drawn about the transformations of AgNPs during these simulated day-to-day use and 

wastewater exposure processes. While AgNPs do not retain their pristine form from 

product incorporation through use scenarios, to travel in the wastewater collection 

stream, they are also not fully dissolved throughout these steps. Given that others have 

detected AgNPs in the wastewater influent and effluent as well as in sewage sludge, our 



66 
 

use of these simulated scenarios represents the real-world scenarios of the nanoparticle 

life-cycle 45,65. Furthermore, despite evidence for transformations throughout the use and 

exposure steps, the most dramatic changes to the nanoparticle morphology and 

composition appear to have occurred in our final step mimicking the time spent in the 

wastewater collection stream. The presence of both biotic and abiotic factors in 

wastewater causes the most pronounced transformation in the nanoparticles 66. Numerous 

ligands, thiols and dissolved organic matter and inorganic ligands such as chlorides in 

wastewater will modify the speciation and cause the dissolution of AgNPs 65. Moreover, 

the interaction and uptake of AgNPs by the microbes in wastewater will further transform 

the nanoparticles due to the various cellular processes67. As a result, using a 24-hour 

wastewater incubation of pristine nanoparticles alone may be sufficient to prepare a more 

relevant model “weathered nanoparticle” sample that can be used for environmental 

studies seeking to inform future decision making. In future studies, further 

transformations on the weathered AgNPs through scenarios that mimic wastewater and 

biosolid treatment processes will be explored.  
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3.7 Supporting Information 

Table S 3-1: The test results for raw wastewater composition. Sample 1 of raw 

wastewater was used for the pristine NPs. Sample 2 of raw wastewater was used for the 

solutions from day-to-day wear of laboratory-prepared socks and pristine NPs.  

Test Units Sample 1 Sample 2 

Chemical Oxygen Demand, 

COD 
mg/L 

434 495 

Total Nitrogen, N 
mg/L N 

47 51 

Total Phosphorus, P 
mg/L PO4

3- 
28 42 

Total Sulfate, S 
mg/L SO4- 

60 87 

Ammonia, NH3-N 
mg/L NH3-N 

30.9 33 

Nitrate, NO3-N 
mg/L NO3

--N 
0.9 1* 

Turbidity 
NTU 

35 84 

Absorbance @254nm 
- 

1.0489 1.5692 

Total Solids 
mg/L 

1655.6 1072.5 

Total Volatile Solids 
mg/L 

1189 392 

*Test performed the following day 
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Figure S 3-1: TEM image and EDS data of extracted samples from laboratory-prepared 

socks exposed to a) sweat b) bleach, c) detergent.  Circles indicate areas probed for EDS.  
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Figure S 3-2: TEM image and EDS data of pristine NPs weathered with a) sweat b) 

bleach and c) detergent.  Circles indicate areas probed for EDS. 
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Figure S 3-3: TEM image and EDS data of extracted samples from a) sweat b) bleach c) 

detergent solutions after treatment with wastewater.  Circles indicate areas probed for 

EDS. 
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Figure S 3-4: TEM image and EDS data of pristine NPs treated with wastewater after 

weathering with a) sweat b) bleach c) detergent.  Circles indicate areas probed for EDS. 
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Figure S 3-5: TEM image and EDS data of pristine AgNPs in a) wastewater b) sulfur-

rich solution c) nitrogen-rich solution d) wastewater + sulfur-rich solution e) wastewater 

+ nitrogen-rich solution. Circles indicate areas probed for EDS. 
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Figure S 3-6: TEM image and EDS data of pristine AgNPs in wastewater with pH 

altered to a) pH 4.0 b) pH 6.0 c) pH 8.0. Circles indicate areas probed for EDS. 
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Chapter 4: Release and Transformation of Zinc Oxide Nanoparticles 

from Commercial Products Throughout Their Life Cycle 

Selvan Mohan, Kelsey Phillips, Juliska Princz, Maria C. DeRosa. 

4.1 Abstract 

Zinc Oxide nanoparticles (ZnO NPs) are used in commercial products for their 

ability to absorb UV light and for their antimicrobial activity. ZnO NPs can be found in 

sports clothing, UV protective clothing, sunscreen, and medicated baby powder. The 

widespread use of ZnO NPs can be expected to lead to increased concentrations within 

the environment. To accurately understand the effects of ZnO NPs on the environment, 

the inevitable transformation of these nanoparticles throughout their life cycle must be 

considered. The effects of sweat from contact with human skin, chlorine from swimming 

pool water, ultraviolet rays from sun exposure, and detergent and bleach from laundering 

were explored as potential use scenarios. The ZnO NPs were later introduced to 

wastewater to represent the path taken after release from its intended products. 

Inductively coupled plasma-mass spectrometer (ICP-MS), transmission electron 

microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS) were used to 

analyze the release and transformation of these materials. ZnO NPs were observed to 

readily dissolve under acidic conditions. This process is accelerated in an acidic 

environment. Moreover, salts of ZnCl2 and ZnS are observed to form after the various 

treatments. 
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4.2 Introduction 

Nanoparticles, with their unique and often advantageous properties, have become 

integrated into many of our commercial products1. Zinc Oxide nanoparticles (ZnO NPs), 

in particular, have been employed within sunscreens2 for their UV protection , as well as 

within medicated baby powder and sports clothing for their antimicrobial properties3. The 

widespread use of ZnO NPs will inevitably lead to their introduction and accumulation in 

the environment. In fact, ZnO NP concentration found in agricultural soils treated with 

sewage sludge has been found to be higher than silver nanoparticles, another material that 

is found almost ubiquitously within nano-enabled products4. 

There are many ways to synthesize ZnO NPs5,6,7, as well as ways to deposit them 

onto a surface or integrate them into a product8. Wet deposition of ZnO NPs on a 

polymer or natural fiber leads to weak association with the surface, allowing for the 

nanoparticles to easily be removed from the fabric by simple water washes9. This would, 

of course, lead to the question of the effects these nanoparticles might have if they are 

released into the environment.  

Numerous studies have looked at ZnO toxicological effects, such as on E.coli 

colonies, zebrafish embryos, and mammalian cells such as macrophages and epithelial 

cells10,11,12. ZnO NPs have the ability to kill bacteria in a size-dependent fashion (within 

the range of 5 – 80 nm) due to their ability to disrupt the cell membrane of even gram-

positive bacteria3,13,14. The dissolution of ZnO NPs also contributes towards their toxicity. 

The formation of ionic Zn2+ during the ZnO dissolution creates ROS that leads to the 

destruction of cells15,16.  



83 
 

It is important to help understand the effects of nanoparticles on biological 

organisms, but ideally, the system under study should mimic what would actually be 

present within that biological system.  Many toxicological studies employ purely pristine 

nanoparticles. Whether they were synthesized within the lab or purchased from a 

commercial source, these ZnO NPs may not be an accurate representation of the 

nanoparticle morphology and composition that would be likely introduced into the 

environment.  

Nanoparticles have been shown to aggregate and agglomerate under non-pristine 

conditions, altering their morphology and perhaps even their behavior17.  ZnO NPs can be 

transformed through their use: from their incorporation into the product matrix, their 

contact with sweat or other bodily fluids, detergents and bleaches, as well as weathering 

from the environment18,19. Moreover, these nanoparticles could be washed off the product 

or the user and find their way into the wastewater collection stream and, eventually, the 

treatment plant; both chemically complex environments could support further 

transformation.  

ZnO NPs incorporated into textiles will come into contact with bleach, detergent, 

and other solutions present in a standard washing cycle, which may not only alter the 

nanoparticles themselves but also allow them leach from the fabrics20. Other weathering 

processes might involve contact from chlorine disinfected pools or simply contact with 

sweat, easily introduced by the consumers themselves (e.g., nano-enabled sunscreen or 

powder applied on the skin). Furthermore, the ZnO NPs could be altered by exposure to 

UV-radiation given that they are employed for their ability to block these rays 21.  In this 

paper, the morphology and composition of ZnO NPs are compared throughout a variety 
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of treatments meant to mimic use scenarios in the lifecycle of the nanomaterial from 

product incorporation up to right before the wastewater treatment process (Figure 4-1).    

 

Figure 4-1: Overview of the path of potential transformation for ZnO nanoparticles 

studied in this paper. 

 

4.3 Materials and Methods 

Socks with ZnO nanoparticles (Sports Socks) were purchased from Nanosilver. 

White Hanes sport cut socks, White George Men’s Short-Sleeve Basic T-shirt, 

Johnson’s® baby powder, Clorox® bleach, and Tide® Original laundry detergent were 

purchased from Walmart. Johnson’s® medicated baby powder was purchased from 

drugstrore.com. White Coolibar Long Sleeve T-shirt XXL was purchased from 

http://www.drugstrore.com/
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coolibar.com. Aveeno Active Naturals sensitive skin mineral sunscreen (SPF 50), 

Aveeno Baby sunscreen lotion (SPF 55), Garnier Ombrella Kids hypoallergenic lotion 

(SPF 50+), and Neutrogena Ultra Sheer face sunscreen (SPF 60) were purchased from 

Shoppers Drug Mart. Exo-terra Sunray metal halide fixture with ballast and bulb (70 W), 

as well as a Large Zilla Fresh Air screen habitat, were purchased from bigalspets.ca. Raw 

wastewater was obtained from the Robert O. Pickard Environmental Centre wastewater 

plant (Ottawa, Ontario, Canada). TEM grids were purchased from Electron Microscopy 

Sciences. All acids used were ultrapure reagent grade unless specified. Only Milli-Q 

double deionized water was used in this experiment. All other chemicals were purchased 

from Sigma Aldrich. All glassware was cleaned with aqua-regia before used. 

 

4.3.1 ZnO nanoparticle synthesis 

200 mL of 0.2 M zinc acetate dihydrate, Zn(O₂CCH₃)₂(H₂O)₂ solution was 

prepared in a 1 L round bottom flask. 200 mL of 0.5 M sodium hydroxide, NaOH 

solution was prepared in a 500 mL round bottom flask. Both solutions were heated to 60 

⁰C in separate oil baths. The Zn(O₂CCH₃)₂(H₂O)₂ solution was stirred vigorously for 15 

minutes once the desired temperature was reached. Next, the heated NaOH solution was 

quickly added (< 3 seconds) to the Zn(O₂CCH₃)₂(H₂O)₂ and left to stir for 1 hour at 60 

⁰C. Then the solution was allowed to cool to room temperature without stirring22. A 

murky white solution was observed.  
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The nanoparticle suspension was then transferred to 8 x 50 mL centrifuge tubes. 

These tubes were centrifuged at 10 000 rpm for 10 mins. The supernatant was discarded 

and replaced with the same volume of water. The pellet was re-suspended into solution 

by sonicating for 10 mins along with vigorous periodical shaking. The centrifuge tubes 

are centrifuged again. These steps are repeated until the supernatant was clear to sight 

after centrifugation (3-5 times)22. 

The particles (solid white pellet) were left to dry for 12 hours. Once dry, the 

particles were ground manually into a fine white powder using a pestle and mortar22. The 

powder was left again to dry for 12 hours, giving a 92 % yield of ZnO NPs. The 

nanoparticles were characterized using TEM and EDS after resuspension in water. 

 

4.3.2 Nanoparticle Extraction 

4.3.2.1 Incineration 

Consumer products were incinerated to isolate the metal contained within them. A 

pre-weighed amount of consumer product sample (~100 mg) was placed in a 10 ml Pyrex 

beaker. The beaker was placed into a TEMCO 1520 benchtop muffle furnace at 600 °C 

and left for 3 hours or until the sample turned to white ash. The sample was left to cool to 

room temperature before being removed from the furnace23. The ash was dissolved in 1 

mL of H2O and 10 µL of HNO3 before any analysis was done. 
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4.3.2.2 Solvent washing 

Consumer products were washed with various polar and non-polar solvents to 

isolate the metal nanoparticles within the product. 2-3 g of consumer product sample was 

added into a 50 mL centrifuge tube along with 30 mL of hexane. The solution was 

sonicated and vortexed until the sample was dissolved. The sample was then centrifuged 

using Sorvall Legend XIR Centrifuge at 7000 rpm for 2 minutes. The supernatant was 

removed, and the washing process was repeated on the pellet with ethanol, water, and 

repeated aliquots of acetone until a clear supernatant was observed (3-5)24. The pellet was 

stored dry and dissolved into acetone when needed. 

 

4.3.3 Day-to-day use scenarios with bleach, chlorine, detergent, sweat. 

Day-to-day use scenarios were performed to detect the transformation and 

measure the leaching of nanoparticles from commercial products. 4 g of the consumer 

product containing nanoparticles was added to a 250 mL Erlenmeyer flask along with 

100 mL of four respective solutions. 1.3 mL and 0.8 mL of bleach (Clorox), and 

detergent (Tide Original) respectively were added to 100 mL of ddH2O each to model 

typical laundry concentrations25
. 5.8 µL chlorine (60% NaClO) was added to 100 mL of 

H2O to model a pool water system26
. For the sweat solution, a 1.08 % NaCl, 0.12 % 

lactic acid, and 0.13 % urea solution was made23
. This was then placed on an Innowa 40 

Incubator Shaker Series at 100 oscillations per minute at 37 °C. This was left for 24 hours 

to mimic the wear the sock will go through during multiple uses. The artificial sweat, 
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chlorine, detergent, and bleach solution were pH 327, pH 10, pH 9, and pH 11, 

respectively. 

4.3.4 UV Exposure 

Consumer products were exposed to UV radiation to mimic exposure to the sun. 

ZnO samples were separately exposed to UV light. The sock and T-shirt were exposed to 

full-spectrum UV light (280-1000 nm wavelength) for 7 days in 12 hours/day cycles. The 

sunscreen, powder and synthesized ZnO nanoparticles were continuously exposed to UV 

light for 24 hours. The samples were placed at the bottom of the terrarium, 0.6 meters 

below the light, exposing the sample to 19600 lux of illuminance. The samples were only 

placed in a small area directly under the lamp to ensure maximum and even exposure to 

the UV light. These samples were then exposed to day-to-day use.  

 

4.3.5 Wastewater exposure 

Leached nanoparticles from consumer products obtained after day-to-day use 

scenarios were mixed in at 1:1 weight ratio with raw wastewater for a total mass of 2.0 g. 

These mixtures were then vortexed on a Vortex Genie 2, Scientific Industries for 2 

minutes and left for 24 hours. The mixture was vortexed again before the TEM grids 

were prepared. 

The raw wastewater was used within 6 hours of collection from the sewage 

treatment plant, and the content of raw wastewater was analyzed within 48 hours. Sewage 

water content can be found in supporting information (Table S4-1) 
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4.3.6 Analysis 

The TEM images were taken using FEI Tecnai G2 TEM at 200 kV. The solutions 

were then vortexed for 2 minutes. 6 µL of the sample was placed on the grid and left for a 

minute. Residual liquid was removed and another 6 µL of the sample was added. The 

residual sample was removed for a second time, and the grid was left to air dry for 2 

hours. The CF300-Cu grid was used. 

The EDS of the sample was taken through an attachment to the TEM, Aztec EDS, 

from Oxford X-ray detection systems. The beam was made to focus directly on the 

nanoparticle.  

ICP-MS was analyzed on a Varian 820-MS (Varian, Australia now Analytik-Jena, 

Germany). The solutions were diluted appropriately to have a metal concentration within 

the standard curve. 0.1% aquaregia solution was run between samples to ensure no 

compounding of the signal is observed. 

 

4.4 Results and Discussion 

Out of the numerous commercial products containing ZnO NPs, four products 

were chosen based on local availability. A control product with no indicated ZnO content 

was also analyzed for comparison in each type. Pristine ZnO NPs were also synthesized 

to compare their behavior to the nanoparticles contained in the commercial products 

when exposed to different environmental factors. 
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The various sources containing ZnO NPs will be here on referred to as socks, t-

shirt, powder, sunscreen, and pristine nanoparticles. The control sources will be referred 

to as respective controls. The samples above were analyzed for the presence of ZnO NPs 

using TEM and EDS. Figure 4-2 below shows the TEM image and EDS data for the ZnO 

NP containing sources. Samples for socks, t-shirt, powder, and sunscreen were prepared 

by incinerating the sample and then extracting the nanoparticles. The synthesized 

nanoparticles were analyzed with no further modification.  
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Figure 4-2: TEM images and EDS spectrum of ZnO NPs of sources: a) White Nanosilver 

Sports socks, b) White Coolibar Long Sleeve T-shirt, c) Johnson’s medicated baby 

powder, d) Aveeno Active Naturals sensitive skin mineral sunscreen SPF 50 and e) Lab-

synthesized pristine nanoparticles. Samples were incinerated for the extraction of 

nanoparticles. 

 

 

 

 

 

a) 

d) 

c) 

b) 

e) 
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Nanoparticles were also extracted through washes of hexane, ethanol, water and 

acetone as shown in Figure 4-3 

 

Figure 4-3: TEM images EDS spectrum of ZnO NPs of sources, a) Johnson’s 

medicated baby powder b) Aveeno Active Naturals sensitive skin mineral sunscreen SPF 

50. Samples were extracted through the solvent washing process.. The solvent washing 

extraction method was applied to powder and sunscreen. Nanoparticles were observed to 

be physically and chemically similar to those extracted via incineration (Figure 4-2). 

However, there is an irregular shape observed around the nanoparticles extracted through 

the solvent extraction process, indicated by the arrow in Figure 4-3. Upon performing 

EDS analysis on the irregular shape, it was determined that the irregular shapes consist of 

ZnO NPs that are dissolving into the solution and drying on the grid as a thin film28–30. 

This dissolution pattern of ZnO NPs is observed in other data presented throughout this 

study. 

 

100 nm

a) 

b) 
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Figure 4-3: TEM images EDS spectrum of ZnO NPs of sources, a) Johnson’s medicated 

baby powder b) Aveeno Active Naturals sensitive skin mineral sunscreen SPF 50. 

Samples were extracted through the solvent washing process. 

 

The ZnO NPs in the socks, t-shirt, and sunscreen were found together with 

titanium dioxide nanoparticles (TiO2 NPs). These two nanoparticles were needed to 

provide complete UV protection through the UVA and UVB spectrum31. TiO2 NPs are 

also used to give the white color to socks and t-shirt32. TEM and EDS analysis were done 

on BEHR Ultra white paint, which showed the presence of TiO2 NPs used to obtain a 

white color (Figure S 4-1, Supporting information). 

ZnO NPs are far more soluble in water than TiO2 NPs33,34. The high solubility 

would cause the structure of the ZnO NPs to change due to dissolution during product 

storage, life cycle, and sample preparation. The images above (Figure 4-2 and Figure 

4-3) show the sample contains both ZnO and TiO2 NPs at the same location. This could 

 

100 nm

a) 

b) 
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be due to the ZnO precipitating on the surface of the TiO2 when the sample is dried on the 

TEM grid. In the powder, Zn was observed to have precipitated around the silica present 

in the talc (Figure S 4-2, supporting information). 

It can also be noted that the synthesized nanoparticles have a similar physical 

appearance to those in sunscreen. This could be because the nanoparticles in sunscreen 

are mixed with the product post-synthesis. Meanwhile, ZnO NPs are likely synthesized in 

situ on fabrics (socks and t-shirt) or on silica (powder). In situ synthesis ensure adhesion 

of the nanoparticles to the material35. Moreover, to aid with synthesis, cotton and silica 

could serve as nucleation sites for the formation of ZnO nanoparticles36. 

Commercial products with no ZnO NPs were analyzed as controls. Figure 4-4 

below shows the various control products and their methods of extraction. TEM images 

of powder and sunscreen extracted via incineration can be found in supporting 

information (Figure S 4-3). It was found that the control sock and sunscreens have TiO2 

nanoparticles due to the desired white pigmentation32. 
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a) 
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Figure 4-4: TEM images and EDS spectrum of control sources: a)White Hanes Sports 

Cut Socks (incineration), b)White George Men’s Short-Sleeve Basic T-shirt 

(incineration) c) Johnson’s baby powder (solvent washing) d)Aveeno Baby sunscreen 

lotion SPF 55 (solvent washing), e)Garnier Ombrella Kids hypoallergenic lotion SPF 50+ 

(solvent washing) and f)Neutrogena Ultra Sheer face sunscreen SPF 60. Samples were 

extracted through the solvent washing process. 

 

The different commercial products containing nanoparticles were then put 

through day-to-day use conditions (sweating, chlorine from swimming pools, washing 

with detergent and bleaching) to observe leaching as well as the physical and chemical 

transformation that will occur. These solutions were analyzed using a TEM after 

 

 

d) 

e) 

f) 
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incubating with the sample for 24 hours. TEM images are shown in Table 4-1 below. 

There were no TEM data presented for socks due to the low concentration of ZnO 

nanoparticles in the extracted solution making it impossible to locate on a TEM grid. 

The dissolution of ZnO nanoparticles was observed throughout all samples. 

Irregular shapes around the nanoparticles were analyzed through EDS to confirm the 

presence of Zn hence supporting the theory of dissolution. It is also observed that the 

dissolution of ZnO nanoparticles was more pronounced in acidic conditions (e.g., 

sweat)37. 

In powder, ZnO nanoparticles were initially observed to be present on the surface 

of silica (Figure 4-2). However, looking at the powder sample treated with sweat in 

Table 4-1, individual nanoparticles resembling what was found in sunscreen and the 

pristine nanoparticles seemed to be more prevalent. The ZnO NPs in the powder may 

have dislodged or dissolved into the sweat solution and reprecipitated during the drying 

process on the TEM grid. The recrystallization of ZnO is observed later in Table 4-3, 

where the incubation of powder with raw wastewater was done. ZnO precipitating as 

nanoparticles when drying had been previously reported in literature38. 

Association of Zn with Cl and S was observed throughout the samples in this 

paper. This suggests the formation of ZnCl2 and ZnS salts. It has been previously 

reported that ZnO does transform to ZnS during anaerobic digestion of the wastewater 

treatment process39. Cl and S on the surface of the nanoparticles will promote the 

dissolution of the nanoparticle causing Zn to dissolve into solution as they can form 

complexes with Zn2+ and instantly precipitate away from the particle29,40. 
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Table 4-1: TEM images of nanoparticles extracted from commercial products after 

subjected to day-to-day use conditions for 24-hours. Please refer to supporting 

information (Figure S 4-4, Figure S 4-5, Figure S 4-6, and Figure S 4-7) for EDS 

spectra. 

 

The various commercial products were also exposed to UV light before day-to-

day use conditions were applied. The images after UV exposure can be found in Table 

4-2. The UV exposure of the commercial products did not make much difference in the 

morphology of the released nanoparticles. The nanoparticles are of the same size and 

        Use  

        Condition 
   
Sources 

 

Sweat 

 

Chlorine 

  

Detergent 

 

Bleach 

 

 

T-shirt 

    

 

 

Powder 

    

 

 

Sunscreen 

    

 

 

Pristine 

Nanoparticles 

    

 

1 0 0  n m

1 0 0  n m
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show similar aggregation and agglomeration patterns when compared to those without 

UV exposure. The aggregation can be observed by the clusters of closely associated 

nanoparticles while the agglomeration is observed by the larger particles that are forming. 

The EDS results showed Cl and S present alongside with Zn. 
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Table 4-2: TEM images of nanoparticles extracted from commercial products that had 

been subjected to day-to-day use conditions for 24-hours after being exposed to UV light 

for 24-hours. Please refer to supporting information (Figure S 4-8, Figure S 4-9, Figure 

S 4-10, and Figure S 4-11) for EDS spectra. 

 

  

Running single particle-ICP-MS on ZnO NP samples did not provide conclusive 

particle size data due to very high background noise from the sample. The high noise is 

caused by ZnO dissolved in solution in ionic form (dissolution) when the sample is 

heavily diluted for single-particle analysis. SP-ICP-MS requires a low background signal 
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1 0 0  n m

1 0 0  n m 1 0 0  n m
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to distinguish individual nanoparticles accurately 41. Therefore, in Figure 4-5, the 

quantitative leaching of ZnO from commercial products was analyzed and compared with 

UV treatment using ICP-MS alone.  

ICP-MS was run on the solutions used to simulate day-to-day conditions (the 

same solutions used for TEM). The data in Figure 4-5 represents the amount of ZnO 

leaching from 4.00 g of commercial product leaching into 100 ml solutions of day-to-day 

use conditions over a 24-hour incubation. Do note that due to the low concentration of Zn 

in socks, ICP-MS results were presented in ppb. 
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Figure 4-5: Leaching of nanoparticles from socks, t-shirt, powder, and sunscreen when 

incubated in bleach, detergent, chlorine, and sweat solution for 24-hours to mimic day-to-

day use conditions with and without UV treatment analyzed by ICP-MS. Error bars 

represent standard deviation with n=9. 

 

The difference between leaching of Zn for samples with UV treatment compared 

to that without were not significant nor consistent. TEM images in Table 4-1 and Table 

4-2 also indicated no additional transformations due to UV treatment. The sweat solution, 

which is acidic, caused the most amount of Zn leaching from socks, t-shirt, and powder. 

Due to sunscreen being in a liquid form, all solutions showed a high amount of Zn 

leaching. The effects of an acidic solution on the leaching Zn is consistent with 

dissolution observed in TEM images (Table 4-1 and Table 4-2). 
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Once these nanoparticles have leached out of commercial products, they will 

make their way into the sewage system, where they would mix with raw wastewater 

before being going through the various processes of the wastewater treatment plant. To 

simulate this phase of the life cycle of nanoparticles, the solutions of leached 

nanoparticles obtained after day-to-day use (Table 4-1) were mixed with raw wastewater 

at a 1:1 ratio and incubated for 24 hours (Table 4-3). 
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Table 4-3: TEM images of nanoparticles extracted from commercial products that had 

been incubated with raw wastewater for 24-hours after being subjected to day-to-day use 

conditions. Please refer to supporting information (Figure S 4-13, Figure S 4-14, Figure 

S 4-15, and Figure S 4-16) for EDS spectra. Arrows indicate agglomerated particles due 

to dissolution. 

 

Agglomeration and dissolution of the nanoparticles were observed after treatment 

with wastewater due to the low pH and the various contaminants present (Table 4-3). 

The agglomeration was shown by the larger particles that are forming and the dissolution 

of the nanoparticles are observed as a cloudy haze around the nanoparticles. EDS was 

performed on the cloudy haze and Zn was detected, which suggests the dissolution of 
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ZnO NPs. Moreover, the association of S and Cl with Zn was consistently observed in the 

EDS analysis (Figure S 4-13, Figure S 4-14, Figure S 4-15, and Figure S 4-16) 

throughout all the samples.  

 

Figure 4-6: TEM images of a) powder, b) sunscreen, and c) pristine nanoparticles 

incubated in raw wastewater for 24-hours to mimic wastewater collection. Please refer to 

supporting information (Figure S 4-12) for EDS peaks. 

Since wastewater had shown to impart the greatest degree of transformation, the 

powder, sunscreen, and pristine nanoparticles were directly introduced to wastewater 

without any prior weathering (Figure 4-6). The physical and chemical morphology of 

ZnO nanoparticles directly incubated in wastewater was similar to the nanoparticles that 

were weathered through day-to-day use before treating with wastewater.   

Through this study, it can be concluded that ZnO NPs do show extensive physical 

and chemical transformation during the day-to-day use and wastewater treatment process. 

Dissolution of ZnO as Zn2+ and the formation of ZnCl2 and ZnS are the primary outcome 

of the weathering. The toxicity of the transformed ZnO NPs would not be diminished as 

the particle solubility is one of the factors that contribute to the cytotoxicity of ZnO42,43. 

ZnO in the nanoparticle form will still be present in wastewater as the complete 

dissolution was not observed through the parameters in this study. The final weathered 

 
1 0 0  n m 1 0 0  n m

a) c) b) 
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nanoparticles must be used to assess the environmental effects of ZnO accurately. 

However, following the steps of the full life cycle of the nanoparticles can be lengthy. 

This study has shown that wastewater incubation had the most pronounced 

conformational and morphological transformation on ZnO NPs. Therefore, pristine 

nanoparticle exposure to a 24-hour wastewater incubation alone should be sufficient in 

obtaining samples for more accurate environmental studies. To further this study, the 

transformation of pristine and weathered ZnO NPs during the wastewater and biosolids 

treatment process will be pursued. 
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4.7 Supporting Information  

Table S4-1: The test results for the content raw wastewater 

Test Units Sample  

Chemical Oxygen Demand, 

COD 
mg/L 

407 

Total Nitrogen, N 
mg/L N 

31 

Total Phosphorus, P 
mg/L PO4

3- 
2.2 

Total Sulfate, S 
mg/L SO4- 

98 

Ammonia, NH3-N 
mg/L NH3-N 

28 

Nitrate, NO3-N 
mg/L NO3

--N 
0.7 

Turbudity 
NTU 

123 

Absorbance @254nm 
- 

1.3303 

Total Solids 
mg/L 

907 

Total Volatile Solids 
mg/L 

326 
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Figure S 4-1: (top) TEM images and (bottom) EDS peaks of BEHR Ultra white paint 

extracted through incineration. 

 

 

 



113 
 

 

Figure S 4-2: SEM image and EDS spectrum of Johnson’s baby powder showing ZnO 

around the silicon particles present in talc. 
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Figure S 4-3: TEM images and EDS peaks of control sources prepared by incineration: 

a) Johnson’s baby powder, b)Aveeno Baby sunscreen lotion SPF 55, c)Garnier Ombrella 

Kids hypoallergenic lotion SPF 50+ and d)Neutrogena Ultra Sheer face sunscreen SPF 

60. 
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Figure S 4-4: TEM images and EDS peaks of solutions of ZnO from t-shirt after day-to-

day use conditions: a)sweat, b)chlorine, c)detergent and d)bleach. 
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Figure S 4-5: TEM images and EDS peaks of solutions of ZnO from baby powder after 

day-to-day use conditions: a) sweat, b) chlorine, c) detergent and d) bleach. 
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Figure S 4-6: TEM images and EDS peaks of solutions of ZnO from sunscreen after day-

to-day use conditions: a) sweat, b) chlorine, c) detergent and d) bleach. 
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Figure S 4-7: TEM images and EDS peaks of solutions of ZnO from pristine 

nanoparticles after day-to-day use conditions: a)sweat, b)chlorine, c)detergent and 

d)bleach. 
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Figure S 4-8: TEM images and EDS peaks of solutions of ZnO from t-shirt after exposed 

to UV light and day-to-day use conditions: a)sweat, b)chlorine, c)detergent and d)bleach. 
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Figure S 4-9: TEM images and EDS peaks of solutions of ZnO from baby powder after 

exposed to UV light and day-to-day use conditions: a)sweat, b)chlorine, c)detergent and 

d)bleach. 
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Figure S 4-10: TEM images and EDS peaks of solutions of ZnO from sunscreen after 

exposed to UV light and day-to-day use conditions: a)sweat, b)chlorine, c)detergent and 

d)bleach. 

 



122 
 

 

Figure S 4-11: TEM images and EDS peaks of solutions of ZnO from pristine 

nanoparticles after exposed to UV light and day-to-day use conditions: a)sweat, 

b)chlorine, c)detergent and d)bleach 
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Figure S 4-12: TEM images and EDS peaks of a) baby powder, b) sunscreen and c) 

pristine nanoparticles in wastewater. 
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Figure S 4-13: TEM images and EDS peaks of mixture of wastewater and solutions of t-

shirt after day-to-day conditions are applied a) sweat, b) chlorine, c) detergent and d) 

bleach. 
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Figure S 4-14: TEM images and EDS peaks of mixture of wastewater and solutions of 

baby powder after day-to-day conditions are applied a) sweat, b) chlorine, c) detergent 

and d) bleach. 
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Figure S 4-15: TEM images and EDS peaks of mixture of wastewater and solutions of 

sunscreen after day-to-day conditions are applied a) sweat, b) chlorine, c) detergent and 

d) bleach. 
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Figure S 4-16: TEM images and EDS peaks of mixture of wastewater and solutions of 

pristine nanoparticles after day-to-day conditions are applied a) sweat, b) chlorine, c) 

detergent and d) bleach. 
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Chapter 5: Transformation of Cerium Oxide nanoparticles during 

potential use scenarios from product incorporation to collection in the 

wastewater stream. 

Selvan Mohan, Kelsey Phillips, Juliska Princz, Maria C. DeRosa. 

5.1 Abstract 

The unique properties of nanoparticles lend themselves to incorporation within a 

range of commercial products. Cerium oxide nanoparticles, also known as nanoceria, 

exhibit radical scavenging ability, similar to superoxide dismutase. They also exhibit 

similar UV absorbance properties of current nanoparticles used in sunscreens (e.g., ZnO 

and TiO2). This suggests that cerium oxide nanoparticles may eventually find 

applications as additives in sunscreen and UV protective clothing.  Inevitably, 

nanoparticles introduced into commercial products will eventually find their way into the 

environment. This study focuses on elucidating the transformations that nanoceria may 

undergo before releasing into the environment by modeling potential use and leaching 

scenarios. The cerium oxide nanoparticles were spiked into sunscreen to replicate a 

potential future use in consumer products. The nanoceria-loaded sunscreen was exposed 

to UV light, chlorinated water, and sweat to mimic potential environments where 

weathering could take place during use.  The final weathering step took place by 

incubation in wastewater to mimic the impacts of leaching into wash water and traveling 

through the wastewater collection system. The transformations were analyzed by 

transmission electron microscopy (TEM) and energy-dispersive x-ray spectroscopy 

(EDS), which showed both aggregations of cerium oxide when exposed to chlorinated 



129 
 

water, sweat, and wastewater, as well as elemental associations with sulfur and chlorine. 

X-ray photoelectron spectroscopy (XPS) was performed on the nanoparticles to confirm a 

chemical change of the CeO2 nanoparticles.  

5.2 Introduction 

Nanoparticles are defined as a matter between the size ranges of 1 to 100 nm that 

display unique, size-dependent properties, which allow for innovative applications1. They 

have found themselves increasingly used in commercial products such as in sunscreens 

for their UV protective properties2 and in fabrics for their anti-microbial activities3, 

among other applications.   

One emerging nanomaterial of interest is that of cerium oxide nanoparticles 

(nanoceria) due to their potential anti-oxidant properties4,5,6. Currently used in automotive 

catalytic converters and as fuel additives7, the radical scavenging properties of this 

material are thought to lead to its ability to act as an anti-oxidant and are opening up new 

applications8. This property is similar to the activity of the superoxide dismutase enzyme, 

which takes oxygen radicals and catalyzes them to hydrogen peroxide, which can then be 

broken down into oxygen and water by catalase8. Bulk CeO2 consists of Ce in the (IV) 

oxidation state. Due to the high surface area of CeO2 nanoparticles, some oxygen atoms 

leave the surface of the nanoparticles leaving behind reduced Ce3+ atoms9.  The vacancy 

of oxygen atoms in the crystalline structure of nanoceria allows for the anti-oxidant 

property9.  This anti-oxidant ability alone makes nanoceria a likely candidate for future 

research in consumer products, as well as medical applications10,11. Some possible 
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medical applications of CeO2 nanoparticles are as neuroprotectants, cardiovascular 

disease inhibitors and magnetic resonance imaging (MRI) – contrast agents12–17. 

Additionally, Cerium oxide has also been found to protect against UVA and UVB 

light as effectively as other nanoparticles currently being used in commercial products, 

such as titanium oxide and zinc oxide2. Moreover, CeO2 nanoparticles also block in the 

UVC spectrum at 230-260nm18. Furthermore, CeO2 nanoparticles being transparent in the 

visible spectrum makes them ideal to be used in the cosmetic industry where products 

will appear natural on the skin19. Due to the combination of the properties above, CeO2 

nanoparticles had been proposed to be a suitable alternative to TiO2 and ZnO in 

sunscreens19–21. 

Given the growing interest in nanoceria, there is an increased potential for human 

exposure to these materials from the product as well as leaching into the aquatic and 

terrestrial compartments.  The freshwater CeO2 nanoparticle content is expected to 

increase from 1 pg/l in 2017 to a few hundred ng/l in 20507. The quick adoption of 

nanoparticles into new products means that they may be introduced into the environment 

with little understanding of what effects they might cause22. The study of the toxicology 

of cerium oxide nanoparticles has generally met with positive results, where cerium oxide 

is less toxic than zinc oxide23 and as toxic as titanium oxide nanoparticles24. 

Nevertheless, some studies have been concerning.  For example, 4 hours of continuous 

breathing at the CeO2 concentration of 641 mg/m3 causes inflammation of the lungs in 

rat25. Numerous other studies have concluded that the inflammation caused by the 

oxidative stress of CeO2 nanoparticles can cause cell apoptosis in humans26–28.  On the 
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other hand, exposing plants to CeO2 nanoparticles to investigate the potentially toxic 

effects, caused the plants to grow taller and have longer roots29. 

As is the case of most nanotoxicology work, research that investigates the toxicity 

of cerium oxide nanoparticles examines pristine nanoparticles30,31. Possible 

transformations of nanoceria in the product life-cycle are not considered. Even if there 

are minimal harmful effects in their pristine form when observed in a laboratory 

setting32,33, transformations could occur through the life-cycle of the nanoparticle that 

will change how the nanoparticles could interact with the environment or the living 

system. 

With the life-cycle of commercial products in mind, it is our goal to examine the 

transformations of nanoceria that may take place during modeled use scenarios. An 

understanding of the compositional and morphological effects of daily use scenarios from 

product incorporation all the way to sewage water collection may allow for future 

nanotoxicological experiments to be performed with materials that better match what 

would be encountered in the environment.   

Analysis of the nanoparticles was achieved through Transmission Electron 

Microscopy (TEM) for observations of the structural changes in the nanoparticles, such 

as aggregation and agglomeration. With Energy-dispersive X-ray spectroscopy (EDS), 

the analysis of the specific elemental associations with cerium oxide nanoparticles was 

achieved. X-ray photoelectron spectroscopy (XPS) was also used to show the chemical 

transformation of the nanoparticles (Figure 5-1). 
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Figure 5-1: Transformation of nanoparticles (left) may occur when introduced into a 

consumer product and then exposed to chlorination, sweat, light, and wastewater (right). 

 

 

5.3 Materials and Methods 

All solutions were prepared with Millipore Milli-Q double deionized water at 

18MΩ. Microcentrifuge tubes, reagents, and salts were purchased from Sigma-Aldrich. 

Carbon Film 300 Mesh Copper grids were purchased from Electron Microscopy Sciences 

(Hatfield, PA, USA). Aveeno Active Naturals sensitive skin mineral sunscreen (SPF 50) 

(Sunscreen A) and Neutrogena Ultra Sheer face sunscreen (SPF 60) (Sunscreen B) was 

purchased from Shoppers Drug Mart (Ottawa, Ontario, Canada). Exo-terra Sunray metal 

halide fixture with ballast and bulb (280-1000 nm wavelength, 70 W) as well as a Large 

Zilla Fresh Air screen habitat was purchased from www.bigalspets.ca. Raw wastewater 

was obtained from the Robert O. Pickard Environmental Centre wastewater plant 

(Ottawa, Ontario, Canada). The Transmission Electron Microscope used was an FEI 

Tecnai G2F20. The EDS was an Aztec from Oxford-Instruments. The centrifuge used 
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was a Sorvall Legend Micro 21r centrifuge from Thermofisher. The XPS used was Nova 

AXIS XPS from Kratos. 

 

5.3.1  Cleaning of Glassware with Aqua-Regia 

Aqua regia was used to clean all glassware before use. Nitric acid was mixed with 

HCl at a 1:3 ratio. After exposure of all glassware surfaces to aqua-regia, the glassware 

was then thoroughly rinsed with deionized water followed by distilled water and acetone 

before being left to dry. The used aqua-regia is neutralized with NaOH before disposal. 

 

5.3.2 Synthesis of Cerium Oxide Nanoparticles 

In a 50 mL round-bottom flask, 0.8618 g (2 mmol) of Cerium nitrate hexahydrate 

was added and dissolved in 10 mL of dH2O. A stirring rod was added to the sample and 

the solution was heated to 70 oC with a stirring rate of 600 RPM. Then 5mL of 

ammonium hydroxide, 3 M was added to the solution, whereby a cloudy white precipitate 

immediately formed. A syringe connected to an air bubbler was inserted into the solution, 

and the air was bubbled into the solution. The precipitate changed from white to purple in 

colour. Parafilm was wrapped over the top of the flask to prevent moisture from escaping. 

The sample was left to stir under heat for approximately 12 hours and recovered as a 

yellowish-white solution. This synthesis method was adopted and modified from that 

proposed by Huey-Ing Chen and Hung-Yi Chang34. 
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Figure 5-2: (left to right) Solution of Cerium nitrate and water; 10 seconds after the 

ammonium hydroxide added to the solution; Colour change to purple minutes after 

stirring the solution; Colour change to yellowish-white colour overnight. 

 

5.3.3 Washing of Cerium Oxide Nanoparticles 

The solution was divided into 2 mL centrifuge tubes. Each tube was centrifuged at 

10,000 RPM for 10 minutes, and the supernatant was discarded. Ethanol was added to fill 

the centrifuge tubes, and then the samples were put into a water sonicator and vortexed 

until the nanoparticles were resuspended. The sample was then centrifuged at 10,000 

RPM for 10 minutes. Deionized water was then added to fill the centrifuge tubes as the 

above process. This cycle of ethanol and water washes was repeated two more times. 

Finally, ethanol was added to the sample, which was then sonicated and vortexed to 

suspend the nanoparticles in the solution34. 

After the final washing step, the cerium oxide nanoparticles were suspended in 

ethanol solution. Samples were transferred to a 50 mL round-bottom flask. The round-

bottom flask was attached to a rotovap set at 40 oC at 70 RPM for 1 hour to dry the 

samples. This synthesis yielded 81.9 % CeO2. The flask was then wrapped in aluminum 

foil and stored at room temperature. 
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5.3.4 Preparation of Ceria-doped Sunscreen 

3.00 g of sunscreens (Sunscreen A and B) were added into respective 50 mL 

round bottom flasks. Then 0.090 g of synthesized nanoceria were added to each sample.  

This equates to 3.0 % w/w of nanoparticles, which is equal to the zinc oxide content in 

Sunscreen A. A stir-bar was placed into the round bottom flask before capping. The 

sunscreen and nanoceria were left to stir for 12 hours. 

 

5.3.5 Nanoparticle Extraction 

5.3.5.1 Extraction Through Incineration 

30 mg Cerium Oxide Nanoparticles and 0.50 g nanoparticle-impregnated 

sunscreens were added to separate 10mL Pyrex beakers. They were placed into an 

incinerator at 600 oC for 3 hours. After the 3 hours, the samples were allowed to cool for 

6 hours inside the incinerator35. The beakers were then removed to the incinerator and 1.5 

mL of 1.0 % HCl solution was added to each beaker. The solution was stirred to suspend 

the nanoparticles into the solution.  

5.3.5.2 Water Extraction  

30 mg Cerium Oxide Nanoparticles and 0.50 g nanoparticle-impregnated 

sunscreens were added to separate 50 mL centrifuge tubes. 12.5 mL of dH2O was added 

to each tube and put onto a shaker set at 160 RPM at 37oC for 24 hours. The suspension 

was used for analysis. 
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5.3.5.3 Liquid-Liquid Extraction  

For pure nanoceria, Sunscreen A and Sunscreen B, 0.0489 g, 0.1109 g, and 

0.1060 g, respectively, were added to 2.0 mL centrifuge tubes. Then, 2mL of hexanes 

was added to each centrifuge tube, which was then sonicated and vortexed until 

dissolved. The tubes were centrifuged at 7000 RPM for 2 minutes, with the supernatant 

decanted. Next, 2 mL of ethanol was added to each centrifuge and sonicated and vortexed 

until dissolved. Then the samples were centrifuged at 7000 RPM for 2 minutes. This 

process was repeated for a total of three times with ethanol. The same procedure was 

used with dH2O and then finally with acetone, both repeated three times36. For the final 

acetone step, the extracted samples were added to the copper TEM grid for analysis.  

 

5.3.6 Weathering of nanoparticles 

5.3.6.1 Sweat  

Sweat solutions were made in a 50 mL Erlenmeyer flask, with 0.2700 g of NaCl, 

0.0325 g Urea added to the flask before 25 mL of dH2O, and then 23.3 μL of lactic acid 

was added to the solution35. Once the sweat solution was prepared, doped-sunscreens 

were added to the flask and allowed to incubate at 160 RPM at 37 oC overnight. 

5.3.6.2 Chlorine 

Chlorinated water solutions were prepared by adding 25 mL of dH2O to a 50mL 

Erlenmeyer flask and then pipetting 2.0 μL of sodium hypochloride into the water37. 
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Once prepared, the doped-sunscreen was added to the flask, and the solution was then 

incubated at 160 RPM at 37 oC overnight. 

5.3.6.3 Wastewater 

Wastewater was obtained from the Robert O. Pickard Environmental Centre. The 

raw wastewater was used within 6 hours of collection from the sewage treatment plant, 

and the content of raw wastewater was analyzed within 48 hours. Sewage water content 

can be found in supporting information (Table S1) 

To each of the samples being tested, (pure Ceria, Sunscreen A and Sunscreen B) a 

1:1 mixture of dH2O, and wastewater were added to the samples (200 mg sample, 1 mL 

ddH2O, 1 mL wastewater). The samples were vortexed and then allowed to incubate at 

160 RPM and 37 oC for 24 hours. TEM grids were then prepared for analysis. 

5.3.6.4 UV Light Exposure 

The samples, whether doped-sunscreen or the controls, were spread onto a glass 

Petri-dish and set 0.6 meters under the lamp for 24 hours of exposure time. The samples 

were removed the following day. 

 

5.3.7 Preparation of Samples for TEM, EDS, and XPS Analysis 

All samples were vortexed, and 6μL of the sample was added onto the Carbon 

Film 3000 Mesh, copper grid and allowed to sit for 1 minute. Then, the sample was 

removed from the grid by pipetting. Another 6 µL of the sample was added to the TEM 
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grid, and the residual sample was removed after 1 minute for a second time. The grids 

were then left to air dry for 2 hours before placing it into the TEM.  The EDS of the 

sample was analyzed through an attachment to the TEM. The area of analysis of the beam 

is highlighted in the images with a red circle.  

The XPS spectrum was obtained using a Kratos Nova AXIS spectrometer 

equipped with an Al X-ray source, using AlKα radiation, charge neutralizer, and a delay-

line detector (DLD). The sample used for XPS were all in the liquid form wherein 10 µL 

of the sample was applied onto a glass coverslip. The sample was left to air dry for two 

hours. Once dried, another 10 µL of the sample was applied to the exact same spot and 

again left to air dry for two hours. This step was repeated 5 times or more until a visible 

spot was observed on the glass coverslip. 

 

5.4 Results and Discussion 

5.4.1 Synthesis of Pure Ceria   

The synthesis method used in this paper had been adopted and modified from that 

proposed by Huey-Ing Chen and Hung-Yi Chang34. Variations of temperature and 

ambient O2 % were tested in their synthesis of CeO2 nanoparticles. Based on the particle 

size and shape uniformity, the synthesis at 70 ℃ was chosen for this work. The % O2 that 

was bubbled into the reaction was 21% (ambient air). The first attempt at synthesis 

yielded nanoparticles with very similar morphology to that found in the paper. The size 

distribution analyzed with DLS showed two distinct particle sizes (Figure 5-3). The DLS 

peaks represent the hydrodynamic radius that affects the light scattering38. The CeO2 
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nanoparticle size is smaller than its hydrodynamic radius and a broad peak can indicate 

the existence of nanoclusters39,40.  

 

Figure 5-3: DLS distribution nanoceria from initial synthesis (left) and modified 

synthesis technique (right). 

 

To improve the size distribution, the vigorousness of the bubbling was varied. 

Continuous bubbling (approximately 10 bubbles per second) helped to synthesize smaller 

nanoparticles, but a slower bubbling at approximately 2 bubbles per second with an 

increase of reaction stir time gave a single distribution peak on the DLS chart and a size 

range of 12 ± 7 nm found from the TEM images. Moreover, the EDS and XPS spectra 

found in Figure 5-4 and Figure 5-6, respectively, confirm the synthesis of pure CeO2. It 

must be noted that CeO2 nanoparticles tend to aggregate and form clusters39–41, which is 

supported by a zeta potential of 21.3 ± 6.1 mV. Nanoparticles with zeta potential value 

between +25 mV and -25 mV eventually aggregate due to interparticle interactions, 

including van der Waals and hydrophobic interactions, and hydrogen bonding42. 
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Figure 5-4: TEM and EDS image of synthesized CeO2 nanoparticles. A large-scale view 

image can be found in Figure S 5-1 of the supporting information. 

 

5.4.2 Doped-Sunscreens with nanoceria 

The exceptional property of CeO2 in absorbing UV rays as well and being a 

nanoparticle that can be an excellent antioxidant makes it an ideal candidate for use in 

sunscreen. This will be a use scenario that may lead to the introduction of a large amount 

of these nanoparticles into the environment. Given that these particles are not currently 

used in this application, this study represents an opportunity to provide some foresight on 

a potential future use-scenario and any anticipated morphological and chemical changes 

that may result. 

Aveeno sensitive skin sunscreen (Sunscreen A) and Neutrogena Ultrasheer 

sunscreen (Sunscreen B) were impregnated with CeO2 nanoparticles (Table 5-1). Both 

sunscreens are commonly used in commercial brands. Sunscreen A contains both 

Titanium oxide and Zinc oxide nanoparticles, but Sunscreen B does not contain any 

metal-oxide nanoparticles. This difference makes them an ideal candidate to compare the 

stability of CeO2 nanoparticles in the sunscreen matrix. 
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After adding the nanoparticles to the sunscreens, the sunscreens were analyzed 

after 24 hours, 1-week, 2-weeks, and 4-weeks. The results are shown in Table 5-1. The 

integration of nanoparticles into the sunscreen matrix was observed at the 24-hour mark. 

The chemical and physical morphology was not observed to change with time. During the 

analysis of TEM samples, no agglomerated nanoceria was located, further confirming the 

successful integration of CeO2 nanoparticles into the sunscreen matrix. All further 

experiments on the transformation of cerium oxide nanoparticles were carried out on 

sunscreen that had been resting for at least one week after impregnation. 
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Table 5-1: TEM images and EDS spectrum of CeO2 nanoparticles after impregnation 

into sunscreen A and sunscreen B at 24 hours, 1-week, and 2-week duration to show the 

stability of the nanoparticles in the sunscreen matrix. 

 

The sunscreen was also analyzed after 4-weeks. Instead of just dissolving the 

sunscreen in dH2O, the CeO2 nanoparticles were also extracted from the sunscreen by 

incineration and liquid-liquid extraction. Despite reports that incineration is not 

destructive to CeO2 nanoparticles43, the silicone in sunscreens formed large hetero-

 24 hours 1-week 2-weeks 

Sunscreen 

A 

   

Sunscreen 

B 
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agglomerates with the nanoparticles (Table S 5-2, Supporting Information).  Using polar 

and non-polar solvent to dissolve the sunscreen followed by centrifugation to retain the 

heavier metal nanoparticles provided a sample with less amount of impurities; however, 

similar results were obtained by just diluting the nanoparticles with dH2O (Table S 5-2, 

Supporting Information). 

The analysis after 4-weeks has also shown the integration of the nanoparticles into 

sunscreen, but more importantly, there were no clear indications of chemical 

transformation observed from the EDS analysis (Table S 5-2, Supporting Information). 

When other elements are observed with cerium, the background beside the nanoparticles 

had shown the existence of the same elements. Moreover, these elements were not 

observed consistently throughout the sample, indicating that EDS had shown these 

elements due to its proximity to cerium but not because of a chemical transformation of 

cerium.  As a result, we can conclude that this product incorporation has minimal impact 

on the morphology and composition of nanoceria. 

 

5.4.3 Weathering of CeO2 nanoparticles through day-to-day use, UV and 

wastewater exposure 

Commercial products containing nanoparticles will go through specific use 

scenarios. In the case of sunscreen that is used outdoors, exposure to sweat on the skin, as 

well as chlorine from pool water, will be a common occurrence. Sunscreen A, Sunscreen 

B, and pristine nanoparticles were subjected to incubation with sweat and chlorine for 24-

hours to mimic an extreme use case. 
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Table 5-2: TEM images and EDS spectrum of CeO2 nanoparticles after incubation of 

sunscreen A, sunscreen B, and pristine nanoparticles in sweat and chlorine for 24 hours to 

mimic day-to-day use. Elemental association with chlorine was observed on all samples 

treated with sweat through EDS.  

 

 

Upon incubating the sunscreens and pristine nanoparticles in sweat and chlorine, a 

more pronounced aggregation of the nanoparticles as large dense clusters was observed 

 Sunscreen A Sunscreen B Pristine 

Sweat    

Chlorine    
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throughout all the TEM images (Table 5-2). Studying the elemental analysis of the 

samples through EDS showed chlorine association to all the CeO2 nanoparticles of 

samples incubated with sweat. The association with chlorine was only observed in sweat 

due to its low pH35, which is known to cause transformation in CeO2 nanoparticles44. To 

confirm the chemical transformation of CeO2 nanoparticles, XPS analysis was performed 

(Figure 5-6). 

The physical and chemical transformation of CeO2 nanoparticles could also be 

affected by exposure to UV light. Another set of samples of sunscreen A, sunscreen B, 

and pristine nanoparticles were incubated in sweat and chlorine while under a full 

spectrum lamp 45. 
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Table 5-3: TEM images and EDS spectrum of CeO2 nanoparticles after incubation of 

sunscreen A, sunscreen B, and pristine nanoparticles in sweat and chlorine for 24 hours 

while under UV light to mimic day-to-day use. Elemental association with chlorine was 

observed on all samples treated with sweat + UV through EDS. Elemental association 

with sulfur was observed in both sunscreens treated with sweat + UV.  

 

TEM images in Table 5-3 showed no difference in the aggregation of the 

nanoparticles when compared to samples that were not exposed to UV light. However, 

 Sunscreen A Sunscreen B Pristine Nanoparticles 

Sweat 

+ UV 

 

 

  

Chlorine 

+ UV 
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EDS analysis of the sweat and UV treated sunscreens showed association with sulfur in 

addition to chlorine that was observed with no UV exposure. The formation of sulfate 

groups on the surface of Ce2O NPs had been previously reported44. CeO2 had also been 

shown to form cerium sulfide (Ce2S3) when exposed to gaseous sulfur46 (Eqs. 1 below)  

CeO2 + 3H2S + H2 ↔ Ce2S3 + 4H2O                                                                             (1)46 

The sulfur was only present in the sunscreen samples due to the presence of 

phenylbenzimidazole sulfonic acid which is a common compound found in sunscreens 

due to the ability to absorb at the UV-B wavelength47. The chemical transformation of 

CeO2 nanoparticles was confirmed by performing XPS analysis (Figure 5-6). 

After the sunscreens are used, they would end up in the water treatment plant 

through showering or draining of the pool water. On their way to the treatment plant, they 

could come into contact with a very complex chemical environment.  To test the physical 

and chemical transformations of the next part of CeO2 lifecycle, the sunscreens and 

pristine nanoparticles were incubated with wastewater. 
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Figure 5-5: TEM images and EDS peaks of Sunscreen A (a,d), Sunscreen B (b,e), and 

Pristine CeO2 nanoparticles (c,f), after incubated with sewage water for 24 hours to 

mimic wastewater collection. Chlorine and sulfur were found in all samples via EDS 

analysis.  

 

Nanoparticle aggregation into clusters was again observed in the TEM images of 

all the samples incubated in sewage water. Moreover, all samples show chemical 

associations with sulfur and chlorine. Agglomeration of CeO2 nanoparticles was also 

observed as large particle formations in wastewater weathered samples (Figure 5-5 (b), 

 

a) 

f) 

c) 

e) d) 

b) 
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red circle). The agglomeration can be caused by the dissolution of the nanoparticles, 

followed by precipitation during the process of TEM sample preparation44,48. The 

outcome for wastewater exposure alone was enough to show the greatest degree of 

chemical changes in the nanoparticles. To confirm that the nanoparticles were indeed 

being chemically transformed by the various exposures, XPS analysis was performed on 

the pristine nanoparticles and compared to that of pristine nanoparticles exposed to 

wastewater (Figure 5-6). 
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Figure 5-6: XPS spectrum (860- 935 eV) of cerium peaks in synthesized pristine CeO2 

nanoparticles (red) compared to CeO2 nanoparticles incubated in wastewater for 24-hours 

(grey). The oxidation state of cerium represented by the peaks are labeled directly over 

the peaks49–51.  

 

XPS analysis was performed to show the chemical change that could occur in the 

CeO2 nanoparticles. By comparing Ce3+ to Ce4+ ratios, the change of the cerium oxidation 

state can be determined. Based on Figure 5-6, the wastewater sample shown in grey has 

two peaks that are more intense than in the pristine nanoparticles The greater extent of 

Ce3+ oxidation state after wastewater incubation could be easily seen with contribution 

from peaks at 903 eV and 885 eV. Thus, the wastewater exposed nanoparticles have a 

higher Ce3+ to Ce4+ ratio compared to pristine nanoparticles49,52. The reduction of Ce4+ to 

 

Ce4+ 

Ce3+ 
Ce3+ 

Ce4+ 

Ce4+ 

Ce4+ 

Ce4+ 

Ce4+ 
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Ce3+ was also found to occur in sewage sludge53,54. The increase of the Ce3+ oxidation 

state further supports the chemical association with chlorine and sulfur in forming CeCl3 

and Ce2S3 respectively. CeO2 nanoparticles had been shown to be slightly soluble in 

water making the formation of cerium salts more likely48,55.  

To conclude, despite the qualitative approach of this study, CeO2 nanoparticles 

have been significantly transformed physically and chemically during the simulated day-

to-day use and wastewater exposure processes. Despite the aggregation and reduction of 

CeO2 nanoparticles, there is no evidence suggesting the full dissolution of the 

nanoparticles. Furthermore, the most significant transformation for CeO2 nanoparticles 

was observed during the final weathering with wastewater exposure. Having a higher 

ratio of Ce3+ to Ce4+ in CeO2 nanoparticles can more toxic to algal cells56. Consequently, 

the incubation of pristine CeO2 nanoparticles in wastewater for 24-hours will produce 

weathered nanoparticles that can be used for environmental studies to accurately 

understand the environmental impact of these nanoparticles. In the future, other potential 

commercial use scenarios for CeO2 nanoparticles will be investigated. Moreover, studies 

on the morphological and compositional transformation of CeO2 nanoparticles during the 

wastewater and biosolid treatment process will be conducted. 
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5.6 Supporting Information 

Table S5-1: The test results for the content of raw wastewater 

Test Units Sample  

Chemical Oxygen Demand, 

COD 
mg/L 

407 

Total Nitrogen, N 
mg/L N 

31 

Total Phosphorus, P 
mg/L PO4

3- 
2.2 

Total Sulfate, S 
mg/L SO4- 

98 

Ammonia, NH3-N 
mg/L NH3-N 

28 

Nitrate, NO3-N 
mg/L NO3

--N 
0.7 

Turbidity 
NTU 

123 

Absorbance @254nm 
- 

1.3303 

Total Solids 
mg/L 

907 

Total Volatile Solids 
mg/L 

326 
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Table S 5-2: TEM Images and EDS peaks of CeO2 nanoparticles extracted from 

sunscreen A and sunscreen B after 4-weeks of incubation by incineration, solvent 

extraction and water extraction.  

 
 

 Incineration Liquid – liquid extraction Water Extraction 

Sunscreen 

A 

   

Sunscreen 

B 
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Figure S 5-1: Cerium oxide nanoparticles imaged from the TEM. The EDS reveals the 

pure cerium oxide. 
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Chapter 6: Concluding Remarks 

6.1 Conclusion 

The ever-increasing use of nanoparticles in commercial products will lead to 

rising nanoparticle levels in the environment1. Although the environmental effects of 

pristine nanoparticles have been extensively researched in the past few decades, the final 

form of nanoparticles entering the environment has remained relatively unexplored2–4. 

Commercial products are exposed to various physical and chemical stimuli throughout 

their lifecycle that will transform the nanoparticles contained in the product. This study 

investigates the morphological and compositional transformations of Ag, ZnO, CeO2 

nanoparticles in commercial products as they are put through day-to-day use scenarios 

followed by the leaching of these nanoparticles into the wastewater collection stream on 

its way to the treatment facility.  

AgNPs are applied to commercial products, mainly textiles, for its antimicrobial 

properties5. In order to mimic the life cycle of the product, pristine nanoparticles and 

nanoparticle-containing fabrics were exposed to sweat, washed with bleach and 

detergent, and incubated in wastewater. The weathering resulted in the nanoparticles 

aggregating and agglomerating. Moreover, the likely formation of AgCl and Ag2S was 

observed.  

ZnO NPs can absorb light in the UV range as well as being antimicrobial, like 

AgNPs. Pristine ZnO NPs, along with T-shirt, sunscreen, socks, and baby powder 

containing ZnO NPs, were exposed to sweat, UV light, chlorinated pool water, as well as 

washing with bleach and detergent, and incubation in wastewater. The extensive 
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dissolution of ZnO NPs accelerated by a low pH was observed. Observation of prevalent 

agglomeration was attributed to the clustered precipitation of ZnO after dissolution.  The 

likely transformation into ZnCl2 and ZnS was observed.  

CeO2 NPs are effective in absorbing UV light, as well as being an antioxidant and 

a radical scavenger. In order to explore new commercial applications, experiments were 

focused on commercial products that will utilize the UV absorbing property of CeO2 NPs. 

Pristine CeO2 NPs and sunscreens containing CeO2 NPs were exposed to sweat, 

chlorinated pool water, UV light, and then incubated in wastewater. CeO2 NPs contain 

cerium at a +3 and +4 oxidation state in a constant ratio. After weathering the 

nanoparticles, there was a higher percentage of Ce3+ in the nanoparticles. Furthermore, 

the nanoparticles were found to aggregate but not agglomerate. The possible formation of 

CeCl3 and Ce2S3 was observed. 

Despite the dissolution and transformations of the nanoparticles found in this 

study, they are not completely dissolved as they make their way through the wastewater 

collection system. Aggregation of the nanoparticles, as well as association with chlorine 

and sulfur, had been found to be a common transformation of the nanoparticles. It was 

also noted that the nanoparticles exhibited the most drastic transformation when 

incubated in wastewater. The transformation exhibited by pristine nanoparticles 

incubated in wastewater alone was identical to the pristine and commercial sourced 

nanoparticles that had been put through the simulated day-to-day use followed by 

wastewater incubation. 
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6.2 Limitations and Applications of this Research 

Despite observing multiple transformations that take place on the nanoparticles, 

some transformations that take place in the nanoparticles could have been undetected due 

to limitations of the methods used. TEM samples of leached nanoparticles were prepared 

from solution, which avoids the analysis of precipitates like AgCl that could have 

formed. Moreover, additional analysis techniques like X-ray absorption near edge 

structure (XANES) could have been used to determine the concentration of each 

transformed chemical species like ZnCl2 and ZnS. In order to better characterize the 

extent of nanoparticle aggregation and agglomeration, atomic force microscopy (AFM) 

could provide a three-dimensional image of the distribution and size of nanoparticles.  

The morphological and compositional transformations of the nanoparticles found 

in this study could alter the effects the nanoparticles have on the environment when 

compared to their pristine form. Using weathered nanoparticles in environmental studies 

would be best. Moreover, knowing the transformed form of nanoparticles entering the 

wastewater treatment facility will help in designing new treatment processes. Instead of 

having to simulate the life cycle of the product to achieve accurately weathered 

nanoparticles, this research had shown that 24-hours of incubation with sewage water 

alone is likely sufficient to prepare a relevant weathered sample. Despite the attempts to 

artificially simulate and weather possible life-cycle scenarios, simulating a natural life-

cycle for nanoparticles in commercial products is impossible due to the seemingly infinite 

paths the nanoparticle can take through its journey from synthesis, product incorporation, 

product use case, disposal and finally leaching into the environment. However, applying 
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the proposed weathering model will provide a more accurate understanding of the 

environmental effects of nanoparticles and aid in future decision making. 

 

6.3 Future work recommendations 

In the future, further transformations of the nanoparticles beyond the wastewater 

incubation will be studied. The nanoparticles will be weathered by wastewater and 

biosolid treatment scenarios. Moreover, in the pursuit to thoroughly understand 

nanoparticle transformation, Ag, ZnO, and CeO2 NPs with various surface coatings as 

well as other metal and metal oxide nanoparticles such as CuO, TiO2, Au, and Fe2O3 

nanoparticles will be exposed to respective relevant product life-cycle scenarios6. 

Furthermore, as the industrial use of carbon-based nanoparticles, polymeric 

nanoparticles, quantum dots, and nanoclays, as well as other advanced materials like 

aptamers and supramolecules, are becoming more prevalent7, their possible 

transformations due to its life cycle will be explored. Based on the acquired knowledge 

from this thesis, it can be deduced that the transformation during the life-cycle of these 

advanced materials will be imminent but the type and extent of transformations will vary 

between each material. 
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