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ABSTRACT 

Silver nanoparticles (nAg) are used in various consumer products due to their distinct 

antimicrobial and antibacterial properties. However, there is growing concern about the 

environmental fate of the engineered nanoparticles (ENPs) and the potential risks to various 

biota. A significant fraction of nAg in usage is released from various products slowly but 

persistently, and eventually discharged with municipal wastewater (WW). The chemical 

transformation (i.e. dissolution of nAg) during the treatment processes and the accurate detection 

of environmentally relevant concentrations of Ag (nAg, and dissolved) in WW is a knowledge 

gap. Dissolution of nAg and the ion release over time has been shown to contribute to the 

toxicity of nAg in aquatic environments. Thus one objective of the research was to assess the 

dissolution rate and extent of nAg in municipal WW using arelatively new technique, single 

particle inductively coupled plasma mass spectrometry (spICP-MS). In addition, the surface 

speciation of nAg in WW and the fate of dissolved Ag after release were assessed.  

The dissolution of nAg in municipal wastewater (WW) collected from the secondary 

aeration tank and the effluent of a treatment facility was characterized. After 168 h the 

concentration of dissolved (ionic and complexed with natural organic matter or other dissolved 

moieties in wastewater) Ag in WW effluent was 71% of the dissolved Ag in deionized (DI) 

water, in batch reactors spiked with 5×106 PVP-nAg particles/mL (10 µg/L), an environmentally 

relevant concentration. Dissolved Ag in WW was partly reformed into ~22 nm nAgxSy by 

inorganic sulfides and organosulfur fractions of dissolved organic carbon (DOC) after 120 h. 

Reformation of nAgxSy from Ag+ also occurred in cysteine solutions but not in DI water, or 

humic and fulvic acid solutions. Dissolution experiments with nAg in WW mixed liquor showed 

qualitatively similar dissolution trends. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
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SIMS) and X-ray photoelectron spectroscopy (XPS) analyses indicated binding of thiol- and 

amine-containing DOC as well as inorganic sulfides with nAg.  

Reaction of nAg with inorganic sulfides resulted in the formation of insoluble Ag2S and 

resulted in 97% lower dissolution of nAg as compared to DI water system. However, there is a 

lack of understanding how dissolved organic matter influences the extents of sulfidation and 

dissolution. Therefore, to assess the dissolution patterns of sulfidated nAg under environmentally 

relevant conditions nAg (30, 50 and 100 nm) was contacted over 648 h with sulfides before (pre-

sulfidation), after (post-sulfidation) and simultaneously with DOC compounds (humic acids, and 

fulvic acids, alginate, and a mixture of cysteine and methionine) . The inorganic sulfides were a 

mixture of metal sulfides of copper and zinc at S to Ag mole ratios of 0.4 and 10. The results 

suggested that the presence of humic substances significantly enhanced the dissolution of 

sulfidated nAg up to 400% for 30 nm nAg in post-sulfidation systems compared to that in DI 

water systems. Humic and fulvic acids were able to enhance dissolution of nAg in systems 

containing sulfides through two pathways:  binding to the sulfides in solution, and complexation 

to the surface of nAg and blocking sites for sulfidation reaction. However, alginate did not bind 

to dissolved sulfides and was only able to suppress sulfidation of nAg when it was contacted 

with NPs prior to sulfides. No dissolved Ag was measured in the mixture of amino acids (i.e. 

cysteine and methionine) while reformation of small nAg was observed in this system.  

nAg in environmental samples is polydisperse and have a wide size distribution from 

very small diameters to large aggregates which are difficult to detect with many of present 

techniques. This study developed a method to improve the characterization of very small nAg 

(10 nm) and very large nAg (200 nm) with spICP-MS. First, the transport efficiency of NPs was 

determined by using a standard nAu with a mean size close to the test nAg samples; second, a 
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NP calibration curve using the standard sized nAg was applied both of which significantly 

improved the analysis of 10 nm and 200 nm nAg. Conventionally, transport efficiency is 

assessed using 60 nm nAu for the analysis of various nAg diameters, and calibration curves are 

prepared using dissolved Ag. nAg of a wide range of diameters from 10 nm to 200 nm at short 

and long dwell times (10-3000 µs) using spICP-MS in DI water, and in WW media, were 

performed under the modified settings to demonstrate their relevance to accurate estimations on 

nAg sizes and concentrations. 

Overall, this research demonstrates nAg dissolution behavior in complex environmental 

aqueous samples, and systems with various concentrations of DOC and inorganic sulfides at 

environmentally relevant concentration of nAg. spICP-MS analyses parameters were optimized 

for analysis nAg of various sizes so as to be able to accurately track the mean size, the dissolved 

fraction and particle number concentration in complex environmental matrices.  
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RÉSUMÉ 

Les nanoparticules Ag (nAg) sont utilisées dans divers produits de consommation en 

raison de leurs activités antimicrobiennes et antibactériennes attrayantes. Cependant, on 

s'inquiète de plus en plus du devenir environnemental de ces nanoparticules artificielles (PEV) et 

des risques potentiels pour divers biota dus à leur rejet dans l'environnement aquatique. On sait 

qu'une fraction importante de nAg pendant l'utilisation est libérée des produits et éventuellement 

déchargée dans des eaux usées municipales (WW). Ainsi, la transformation chimique (c'est-à-

dire la dissolution de nAg) au cours des processus de traitement et la détection précise de très 

faible concentration d'Ag (nAg et dissous) dans la matrice complexe de WW sont les lacunes 

actuelles. La dissolution de nAg et la libération d'ions dans le temps est attribuée à la toxicité de 

nAg dans la littérature précédente. L'objectif de la recherche était d'évaluer le taux de dissolution 

et l'étendue de nAg dans la WW municipale et dans l'environnement avec une concentration 

considérable de carbone organique dissous (DOC) et de sulfures inorganiques en utilisant une 

spectrométrie de masse par plasma à couplage inductif à une seule particule (spICP-MS). De 

plus, on évalue la spéciation de surface de nAg dans WW et le devenir de l'Ag dissous après 

libération. 

Nous avons évalué la dissolution de nAg dans les eaux usées municipales (WW) 

collectées à partir de la cuve d'aération secondaire et de l'effluent de l'installation de traitement. 

La concentration en Ag dissous (non-particulaire) dans l'effluent WW était de 71% de l'Ag 

dissous dans de l'eau désionisée (DI) à 168 h, dans des réacteurs discontinus additionnés de 5 x 

106 particules de PVP-nAg / mL (10 μg / L), une concentration environnementale pertinente. 

L'AG dissout dans WW a été partiellement réformé en ~ 22 nm nAgxSy par des sulfures 

inorganiques et organosulfur DOC après 120 h. La réformation de nAgxSy à partir d'Ag + s'est 
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également produite dans des solutions de cysteine, mais pas dans l'eau DI, ni dans des solutions 

d'acide humique et fulvique. Des expériences de dissolution avec nAg dans une liqueur mixte 

WW ont montré des tendances de dissolution qualitativement similaires. Des analyses de 

spectrométrie de masse d'ions secondaires de temps de vol (ToF-SIMS) et de spectroscopie de 

photoélectrons de rayons X (XPS) ont indiqué une liaison de DOC contenant du thiol et de 

l'aminé ainsi que des sulfures inorganiques avec nAg.  

La réaction de nAg avec des sulfures inorganiques a entraîné la formation d'Ag2S 

insoluble et donc une dissolution inférieure de 97% de nAg par rapport au système d'eau DI. Par 

conséquent, pour évaluer le comportement de dissolution de nAg sulfuré dans des conditions 

environnementales pertinentes, nous avons évalué l'exposition de nAg (30, 50 et 100 nm) aux 

sulfures avant (pré-sulfuration), après (post-sulfuration) et simultanément à l'addition de 

composés de DOC sur 648 h période d'étude. Les sulfures inorganiques étaient un mélange de 

sulfures métalliques de cuivre et de zinc à deux taux de sulfure en rapport molaire Ag (S: Ag=0,4 

et 10). Les résultats suggèrent que la présence de substances humiques améliore 

significativement la dissolution de nAg sulfuré jusqu'à 400% pour nAg de 30 nm dans des 

systèmes de post-sulfuration. Les substances humiques ont pu améliorer la dissolution par deux 

voies; d'abord par l'accumulation des sulfures métalliques et d'autre part par complexation de la 

surface de nAg et réduction des sites actifs pour la réaction de sulfures métalliques libres avec 

nAg. Alors que l'alginate n'a été capable de supprimer la sulfuration de nAg que lorsqu'il a été 

mis en contact avec des NP avant les sulfures. Aucune concentration en solution de Ag n'a été 

mesurée dans le mélange d'acides aminés (c'est-à-dire de cystéine et de méthionine) tandis qu'une 

réformation de nAg faible a été observée dans ce système. 



XXI 

 

Cette étude a analysé nAg avec une large gamme de diamètres de 10 nm à 200 nm à court 

et long temps de séjour (10-3000 μs) en utilisant spICP-MS dans l'eau DI, et dans les milieux 

WW. nAg dans les échantillons environnementaux est polydispersé et présente une distribution 

de grande taille, de très petits diamètres à de grands agrégats qui sont difficiles à détecter avec de 

nombreuses techniques actuelles. Cette étude a développé une méthode pour améliorer la 

caractérisation de nAg très petit (10 nm) et très grand nAg (200 nm) avec spICP-MS. Tout 

d'abord, l'efficacité de transport des NP a été modifiée en utilisant un nAu standard avec une 

taille moyenne proche de l'échantillon d'essai nAg; deuxièmement, on a appliqué une courbe 

d'étalonnage de NP utilisant le nAg de taille standard qui a amélioré de manière significative 

l'analyse de nAg de 10 nm et de 200 nm. Alors que dans le procédé classique, on a utilisé un 

rendement de transport de 60 nm nAu pour l'analyse de divers diamètres de nAg, ce qui a affecté 

négativement l'estimation de la taille moyenne des NP avec des diamètres beaucoup plus petits 

ou plus grands que 60 nm. 

Dans l'ensemble, cette recherche démontre le comportement de dissolution de nAg dans 

une matrice complexe de WW, et des systèmes avec une concentration variée de DOC et de 

sulfures inorganiques à une concentration de nAg respectueuse de l'environnement. SPICP-MS 

est optimisé et appliqué avec succès pour analyser nAg de différentes tailles afin de pouvoir 

suivre avec précision la taille moyenne, la fraction dissoute et la concentration du nombre de 

particules dans des matrices environnementales complexes.  
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PREFACE 

In accordance with the “Guidelines for Thesis Preparation”, this thesis is presented in a 

manuscript-based format. Chapters 1 presents a general introduction to the topic and is followed 

by the literature review in Chapter 2. Chapters 3 to 5 presents 3 related but independent studies 

with descriptions of the experimental methods, and discussions of the experimental results. In the 

final chapter (Chapter 6), conclusion and future work are presented. The results presented in 

these chapters are or will be submitted to different journals. In all the publications, the author of 

the manuscript is the primary author of this thesis. Below is a detailed description of the efforts 

of each contributing author:  

Contributions to New Knowledge 

The specific contributions to new knowledge of this work are listed below:  

1. Dissolution rates and extents of nAg in WW are controlled by the presence of 

both, DOC and acid volatile sulfides. Recent studies that have observed decreased dissolution 

as a result of sulfidation of nAg have suggested that dissolution in WW and sludge is limited by 

sulfidation reactions alone. The research reported here demonstrates that nAg in WW dissolves 

to a significant extent, but slower than in DI water as the control system, even though the WW 

specimens contained considerable levels of inorganic (acid volatile) sulfides. Further 

investigation of surface of nAg with EDX, XPS, ToF-SIMs showed that both organosulfur and 

inorganic sulfides were associated with the surface of nAg.  

2. Silver ions in WW are reformed into particulate nAgxSy due to the presence 

of inorganic or organosulfur compounds. As nAg is dissolved over time, it was demonstrated 

that new nanoparticles of Ag (nAgxSy) reformed from the dissolved silver by complexation and 

reduction of silver ions with inorganic sulfide or organosulfur compounds. Although, the 
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reformation of nAg from dissolved silver in pure solutions of organosulfur compounds such as 

cysteine, or humic acids has been reported before under selected conditions of high Ag+ 

concentrations, presence of light etc.; this phenomenon was not reported before in WW systems. 

Characterization of the secondary particles with spICP-MS was performed to determine their 

mean size, concentration and stability over time. EDX analysis showed the presence of sulfur 

and carbon on the surface of secondary particles.    

3. Humic and fulvic acids and alginate did not alter the  equilibrium dissolved 

silver concentrations as compared to DI water systems and only slowed the dissolution rate 

of nAg compared to dissolution in DI water during the first several days  of contact. . 

Earlier studies have reported that the presence of alginate or humic substances in the system 

inhibited the extents of dissolution of nAg, and those studies assessed dissolution over relatively 

short time periods. In this study, we show that although the initial dissolution rate of nAg in 

alginate and humic subtances solutions was slower than in DI water, dissolution continued up to 

648 h and eventually the equilibrium concentrations reached were similar to those in DI water. In 

the first 3 days diffusional limitations to Ag dissolutions due to interactions of organics with nAg 

surfaces, as evidenced by changes in plasmonic responses in UV-vis spectra, affected dissolution 

rates, but longer periods, equilibration in dissolution was achieved.  

4. Presence of humic substances considerably improved the dissolution extent 

of sulfidated nAg. Studies have shown that sulfidation reaction of nAg severely diminished the 

dissolution of the NPs even at S to Ag mole ratios lower than 0.5 (Ag2S is an essentially 

insoluble solid). In this study, it was demonstrated that the presence of humic and fulvic acids 

significantly enabled dissolution of Ag from sulfidated nAg (S:Ag=0.4) . The  least impact of 

sulfidation on nAg dissolution was attained when the nAg was first contacted with humic and 
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fulvic acids first and then reacted with the sulfides, although notable dissolution of nAg also 

occurred when humic and fulvic acids were added simultaneously with sulfides or after addition 

of sulfides. The humic substances limited the impact of sulfidation on dissolution of nAg by 

complexing the surface of nAg and therefore blocking the active sites for reaction with the 

sulfides. Furthermore, the humic substances bound to the dissolved sulfide, and diminished the 

availability of sulfides for reaction with nAg. Unlike humic and fulvic acids, cysteine and 

methionine induced NP aggregation and destabilized nAg and negligible dissolved Ag was 

measured. Alginate inhibited sulfidation reactions to a significant extent only when nAg was 

contacted with nAg prior to the sulfides. This suggests that different DOC components in aquatic 

environments can have very different impacts both on sulfidation of nAg and on dissolution of 

Ag from sulfidated nAg. To date, there are no studies of impacts of DOC on nAg sulfidation 

other than with humic acids. 

5. Improvement of spICPMS methods for detection of nAg less than 20 nm. 

Current optimization procedure for spICP-MS limits the instrument to size detection of about 20 

nm for nAg. Previous literature suggested use of 60 nm nAu to determine the transport efficiency 

of the NPs into the plasma regardless of the size of the nAg to be analyzed. Although this 

method works well for the NPs within the size range of 60 nm nAu, it does not represent the 

actual transport efficiency of much smaller NPs (<20 nm) and overestimate its size. In this study, 

it was shown that the transport efficiency of NPs change with the mean size of NPs. Small NPs 

have significantly smaller transport efficiency. As a result, the mean size determined by the 

system for 10 nm nAg can be adversely affected. Using 20 nm nAu significantly improved the 

mean size attained by spICP-MS for 10 nm nAg and was in good agreement with the mean size 

attained by TEM.   
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1. Chapter 1 INTRODUCTION 
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1.1. Introduction 

1.1.1 Background 

Since Richard Feynman brought attention to the world of nanomaterials in his famous 

talk “There is plenty of room at the bottom” in 1959, nanotechnology has come a long way very 

rapidly (Nogi 2012). Nanomaterials are defined by the International Organization for 

Standardization (ISO) as the materials with at least one physical dimension in the size range of 1-

100 nm; nanoparticles (all three dimensions between 1 and 100 nm); nanofibers (two dimensions 

between 1 and 100 nm); and nanoplates (one dimension between 1 and 100 nm). The principal 

parameters of nanomaterials are their shape, size, composition and morphological sub-structure.  

The use of engineered nanoparticles (ENPs) is significantly increasing. ENPs are used by 

various industries, e.g., electronic, biomedical, pharmaceutical, cosmetic, energy, environmental, 

and materials. The number of nanoenabled consumer products registered by Woodrow Wilson 

Institute (Project on Emerging Nanotechnologies) jumped from only 212 in 2006 to 1400 in 

2011. Metal ENPs (e.g. TiO2, ZnO, Ag) are some of the most commonly used nanomaterials; for 

example, Ag ENPs (nAg throughout the thesis) as an antimicrobial agent in textiles (Reidy et al. 

2013). It is certain that increasing amounts of ENPs will be released from various products and 

introduced into the environment in increasing amounts in coming years (Nowack and Bucheli 

2007, Bystrzejewska-Piotrowska et al. 2009, Mueller and Nowack 2008).  

While the unique nanoparticle properties, such as small size, high specific surface area 

and reactivity, makes the nAg an incredibly attractive generation of new materials, it could 

potentially lead to unexpected hazards to environment and humans (Wiesner et al. 2006). Some 

recent toxicological studies confirmed the uptake and toxicity of the nAg to a range of biota 

including bacteria (Jiang et al. 2009), fish (Asharani et al. 2008, Griffitt et al. 2009) and other 
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aquatic species (Choi and Hu 2008). Furthermore, ions silver are known to be toxic to aquatic 

organisms in the nanomolar range (Greulich et al. 2012).  

ENPs such as nAg are released from point sources such as factories and landfills, and 

from nonpoint sources, such as the wet deposition from atmosphere, and storm-water runoff. 

Release of nAg from various products such as garments, cleaning products and personal care 

products during washing is a major route of nAg release into the sewer system and finally to the 

wastewater (WW) treatment plants (Gottschalk and Nowack 2011). nAg are then discharged into 

the environment with WW sludge (Brar et al. 2010) that is landfilled, incinerated, or land-applied 

on agricultural lands (Pradas del Real et al. 2016) or with WW effluents released into receiving 

water bodies (Adams and Kramer 1999).  

To assess the impact of nAg released from WW treatment plants into the environment, it 

is important to determine the concentration released to the environment from various sources and 

also the physical and chemical changes to nAg after release from products (Mueller and Nowack 

2008). For instance, nAg in WW may be transformed by dissolution, agglomeration/aggregation, 

changes in surface composition through reactions with WW constituents, and sorption to 

biomass (Tiede et al. 2010).  

1.1.2 Fate of metal nAg in WW and sludge 

nAg may transform chemically and physically while passing through various processes in 

the WWTP (Brar et al. 2010). In the preliminary treatment processes consisting of bar screens 

and grit removal, part of the nAg are likely to adsorb to the debris and other large particles and 

are removed. Usage of coagulants and flocculants in primary settling may lead to the 

agglomeration/aggregation and adsorption of the nAg and further settling in WW sludge. The 

nAg enter into the secondary treatment unit where they may adhere to the microbial cell surfaces 
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or microbe-associated extracellular polymeric substances (EPS) (Kiser et al. 2010). Moreover, 

during anaerobic digestion of WW, nAg is exposed to the inorganic sulfide species at 200-300 

times in excess of nAg (Vaiopoulou et al. 2005) and NPs quickly react with inorganic sulfides 

and form silver sulfide complexes (Kaegi et al. 2011). One of abundant phases formed is silver 

sulfide (Ag2S) which has very low solubility, limited mobility and bioavailability (Levard et al. 

2013a). Hence, inorganic sulfide species and natural organic matter found abundantly in WWTPs 

(Imai et al. 2002) and after discharge in the aquatic and terrestrial environment significantly 

impact the mobility, solubility and toxicity of nAg. 

1.1.3 Toxicological implications of nAg and their dissolved ions  

Dissolution of nAg in an aqueous medium is described as the liberation of ions from the 

surface into the medium (Dokoumetzidis and Macheras 2006). Dissolution of nAg is strongly 

dependant on solvent properties, the availability of molecular oxygen for oxidation of Ag,  as 

well as on physiochemical properties of nAg such as, size, crystal structure, surface morphology, 

and surface modifications (Misra et al. 2012). 

nAg may pose risks to various environmental receptors due to the toxicity associated with 

metal ions released by dissolution, biouptake of NPs and generation of reactive oxygen species 

(Miller et al. 2010, He et al. 2012, Kim et al. 2007). The uptake path and toxicity of Ag ions and 

the ions bound to the soluble ligands is different from nAg (Borm et al. 2006). Having a clear 

understanding of the dissolution behavior and amount in environmental media such as WW, 

surface waters, etc. is important for risk assessment of nAg on the potential receptors. 

Dissolution of nAg not only releases toxic dissolved silver into the aquatic medium but also 

results in much smaller nAg due to silver mass loss over time, which might have very different 

uptake and toxicity pathway than pristine nAg. 
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1.1.4 Characterization and detection of nAg 

Detection, identification and quantification of nAg in complex media such as wastewater 

(WW) is challenging. The variability and complexity of aqueous waste streams, as well as the 

number of insoluble salts and complexes, causes the speciation of NPs in WW and sludge to be 

varied and complex (Brar et al. 2010). Numerous techniques for the characterization of nAg have 

different capabilities and detection limits. For instance, the light scattering techniques such as 

nanparticle tracking analysis (NTA), and dynamic light scattering (DLS) are reliable techniques 

for the detection of nAg in aqueous media. However, it poses some challenges for polydisperse 

samples, and for low particle concentrations. Microscopy techniques such as SEM, TEM provide 

advanced images of nAg morphology and reveal their size, but do not easily provide information 

on the concentration of ENPs in the specific medium.  

A rapidly developing technique for characterization of ENP size and concentrations in 

aqueous media is Single Particle Inductively Coupled Plasma Mass Spectroscopy (spICP-MS) 

which is capable of quantifying the dissolved, and nanoparticle concentrations of a target 

element as well as the nanoparticle size distribution (Lee et al. 2014, Mitrano et al. 2012a, 

Montaño et al. 2016, Pace et al. 2012). spICP-MS atomizes and ionizes the masses of elements 

by the high temperature argon plasma (Degueldre et al. 2006). The ions created by the plasma 

are separated by their mass to charge ratios, enabling the identification and quantification of 

unknown materials by the detector (Hineman and Stephan 2014). This technique is capable of 

distinguishing between dissolved and particulate forms of an element based upon their differing 

signal intensities in a highly diluted sample (Mitrano et al. 2014a). Recent studies have reported 

on application of spICP-MS for characterization of nAg and improving the detection in 

environmental samples (Tuoriniemi et al. 2012, Laborda et al. 2011) and complex matrices 
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(Peters et al. 2015). Analysis of nAg in a wide range of aqueous media such as WW and natural 

waters (Proulx et al. 2016, Yang et al. 2016a), drinking water (Donovan et al. 2016), and 

biological tissue (Gray et al. 2013) has been achieved using spICP-MS. 

1.1.1  Current challenges and knowledge gaps 

Detection, identification and quantification of nAg in complex media such as sludge and 

wastewater (WW) are is a challenge due to very low concentration (ppb-ppt) of the nAg and the 

complexity of the background medium interfering with many characterization techniques (Von 

der Kammer et al. 2012). Even though the sulfidation of nAg in WW has been investigated 

(Kaegi et al. 2013), the presence other WW constituents such as dissolved organic carbons 

(DOC) on the speciation and dissolution behavior of nAg is largely unknown.  

With the technology for detection and quantification of nAg advancing, more in depth 

studies on the fate and transformation of nAg in the environment is becoming more feasible. 

Research and extensive studies on this topic are needed for thorough risk assessment, and 

regulatory consideration of nanomaterials releases to the environment. Nanotechnology has great 

potential for solving many technological challenges, yet if not used and implemented 

responsibly, can pose serious risks to the environment and human health.  

1.2. Research Objectives 

The overall objective of the research is to assess the dissolution behavior of nAg at 

environmentally relevant concentrations in aquatic environments such as WW and lake water 

containing DOC. An associated objective was to improve the detection and characterization of 

nAg and dissolved silver at low concentrations with spICP-MS.  

The specific objectives of the research are: 
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1. To characterize the dissolution rate of nAg at low and high concentration in various 

WW matrices such as WW mixed liquor and effluent.  

2. To investigate the changes in surface chemsitry of nAg upon exposure to WW and the 

changes in particle sizes of nAg.  

3. To assess how major constituents of WW, such as acid volatile sulfides and dissolved 

organic carbon, impact the dissolution rate and extent of nAg of various sizes and 

surface coatings. To evaluate the influence of DOC compounds, such as humic 

substances, polysaccharides, and amino acids, on the dissolution of partially 

sulfidated nAg. 

To assess how the sequence of exposure to DOC and sulfides to nAg affects the 

dissolution of nAg. 

4. To optimize spICP-MS methods and sample preparation for characterization of 

various sizes of nAg in complex, environmental aquatic media. 

1.3. Thesis Organization 

Chapter 1- presents an introduction, the objectives, thesis structure and contribution of 

authors. 

Chapter 2- provides a detailed literature review on the fate and transformation of nAg in 

various aquatic and terrestrial environment including the WW, sludge and biosolids. The 

dissolution behavior and kinetics of nAg and sulfidated nAg, the toxicity of various chemical 

forms of nAg and dissolved silver complexes are discussed. In addition, detailed literature 

review on characterization techniques for detection of nAg, evaluation of dissolution, and surface 

speciation of nAg are presented. 
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Chapter 3- discusses the dissolution behavior of nAg in WW matrix and the changes in 

surface chemistry of nAg after exposure to WW. Batch experiments containing two 

concentration of nAg (10 and 1000 ppb) in two WW media (effluent and mixed liquor) were 

conducted under various dissolved oxygen concentrations. This research showed that nAg 

dissolved over time and the free silver ions were complexed with thiol containing organic and 

inorganic sulfides and reformed into small secondary particles (nAgxSy). The particle 

concentration and dissolved oxygen levels influenced the dissolution rates. The impact of DOC 

and inorganic sulfides in WW on the reduced dissolution of nAg in WW is discussed. Additional 

surface characterization of the nAg and secondary nAgxSy was performed using TEM-EDS, 

XPS, UV-vis spectroscopy, ToF-SIMs to better understand the surface chemistry of NPs 

following exposure to aqueous media rich in DOC and sulfides. This chapter discusses the 

dissolution of nAg in WW and shows the reformation of nAgxSy particles from the dissolved 

silver ions.  

Chapter 4- analyzes the effect of DOC compounds of natural organic matter on the 

dissolution of sulfidated nAg. Both inorganic sulfides and dissolved organic carbon compounds 

greatly impact the solubility and mobility of nAg. Both DOC and inorganic sulfides species are 

abundantly found in WW, sludge, and surface waters and it was hypothesized that the sequence 

of exposure of nAg can influence the rate and extent of dissolution. To investigate this, nAg was 

subjected to three different exposure scenarios to inorganic sulfides before, after and 

simultaneous to addition of DOC compounds. Three DOC solutions containing alginate, a 

mixture of humic and fulvic acids, and a mixture of cysteine and methionine were examined. 

Characterization and quantification of dissolved silver fractions were performed using spICP-
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MS. The extent of sulfidation and evaluation of DOC sorption on nAg was examined using ICP-

OES and TOC analyzer.  

Chapter 5- presents the optimization of spICP-MS methods for more accurate 

characterization of small (10 nm) and large (200 nm) nAg. Very small nAg (10 nm) has very 

different transport efficiency as compared to larger size nAg (80 nm). Calibrating the spICP-MS 

with 60 nm nAu for transport efficiency works well for particles between the size 30 to 100 nm, 

however for nAg (10 nm) it overestimates the transport efficiency of NPs into plasma and thus it 

adversely affects the sizing of particles. Applying similar size nAu for transport efficiency results 

in more accurate mean size of both nAg 10 and 200 nm.  

Chapter 6- contains the overall summary of the thesis and general conclusions of this 

doctoral research work. 
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2.1. Fate and transport of nAg after release from consumer products 

Ag nanomaterials are integrated into many consumer products, due to its long known 

antibacterial and antimicrobial effects. Ag nanomaterials are therefore one of the nanomaterials 

with the highest level of commercialization activity recorded in nano-product databases. Ag 

nanomaterials used in textiles and plastics makes up the main source of silver in the environment 

(Walser et al. 2011).  Furthermore, Ag nanomaterials are used in disinfecting sprays, deodorants, 

cosmetics (Lorenz et al. 2011), in water purification systems (Nowack et al. 2011) and electronic 

devices (Zeng et al. 2010). Other applications under research and development for Ag 

nanomaterials is in food packaging (Cushen et al. 2012), in medical devices and implants (Trop 

et al. 2006, Vlachou et al. 2007).  

As the number of materials functionalized with Ag nanomaterials increases, the release of 

silver from these products in the environment is of concern. The properties of Ag nanomaterials 

such as small size and greater specific surface area results in a more rapid dissolution; potentially 

leading to increased toxicity of nAg compared to its bulk forms (Reidy et al. 2013). A few 

studies showed the release of nAg from textiles (Benn and Westerhoff 2008, Geranio et al. 2009) 

such as socks in both nano and ionic form (Mitrano et al. 2014b, Mitrano et al. 2015). The 

amount and form of nAg released was strongly depended on the way the nAg was incorporated 

into the fabric (Geranio et al. 2009). In another example, Kaegi et al. found significant release of 

nAg (30% of the initial silver mass) in one year from paint during several run off events (Kaegi 

et al. 2010). 

In a study by Mueller and Nowack (Mueller and Nowack 2008), the quantities of several 

engineered nanomaterials (ENMs) including nAg released to the environment were modelled 

showing that waste incineration plants and landfills account for the primary flow of 
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nanomaterials due to high rates of removal of ENMs during WW treatment and the subsequent 

incineration of sludge. However, the transformation, such as dissolution and sedimentation of 

nAg was not taken into account in this study. In a later study, Gottschalk et al. (Gottschalk and 

Nowack 2011, Gottschalk et al. 2009) expanded the model using Monte Carlo simulation to 

determine the concentrations of nAg and other ENPs for U.S., Europe and Switzerland and found 

much smaller concentration of nAg in surface waters than Mueller and Nowack, because they 

accounted for sedimentation of nAg.  

Keller et al. assessed the life cycle emission of ten ENPs including nAg to the 

environmental compartments of air, water and soil plus landfills (Keller et al. 2013). Emissions 

during manufacturing, use, disposal through WW treatment plant and waste incineration were 

estimated. Their investigation suggested that applications such as coatings, paint and cosmetics 

dominate nAg releases into the environment and likely currently contribute 150 (metric 

tons/year) of total nAg emissions to soil and 63 (metric tons/year) to water. Brar et al. showed 

that the majority of nAg after release from consumer products joins the sewer system and 

eventually ends up in the wastewater (WW) treatment facilities (Brar et al. 2010). Therefore, to 

understand the toxicological implications of nAg and to assess the risk posed by the release of 

silver ions, it is necessary to find out the fate and transport of nAg in WW and the potential 

physical and chemical transformation they may go through. 

2.2. nAg transformation and speciation in WW treatment plant 

WW treatment facilities are known to be the major receptors of nAg released from 

different sources, such as households and industries (Gottschalk and Nowack 2011). nAg may 

transform chemically and physically while passing through various processes in the WWTP. In 

the preliminary treatment processes consisting of bar screens and grit removal, part of the NPs 
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are likely to adsorb to the debris and other large particles and are removed. Usage of coagulants 

and flocculants in the primary settling process leads to the agglomeration/aggregation and 

adsorption of the nAg and further settling in WW sludge. The nAg that are not removed in the 

primary treatment processes enter into the secondary treatment unit comprising of fixed film or 

suspended growth bioreactors and secondary sedimentation systems, where they may adhere to 

the microbial cell surfaces or microbe-associated extracellular polymeric substances (EPS) (Lytle 

1984). nAg are largely associated with sludge in secondary treatment systems. Tiede et al. found 

that more than 90% nAg in activated sludge was partitioned to the sewage sludge solids using 

HDC-ICP-MS (Tiede et al. 2010).  Choi et al. observed attachment of nAg to the microbial cells 

in WW (Choi et al. 2008).  

Several studies have examined the fate and speciation of nAg during WW treatment (Kent 

et al. 2014). Kaegi et al. spiked nAg in a pilot WWTP and they also reported that after the initial 

pulse of nAg that passed through the system, nAg was largely (97-98%) associated with the 

biosolids  and very little nAg was found in the effluent (Kaegi et al. 2011). Adams and Kramer 

measured silver in the municipal WW effluent and receiving waters in three size fractions; 

particulate (>0.45 μm), colloidal (10 kDa–0.45 μm), and dissolved (<10 kDa) and reported that 

particulate silver quickly decreased after reaching receiving waters likely due to particle settling, 

sorption, and uptake by organisms whereas the concentration of dissolved silver remains 

constant.  

In another part of their study Kaegi et al. (Kaegi et al. 2011, Kaegi et al. 2013) also 

observed that a large amount of NPs transformed to Ag2S NPs in a non-aerated secondary 

treatment reactor. Kaegi et al. and Brunetti et al. reported that sulfidation of nAg also happens to 

a great extent in the sewer systems (Kaegi et al. 2015, Brunetti et al. 2015). Kim et al. found 
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Ag2S NPs with the size 5-20 nm in the final sewage sludge product using high resolution TEM 

(Kim et al. 2010). Scanning transmission electron microscopy-high angle annular dark field 

(STEM-HAADF) image of Ag2S NP aggregates showed that Ag2S NPs were as small as five nm 

in diameter. Furthermore, there have been several attempts to characterize nAg after sludge 

stabilization treatment processes. Lombi et al. (Lombi et al. 2013) studied the transformation of 

nAg with three types of surface functionalization, nAgCl, AgNO3, in a bench scale anaerobic 

digester and found that all forms of silver transformed into Ag2S. The Ag2S in sludge was stable 

over six month in a simulated composting reactor. In another study, the fate of nAg in a sludge 

that was treated under both aerobic and anaerobic conditions was determined using X-ray 

absorption spectroscopy (XAS) (Doolette et al. 2013). XAS showed that after aerobic digestion 

only about 15% of Ag was in metallic form whereas the rest was bound to sulfur, whereas after 

anaerobic digestion all the nAg was transformed to Ag-S phases.  

A few studies have investigated the transformation of nAg during sludge and waste 

incineration. Currently, incineration and agricultural land application are the main routes for 

sewage sludge disposal in many western countries (Fytili and Zabaniotou 2008). Impellitteri et 

al. (Impellitteri et al. 2013) spiked biosolids with nAg, Ag ions, and Ag2S and found that they 

were all transformed to Ag sulfide or sulfhydryl species in fresh and aged (one month) biosolids. 

In contrast, after incineration of biosolids 30-50% of total silver was found in the form of 

elemental silver, 25% in the form of AgSO4 and 26-50% associated with sulfhydryl groups. In 

another similar study, Meier et al. spiked nAg in to a pilot WW treatment plant, digested the 

sludge anaerobically, then incinerated on a bench-scale fluidized bed reactor (Meier et al. 

2016a). XAS analyses showed that nAg(0) was identified as a major Ag component in the ashes 

but Ag2S was clearly absent.  
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2.3. Dissolution of nAg and toxicological implications of dissolution 

2.3.1.  Dissolution kinetics of NPs and factors affecting dissolution of nAg  

Dissolution of a particulate substance means the constituent molecules of the dissolving 

solid migrate from the surface to the bulk solution through a diffusion layer (Borm et al. 2006). 

The driving force for dissolution depends on the materials solubility within a given environment 

as well as the concentration gradient between the particle surface and the bulk solution phase. 

Hence, the kinetics of dissolution of a particle is surface area dependent. The kinetics of 

dissolution of particulate materials is often described by Noyes-Whitney equation (Borm et al. 

2006): 

𝐶𝑡 = 𝐶𝑠 × (1 − 𝑒𝑘𝑡)                                                                                               (2-1) 

Where 𝐶𝑡 is the concentration of a solute molecule in bulk solution, 𝐶𝑠 is the solubility or 

saturation concentration of solute molecule in bulk solution, t is the time and k is the rate 

constant of dissolution which is described as:  

𝑘 =
𝐴×𝐷

𝑉×ℎ
  (2-2) 

Where D is the diffusion coefficient of solute molecule, V is the volume of solution, h is 

the thickness of diffusion layer, and A is the cross-sectional area through which diffusive the 

diffusive flux occurs. The rate constant of dissolution, k, decreases with increasing the total 

silver concentration (Liu and Hurt 2010). The dissolution process slows as the concentration in 

the bulk solution phase reaches equilibrium (solubility) levels. Solubility depends on the size of 

NPs according to Ostwald-Freundlich equation (Ma et al. 2011): 

𝑅𝑇𝜌 

𝑀
𝑙𝑛

𝐶𝑠1

𝐶𝑠2
= 2𝜎(

1

𝑟1
−

1

𝑟2
)                                                                                                                   (2-3) 
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Where R is the gas constant, T is the absolute temperature, M is the molecular weight of 

the solid in solution, 𝜎 is the interfacial tension between solid and liquid, 𝜌 is the density of 

solid, and 𝑆1 and 𝑆2 are the solubility of particle of radius 𝑟1 and 𝑟2, respectively. This equation 

states that solubility increases as particle size decreases, and this is attributable to the higher 

energy state of surface atoms in smaller particles.  

Solubility also depends on other physiochemical properties of NPs such as, crystal 

structure, and surface morphology, and surface area.  Surface functionalization of NPs with 

surfactants or other capping agents can also affect the rates of dissolution in ultra-pure water 

shown by Kittler et al. (Kittler et al. 2010). For example, Polyvinylpyrrolidone (PVP)-capped 

nAg was shown to dissolve less than the citrate-capped nAg over one week exposure to natural,  

pure and tap waters  (Mitrano et al. 2014a). Ma et al. (Ma et al. 2011) found that other factors 

such as coating type and synthesis method did not affect the solubility as much as the NP size. 

Dissolution of NPs is an important property which influences their bioavailability, toxicity, 

mobility, and environmental impact (Misra et al. 2012). Dissolution of NPs such as nAg not only 

depends on intrinsic properties (e.g. size, chemical and surface properties) as discussed earlier; it 

also is strongly dependant on solvent properties such as pH, ionic strength, dissolved organic and 

inorganic constituents. Thermodynamic analysis of ion release from nAg was first discussed by 

Liu and Hurt (Liu and Hurt 2010) showing that dissolution of nAg is an oxidation process 

involving protons and dissolved oxygen. Those authors described the reaction stoichiometry of 

dissolution of nAg as below in an aqueous phase containing oxygen no other oxidant or 

reductant. According to this equation, proton (Liu and Hurt 2010) or oxygen depletion (i.e. 

anaerobic condition or high particle concentration) (Xiu et al. 2012) would limit  dissolution of 

nAg. 
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2𝐴𝑔(𝑠) +
1

2
𝑂2(𝑎𝑞) + 2𝐻(𝑎𝑞)

+ ↔ 2𝐴𝑔(𝑎𝑞)
+ + 𝐻2𝑂(𝑙)                                                  (2-4) 

Studies show that characteristics of surrounding media can affect suspension stability and 

as a result the agglomeration/aggregation of nAg by which the surface area and the dissolution of 

NPs change (Badawy et al. 2010, Baalousha et al. 2013, Huynh and Chen 2011, Li et al. 2011). 

Furthermore, the ionic composition of the aqueous media  impacts the dissolution of nAg 

(Huynh and Chen 2011). Chloride (Cl-) is shown to impact the dissolution of nAg due to strong 

affinity to oxidized silver and the formation of solid or soluble Ag-Cl species depending on Cl to 

Ag ratio (Levard et al. 2013b, Kent and Vikesland 2012). In another instance absorption of 

ambient CO2 enhanced the dissolution of nAg due to decrease in pH of solution (Fujiwara et al. 

2015).  

2.3.2.  The impact of sulfides and DOC on dissolution of nAg 

Several studies have investigated the influence of dissolved organic carbon (Mitrano et al. 

2014a, Chappell et al. 2011, Aiken et al. 2011, Pokhrel et al. 2013) and inorganic sulfides 

(Levard et al. 2011) species on the dissolution of nAg. Dissolved organic carbon (DOC) such as 

humic substances, amino acids, polysaccharides are common constituents of natural waters, and 

WW (Ma et al. 2001, Accardi-Dey and Gschwend 2002). DOC can control nAg surface 

chemistry, mobility and bioavailability (Baker 1973) by complexing silver ions, or Ag atoms on 

the surface of nAg (Sikora and Stevenson 1988, Veronesi et al. 2015). Interactions of nAg with 

DOC can influence its colloidal stability (Gunsolus et al. 2015), induce precipitation reactions 

(Gondikas et al. 2012), or drive redox reactions (Akaighe et al. 2011, Khan and Talib 2010, 

Akaighe et al. 2012). In a few studies Suwannee river humic and fulvic acids were found to 

reduce dissolution depending on nAg to carbon ratio (Mitrano et al. 2014a, Liu and Hurt 2010). 
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Navarro et al. (Navarro et al. 2008), and He et al. (He et al. 2012) reported that cysteine, an 

amino acid found in natural waters (Shea and MacCrehan 1988), inhibited dissolution of nAg by 

strongly binding Ag+. However, Gondikas et al. (Gondikas et al. 2012) reported on increased 

dissolution of citrate coated nAg in the presence of cysteine.  

The impact of inorganic sulfides on the reduced dissolution of nAg due to formation of 

insoluble Ag2S has been extensively studied (Levard et al. 2013a, Levard et al. 2011, Liu et al. 

2011). The reaction of nAg and silver ions with HS- and with metal sulfides (Thalmann et al. 

2014) with smaller stability constant (i.e. CuS, log K=22.3 and ZnS, log K=25.1) is 

thermodynamically favored. Ag(I) is Group 11 element and has a single s electron outside the 

filled d shell and is particularly prone to reacting with sulfide because of the relatively small 

energy difference between the frontier orbitals of the ion (Rickard 2012, Rickard and Luther 

2006). Thus, chemical equilibrium constants for the sulfides of Ag(Ι) are high (log K=50.1 at 25 

ºC) (Bell and Kramer 1999); 

2𝐴𝑔+1 +  𝑆−2 = 𝐴𝑔2𝑆(𝑠)                                                                                                    (2-5) 

               2𝐴𝑔+1 +  𝐻𝑆−1 = 𝐴𝑔2𝑆(𝑠) + 𝐻+                                                                                     (2-6) 

The large equilibrium constant of the Ag2S and low solubility suggest that these species are 

more stable than nAg. However, recent studies found that in case of incomplete sulfidation 

(S:Ag< 0.5), unreacted surface of nAg is prone to oxidation and ion release (Kent et al. 2014).  In 

addition, Zhang et al. showed that sulfidation kinetics of nAg slowed in the presence of humic 

substances (Zhang et al. 2016). The presence of organosulfur ligands (i.e. thiols) increased the 

dissolved silver concentration and disrupted the sulfidation reaction of silver in iron sulfide 

solution (Adams and Kramer 1998). 
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2.3.3. Toxicity of nAg and dissolved silver 

Extensive toxicological studies have demonstrated the toxicity of nAg to various 

organisms. To explain this observation, some studies have suggested increased toxicity of nAg as 

compared to bulk silver material due to a nanoscale effect. Other studies argue that dissolution of 

nAg is the sole cause of toxicological responses to nAg (Kittler et al. 2010). Therefore, 

dissolution of nAg in the exposure media and speciation of ions with other ligands can change 

their bioavailability, and toxicity (Misra et al. 2012). Recent studies however provide evidence 

for a complex interplay between nAg and dissolved silver (Navarro et al. 2008). Dissolved ions 

of nAg use the ion transporters or ion channels preferably for cellular entry (Piccapietra et al. 

2012). Another route for transport of Ag ions is dissolution of  nAg associated with biological 

membranes (Xiu et al. 2012, Park et al. 2010). Other pathways of toxicity arise from direct 

uptake of nAg into cells (Morones et al. 2005) and reactive oxygen species generation (Jones et 

al. 2011, Carlson et al. 2008). Toxicity of nAg to various biota such as zebra fish (Asharani et al. 

2008), algae (Miao et al. 2009), and to various bacteria such as Escherichia coli (Levard et al. 

2013b) and nitrifying bacteria (Choi and Hu 2008), and worms such as Caenorhabditis elegans 

(Collin et al. 2016, Yang et al. 2011) has been reported. 

Toxicity of nAg to biological processes in WW treatment facilities is also studied (Choi 

and Hu 2008, Farkas et al. 2011). Choi and Hu found that 1 ppm of nAg inhibited the activity of 

nitrifying bacteria by 80% (Choi and Hu 2008) and Liang et al. (Liang et al. 2010) showed that 

nAg was more toxic to nitrifying bacteria in activated sludge than silver ions.  
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2.4. Analytical techniques for quantification of NPs and their dissolved ions in aquatic 

environment 

It may seem that we can generally apply the analytical methods and experimental 

dissolution protocols used for macroscopic materials to study the dissolution of NPs. However, 

there are two main challenges in quantification of dissolution of NPs in complex media such as 

WW and DOC, (i) separation of NPs from dissolved component and (ii) instrumentation 

available to measure dissolution at environmentally relevant concentrations (ppt-ppb levels) in 

complex matrices. There are several direct and indirect techniques for measuring the dissolution 

of nAg. Many of metal analysis techniques such as ICP-MS, ICP-OES, and GF-AAS need 

separation of dissolved portion from the NPs. Dialysis membrane (Kittler et al. 2010) and 

centrifugal ultrafiltration (Ma et al. 2011, Li et al. 2011) have seen increased application for the 

separation of nAg from ions with high recovery in clean systems. Then the dissolved silver is 

quantified by analyzing the filtrate with ICP-MS, or GF-AAS. However, an ineffective method 

of separation can lead to over/under estimation of dissolved silver. For example, Ag ions 

complexed to DOC molecules can be retained in the filter or settled by centrifugation, which can 

lead to underestimation of dissolution extents. Furthermore, separation methods do not provide 

any information on the state of particles so for that other characterization techniques such as 

TEM or light scattering is used. Recent studies have used techniques such as single particle 

inductively coupled plasma mass spectrometry (spICP-MS) (Mitrano et al. 2014a), or ion 

selective electrodes (ISE) (Hadioui et al. 2012), by which no separation process of nAg from 

dissolved species is required. spICP-MS enables the analysis of nAg and dissolved silver at trace 

concentration (ppt-ppb) simultaneously with great accuracy.  
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2.4.1. Single Particle ICP-MS 

spICP-MS provides a rapid and sensitive elemental analysis at trace concentrations (ppt-

ppb) which makes it a great technique for characterization of nAg in the environmental samples. 

The basic methodology of spICP-MS was established initially by Degueldre et al. for the 

analysis of colloids (Degueldre et al. 2006, Degueldre and Favarger 2003, 2004). Liquid samples 

are introduced to spICP-MS on a particle-by-particle basis assuming that a single particle 

generates a discrete transient pulse whereas the dissolved species generate a continuous baseline 

signal. The system first aspirates the liquid sample through a nebulization system that produces 

an aerosol of droplets. The droplets are then desolvated, atomized and ionized by passing 

through the plasma, then they are sorted according to their mass to charge ratio in a mass 

spectrometer. spICP-MS is able to provide thorough information on the particle number 

concentrations, and particle diameter and dissolved fraction. This technique has been employed 

for the analysis of nAg and other metal NPs in a wide range of media such as such biological 

tissues (Gray et al. 2013), plant tissues (Dan et al. 2015), food (fruit juices) (Witzler et al. 2016), 

lake water (Furtado et al. 2014), WW effluent (Yang et al. 2016a)  and sea water (António et al. 

2015). 
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3. Chapter 3 DISSOLUTION BEHAVIOR OF SILVER 

NANOPARTICLES IN MUNICIPAL WASTEWATER AND 

THE IMPACT OF PARTICLE CONCENTRATION, 

DISSOLVED OXYGEN, AND PARTICLE COATING ON 

DISSOLUTION BY SINGLE PARTICLE ICP-MS 

 

Connecting text: nAg are incorporated into many nano-enabled products and its growing use 

has raised concern about the environmental implications of their release. nAg and free silver ions 

are both shown to be toxic to a wide range of organisms. Dissolution of nAg can release toxic 

silver ions in the aquatic environment and it results in considerably smaller NPs than the pristine 

particles, which may have different bio-uptake and toxicity pathways. A significant fraction of 

the nAg are released into sewer systems and end up in WW treatment facilities. However, up to 

now there has been no study on the dissolution behavior of nAg in different WW streams. In this 

chapter, dissolution kinetics and extent of nAg in WW is examined over periods that are 

representative of WWTP hydraulic and sludge retention times. The changes in surface speciation 

were characterised using TEM- Energy-dispersive X-ray spectroscopy (TEM-EDX) and X-ray 

photoelectron spectroscopy (XPS) and ToF-SIMs 

 

The Chapter was published in Environmental Science and Technology as:  

Azodi, A., Sultan, Y. and Ghoshal, S. (2016) Dissolution Behavior of Silver Nanoparticles and 

Formation of Secondary Silver Nanoparticles in Municipal Wastewater by Single Particle ICP-

MS. Environmental Science and Technology, 2016, 50 (24), pp 13318–13327 
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3.1. Introduction   

The uses of nAg in commercial products (e.g., medical devices, coating and paints, 

textiles, and cosmetics) are growing very rapidly primarily because of their excellent 

antimicrobial properties (Kim et al. 2007, Rai et al. 2009). However, nAg once released into 

aquatic environments may pose risks to various environmental receptors due to the toxicity 

associated with Ag+ released by dissolution (Misra et al. 2012), nAg bio-uptake (Navarro et al. 

2008, Morones et al. 2005) and reactive oxygen species generated (Jones et al. 2011). Based on 

materials flow analyses of nAg released from various products in the environment, it has been 

suggested that a significant fraction of nAg released from consumer goods will enter municipal 

WW treatment plants (WWTPs)  (Keller et al. 2013),(Gottschalk et al. 2009). 

In assessing the environmental risks of nAg, it is important to consider the environmental 

transformations of nAg that affect their size, and surface or bulk chemistry. Dissolution of nAg is 

an important environmental transformation process because it releases Ag+ into the aquatic 

environment and also alters the size of nAg, both of which can influence the toxicity 

characteristics of nanoparticles (NPs) (Park et al. 2011),(Carlson et al. 2008),(Choi and Hu 

2008),(Kittler et al. 2010). The rates and extents of dissolution depend on the intrinsic properties 

of NPs such as size (Ma et al. 2011, Zhang et al. 2011), particle concentration (Liu and Hurt 

2010), nature of surface capping agents (Li et al. 2011, Dobias and Bernier-Latmani 2013) as 

well as on the chemistry of the aqueous medium. Previous studies have investigated the 

dissolution of nAg in simple aqueous media compositions with various pH (Liu and Hurt 2010) 

and ionic strength (Huynh and Chen 2011), various concentrations of dissolved organic matter 

(Chappell et al. 2011, Ostermeyer et al. 2013), inorganic sulfide (Levard et al. 2011, Liu et al. 

2011), chloride (Levard et al. 2013b), oxygen (Liu and Hurt 2010) or carbonate (Fujiwara et al. 
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2015) and have determined that these factors influence dissolution rates. It is difficult to 

extrapolate the dissolution behavior from those systems of simple composition to a complex, 

multicomponent media such as municipal WW.  

To date, a detailed characterization of nAg dissolution in WW has not been reported. 

Dissolved organic carbon (DOC) such as humic acids (HA) and fulvic acids (FA), 

polysaccharides, proteins and amino acids are present at ppm levels in municipal WW (Imai et 

al. 2002, Ma et al. 2001), (Drewes and Croue 2002). Furthermore, sulfides and chloride ions can 

be present in WW at concentrations of a few hundred ppm (Du and Parker 2013). Therefore, the 

WW matrix is likely to influence dissolution of nAg. Several studies have reported the 

sulfidation of nAg in wastewater streams (Kaegi et al. 2013) and during sludge treatment (Ma et 

al. 2013). Sulfidation has been shown to hinder dissolution partly or completely (Levard et al. 

2011). Recent investigations have found that sulfidation is not uniform over the nAg surface 

even at high sulfide concentrations (Kent and Vikesland 2012, Baalousha et al. 2015) and some 

Ag+ release may still occur.  

Past approaches for measuring the dissolution of NPs is the separation of dissolved Ag 

from the NPs by methods such as centrifugation (Chappell et al. 2011), dialysis membrane 

(Kittler et al. 2010), or centrifugal ultrafiltration (Liu and Hurt 2010, Ma et al. 2011, Huynh and 

Chen 2011, Navarro et al. 2008) and then quantification of the dissolved metal concentrations by 

total metal analysis by ICP-MS (Huynh and Chen 2011, Chappell et al. 2011, Gondikas et al. 

2012), ICP-AES (Miller et al. 2010), and GF-AAS (Liu and Hurt 2010). Organic 

macromolecules in WW may bind Ag+ and those complexes may be filtered out with nAg during 

phase separation, leading to the underestimation of dissolved Ag. In this study we used ICP-MS 
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in single particle mode (spICP-MS) which is capable of simultaneous quantification of nAg size 

and concentration and dissolved Ag concentrations (Mitrano et al. 2012a, Mitrano et al. 2014a, 

Laborda et al. 2011, Degueldre and Favarger 2003, Mitrano et al. 2012b). Although spICP-MS 

has been used for characterization of metal NPs and dissolved metals in aqueous solutions of 

relatively simple chemistry (Mitrano et al. 2014a, Hadioui et al. 2012), its implementation for 

environmental complex samples such as WW has been very limited (Peters et al. 2015, Yang et 

al. 2016b, Hadioui et al. 2015)  

We assessed the dissolution of sulfidated and unsulfidated Citrate-nAg and PVP-nAg (80 

nm) in aerated and non-aerated WW samples from an urban municipal activated sludge WWTP, 

over time periods representative of the hydraulic residence time (HRT) and solids retention time 

(SRT). Dissolution of the nAg was also evaluated in DI water, which served as a control 

medium. Dissolution of nAg requires dissolved oxygen or strongly oxidizing conditions (Liu and 

Hurt 2010), and many WW treatment processes are aerobic. The rationale for studying 

dissolution of unsulfidated nAg under aerobic conditions was to characterize the rates and 

extents of dissolution under favorable conditions. The presence of unsulfidated nAg may relate 

to scenarios such as the release of nAg from NP-functionalized matrices (e.g. polymer 

composites, fibers) present in influent WW, after entering the WWTP. Dissolution of the nAg 

was also evaluated in air-saturated DI water, which served as a control medium. Dissolution of 

nAg requires dissolved oxygen or strongly oxidizing conditions (Liu and Hurt 2010), and many 

WW treatment processes are aerobic.   

This study presents for the first time a detailed investigation of the dissolution of nAg 

because not only were the amounts of Ag dissolved assessed, the changes in nAg particle size 
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distributions and surface composition during dissolution were also assessed. Characterization of 

the changes in surface chemistry was performed by ToF-SIMS and XPS. Furthermore, the fate of 

the dissolved Ag in WW was investigated and our results suggest its re-precipitation into 

substantially smaller (~ 22 nm) NPs. A spICP-MS methodology for the detection of the smaller 

nAg formed was developed, as those sizes are below the detection limits of instrument settings 

reported in prior studies (Donovan et al. 2016). Dissolution was assessed at nAg concentrations 

of 10 ppb which is close to the range of predicted concentrations in municipal WWTPs 

(Gottschalk et al. 2009, Keller et al. 2013). Most previous studies have only reported on the 

dissolution of Ag with NPs concentrations only at ppm levels (Ma et al. 2011, Gondikas et al. 

2012). Comparison of the dissolution experiments performed with nAg concentrations of 5×106 

particles/mL (10 ppb) and 5×108 particles/mL (1 ppm) demonstrated that the initial concentration 

of nAg influenced not only the dissolved Ag concentrations but also the size of the nAg. The 

impacts of common DOC macromolecules (alginate, HA and FA) on the dissolution rates and 

extents were investigated to determine how those WW constituents influence dissolution. 

 

3.2. Materials and Methods 

3.2.1.  Chemicals 

Silver NPs. Citrate-coated NanoXact nAg (TedPella), and PVP-coated NanoXact nAg 

(NanoComposix) at a stock concentration of 20 ppm and nominal diameter of 80 nm were 

purchased. TEM analysis yielded a mean size of 74.1±5.3 nm (n=120) and 79.0±7.5 nm (n=120) 

for the cit- and PVP-nAg, respectively. These measurements were in agreement with spICP-MS 



66 

 

(Perkin Elmer NexION 300X) measurements of mean particle sizes of 74.8±0.24 nm and 

81.7±0.06 nm for the cit- and PVP-nAg, respectively.  

WW samples. The WW samples were collected from an activated sludge, secondary 

municipal WW treatment plant near Montreal (La Prairie, QC, Canada). Samples were collected 

from the secondary settling tank overflow (WW effluent) and the secondary aeration tank (WW 

mixed liquor) in a clean dark glass bottle (acid washed, rinsed with DI water, and dried) and 

were sealed completely. WW characteristics such as total Ag after acid digestion, pH, 

conductivity, total organic carbon (TOC), DOC, redox potential, total sulfur, acid volatile 

sulfides (AVS) and total suspended solids were measured within 24 h after the WW was sampled 

and are listed in Table 3-1 S1. The methods for measurement are stated in Supplementary 

Information (SI).  

Dissolution experiments with nAg in WW and DOC solutions. Dissolution 

experiments were conducted in batch systems comprised of 15 or 50 mL polypropylene, conical-

bottom tubes. The WW effluent and mixed liquor samples were first filtered using 0.45 µm 

cellulose acetate filters to eliminate suspended solids, which can adversely impact the 

performance of the spICP-MS. The DI water (double deionized, Millipore) and one set of WW 

effluent and mixed liquor samples were aerated for 15 min to ensure that all systems had 

identical DO (9.5 mg/L). In parallel, a second set of WW samples were prepared by purging the 

WW samples with N2 to achieve DO concentrations similar to those typically recorded at the 

treatment plant.  In that set, WW effluent samples were adjusted to a DO of 5.3 and 7.7 mg/L 

and the mixed liquor samples were adjusted to 2.3 mg/L. 

Citrate- and PVP-nAg stock solutions were dispersed in 10 mL aliquots in triplicate vials 

of DI water and filtered WW at specific DO, to attain a final concentration of 10 or 1000 ppb 
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nAg in all the systems. The samples were continuously mixed on a horizontal shaker and were 

periodically sampled up to 168 h, a time range which includes the HRT and SRT of typical 

activated sludge systems (Metcalf 2003). The error bars in all the graphs therefore, are the 

standard deviation of three sample replicates. 

Several dissolution experiments were conducted with sulfidated nAg. A sulfide stock 

solution was prepared by dissolving 1 mM Na2S (Sigma Aldrich) solution in 0.5 mM NaNO3 in 

an anaerobic chamber according to methods reported elsewhere (Levard et al. 2011). The 

solution was diluted in de-aerated DI water and added to tubes each containing 10 or 1000 ppb 

nAg and capped in the anaerobic chamber to yield S/Ag mole ratios of 0.5, 5, and 50. The 

suspensions were placed in an end-over-end mixer overnight and then the sulfidated nAg was 

separated by centrifugal ultrafiltration, performed three times at 4600 g for 20 min. The 

sulfidated nAg was then used in dissolution experiments that were performed as described above. 

Additional nAg dissolution experiments were conducted with DOC solutions. Solutions 

of alginate (Sigma, sodium salt of alginic acid from brown algae), FA (Suwannee River Fulvic 

Acids standard II, International Humic Substances Society), and HA (Suwannee River Humic 

Acids standard II) were prepared in DI water. Alginate was dissolved in DI water by mixing with 

an end-over-end for 1 h. FAs and HAs were prepared in DI water by overnight shaking and 

filtering (0.45 µm). Then the alginate, FA and HA solutions were diluted to obtain final 

concentrations of 1, 6, and 10 ppm and nAg was spiked to obtain a final concentration of 10 ppb. 

The dissolution experiments were otherwise identical to those described above for the WW 

samples. All dissolution experiments and analyses were conducted at room temperature (21 °C).  
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3.2.2. Instrumentation and characterization 

 A Perkin Elmer NexION 300X ICP-MS supported by Syngistix software (ver1.1.) was 

used in single particle mode for nAg characterization (Degueldre and Favarger 2003). The 

dissolved silver measured by spICP-MS includes the any free silver ions, soluble silver 

complexes, as well as small nAg <10 nm which are not detectable and count as dissolved silver. 

Therefore, throughout this study dissolved silver is referred to any free silver ions, to soluble 

inorganic and organic silver complexes and all particulate silver species smaller than 10 nm. The 

integration dwell time of 1000 µs was generally used, but several samples were also analyzed at 

100 µs in order to compare the particle size distribution, and mean size from the two dwell times. 

In order to detect the secondary nAg in the range of 10 to 30 nm, torch alignment and nebulizer 

gas flow of spICP-MS were optimized for the highest sensitivity to Ag. In addition, a dwell time 

of 100 µs was used and the total data collection time was increased to 150 s for sample analysis. 

A total data collection time of 100 s (but 150 s for time point 168 h) was set for all the other 

samples. Other instrumental parameters are presented in Table 3-2 S2. The standard reference 

nAu (NIST), with a nominal 60 nm diameter at a concentration of 9.5×104 particles/mL in DI 

water provided a transport efficiency of between 5 to 7% at dwell time of 1000 µs and 7 to 9% at 

dwell time of 100 µs for different runs.  

Stock solutions of 20 ppm PVP-coated NanoXact nAg (nanoComposix) of nominal size 

of 10 nm and 20 nm at concentrations of 0.1 ppb were used to determine the particle mean size 

detection limit of spICP-MS analysis. The detection limit for nAg size by spICP-MS was 

established to be about 10 nm in DI water. The minimum detectable particle concentration for 80 

nm nAg was 6250 particles/mL and for dissolved silver in DI water was 30 ppt in single particle 

mode.  
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Sample dilutions were done immediately before the analysis. In addition, many control 

samples were run to ensure the dilution factors of 10, 100 and 1000 times did not trigger any 

immediate ion release from nAg. Further details on spICP-MS optimization and data quality 

(Figures 3-5 S1, 3-6 S2) as well as the total silver mass balance are discussed in SI (Table 3-8 

S8).  

Transmission Electron Microscopy (TEM). TEM analysis was performed using a FEI 

Tecnai G2 F20 S/TEM equipped with Gatan Ultrascan 4000 4k × 4k CCD Camera System 

(Model 895). An EDAX Octane T Ultra W /Apollo XLT2 SDD system was used for energy 

dispersive X-ray spectroscopy (EDS) measurements. To image the WW samples to which nAg 

and Ag+ ions were added, the samples were concentrated by centrifugation at 4600 g for 20 min. 

Then 10 µL of the concentrate was deposited on the Cu TEM substrates (Electron Microscopy 

Sciences, Carbon film 200 mesh Cu grids). The grids were kept in dark and air dried. The 

samples were rinsed with DI water a few times to clean background WW debris, and air dried 

again prior to analysis.  

Time-of-flight secondary ion mass spectrometry (ToF-SIMS). A ToF-SIMS IV 

(IONTOF GmbH) instrument was used. The primary ion beam was rastered over a 50 µm × 50 

µm area with a spectral resolution of 128 × 128 pixels. The mass resolution m/m was > 8000 on 

29 Si+ and the width of the H+ peak on silicon was 0.7 ns. H+, H2
+, H3

+, C2H3
+, C2H5

+, C3H5
+, 

C3H7
+, C4H7

+, and C4H9
+ were used to calibrate the positive spectra, while H-, C-, CH-, C2

-, and 

C2H
- were used to calibrate the negative spectra. Samples for ToF-SIMS analyses were prepared 

by suspending 10 mg/L PVP-nAg in WW samples for 72 h, and air drying several drops of the 

suspension on silicon substrates (Electron Microscopy Sciences) prior to analysis. Instrument 

operating conditions are stated in SI. 
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X-ray photoelectron spectroscopy (XPS). Analysis was performed using a XPS VG 

Escalab 3 Mk II with a non-monochromatic Al K-α source at 300 W. The analyzed surface was 2 

mm × 3 mm and depth was 50-100 Ǻ. High resolution scans were performed at a pass energy of 

20 eV with 0.05 eV energy step size. The spectra were charge corrected with respect to Ag3d5/2 

at 368.3 eV for analyzing nAg suspended in WW, and to C1s at 285 eV for analyzing sulfidated 

nAg. PVP-nAg at 10 mg/L were suspended in WW effluent and mixed liquor for 72 h and then 

several drops of each sample were deposited on Cu grids. 

UV-vis spectroscopy The optical absorption spectra of Ag were measured in a 

wavelength range of 200-800 nm by a SpectraMax M5 Multimode Plate Reader. 

 

3.3. Results and Discussion 

3.3.1. Dissolution of nAg in WW mixed liquor and effluent samples.  

spICP-MS analyses of the filtered WW samples performed promptly after sample 

collection showed no detectable nAg or dissolved silver in effluent and mixed liquor.  

Figures 3-1 A, B show changes in nAg particle sizes and dissolved Ag concentrations 

over time from spICP-MS analyses of suspensions of 80 nm PVP-nAg at an initial particle Ag 

concentration of 10 ppb (5×106 particles/mL). The results demonstrated that the nAg dissolved to 

a greater extent in air-saturated DI water (DO 9.5 mg/L) than in WW mixed liquor and effluent. 

Dissolution of PVP-nAg over 168 h in DI water resulted in the largest decrease in particle 

diameter of 42.06±3.6 nm (82.4 to 40.3 nm) and a dissolved Ag concentration of 3.1±0.18 ppb. 

Dissolution of the PVP-nAg in the air-saturated mixed liquor and effluent samples did not 

change significantly beyond 72 h, and yielded a decrease of 17±0.9 and 15.8±0.55 nm, 
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respectively, in mean diameter over 72 h. The dissolved Ag concentrations at 72 h in the mixed 

liquor and effluent samples were 1.15±0.04 and 0.9±0.02 ppb, respectively. The effluent and 

mixed liquor WW had very similar composition after pre-filtration although the mixed liquor had 

four times higher DOC levels (Table 3-1 S1). The total dissolved concentrations measured by 

spICP-MS, as shown in Figure 3-1A, comprised Ag+ and Ag complexed to DOC or other agents 

(e.g., anions).  

One reason for the reduced dissolution in the air-saturated WW effluent and mixed liquor 

as compared to DI water could be the presence of reduced sulfur. Inorganic sulfides in WW can 

sulfidate nAg and impact its dissolution (Kaegi et al. 2013). In this study, inorganic sulfides 

which include HS- and acid soluble metal sulfides were quantified, as described in supporting 

information (SI), for WW effluent and mixed liquor samples before and after sample pre-

treatment (0.45 µm filtration and aeration for 15 min). The sample treatment, particularly 

filtration, resulted in removal of some inorganic sulfides, but sufficient sulfides (1.88-2.84 ppm) 

remained in the aerated filtrate to which nAg at was added (mole ratio S/Ag = 632 for 10 ppb 

nAg; or S/Ag = 6.32 for 1 ppm nAg; Table 3-2 S2). 

Decrease in DO concentrations reduced the rates and extents of dissolution of nAg, 

similar to trends observed elsewhere. (Liu and Hurt 2010) The dissolved silver concentration 

decreased by more than 50% at DO levels of 5.3 and 2.2 mg/L in WW effluent and mixed liquor, 

respectively. The dissolved silver concentrations in WW samples with DO at 7.7 mg/L were 

however similar to those in the air-saturated WW samples (Figure 3-1A). 

The changes in particle size distributions of nAg for air-saturated DI water and effluent 

samples over 72 h are shown in Figure 3-1C. Particle sizes diminished due to dissolution and 

there was no evidence of nAg aggregation. In order to verify the nAg mean sizes attained by 
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spICP-MS, TEM analyses were performed for PVP-nAg immediately after exposure to DI water 

and those exposed to effluent WW for 72 h, and the results were in good agreement (Table 3-4 

S4 and Figure 3-7 S3).  

 

Figure 3-1- Changes in dissolved Ag concentrations and nAg mean diameters with time in 

dissolution experiments with PVP-nAg at initial concentration of 10 ppb. (A) Dissolved silver 

concentrations over time in DI water (DI-W), WW effluent (Eff-WW) and WW mixed liquor (ML-

WW) (B) Change in mean size over time. (C) Changes in particle size distribution of PVP-nAg in 

DI water and WW effluent over 72 h. (D) Particle size distribution of PVP-nAg in WW effluent at 

120 and 168 h.  

 

Figures 3-1D shows the particle size distribution of nAg in effluent samples at 120 and 

168 h, and a noteworthy feature is that a peak for particle sizes centered at 22.7 nm appeared 
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starting at 120 h that was non-existent at the particle size distribution of pristine nAg (Figure 3-8 

S4). The nAg in DI water did not show the appearance of such a secondary peak under any 

spICP-MS settings of dwell time and sample time. The mean size of the primary particles 

decreased to 65.9±2.4 and 60.2±1.1 nm for air-saturated effluent and mixed liquor, respectively, 

over 168 h (Figure 3-1B). Similar bi-modal particle size distributions were observed with the 

mixed liquor samples at 120 and 168 h (Figures 3-9 S5, 3-10 S6). The formation of the 

secondary NPs was observed in vials maintained both in the dark and under laboratory light 

(Figure 3-11 S7). Several control experiments were conducted to explain the mechanism of the 

formation of the secondary NPs, and are discussed in the following section.  

Citrate-nAg dissolved to a smaller extent than PVP-nAg (Figure 3-12 S8) but the patterns 

were qualitatively similar. The dissolution patterns of the citrate- and PVP-nAg is consistent with 

results reported by Dobias et al. (Dobias and Bernier-Latmani 2013) and Kittler et al. (Kittler et 

al. 2010). Those authors attributed the lower dissolution of citrate-nAg to higher binding of Ag+ 

to the carboxylic groups of citrate (Dobias and Bernier-Latmani 2013). 

In addition, PVP-nAg were reacted with Na2S (S/Ag mole ratio 0.5, 5, 50) and re-

suspended in DI water and WW effluent to evaluate the dissolution of sulfidated nAg. TEM and 

XPS characterization of the sulfidated nAg (S/Ag=0.5) are presented in Figure 3-13 S9. 

Sulfidated PVP-nAg (S/Ag mole ratio 0.5) dissolved the least, and yielded a small, but 

measurable dissolved Ag concentration of 0.1±0.08 ppb in DI water and 0.13±0.07 ppb in 

effluent samples, over 168 h (Figure 3-1A). It should be noted that the mean size calculated with 

spICP-MS for sulfidated PVP-nAg in Figure 3-1B, is based on the mass of Ag and not the actual 

particle diameter accounting for both S and Ag. In samples containing higher concentrations of 

sulfide (S/Ag equal to 5 and 50), no detectable dissolved Ag was observed.  
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Figure 3-2- Changes in dissolved Ag concentrations and nAg mean diameters with time in 

dissolution experiments with PVP-nAg at initial concentration of 1000 ppb. (A) Dissolved silver 

concentrations over time in DI water, WW effluent and WW mixed liquor (B) Change in mean 

size over time (C) Changes in particle size distribution of PVP-nAg in DI water and WW effluent 

over 72 h. (D) Particle size distribution of PVP-nAg in WW effluent at 120 and 168 h. The DO in 

systems was 9.5 mg/L. 

Particles sizes reduced to a substantially smaller extent with dissolution in the systems 

spiked with 1000 ppb (5×108 particles/mL) nAg, than in the systems where 10 ppb (5×106 

particles/mL) nAg was added (Figure 3-1 B, C and 3-2 B, C). nAg at a nominal concentration of 
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1000 ppb attained higher dissolved Ag concentrations than nAg at 10 ppb for both coatings of 

PVP (Figure 3-2 B) and citrate (Figure 3-12 S8 B) in all three air-saturated aqueous media. 

However, the surface area normalized dissolution rates in DI water were 3.77×10-8 and 1.63×10-8 

g cm-2 sec-1 for 10 and 1000 ppb nAg respectively over 72 h. Liu and Hurt demonstrated that at 

high nAg concentrations dissolution is hindered because of high proton depletion (Liu and Hurt 

2010). Their thermodynamic analyses suggest that the extent of dissolution would have been 

limited in our 1000 ppb nAg test systems. This resulted in a relatively smaller percentage of Ag 

in dissolved form in the 1000 ppb test systems and caused smaller changes in the mean particle 

sizes than in the 10 ppb systems.  

In air-saturated effluent and mixed liquor WW the dissolved Ag concentration was 

20.1±3.7 and 36.9±5.4 ppb, respectively, at 168 h, which surprisingly was lower than what was 

measured at 72 h (75.3±7.9 ppb in effluent, and 85.0±12.1 ppb in mixed liquor samples). Yet the 

dissolved silver in DI water reached up to 200.1±6.2 ppb at 168 h. The emergence of smaller 

(~22 nm mean diameter) secondary NPs was also observed in the WW systems containing 1000 

ppb PVP-nAg starting at 120 h (Figure 3-9 S5 B and 3-10 S6 B) as shown in Figure 2D. The 

mean size of PVP-nAg in WW effluent and mixed liquor samples reached 69.7±0.8 and 67±1.9 

nm at 168 h.  

The decrease in dissolved Ag concentrations in the WW samples can be attributed to the 

reformation of the secondary NPs from dissolved Ag. The appearance of these secondary NPs 

coincided with the decrease in dissolved Ag and the decrease dissolved Ag mass closely matched 

the Ag mass in that population discussed in SI. 

Similar to the 10 ppb systems, DO concentrations of 2.2 and 5.3 mg/L decreased 

dissolution of nAg, but concentrations of 7.7 mg/L did not (Figure 3-14 S10). 
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3.3.2. Characterization of secondary NPs in WW effluent and mixed liquor 

To confirm that the secondary peak in the nAg particle size distribution at 168 h was in 

fact due to the formation of secondary NPs from dissolved Ag, several control experiments were 

conducted. 

 
Figure 3-3- (A, D) TEM images of nAg formed in wastewater effluent samples at 168 h after 

addition of 1000 ppb Ag+ ions. (B) The particle size distribution of the nAg formed in samples 

described in (A) as analyzed by spICP-MS, and (C) by TEM (n>100 particles). (E) EDS analysis 

of the nAg shown in (D); (F) UV absorbance spectra of DI water (at time 0) and WW effluent 

samples (after 1 and 4 weeks contact time) spiked with 1000 ppb Ag+. 

 

First, the spICP-MS was optimized for detection of very small nAg by analyzing standard 

20 nm PVP-nAg. At dwell time of 100 µs and sample time of 100 s, spICP-MS provided a mean 

size of about 22±0.47 nm for the standard nAg (Figure 3-15 S11). The minimum detectable mass 

of Ag was less than 10 ppt (5.5×105 particles/mL) for 20 nm nAg.  
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A dissolved Ag standard solution was added to WW effluent to provide a range of 

concentrations of Ag+ (10, 100, 1000 and 104 ppb). The effluent samples were then analyzed 

with spCP-MS at 72 and 168 h, and thereafter every week up to four weeks, to detect any NP 

formation. The analyses of Ag in WW effluent with spICP-MS immediately after sample 

preparation showed no presence of nAg and the dissolved Ag concentrations matched (>95%) 

the amounts of Ag+ added. However, at 72 h and all time points thereafter, spICP-MS analyses 

showed formation of NPs in all samples. 

TEM analyses also confirmed the presence of 3 to 30 nm diameter NPs (Figure 3-3 A, D) 

in samples with various Ag+ concentrations. The mean diameter of the NPs detected with spICP-

MS was 25.6±3.5 nm and 20.6±9.07 nm with TEM (n=110) in WW effluent samples spiked with 

1000 ppb Ag+ ions and stored for 168 h (Figure 3-3 B, C). The difference in size distribution of 

nAg by TEM and spICP-MS is due to their different detection limits. TEM detected particles as 

small as 2 nm whereas spICP-MS did not register any particle events smaller than 10 nm. There 

was no observed change in mean size of these NPs between 168 h and 4 weeks based on TEM 

and spICP-MS measurements. The formation of these NPs was observed in either the presence or 

absence of ambient laboratory light (Figure 3-16 S12). Therefore, the formation of NPs was not 

due to the photo reduction of dissolved Ag (Courrol et al. 2007).  

EDS spectra showed the presence of sulfur in the NPs formed (Figure 3-3E) which could 

belong to both inorganic sulfides (HS-, metal sulfides) or DOC containing thiol functional 

groups. Moreover, the peak for carbon was large and could be attributed to the carbon in the grid 

or to DOC associated with surface of secondary NPs. Chloride was not detected in any of the 

EDS analyses which suggests that the nAg formed were not silver chloride precipitates.  
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Figure 3-3F compares the UV-Vis spectrum of Ag+ in WW effluent after 1 and 4 week of 

contact (containing formed NPs); Ag+ in fresh DI water and Na2S solutions; and unspiked 

(blank) WW effluent. Samples containing Ag+ in WW effluent after 1 and 4 week of mixing 

showed high absorbance between 375-500 nm whereas the spectrum of Ag+ freshly dispersed in 

DI water showed zero absorbance at these wavelengths. UV absorbance at this range is attributed 

to nAg2S (Akamatsu et al. 2000),(León-Velázquez et al. 2010). To verify that, Ag+ ions (10 ppm) 

and 20 nm PVP-nAg (10 ppm) were separately dispersed in Na2S solution. The UV-vis spectra 

of these samples were qualitatively similar to that of the NPs formed in WW effluent (Figure 3- 

3 F, and 3-17 S13). In the spectrum of Ag+ in WW effluent, the absorbance at 300 nm is 

attributable to dissolved silver and the absorbance at 250 nm could likely be due to absorbance of 

soluble organic or colloids in WW (Litvin et al. 2012).  

A possible scenario for the formation of secondary particles during dissolution of nAg in 

WW is formation of various nanoparticulate silver sulfides. Sulfides can dissociate from other 

metals and react with Ag+ and nAg due to the higher stability constants of silver sulfides 

(Thalmann et al. 2014). Several studies have shown that HAs and FAs are able to reduce 

dissolved Ag to form nAg, particularly in the co-presence of strong reducing agents, high pH, 

high temperature and UV light (Akaighe et al. 2011, Adegboyega et al. 2012). Furthermore 

previous literature suggested that the thiol in cysteine strongly binds to Ag+ and forms nAg 

(Khan and Talib 2010, Siriwardana et al. 2015). To investigate whether DOC compounds such as 

humic substances and amino acids (i.e. cysteine) can be responsible for the formation of 

secondary particles several control experiments were performed. Ag+ ions at 10 to 104 ppb were 

added to 38, 126, and 378 ppm of HA and FA solutions, both in the dark and under laboratory 

light and contacted for up to 4 weeks. Neither spICP-MS, nor TEM could detect any nAg in 
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these systems. In addition, Ag+ ions were added to cysteine (L-Cysteine Sigma-Aldrich) 

dissolved in DI water at cysteine:Ag mole ratios of 0.44, 0.89, 4.4, 8.9, and 44.5. spICP-MS 

analysis of Ag+ in exposure to cysteine after 24 and 168 h showed particles of silver with a mean 

size between 40-50 nm both in the presence and absence of laboratory light (Figure 3-18 S14). 

Furthermore, UV-vis spectra of Ag+ in cysteine after 1-week contact showed a peak at 400 nm 

for plasmonic NPs formed in cysteine solution (Figure 3-17 S13). The WW samples contained 

8.8 and 39.7 ppm DOC of which a percentage could be due to presence of amino acids 

containing thiol groups. Thus, amino acids such as cysteine if present can play a role in the 

formation of secondary particles.  

3.3.3. Surface chemistry of nAg contacted with WW effluents.  

The lower rates and extents of dissolution of nAg in WW samples compared to DI water 

suggest changes in the surface composition in contact with WW. Thus, the surface chemistry of 

nAg was contacted with effluent WW samples was characterized by complementary techniques. 

Figure 3-4 shows some of the peaks identified for both positive and negative ions in the ToF-

SIMS spectra obtained for PVP-nAg exposed to WW effluent samples for 72 h. A more detailed 

list of secondary ions identified in the spectra, along with their ion attribution and peak intensity 

is presented in Tables 3-9 S5, 3-10 S6 and 3-10 S7. The presence of sulfide species associated 

with the nAg are suggested by the presence of positive ions such as AgS+, AgS2
+,  at 138.87, 

170.85, mass (u) respectively and negative ions such as AgS−,  AgHS−, AgS2
−, at 138.87, 139. 88, 

170.84 mass (u) respectively. One possible source of such silver sulfide ions could be the 

presence of Ag2S and other silver sulfide species on the surface of nAg. Goh et al. showed that 

the ToF-SIMS analysis of Ag2S surfaces generated ions such as  Ag𝑆−, AgS2
−, Ag2S2

−, Ag𝐻𝑆− 
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(Goh et al. 2006). Another possible source of such ions is the ionization of Ag-organosulfur 

species (Advanced Powder TechnologyGoh et al. 2008, Gades and Urbassek 1995).  

 

 

 

Figure 3-4- ToF-SIMS analysis of PVP-nAg suspended in WW effluent for 72 h (A) positive ion 

spectrum and (B) negative ion spectrum in the mass region of 125-245. A description of all the 

positive and negative ions associated with silver can be found in supplementary information 

(Table S4, 5, and 6).  

 

Complementary analyses of the sulfide species on the surface of nAg, were performed 

with XPS. The XPS analyses of nAg in WW effluent indicated S2p doublets which are similar 

peaks and which can be deconvoluted into three components with S2p3/2 levels centered at 

binding energies of 161.6 and 163.1 eV that were attributed to the inorganic sulfides Ag2S and 
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Ag-S-H, and 164.2 eV that was attributed to Ag-S-C organosulfur bonds (Figure 3-19 S15). The 

total sulfur analysis of WW effluent samples with ICP-OES indicated the presence of 64.9±2.6 

ppm sulfur (Table 3-1 S1) and AVS concentration after filtration and aeration of WW were 1.88-

2.84 ppm in effluent and mixed liquor respectively (Table 3-2 S2). Thus the sulfur was present as 

stable metal sulfides (e.g., FeS, CuS, and ZnS) (Adams and Kramer 1999) as well as 

organosulfur compounds in WW effluent and mixed liquor. The bonding of inorganic and 

organic S to nAg would have contributed to the lower dissolution of nAg in the WW mixed 

liquor and effluent samples observed in Figures 1 and 2.  

Several species of silver bound to organic molecules containing S and N functional 

groups were detected by ToF-SIMs (Tables 3-4 S4, 3-5 S5). Some of the silver amine positive 

ions were 𝐴𝑔𝐶2𝐻6𝑁𝑂+, 𝐴𝑔𝐶3𝐻4𝑁𝑂+, 𝐴𝑔𝐶4𝑁𝑂2𝐻3
+   at 167, 177, 203.9 mass (u) and negative 

ions included 𝐴𝑔𝐶𝑂𝑂𝐻𝐶𝑁𝐻2
−,  𝐶3𝐻2𝑁𝑂2𝐴𝑔−, 𝐶5𝑁3𝑂2𝐴𝑔− at 179.91, 192, 241 mass (u).  Ag 

bonds with S functional groups generated positive ions such as 𝐴𝑔𝑆𝐶2𝐻3𝑁+,  𝐴𝑔𝑆𝐶3𝐻6𝑁+  at 

179.90 and 194.93, mass (u), respectively, and negative ions such as 

𝐴𝑔𝐶2𝐻3𝑆𝑁−,  𝐶3𝐻2𝑆𝑁𝐴𝑔−,  𝐶3𝐻7𝑆𝑁𝑂2𝐴𝑔− at 179.89, 190.89 and 227.92 mass (u). These ions 

were exclusively detected in nAg samples suspended in WW effluent and did not exist in spectra 

of the reference sample of pure PVP-nAg. Ag has strong affinity to N and S functional groups in 

organic moieties (Stumm and Morgan 1981) (Cotton et al. 1999, Morf et al. 1974) and the Ag-

organosulfur bonds are likely due to DOC containing N and S functional groups (e.g. proteins, 

amino acids, thiols) identified in Tables 3-4 S4 and 3-5 S5 that are commonly found in WW 

effluents (Drewes and Croue 2002),(Goh et al. 2006). Given the strong evidence of interaction of 

DOC to the nAg, experiments were conducted to assess if DOC affected dissolution rates and 

extents. 
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3.3.4. The effect of natural DOC on the dissolution of nAg.  

The extent of dissolution of PVP over 72 h in the presence of alginate decreased with 

increasing alginate concentrations (Figure 3-20 S16). Although the dissolved Ag concentrations 

(1.4±0.06 ppb) measured in the presence of 1 ppm alginate were close to that in DI water, with 

an increase in concentration of alginate to 10 ppm the dissolution of PVP-nAg over 72 h was 

almost completely inhibited (0.04±0.02) and that of Citrate-nAg was reduced to 50% as 

compared in DI water (0.5±0.01). 

  

PVP and Citrate-nAg suspended in HA or FA solutions showed decreased dissolved Ag 

concentrations and smaller changes in nAg mean diameters as compared to the dissolution in DI 

water or alginate solutions (Figure 3-20 S16). The extent of dissolution of PVP-nAg in 1 and 10 

ppm HA solutions over 72 h was reduced by between 74 and 84% compared to DI water, and in 

FA solutions, it was reduced by between 60 and 73%. The decrease in dissolved Ag 

concentration and particle size change was more substantial in HA than in FA solutions, 

particularly for PVP-nAg. This is likely because HAs have higher affinity than FA for nAg 

surfaces (Furman et al. 2013). Suwannee River HA used in this research was reported to contain 

1.19 and 0.58 %(w/w) (of a dry, ash free sample) of N and S and Suwannee river FA contains 

0.72 and 0.44 %(w/w) N and S respectively according to the manufacturer, International Humic 

Substances Society (IHSS). The concentration of HA and FA increased to 6 and 10 ppm, no 

statistically significant difference in the dissolved silver concentrations were observed. Thus, no 

clear trend between HA and FA concentrations and dissolved Ag concentrations was observed. 

Reduced dissolution of Citrate-nAg in HA (56-67%) and FA (33-57%) solutions compared in DI 

water was also observed (Figure 3-20 S16).  
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Hindered dissolution of nAg in the presence of HA and FA was also reported in previous 

studies (Aiken et al. 2011, Gunsolus et al. 2015, Furman et al. 2013, Delay et al. 2011). For 

example, Liu et al. showed that HA and FA (0-50 ppm) inhibited the dissolution of nAg in a 

dose dependent manner (Liu and Hurt 2010). Ostermeyer et al. also reported that high alginate 

concentrations (100-1000 ppm) reduced the extent of dissolution of 1000 ppb nAg by 20% after 

3 h exposure (Ostermeyer et al. 2013). Those authors suggested that alginate sorbs onto the 

surface of nAg and inhibits dissolution by either hindering diffusion of Ag+ from the surface of 

nAg or by blocking the active sites for oxidation of nAg surface. The inhibition of dissolution 

may also be due to a reversible reaction of released Ag+ to Ag(0) due to chemical reduction by 

HA and FA (Sal’nikov et al. 2009).  

3.4. Conclusions 

New insights into the fate of Ag as a result of dissolution of nAg were provided by this 

study. Dissolution of 80 nm PVP-nAg resulted in the release of dissolved Ag that reacted with 

sulfides in WW resulting in the reformation of new (secondary) NPs of approximately ~20 nm in 

diameter after approximately 3 days. ToF-SIMS and XPS analyses suggest that Ag interacted 

with S from various inorganic and organic sources, and thus the secondary NPs formed in WW 

likely have a complex composition of various sulfides that may be represented as nAgxSy. 

Reformation of nAgxSy was not observed during dissolution in DI water or in HA and FA 

solutions. Furthermore, dissolution of nAg at lower, environmentally relevant concentrations (10 

ppb) yielded much smaller primary nAg particle sizes (~40 nm) than with 1000 ppb nAg (~65 

nm). Smaller nAg can have significant different hetero- or homo-aggregation behavior, bio-

uptake and other environmental fate processes compared to larger particles, and thus the 

dissolution conditions that result in generation of small nAg have environmental significance and 
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should be considered in risk assessment studies. The association of WW DOC (e.g. with amine 

and thiol groups), DO concentrations, as well as inorganic sulfides with nAg control the rates of 

dissolution, and it appears that inorganic sulfides and organosulfur DOC are responsible for 

formation of the 20 nm nAg. The dissolved Ag is also complexed by DOC (further details in SI) 

or inorganic sulfides and thus direct toxicity from Ag+ is unlikely in WW systems. It is important 

to note that the WW samples were filtered in our experiments and therefore the effect of WW 

colloids retained on 0.45 µm filters on dissolution may contribute to different dissolution 

patterns and this needs to be investigated using different analytical approaches than spICP-MS. 

Our study also shows that spICP-MS can be used to detect nAg as small as 20 nm 

(simultaneously with dissolved Ag) in complex aqueous matrices such as wastewater, at sub ppb 

levels.   
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3.6. Supplementary Data 

Table 3-1- S1- Characteristics of WW mixed liquor and effluent collected.  

 

WW Sample 

 

pH 

Conductivity 

(µS/m) 

ORP 

(mV) 

DOC 

(mg/L) 

TOC 

(mg/L) 

Suspended 

solids (TSS) 

(mg/L)  

Total Ag 

after acid 

digestion 

(unfiltered) 

(µg/L) 

Secondary aeration tank 

(WW mixed liquor) 

7.13± 0.01 1030±2 

 

+257±1 39.7 2131.5 1823.3±60.3 0.37±0.05  

Secondary settling tank 

(WW effluent) 

7.28±0.01 1002±1 +264±2 8.85 34.7 10±4.26 0.025±0.001 

 

Table 3-2- S2- Acid volatile sulfide, total sulfur and dissolved oxygen (D.O.) concentrations in 

the WW effluent and mixed liquor samples before and after filtration and aeration. 

 

 

3.6.1. WW analysis  

The total Ag analysis was done by ICP-MS (Perkin Elmer NexION 300X) after acid 

digestion of the WW samples. Conductivity was determined by a digital conductivity meter 

(Fisher Scientific). The redox potential was determined using an Accumet AP71 (Fisher 

Scientific) at 25 ºC calibrated at 215 mV Ag/AgCl with the ORP standard calibration solution. A 

TOC Analyser (Sievers Innovox Laboatory, GE) was used to measure the levels of DOC and 

TOC in WW samples. For TSS, the 0.45 µm, the filters were washed and dried beforehand to 

stabilize their weight connected to a vacuum pump. The filters were weighed after drying at 150 

C over-night to establish the TSS. Total sulfur was analyzed for WW effluent and mixed liquor 

as they arrived in the lab after filtration and aeration using ICP-OES. AVS was quantified using 

a modified method of Berner (1964). Briefly, 6 N HCl was added to the samples and brought to a 

Sample Total sulfur (mg/L) AVS (mg/L) D.O. (mg/L)

Effluent WW 40.10±0.3 9.77±0.04 5.0-7.0

Filtered+Aerated Effluent WW 36.93±0.9 2.84±0.05 9.5

Mixed liquor WW 58.33±0.3 12.06±0.05 2.0-5.0

Filtered+Aerated Mixed liquor WW 30.91±1.2 1.88±0.07 9.55
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boiling temperature to release AVS to the atmosphere as H2S gas. Total sulfur in the WW 

samples before and after filtration and aeration was analyzed using ICP-OES after acid digestion 

with aqua regia (HNO3:HCl=1:3) in a microwave at 90 oC for 75 min.  A calibration curve for 

ICP-OES analysis (25 ppb-5 ppm) were prepared by diluting Atomic Spectroscopy Standard 

Sulfur (1000 µg/mL, Perkin Elmer Pure) in 5% HNO3. The weight change before and after acid 

digestion in the microwave, as well as the total sulfur measurements were used to calculate the 

AVS. ICP-OES was used because of the high accuracy for sulfur measurement with a detection 

limit of 25 ppb. 

Table 3-3- S3- Single Particle ICP-MS Instrumental Parameters 

Parameter Value 

Sample Uptake Rate 0.3 mL/min 

Nebulizer Glass Concentric 

Spray Chamber Glass Cyclonic 

RF Power 1600 W 

Analyte Ag107 

Analysis time 100-150 sec 

Dwell time 100 & 1000 µsec 

 

3.6.2. SP and standard mode ICP-MS calibration and verification of data quality  

A dissolved Ag standard solution of 1001±4 ppm in 4% HNO3 (PlasmaCAL) was used 

for preparing the ICP-MS calibration curve including one blank and 4-5 dissolved Ag solutions 

(0-5 ppb) in 1% HNO3 in both standard and single particle modes. The nAg suspensions in WW 

or DOC samples were diluted 10 times in DI water (~1 ppb nominal) to establish the dissolved 
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Ag concentration and diluted 100 times (~0.1 ppb nominal) to obtain the particle size distribution 

for the samples spiked with 10 ppb nAg and was compared with the particle size distribution at 1 

ppb. No difference in mean particle size was observed between the two dilution factors that 

means the dilution and detection were reliable.  

All the samples from all the time points were analyzed on one day with the same 

instrument setting and optimization. Moreover, every 10-15 samples, one quality control sample 

containing 100 ppt dissolved Ag in 1% HNO3 was analyzed from the stock of 100 ppm dissolved 

Ag solution (PlasmaCAL, Q.C. Standard 4, in 5% HNO3). Every 5 analyses, a sample of 1% 

HNO3 in DI water was analyzed in order to indicate any drift (>20%) in intensity of counts by 

the instrument and in case of any contamination occurred. 

3.6.3. Centrifugal Ultrafiltration and ICP-MS 

To verify the accuracy of the dissolved Ag measurements by spICP-MS, centrifugal 

ultrafiltration at 4600g for 30 min for three sequential filtrations (Amicon, NMWL 3 kDa) was 

performed to separate the nAg from the aqueous phase in the DI water samples, and some of the 

WW-effluent samples followed by ICP-MS analyses of the acidified (1% HNO3) filtrate. The 

dissolved concentrations obtained from dissolution of nAg in DI water by two techniques were in 

excellent agreement (Figure 3-6 S2). Moreover, in a few control experiments Ag+ (1 ppb) in DI 

water passed through 3 kDa filters more than 96%. However, more than 90% of dissolved Ag+ 

ions added to WW effluent were retained on the filter likely due to complexation of dissolved 

Ag+ ions with the DOC compounds in WW. The analysis was done immediately after spiking 

WW effluent with Ag+ and therefore there was no formation of nAg in these samples yet. It is 

hypothesized that the centrifugal ultrafiltration at 3 kDa removes a large portion of the DOC 

substances in wastewater which are generally larger than 3 kDa and can have molecular weights 
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between 1-109 kDa (i.e. alginate, humic substances, and proteins). Thus, it is likely that the DOC 

in wastewater samples was retained on the ultrafilter. 

To assess the accuracy of dissolved silver measured by spICP-MS, 0.4 ppb Ag+ ions were 

prepared in various aliquots containing DI water, WW effluent, HAs, FAs and alginate and were 

analyzed with spICP-MS within few minutes of preparation (Figure 3-5 S1). 

The total Ag analysis was performed in standard mode of ICP-MS so as to determine the 

total Ag mass in all aqueous systems. For the total silver measurements all the samples of nAg 

were digested by 30-35 % HNO3 (PlasmaPURE, 67-70% Acid Nitric) for 24 h shaking in the 

room temperature and then diluted with DI water to 1% acid content prior to analysis with ICP-

MS. To ensure all the Ag is dissolved after acid digestion and no particulate Ag has remained in 

the samples, a few control samples were analyzed with spICP-MS. 

 

Figure 3-5 S1- spICP-MS measured dissolved silver concentrations for 0.4 ppb Ag+ added to 

different test media (WW, DOC, DI water) and analyzed immediately after proper dilutions with 

DI water. The graph also shows the recovery of the dissolved silver measured with spICP-MS 

(%) as compared to the total silver mass in the test media. spICP-MS was able to accurately 

measure more than 93.3% of dissolved silver in all samples. 
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Figure 3-6 S2 The dissolved silver concentrations over time obtained by spICP-MS and 

centrifugal ultrafiltration-total metal ICP-MS for 80 nm PVP-nAg suspended in DI water. 

 

Table 3-4  S4- Summary of nAg mean size (nm) after 1 and 72 h exposure to DI water, WW 

effluent and mixed liquor by spICP-MS, and TEM (n=120) 

 

Media Surface Coating spICP-MS TEM 

NPs Stock Citrate 74.8±0.2 74.1±5.3 

NPs Stock PVP 81.7±0.01 79.0±7.5 

NPs Mean Size After 72 h Exposure 

DI water Citrate 55.4±2.4 65.4±9.9 

DI water PVP 57.9±5.5 68.5±7.8 

Effluent Citrate 65.4±1.29 68.6±9.6 

Effluent PVP 64.2±0.5 69.1±7 

Mixed 

Liquor 

Citrate 65.9±0.2 66.5±5.7 

Mixed 

Liquor 

PVP 65.3±0.2 66.2±7.9 
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Figure 3-7 S3- (A) TEM image of PVP-nAg at time 0 h contacted with DI water (B) PVP-nAg in 

WW effluent at 72 h; (C) TEM image of PVP-nAg in WW mixed liquor at 72 h; The scale bar is 

50 nm for all images. The EDAX analysis of the nAg in WW effluent; (Y) Analysis of the 

background WW effluent in panel B; (Z) Analysis of the background WW mixed liquor in panel 

C.  

 

Figure 3-8 S4- Particle size distribution of 1000 ppb nAg in WW effluent at 120 ppb. 
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Figure 3-9 S5- Particle size distribution of PVP-nAg in WW mixed liquor in (A) 10 and (B) 1000 

ppb at 120 h. 

 

 

 

Figure 3-10 S6- Particle size distribution for (A) 10 ppb and (B) 1000 ppb nAg in WW mixed 

liquor at 168h. 
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Figure 3-11 S7- The particle size distribution at 168 h for 10 ppb nAg in WW mixed liquor 

exposed to the laboratory light. 

 

Figure 3-12 S8- The dissolved silver concentration and mean nanoparticle size of citrate-nAg in 

DI water, WW effluent and mixed liquor. (A & C) the total initial citrate-nAg at 10 ppb (B & D) 

the total initial citrate-nAg at 1000 ppb. 
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Figure 3-13 S9 XPS analysis of the sulfidated Ag NPs; binding energy of the Ag3d5/2 line at 

367.8 eV (A) EDS analysis on the surface of marked Ag NPs (B). 

 

 

Figure 3-14 S10- The dissolution of PVP-nAg at 10 and 1000 ppb at various degrees of DO 

concentration in WW effluent and mixed liquor. 
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Figure 3-15 S11- NanoXact PVP-nAg (nominal 20 nm) analyzed with spICP-MS at 100 µsec. 

 

 

 

Figure 3-16 S12- Particle size distribution of nAgxSy with spICP-MS formed in WW (A) effluent 

and (B) mixed liquor from free Ag+ ions at 1000 ppb at 168 h exposed to laboratory light. 
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Figure 3-17 S13- UV-visible absorption spectra of Ag2S NP as a function of initial silver 

concentration. The initial Ag+ concentrations added in WW effluent, DI water, and Na2S were 10 

ppm. The mass ratio of cysteine to Ag+ was 0.5 (100 ppm Ag+, and 50 ppm cysteine). The spectra 

for Ag+ in cysteine were obtained before 1 hour (specified 0 hour in figure) and after one week 

(specified as Ag+ in cysteine). The spectra for standard 20 nm PVP-nAg was obtained right out 

of the NP stock and then after 2 hours reaction with Na2S (S:Ag:1:1 mole ratio). 

 

Figure 3-18 S14- Particle size distribution of nAg formed by contacting Ag+ (10 ppm) in cyteine 

solution (50 and 100 ppm) for 24 h in both dark and laboratory light. 
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3.6.4.  ToF-SIMS analyses  

The pressure in the analysis chamber during the analyses was maintained below 5.0 x 10-

9 Torr. The spectra were obtained using 25 keV Bi3
++ primary ions in bunched mode with a pulse 

width of 25.0 ns. The ion current at the sample was 0.42 pA and the ion dose was below the 

static limit of 1 × 1013 ions cm-2. 

Ions detected in samples of PVP-nAg suspended in WW effluent are listed below, after 

subtracting ions (except Ag-) from analysis of fresh PVP-nAg from the stock solution. Peak 

intensities in ToF-SIMS are not directly related to the concentration of the identified compounds 

in the sample because secondary ion yields are strongly affected by matrix effects. Unless 

otherwise mentioned, 107Ag was analyzed. 

Table 3-5 S5- Positive ions detected in ToF-SIMS analysis of nAg suspended in WW effluent. 

# 
Center 

Mass (u) 
Assignment Identification 

Intensity 

Raw 
Normalized 

by Ag+ 

Normalized 

by total ion 

intensity 

 

Organosulfur complexes with silver 

1 177.8965 𝐴𝑔𝑆𝐶3𝐻3
+ Cysteine, methionine 2115 7.84E-01 7.01E-05 

2 179.9025 𝐴𝑔𝑆𝐶2𝐻3𝑁+ Cysteine 1315 4.88E-01 4.36E-05 

3 181.9067 𝐴𝑔𝑆𝐶2𝐻5𝑁+ Cysteine 1497 5.55E-01 4.96E-05 

4 194.9302 𝐴𝑔𝑆𝐶3𝐻6𝑁+ Cysteine 486 1.80E-01 1.61E-05 

Silver complexes with amino acids and organics 

5 126.9447 109𝐴𝑔𝑁𝐻4 Amino acids 5138 1.91E+00 1.70E-04 

6 203.9158 𝐴𝑔𝐶4𝑁𝑂2𝐻3
+ Histidine 1700 6.30E-01 5.63E-05 

7 166.9499 𝐴𝑔𝐶2𝐻6𝑁𝑂+ Amino acids 1546 5.73E-01 5.12E-05 

8 176.9401 𝐴𝑔𝐶3𝐻4𝑁𝑂+ Amino acids 987 3.66E-01 3.27E-05 

9 177.8993 𝐴𝑔𝐶2𝑂2𝑁𝐻+ Histidine 1682 6.24E-01 5.57E-05 
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Table 3-6 S6- ToF-SIMS analysis of negative ions detected and their attributes for nAg 

suspended in WW effluent 

# 
Center 

Mass (u) 
Assignment Identification 

Intensity 

Raw 
Normalized 

by Ag+ 

Normalized 

by total ion 

intensity 

 Silver complexes with thiol and amine containing organics 

1 106.8973 𝐴𝑔− Silver NPs 2700 1.00E+00 6.51E-05 

2 165.9015 𝐶2𝐻3𝑆𝐴𝑔− Cysteine 3962 1.47E+00 9.55E-05 

3 175.8972 𝐶3𝐻𝑆𝐴𝑔− Cysteine 9881 3.66 E+00 2.38 E-04 

4 153.8964 𝐶𝐻3𝑆𝐴𝑔− Cysteine 2134 7.90E-01 5.14E-05 

5 206.8772 𝐶3𝑆𝑂2𝐴𝑔− Cysteine 4955 1.84E+00 1.19E-04 

6 179.8856 𝐶2𝐻3𝑆𝑁𝐴𝑔− Cysteine 7946 2.94E+00 1.91E-04 

7 180.8925 𝐶2𝐻4𝑆𝑁𝐴𝑔− Cysteine 12686 4.70E+00 3.06E-04 

8 189.8867 𝐶3𝐻𝑆𝑁𝐴𝑔− Cysteine 6940 2.57E+00 1.67E-04 

9 190.9067 𝐶3𝐻2𝑆𝑁𝐴𝑔− Cysteine 5344 1.98E+00 1.29E-04 

10 220.8687 𝐶3𝑆𝑁𝑂2𝐴𝑔− Cysteine 13241 4.90E+00 3.19E-04 

11 221.8726 𝐶3𝐻𝑆𝑁𝑂2𝐴𝑔− Cysteine 4997 1.85 E+00 1.20E-04 

12 222.8697 𝐶3𝐻2𝑆𝑁𝑂2𝐴𝑔− Cysteine 13700 5.07E+00 3.30E-04 

13 223.8746 𝐶3𝐻3𝑆𝑁𝑂2𝐴𝑔− Cysteine 3940 1.46E+00 9.49E-05 

 Silver complexes with organics 

15 163.8939 𝐶2𝑂2𝐴𝑔− Cysteine 6112 2.26E+00 1.47E-04 

16 174.8850 𝐶3𝑂2𝐴𝑔− Histidine, COOH 

containing amino 

acids 

12481 4.62 E+00 3.0E-04 

17 175.8972 𝐶3𝐻𝑂2𝐴𝑔− Histidine, COOH 

containing amino 

acids 

9881 3.66 E+00 2.38 E-04 

18 240.9029 𝐶5𝑁3𝑂2𝐴𝑔− Histidine 1937 7.18E-01 4.67E-05 

19 190.9067 𝐶3𝐻2𝑁𝑂2𝐴𝑔− Histidine 5344 1.98 E+00 1.29 E-04 

20 179.9215 𝐴𝑔𝐶𝑂𝑂𝐻𝐶𝑁𝐻2
− Histidine,glutathione 2964 1.10E+00 7.14E-05 

21 191.9223 𝐴𝑔𝐶𝑂𝑂𝐻𝐶2𝑁𝐻2
− Histidine,glutathione 1213 4.49 E-01 2.92 E-05 
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Table 3-7 S7- Positive and negative ions detected by ToF-SIMS analysis of WW effluent before 

nAg was spiked. 

# 
Center 

Mass (u) 
Assignment 

Intensity 

Raw 
Normalized 

by Ag+/ Ag- 

Normalized 

by total ion 

intensity 

 

Positive Ions 

1 23.98 𝑀𝑔+ 2.47E+05 4.54E+01 1.39E-02 

2 38.96 𝐾+ 2.94E+06 5.39E+02 1.65E-01 

3 36.96 𝐶𝑎+ 1.61E+05 2.95E+01 9.03E-03 

4 63.93 𝑍𝑛+ 1.14E+02 2.09E-02 6.41E-06 

5 77.95 𝑁𝑎2𝑆+ 1315 3.06E+00 9.38E-04 

Negative Ions 

6 16.02 𝑁𝐻2
− 1.12E+03 5.76E-01 8.46E-05 

7 30.97 𝑃− 2.35E+02 1.21E-01 1.78E-05 

8 31.97 𝑆− 3.19E+04 1.65E+01 2.42E-03 

9 34.97 𝐶𝑙− 7.59E+05 3.92E+02 5.75E-02 

10 39.99 𝐶2𝑂− 2.47E+04 1.27E+01 1.87E-03 

11 40.02 𝐶2𝐻2𝑁− 1.06E+04 5.50E+00 8.07E-04 

12 42.04 𝐶2𝐻4𝑁− 1.04E+04 5.35E+00 7.85E-04 

13 44.02 𝐶𝐻2𝑁𝑂− 1.56E+03 8.06E-01 1.18E-04 

14 44.99 𝐶𝐻𝑂2
− 3.77E+04 1.95E+01 2.86E-03 

15 65.99 𝐶3𝑁𝑂− 2.50E+04 1.29E+01 1.89E-03 

16 72.00 𝐶2𝐻2𝑁𝑂2
− 2.22E+03 1.15E+00 1.68E-04 

17 95.95 𝑆𝑂4
− 2.50E+04 1.29E+01 1.89E-03 

18 118.94 𝑁𝑎𝑆𝑂4
− 1.47E+04 7.57E+00 1.11E-03 

19 135.92 𝐶𝑎𝑆𝑂4
− 1.71E+04 8.83E00 1.30E-03 
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Figure 3-19 S15- XPS analysis of nAg suspended in the WW effluent (two samples WW1 and 

WW2 from the same treatment plant), and controls comprising free Ag+ suspended in Na2S and 

HA solutions. 

3.6.5.  Dissolution of nAg (Citrate and PVP coatings) with time dispersed in DOC 

solutions 

 

Figure 3-20 S16- Dissolved Ag concentrations and changes in mean particle diameter of 80 nm 

citrate-nAg and PVP-nAg at 72 h in DI water and alginate, FA, and HA solutions (1 to 10 ppm). 

The mean particle difference between time point 0 and 72 h are shown against each bar. The 

bottom panel of the figure shows the difference between the initial nAg diameter and the 

diameter measured at 72 h. 
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3.6.6. Mass balances 

Two different approaches were taken to evaluate the total mass balance (Table 3-8 S8):  

(i) The mean particle size at a certain time point was converted to the mass of silver, then 

it was subtracted from the initial mass of particles (t=0 h), given the particle density and particle 

number concentration. This mass change represented the total calculated dissolved silver based 

on nanoparticle mean size change. The recovery percentage was computed by comparing the 

dissolved silver values obtained from the software for each sample with the calculated dissolved 

silver concentrations in a certain volume of test solution (Table 3-8 S8). 

(ii) The sum of total measured NPs mass concentration and the dissolved silver mass 

concentration should yield the total silver mass concentration which must be equal to the total 

silver mass concentration initially in the test sample (i.e. t=0 h) attained after acid digestion of 

samples analyzed with standard mode ICP-MS.  

The total mass balance consists of the sum of NPs number concentration and the 

dissolved silver compared with the total silver initially in the test tubes after acid digestion was 

more than 90% in most of the samples at 72 h. At 168 h the total NPs number concentration 

dropped to about 50% of the initial NP number concentration which could be due to particle loss 

by adsorption to the walls of the tube and thus the mass balance decreased accordingly. The 

overall mass balance for the first several hours is in good agreement with the total silver 

concentration in each sample which proves the viability of spICP-MS in quantifying the NPs and 

dissolved metal concentrations with very good precision. Moreover, the silver mass derived by 

converting the size change of nAg over a time period using the particle density was in very good 

agreement (>85%) with the dissolved silver concentrations directly attained from spICP-MS by 

measuring the background dissolved metal. 
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Mass balance at 168 h- The mass of secondary nAgxSy was quantified by calculating the 

surface area from the particle size distribution of secondary particles. The frequency at each 

particle mean size was converted to the number of particles by accounting for the sample time, 

flow rate and transport efficiency for the analysis. The diameter was converted to the mass of 

silver by calculating the volume and accounting for the nAg density. The total mass of silver 

representing the secondary particles were then calculated by multiplying the mass of silver for 

each particle diameter multiplied by the number of particles at that diameter and summing for all 

the detected particle diameters. The total Ag mass of the secondary nAgxSy at 168h was 35.6±3.2 

and 37.4±1.7 ppb in effluent and mixed liquor WW samples respectively by taking into account 

that only 1% of total particles were detected at the mean size of about 20 nm. This percentage 

was attained by analyzing a standard nAg with mean size of 20 nm and the total number of 

particles detected was compared with the particle number concentration reported by the 

manufacturer. The decrease in dissolved Ag between 120 and 168h was 39.85 and 30.41 ppb in 

WW effluent and mixed liquor. Thus, we maintain that the formation of the secondary particles 

(~20 nm) was attributable to the decrease in the dissolved Ag concentrations after 120 h because 

the mass of Ag associated with nAgxSy was found to be very close to the decrease in dissolved 

Ag after 120 h. 
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Table 3-8 S8 – Total silver mass balance and total dissolved silver mass balance among 3 

sample replicates at 72  

 

Water Chemistry Coating
Dissolved silver mass 

balance (@t= 72 h)
STD DEV 

Total silver mass 

balance; acid 

digested (@t= 72 h)

STD DEV

DI water Citrate 85% 11% 82% 15%

DI water PVP 94% 2% 95% 3%

Eff WW Citrate 89% 14% 90% 5%

Eff WW PVP 87% 11% 94% 4%

ML WW Citrate 88.20% 9% 89% 10%

ML WW PVP 88% 10% 95.5% 4%

DI water Citrate 99.2% 2% 98% 1%

DI water PVP 94.3% 5% 92% 5%

Eff WW Citrate 97.0% 3% 88.5% 3%

Eff WW PVP 95.6% 1% 96% 1%

ML WW Citrate 89.7% 4% 99% 1%

ML WW PVP 94.1% 2% 99.1% 1%

0.5 ppm Alg Citrate 91% 12% 100% 1%

1 ppm Alg Citrate 85% 5% 99% 2%

5 ppm Alg Citrate 84% 10% 99.20% 2%

10 ppm Alg Citrate 88% 9% 99.50% 3%

0.5 ppm Alg PVP 90.1% 7% 99% 1%

1 ppm Alg PVP 89% 11% 100% 4%

5 ppm Alg PVP 88% 13% 100% 5%

10 ppm Alg PVP 89% 8% 99.80% 1%

0.5 ppm HA Citrate 95% 11% 87% 11%

1 ppm HA Citrate 86% 10% 84.80% 7%

5 ppm HA Citrate 89% 9% 96% 8%

10 ppm HA Citrate 90% 13% 98.60% 10%

0.5 ppm HA PVP 94.3% 5% 95% 4%

1 ppm HA PVP 88.5% 12% 94.80% 8%

 5 ppm HA PVP 89% 13% 99% 3%

10 ppm HA PVP 89.3% 10% 88.50% 11%

0.5 ppm FA Citrate 96% 3% 99% 2%

1 ppm FA Citrate 95% 5% 100% 2%

5 ppm FA Citrate 95.5% 5% 100% 3%

10 ppm FA Citrate 93% 8% 99.20% 5%

0.5 ppm FA PVP 88.8% 11% 99.00% 3%

1 ppm FA PVP 89.7% 10% 98% 1%

5 ppm FA PVP 89.6% 13% 100% 2%

 10 ppm FA PVP 90.5% 1% 100% 1%

S:Ag:1- DI W PVP 88.5% 4% 87% 13%

S:Ag:10- DI W PVP 88.4% 13% 89% 16%

S:Ag:100- DI W PVP 81% 15% 87.5% 15%

S:Ag:1- Eff W PVP 85% 9% 87% 11%

S:Ag:10- Eff W PVP 96% 3% 95% 7%

S:Ag:100- Eff W PVP 81.7% 9% 86.30% 14%

S:Ag:1- Alg PVP 89% 5% 88% 11%

S:Ag:10- Alg PVP 88.7% 12% 87.60% 9%

S:Ag:1- FA PVP 89.1% 8% 89.20% 11%

S:Ag:10- FA PVP 90% 6% 85.50% 12%

Sulfides (Sulfide:Ag)

Fulvic Acid (FA)

Humic Acid (HA)

Alginate

10 ppb Ag NPs

1000 ppb Ag NPs
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4. Chapter 4 DISSOLUTION BEHAVIOR OF SILVER 

NANOPARTICLES IN THE PRESENCE OF INORGANIC 

SULFIDES AND DISSOLVED ORGANICS CARBON 

 

Connecting text: In Chapter 3, the presence of inorganic sulfides and dissolved organic carbon 

(DOC) compounds in municipal WW specimen resulted in lower dissolution rates and extents 

over 72 h. DOC compounds containing thiol and amine functional groups were abundantly 

bound or otherwise associated with  the surface of nAg as confirmed by XPS and ToF-SIMs 

analysis. Inorganic sulfides were stable in the aerobic WW, likely in the form of metal sulfides, 

and reacted with nAg resulted in the formation of Ag2S with little solubility. Experiments 

suggested that dissolution inhibition extent by inorganic sulfides strongly depends on the S:Ag 

mole ratio. In this chapter, dissolution of nAg coated with PVP in the presence of inorganic 

sulfides (at two S:Ag ratio) and various DOC compounds in long-term (27 d) is studied. The 

effect of the presence of DOC compounds on the sulfidation reaction of PVP coated nAg in three 

different exposure scenarios is investigated; simultaneous exposure to sulfides and DOC, post- 

and pre-sulfidation of nAg. 

 

The Chapter will be submitted to the journal Environmental Science and Technology as:  

Azodi, M. and Ghoshal, S. (2017) “Dissolved Organic Carbon Enhances Dissolution of 

Sulfidated Silver Nanoparticles.” Environmental Science and Technology. 
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4.1. Introduction 

Silver nanoparticles (nAg) are amongst the most commonly used engineered 

nanomaterials in commercial products (Benn et al. 2010). The environmental fate of nAg after 

release is of great importance for assessment of its risk to environment and human health 

(Gottschalk and Nowack 2011, Keller et al. 2013). The solubility, size and surface chemistry of 

nAg in aquatic and terrestrial environments are closely associated with their toxicity (Navarro et 

al. 2008, Kittler et al. 2010, Greulich et al. 2012). Dissolution (ion release) is an important 

transformation process for nAg as it not only influences the Ag speciation in environmental 

systems, but also the size and composition of any residual nAg (Liu et al. 2012, Azodi et al. 

2016). The rates and extents of dissolution are influenced by the composition of the aqueous 

media (pH, concentrations of dissolved O2, Cl-, HS-, and organic matter) as well as the size, 

structural characteristics and concentrations of nAg (Ma et al. 2011, Misra et al. 2012, Zhang et 

al. 2011).   

Sulfidation has been suggested to detoxify nAg by limiting its dissolution (Levard et al. 

2013). However, recent studies have demonstrated that in case of incomplete sulfidation, nAg is 

prone to oxidation of unexposed surface and ion release to various extents (Kent and Vikesland 

2012, Baalousha et al. 2015). Ag+ reacts rapidly with sulfide ions (HS-, S2-) (Levard et al. 2011, 

Liu et al. 2011) and metal sulfides (e.g., ZnS, CuS) (Thalmann et al. 2014, Adams and Kramer 

1998) to form insoluble Ag2S. Sulfidation of nAg results in formation of Ag2S NPs or core-shell 

Ag-Ag2S NPs through oxysulfidation reactions or by precipitation of dissolved Ag, depending on 

the relative abundance of sulfides (Levard et al. 2011, Liu et al. 2011). Thiols (-SH) containing 

organic compounds can also bind to nAg surfaces, limiting its dissolution (Liu et al. 2010). nAg 

has been shown to generate smaller, daughter NPs as a result of dissolution-reprecipitation 
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reactions in municipal wastewater (WW) (Azodi et al. 2016) due to reactions with inorganic 

sulfides and organosulfur compounds, as well as in the presence of thiols (Liu et al. 2012).  

In natural waters, sulfidation of nAg is likely to occur in the presence of DOC 

(dissolved organic carbon). DOC is abundant in aquatic environment; such as WW (Imai et al. 

2002), natural waters (Ma et al. 2001), sediments and groundwater (McArthur et al. 2004, 

Accardi-Dey and Gschwend 2002), and sea water (Kepkay 1994) and includes primarily humic 

substances,  carboxylic acids, polysaccharides, and amino acids. DOC molecules contain metal-

binding functional groups (i.e. carboxylates, phenols, amines, thiols) are shown to interact 

strongly with nAg and Ag+ , and impact their speciation, solubility (Kramer et al. 2007, Delay et 

al. 2011, Furman et al. 2013, Pokhrel et al. 2014, Wirth et al. 2012, Shafer et al. 1998) and 

sulfidation (Zhu et al. 2016, Zhang et al. 2016).  

Only a few recent studies have investigated the effect of presence of DOC and sulfides 

together on nAg transformation. Zhang et al. showed that the presence of humic acids (HA) 

decreased the sulfidation rate of Ag nanowires up to 36% (Zhang et al. 2016) and Collin et al. 

observed 5 times higher dissolution for sulfidated nAg in Pony Lake Fulvic Acid (FA) solution 

as compared to FA-free systems (Collin et al. 2016). Thalmann et al. (Thalmann et al. 2016) 

reported faster sulfidation rates of nAg in the presence of HA as compared to nAg in systems 

containing solely the bisulfides (HS-), however, those experiments were conducted at 

significantly higher HA and sulfide concentrations.  Liu et al., also observed slightly faster 

sulfidation rates of nAg in the presence of SFRA (Liu et al. 2011).  Both these studies attributed 

the faster sulfidation to binding of HS- to DOC, but the impact of the higher sulfidation rate on 

dissolution of nAg was not assessed. Zhu et al. (Zhu et al. 2016) and Baalousha et al. (Baalousha 

et al. 2015) found that nAg sulfidated in the presence of HA had higher colloidal stability 
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compared to HA-free systems. The impact of other types of DOC compounds rather than HA and 

FA, such as amino acids, and polysaccharides on the sulfidation of nAg are unknown. In 

addition, these studies only considered simultaneous exposure to humic substances and sulfides 

and other sequence of exposure and other DOC compounds are not explored.  

The aim of this study was to investigate how DOC compounds can affect the sulfidation 

of nAg and dissolution behavior and extent of sulfidated and pristine nAg. In this paper, 

monodisperse nAg of three different sizes (30, 50, and 100 nm) coated with PVP were exposed 

to sulfides and DOC solutions in three exposure systems. In first system, nAg was dispersed in 

solutions already containing the sulfides and DOC. In second system, nAg was first contacted 

with DOC solutions for 24 h and then were reacted with sulfides. In the third system, nAg was 

first sulfidated for 24 h then suspended in DOC solutions. The DOC solutions used were a 

mixture of (i) HA and FA; (ii) cysteine and methionine, and alginate alone.  

Experiments were conducted with 1 ppb nAg and 1ppm DOC as these concentrations 

are environmentally relevant. In addition, CuS and ZnS were chosen as the source of sulfides 

instead of sodium sulfides. Metal sulfides are observed to be more stable in aerobic condition as 

was shown in our previous study (Azodi et al. 2016) and have half-life times longer than 35 days 

in oxygenated waters in contrast to unstable HS- in aerobic conditions (Thalmann et al. 2014). 

Furthermore, metal sulfides are a more realistic source of sulfides and better capture the 

complexity of natural waters (Kramer et al. 2007). Recently few studies have used metal sulfides 

such as CuS and ZnS to study sulfidation of nAg. Ag2S (2𝐴𝑔+ + 𝑆2− = 𝐴𝑔2𝑆, 𝑙𝑜𝑔𝐾 = 50.1) 

has a higher stability constant than CuS (2𝐶𝑢2+ + 𝑆2− = 𝐶𝑢𝑆, 𝑙𝑜𝑔𝐾 = 22.3) and ZnS (2𝑍𝑛2+ +

𝑆2− = 𝑍𝑛𝑆, 𝑙𝑜𝑔𝐾 = 25.1), therefore sulfides migrate to nAg with an accompanying release of 

Cu and Zn ions (Thalmann et al. 2014, Ma et al. 2014).  
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nAg of three various sizes were chosen for this study because nAg dissolution rates and 

extents  and the surface areas available for reactions and binding of molecules changes with the 

surface area. Furthermore, nAg in natural waters are likely to be polydisperse. 

spICP-MS, which can simultaneously analyse NP mean size, particle and dissolved Ag 

concentration with excellent precision was used to study the dissolution of nAg, was used. The 

extent of sulfides associated with nAg and the amount of DOC sorbed onto the nAg was 

evaluated in the different systems examined. The sulfide to silver ratio of 0.4 was chosen to be in 

the range of the metal sulfide concentration in the oxic waters  and WWTPs where the 

concentration of ZnS  can be as low as 1.5 nM (0.14 ppb) (Priadi et al. 2012). In addition, a 

significantly higher sulfide to silver ratio of 10 was chosen to study the waters with sulfide in 

excess of nAg (i.e. sewage sludge) (Stover et al. 1976). 

 

4.2. Material and Method 

4.2.1. Chemicals 

Nanoparticles- PVP-coated NanoXact nAg (NanoComposix) of three nominal sizes of 

30, 50 and 100 nm, at a nominal stock concentration of 20 ppm was chosen were diluted as 

appropriate in various experiments. The nAg was close to spherical and the mean diameter was 

estimated by sizing more than 100 individual particles with TEM which were 26.9±4.2 (n=125), 

49.5±4.6 (n=120), 100.5±11.5 nm (n=100). These values were consistent with the manufacturer-

reported values (Figure 4-7 S 1A, C, E). spICP-MS analysis of the nAg dispersed in DI water 

provided consistent mean diameter with TEM images. The mean size obtained with spICP-MS 

was 28.6±1.8, 50.1±5.9, 102±2.8 nm (Figure 4-7 S 1B, D, F). The nAg of three mean sizes was 

well dispersed in the suspension without aggregation. The dissolution kinetics of nAg in DI 
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water is studied (Figure 4-8 S2, 4-9 S3). Dissolution kinetic parameter (k, h-1) for nAg with 

nominal mean sizes of 30, 50, and 100 nm suspended at 1 ppb in DI water was determined 

(Table 4-1 S1) and a comparison with previous literature is provided (Table 4-2 S2).  

Dissolved Organic Carbon- Cysteine (C3H7NO2S, Sigma-Aldrich) is a low molecular 

weight hydrophilic amino acid (M.W. 121 g mol-1). Methionine (C5H11NO2S, Sigma-Aldrich) is 

also an amino acid (M.W. 149.21 g mol-1). Alginate (Sigma, sodium salt of alginic acid from 

brown algae), FAs (Suwannee River Fulvic Acids standard II, International Humic Substances 

Society) and HAs (Suwannee River Humic Acids standard II) were purchased. Suwannee river 

HA used in this research was reported to contain 1.19 and 0.58 %(w/w) (of a dry, ash free 

sample) of N and S and Suwannee river FA contains 0.72 and 0.44 %(w/w) N and S respectively 

according to the manufacturer, International Humic Substances Society (IHSS). The DOC 

solutions prepared for this study were a mix of HA and FA, a mix of cysteine and methionine at 

equal concentrations of 1 ppm each and alginate solution prepared at 1 ppm in DI water.  

Metal Sulfides- A sulfide solution of 1 mM Na2S (Sigma Aldrich) solution in 0.5 mM 

NaNO3 was prepared in an anaerobic chamber according to methods reported elsewhere (Levard 

et al. 2011). The DI water used for sample preparation was purged with N2 gas to ensure 

anaerobic conditions. Standard metal solutions of Cu2+ and Zn2+ (PlasmaCAL standard solution 

of 1000 ppm copper or zinc in HNO3, SCP Science) were contacted with the sulfide solution in 

an anaerobic chamber and left on an end-over-end shaker for 24 h. Metal sulfides were separated 

from any unreacted sulfide by centrifugal ultrafiltration at 4600g for 40 min. The nAg was then 

suspended in the metal sulfides solution to attain S:Ag=0.4 and 10 mole ratio so as to have two 

very different sulfide to silver mole ratio. In one system the sulfide is less than required for 
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complete sulfidation of nAg (S:Ag=0.4) and in the other system  the sulfides is highly in excess 

of nAg (S:Ag=10).  

 

Dissolution Experiments- PVP-nAg were exposed to metal sulfides and DOC in three 

different exposure scenarios. In one set of experiments (System C/S), nAg was introduced into 

the systems simultaneously with the CuS and ZnS mixture and the DOC solution. In a parallel 

system (System C-S) nAg was first contacted with DOC solutions and then reacted with the 

sulfides. In the third set (System S-C), the nAg was first contacted with the sulfides for 24 h and 

then DOC was added. DOC-free control systems were maintained, one in which only nAg was 

contacted with DI water (System DI), and the other contained nAg and the sulfides in DI water 

(System S). Another control only contained nAg in all the three DOC solutions (System C) of 

humic substances, alginate and the mixture of cysteine and methionine. Each system was set up 

in triplicate and analyzed frequently for dissolved silver concentrations, and at selected time 

points for sulfides and total organic carbon associated with nAg. The error bars on all graphs 

represents the standard deviation of three replicate samples analyzed. 

4.2.2. Instrumentation 

spICP-MS- A Perkin Elmer NexION 300X ICP-MS supported by Syngistix software 

(ver1.1.) was used in single particle mode for nAg characterization. The operating principles of 

spICP MS have been reported previously (Degueldre and Favarger 2003). The integration dwell 

time of 100 µs was generally used. The daily optimization included optimizing the torch 

alignment and nebulizer gas flow of spICP-MS for the highest sensitivity to Ag. A total data 

collection time of 100 s was set for all other samples. The data collection time was increased to 
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150-200 s for sample analysis after time point 168 h to 648 h. Other instrumental parameters are 

presented in Table 4-3 S3.  

Two calibrations were performed before the analysis. First, the transport efficiency of 

the system in order to determine the percentage of particles reached the plasma, and second, the 

dissolved Ag calibration to compute the silver concentration in the samples. The standard 

reference gold nanoparticles (nAu) was purchased from National Institute of Standards and 

Technology (NIST), with a nominal 60 nm diameter and a stock particle concentration of 

2.38×1010 particles/mL. nAu was sonicated for 3 minutes, then suspended in DI water at a 

concentration of 207 ppt (9.5×104 particles/mL) to determine the transport efficiency of the 

spICP-MS. The transport efficiency of spICP-MS was evaluated on a day-to-day basis with 

freshly prepared nAu suspension and attained values between 7-9% at dwell time of 100 µs.  

A dissolved Ag standard solution of 1001±4 ppm in 4% HNO3 (PlasmaCAL) was used 

for preparing the ICP-MS dissolved calibration curve including one blank and 6 dissolved Ag 

solutions (0-2 ppb) in 1% HNO3 in both standard and single particle modes. Moreover, every 10-

15 samples, one quality control sample containing 100 ppt dissolved Ag in 1% HNO3 was 

analyzed from the stock of 100 ppm dissolved Ag solution (PlasmaCAL, Q.C. Standard 4, in 5% 

HNO3). Every 3-4 analyses, a sample of 1% HNO3 in DI water was analyzed in order to indicate 

any drift (>20%) in intensity of counts by the instrument and in case of any contamination 

occurred. 

The total Ag analysis was performed in standard mode of ICP-MS to determine the total 

Ag mass in all aqueous systems. For the total silver measurements all the samples of nAg were 

digested by 30-35 % HNO3 (PlasmaPURE, 67-70% Acid Nitric) for 24 h shaking in the room 

temperature and then diluted with DI water to 1% acid content prior to analysis with ICP-MS. 
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The detection limit of spICP-MS is 30 ppt for the dissolved silver and nAg. The total Ag analysis 

was done by ICP-MS (Perkin Elmer NexION 300X) after acid digestion of the WW samples. 

ICP-OES- Total sulfur analysis was performed using ICP-OES (Perkin Elmer Optima 

8300). A blank DI water and nine dissolved sulfur standard samples (25-5000 ppb) were used to 

perform the calibration curve for sulfur analysis. 4 mL of each sample was transferred to Amicon 

ultrafilter tubes (Amicon, NMWL 3 kDa) and were centrifuged at 4600g for 30 min. The 

centrifugation was repeated two more times with the same settings by adding 3 mL DI water 

each time to each ultrafilter tube in order to ensure that any unreacted sulfides passed through the 

filter. Total sulfur in the WW samples was analyzed after acid digestion with aqua regia 

(HNO3:HCl=1:3) in a microwave at 90 oC for 75 min. The samples were then diluted using DI 

water to reduce the acid concentration to below 4%. Samples were triplicated and each sample 

replicate was analyzed three times by ICP-OES. The error bars in each graph represents the 

standard deviation among the sample replicates. Every two to four samples, one sample of 

acidified DI water was analyzed for any cross contamination from one sample to the other.  

Transmission Electron Microscopy (TEM)- TEM analysis was performed using a FEI 

Tecnai G2 F20 S/TEM equipped with Gatan Ultrascan 4000 4k x 4k CCD Camera System 

(Model 895) and EDAX Octane T Ultra W /Apollo XLT2 SDD Analysis System for energy 

dispersive X-ray spectroscopy (EDS) measurements. nAg out of stock NP dispersion was 

deposited on the copper TEM substrates (Electron Microscopy Sciences, Carbon film 200 mesh 

copper grids) were air dried in dark.  

Total organic carbon (TOC) Analyzer- The mass of organic molecules (DOC) 

adsorbed to the 30 nm PVP-nAg (1 ppm) in three exposure System to DOC and sulfides 

(S:Ag=0.4) (pre-sulfidation, post-sulfidation and simultaneous approach) was estimated by the 
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solution depletion method. The nAg was separated by centrifugation (6500g, 90 min) and the 

supernatant containing the unadsorbed organic molecules was gently removed living the 

sedimented nAg and adsorbed organics undisturbed at the bottom of the tube. The supernatant 

was then analyzed with a TOC analyzer. 

UV-vis spectroscopy- The optical absorption spectra of Ag were measured in a 

wavelength range of 200-800 nm by a SpectraMax M5 Multimode Plate Reader. PVP-nAg (30 

nm) was analyzed for UV-visible absorbance suspended in several solutions containing DI water, 

sulfides, DOC solutions, as described earlier, after 24 h and one week.  

 

4.3. Results and Discussion 

4.3.1. Dissolution of nAg in the presence and absence of sulfides  

Figure 4-1 shows that PVP-nAg (hereafter referred to as nAg) dissolution extent in 

equilibrated systems was influenced by the type of DOC (HA/FA, Alginate or 

Cysteine/Methionine), the sequence in which DOC and sulfides were introduced into the batch 

systems, and by the primary size of the nAg. Equilibrium was attained at ~144 h (Figures 4-10 

S4 to 4-12 S6) and each of the boxes in the box plots in Figure 4-1 show the range of equilibrium 

concentrations between 144 and 648 h.  
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Figure 4-1-Boxplots of the equilibrium dissolved Ag concentrations (>144 to 648 h) normalized 

to initial total silver concentration (1ppb) added to the systems as nAg of (A) 30, (B) 50 and (C) 

100 nm. DI represent systems with nAg suspended in DI water only; S for nAg suspended in DI 

water containing sulfides; and C/S, C-S, and S-C represent systems where the sequence of 

exposure to nAg to sulfides and DOC was varied. In System C/S, nAg was suspended in a 

solution of DOC and sulfides; in System C-S, nAg was contacted with DOC for 24 h and then 

sulfides were added (post-sulfidation); in System S-C, nAg was contacted sulfides for 24 h and 

then DOC was added (pre-sulfidation). Each box plot presents, minimum, first quartile, median, 

third quartile, and maximum. The central rectangle spans the first quartile to the third quartile. A 

segment inside the rectangle shows the median and "whiskers" above and below the box show 

the minimum and maximum of dissolved silver for each respective system. (D) The dissolved Ag 

concentrations (648 h) normalized to initial total silver concentration (1ppb) for 30 nm nAg in 

Systems S, C/S, C-S, and S-C in HA/FA over 648 h. Each system was set up in triplicate and the 

error bars represents the standard deviation among three sample measurements. 

 

In System S, nAg dissolved considerably less after reaction with sulfides than in System 

DI (Figure 4-1). The dissolved concentrations for nAg in sulfides slowly increased with time to a 
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maximum of 10.9±7.5, 11.2±5.1 and 3.8±0.8 % of the total Ag added as 30, 50 and 100 nm nAg, 

respectively, up to 5 times lower concentrations than in System DI. However, between 216 and 

360 h, it suddenly decreased (Figure 4-1D and 4-12 S 6D). At 648 h, the dissolved Ag was 

3.3±0.7, 6.6±0.6, and 3±0.5 % of total silver concentration for 30, 50 and 100 nm nAg 

respectively. Some of the released Ag ions were either be re-adsorbed onto the sulfidated nAg 

(Liu and Hurt 2010) or reacted with available sulfides and form Ag2S nuclei and precipitated out 

of solution as they aggregated and grew larger over time.  

The equilibrium dissolved Ag concentration relative to the total Ag added in System DI 

was 54.4±2.5, 44.4±3, 16.6±1.4 % for 30, 50 and 100 nm nAg respectively (Figure 4-1 and 4-8 

S2). Although the total Ag (as nAg) added to each system was 1 ppb, the equilibrium dissolved 

Ag concentration changed with particle size. According to the modified form of Kelvin equation 

(Ostwald-Freundlich relation) metal solubility is related to NP radius (Dokoumetzidis and 

Macheras 2006). The smaller NPs also have higher ion release rates due to higher specific 

surface area and smaller radius (Tables 4-1 S1and 4-2 S2) (Zhang et al. 2011).  

Ag2S has extremely low solubility (log Ksp=50.1) (Choi et al. 2009), and even under 

partial sulfidation conditions (S:Ag=0.4), a significant decrease in equilibrium concentrations 

was observed. Our results are in qualitative agreement with Levard et al. (Levard et al. 2011), 

but a direct quantitative comparison is not possible given significant system differences such as 

the nAg concentrations (1000 ppm versus 1 ppb) and the source of the sulfides (Na2S versus 

CuS/ZnS). The amount of sulfides reacted with nAg was quantified by separating the NPs from 

solution by centrifugal ultrafiltration and analyzing the filtered NPs by ICP-OES after acid 

digestion. Figure 4-2A shows that 64.5±2.5% of total sulfides available in metal solution reacted 

with 30 nm nAg over 24 h. This indicates an effective S:Ag= 0.257 (mole) in System S. 
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Whereas, in system containing Na2S, 91±11 % of sulfides reacted with 30 nm nAg over 24 h. 

Oxidative dissolution of CuxSy clusters from precipitation reaction of CuO with sodium sulfide 

and formation of soluble copper sulfate hydroxides particularly at sulfides to copper ratio of less 

than one is shown to have affected the sulfidation rate of nAg by copper sulfides crystals 

(Thalmann et al. 2014, Ma et al. 2014). 

It should be noted that although dissolution experiments were conducted with 1 ppb 

nAg, the results in Figure 4-2 are derived from systems dosed with 1 ppm nAg and 

proportionately higher amounts of other amendments, to provide sufficient sulfide for detection 

by ICP-OES. Our previous study on the dissolution of 1 ppm of nAg did not show any 

aggregation of NPs at this elevated concentration (Azodi et al. 2016). The limit of detection for 

sulfur is about 25 ppb using ICP-OES, and the TOC analyzer has a detection limit of >1 ppm for 

TOC. 

4.3.2. Dissolution of nAg in the presence of sulfides and DOC  

Figure 4-3 shows that with increasing contact time, the differences in dissolved Ag 

concentrations in HA/FA and alginate systems and DI water systems decreased. Figure 4-3A 

shows that the dissolved silver in HA/FA and alginate system reached an equilibrium 

concentration similar to DI water, unlike in cysteine/methionine. HA and FA have been 

generally shown to decrease dissolution of nAg by binding to their surface  (Delay et al. 2011, 

Liu and Hurt 2010, Mitrano et al. 2014, Gunsolus et al. 2015, Gao et al. 2012) within the first 

several hours of study. In addition, it was observed that the surface coating of nAg interacts with 

humic substances and is partially replaced with these DOC molecules (Zhu et al. 2016, Lau et al. 

2013). The decreases in the extents of nAg are attributed to the complexation of dissolved Ag to 

the bound DOC (Liu and Hurt 2010, Gao et al. 2012, Sikora and Stevenson 1988, Dubas and 
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Pimpan 2008) and reversible reactions (Dubas and Pimpan 2008, Litvin et al. 2012, Akaighe et 

al. 2012). Decreases in dissolution extents observed in this study for 30 nm nAg (Figure 4-1 and 

4-13 S7, System OC) at equilibrium, are smaller than in previous studies which conducted the 

experiment for only 24 h (Liu and Hurt 2010). The equilibration time in this study is 

significantly higher than in previous studies, and likely provided sufficient time for Ag+ to 

overcome diffusional limitations. In our previous study we also observed 50% lower dissolution 

in the presence of HA/FA and 10% lower dissolution in the presence of alginate, compared to DI 

water in the first 72 h exposure, using 10 ppb 80 nm nAg and spICP-MS analyses. Moreover, the 

decreases are in agreement for larger nAg (50, and 100 nm) as compared to 80 nm nAg in our 

previous study (Figure 4-13 S7, and 4-14 S8).  

This observation is made for the first time as previous studies conducted dissolution 

experiments in alginate and humic substances only for a few hours (Ostermeyer et al. 2013). 

Previous literature suggested that alginate inhibited the dissolution within the first several hours 

by either preventing the release of Ag ions from the surface of nAg or by blocking the active 

sites for further oxidation of nAg surface (Ostermeyer et al. 2013). Alginate is a polysaccharide 

with hydroxyl and carboxylic functional groups, which can sorb onto nAg and due to its 

polymeric structure, may increase the colloidal stability through steric repulsion within the first 

several hours. Thus, it is unlikely that alginate simply blocked the oxidation sites for nAg due to 

which the dissolved Ag concentration should not have increased to close to values in DI water at 

equilibrium as observed in this study (Figure 4-3A, and 4-14 S8).  

Figure 4-1 show that in the presence of HA/FA, dissolved Ag equilibrium 

concentrations were higher compared to alginate and cysteine/methionine systems, irrespective 

of the sequence of exposure of HA/FA and the sulfides to nAg. In particular, when sulfidation 
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occurred after contact of HA/FA with nAg (System C-S), dissolved Ag equilibrium 

concentrations were comparable to System DI, and the fraction of dissolved Ag to total Ag 

reached  54.6±5.7 and 45.5±12.3 % for 30 and 50 nm nAg, respectively. To summarize, in the 

presence of HA/FA, nAg dissolved in DI water>S-C>S/C>S-C. Similar patterns but lower 

extents of dissolution were observed with alginate, and negligible dissolution occurred in the 

presence of cysteine/methionine. 

 

 

Figure 4-2 The amount of sulfides (A) and TOC (B) adsorbed onto 30 nm PVP-nAg in sulfides 

and in each DOC solution and in three exposure Systems to DOC and sulfides. Total initial Ag 

concentration as nAg was 1 ppm.  

Dissolution was limited under all conditions for 100 nm nAg, and there were no 

significant differences between simultaneous or sequenced addition of DOC and sulfides. 

Overall, the results show that with smaller nAg (up to 50 nm) the extents of dissolution vary 

greatly depending on the sequence of exposure of DOC and sulfides, for partial sulfidation of 

nAg. Furthermore, the extents of nAg dissolution varied significantly depending on the type of 

DOC. The underlying causes of the differences in dissolution are explained in the following 

paragraphs. 
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4.3.3. Sulfidation extent of nAg in the absence and presence of DOC 

The inhibited sulfidation reaction of nAg with sulfides in the presence of HA/FA can be 

explained in two ways. First, HA/FA molecules have been shown to chelate reduced sulfur 

(Ferdelman et al. 1991, Francois 1987) and thus the free metal sulfides were sorbed by HA/FA 

molecules and not available to subsequently react with nAg. Second, HA/FA adsorbed onto the 

nAg surface during the 24 h before sulfidation was commenced, and reduced the available sites 

for sulfides to react with nAg. To assess these processes several experiments were conducted 

where the amount of sulfides and TOC sorbed onto nAg in each exposure System was 

determined.  

  

Figure 4-3 (A) The dissolved 30 nm PVP-nAg normalized to total silver in each solution in 4 

different media in three different Systems. Sulfides concentration was 300 ppt (S/Ag=2 mole 

base) and DOC concentration were 1 ppm in all the systems. (B) UV visible absorbance of nAg 

suspended in DOC solutions and the sulfides mixture at 24 h. 

 

The TOC analysis showed that in System C/S, HA/FA sorbed less on nAg as compared 

to Systems 2 and 3 with only 0.36±0.1 mg TOC/mg TOCtot compared to 0.98±0.2 and 0.73±0.03 

mg TOC/mg TOCtot for Systems 2 and 3, respectively (Figure 4-2B). In System C/S, it was 

hypothesized that HA/FA was bound by sulfide in solution and thus HA/FA did not deposit as 
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much as in System C-S. To examine this hypothesis, in a set of control experiments, sulfides 

were mixed with DOC solutions for 3 hour and then the samples were filtered at 3 kDa 

(centrifugal ultrafiltration at 4600 g for 45 min). 50.9±7% of HA/FA (1 ppm total concentration) 

and 35.6±3.3% of the alginate was retained on the filter as determined by TOC measurements of 

the whole DOC and the filtrate. The filtered phase and filtrate were both analyzed for total sulfur. 

The results showed that there was a 68.7±3.4 % fraction of sulfides (S total=1187.4 ppb) 

associated with the 50.9% of HA/FA that was retained on the filter whereas in case of alginate at 

least 1.2±0.9% of the sulfide was found in the filtrate similar to control systems (Table 4-10 S4). 

Therefore, these results qualitatively confirmed that HA/FA in solution bound sulfides but not 

alginate. 

In System C-S, HA/FA extensively (0.98±0.2 mg TOC/mg TOCtot) bound to nAg 

(Figure 4-2B) and inhibited sulfide deposition resulting in only 2.5±0.8 µg sulfides/mg nAg 

(Figure 4-2A). These process are explained in the schematic in Figure 4-4, and explains why the 

nAg dissolution extent was limited in System C/S (38.2±4.6 %) compared to System C-S 

(54.6±5.7 %) for 30 nm nAg (Figure 4-1). Sulfide sorbed onto nAg in various degrees depending 

on sequence of exposure to HA/FA solution and sulfides. In System C/S and S-C, more sulfides 

were reacted with 30 nm nAg; 26.8±5.8 and 48.6±4.3 µg sulfides/mg nAg in HA/FA solution 

respectively. Consequently, the TOC associated with nAg in System C/S and S-C was 0.36±0.1 

and 0.73±0.03 mg TOC/mg TOCtot respectively. HA/FA was associated with nAg more in 

System S-C than C/S. In System S-C, HA/FA is likely sorbed on the sulfidated nAg whereas in 

System C/S, HA/FA is partially associated with free sulfides in solution and not nAg.  Zhu et al. 

similarly showed that HA was sorbed onto the sulfidated nAg during the simultaneous exposure 

of nAg to HA and sulfides (Zhu et al. 2016). 
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Figure 4-4- The schematic illustrating the effect of DOC on the sulfidation reaction of nAg in 

System C-S (post-sulfidation) in the presence of (A) HA/FA and (B) alginate solutions. 

 

Zhang et al. also observed supressed sulfidation of Ag nanowires to various extents in 

the presence of SRHA at S:Ag=0.5 (Zhang et al. 2016). They similarly attributed the reduced 

sulfidation of nAg to limited available site for sulfidation reaction due to adsorption of SRHA on 

the nAg. The binding capacity of humic substances to silver is closely related to the availability 

of amine functional groups. Ag-humic substances stability constants range between 3.08 to 4.51 

(Sikora and Stevenson 1988), much lower than that of Ag-sulfide stability constants. Therefore, 

once nAg is reacted with sulfide, the dissolution of Ag by complexation with humic substances is 

thermodynamically not favorable. In System S-C, that dissolved silver concentration was larger 

than in System S, it cannot be due to complexation and oxidation of silver sulfide. The dissolved 
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silver is attributable to oxidation of un-sulfidated fractions of the NPs which was likely 

complexed by HA/FA in the solution and stabilized due to steric repulsion and therefore did not 

precipitate out similar to what was observed earlier in System S. Several studies have shown that 

complete sulfidation of nAg did not occur when sulfides were stoichiometrically not significantly 

in excess of Ag, and nAg oxidation and Ag ion release occurred from partially sulfidated nAg 

under aerobic conditions (Azodi et al. 2016, Baalousha et al. 2015, Thalmann et al. 2014, Kent et 

al. 2014). In a separate set of experiments where the sulfide concentration was elevated to 

S:Ag=10, lower, but measurable of 11.3±2.2, 13.3±2.7, and 3.6±0.72 was observed in System 

C/S, C-S and S-C respectively containing HA/FA (Figure 4-15 S9). Similarly, Collin et al. 

observed that dissolved Ag concentration from nAg sulfidated at a dose of S:Ag=2, increased to 

0.47 % in the presence of Pony Lake Fulvic Acid suspended in moderately hard reconstituted 

water from 0.1% in the absence of FA (Collin et al. 2016).  

The equilibrium dissolved Ag concentration normalized to the total silver concentration 

for System C-S in alginate solution were 23.2±10.1 and 11.9±1.8% for 30 and 50 nm nAg, 

respectively (Figure 4-1). The concentrations in Systems S/C and S-C were lower and similar in 

magnitude.  The TOC analysis for 30 nm nAg showed that for nAg in System C/S, 0.32±0.06 mg 

TOC/mg TOCtot was associated with nAg, whereas 0.97±0.07 and 0.41±0.05 mg TOC/mg 

TOCtot was associated with nAg in System C-S and S-C (Figure 4-2B). The lower extent of 

association of alginate to nAg in Systems C/S and S-C is likely because of the preferential 

binding of sulfides to nAg and a lack of affinity of alginate and sulfides.  

Similar to HA/FA, once alginate was added before the sulfides in System C-S, the 

sulfidation was inhibited to a great extent with only 25.6±7.7 µg sulfides/mg nAg reacted 
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compared to 77.6±7.0 and 65.3±5.4 µg sulfides/mg nAg for System C/S and S-C respectively 

(Figure 4-2A). 

nAg suspended in cysteine and methionine in all systems showed very limited 

dissolution over 648 h. The thiol chain in cysteine has high affinity to nAg and Ag ions (Leung 

et al. 2013), which likely inhibited sulfidation in particular in Systems C/S and C-S to 18.9±1.5 

and 21.3±1.9 µg sulfides/mg nAg respectively (Figure 4-2A). Moreover, cysteine/methionine 

had similar association extents with nAg and trends with HA/FA and alginate (Figure 4-2B). 

Nevertheless, no changes in dissolved Ag concentration over time were observed in any of the 

systems including the sulfide-free cysteine/methionine system.  

 

Figure 4-5- Particle size distribution of 30, 50 and 100 nm nAg in exposure to cysteine-

methionine solution compared with the particle size distribution of nAg at similar time point in 

the solution of HA/FA; Particle size distribution for 50 and 100 nm nAg at 48 h and for 30 nm 

nAg at 144 h was obtained. 

 

One noteworthy feature was the change in particle size distribution of nAg suspended in 

cysteine/methionine solution over time. A secondary peak appeared with a mean size centered 

27.4 nm and 22.7 were first observed at 48 h for 50 and 100 nm nAg respectively (Figure 4-5 B, 

C). The first sign of a secondary peak for 30 nm nAg was only observed in a form of small 

shoulder at 23.2 nm at 144 h (Figure 4-5A).  This secondary peak could be attributed to 

reformation of particulate Ag from the dissolved Ag. As the mean size of the secondary particles 
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is smaller than 20 nm it could have overlapped with the particle distribution of nAg itself and 

therefore appeared only as small shoulder. In a few studies, Ag ions in the presence of cysteine 

reformed into plasmon-active nAg via reduction of Ag ions to particulate silver (Azodi et al. 

2016, Khan and Talib 2010). Therefore, in this study, it is hypothesized that as the Ag ions were 

complexed with cysteine/methionine and released from the surface of nAg, they were chemically 

reduced to Ag-cysteine/methionine particles. As a result, no increase in dissolved Ag 

concentration was registered whereas a small secondary peak appeared after several hours in the 

solutions containing amino acids, but not in HA/FA or alginate solutions. 

4.3.4. Changes in particle concentrations and sizes of nAg in the presence of 

sulfides and DOC  

 

Figure 4-6- The mean size of 30 nm PVP-nAg contacted with (A) HA/FA, (B) Alginate, (C) 

Cysteine and methionine, and sulfide in exposure Systems S, C/S, C-S, and S-C. 

 

Figures 4-6A, B, C show the mean size of 30 nm nAg suspended in sulfides and 

cysteine/methionine solutions in three exposure Systems. The mean size of nAg in Systems S/C, 

C-S and S-C increased in the first 24 h, whereas the mean size of 50 and 100 nm nAg slowly 

decreased over 648 h (Figure 4-16 S10, S11). The particle number concentration is much higher 

for 30 nm (6×106 particles/mL) as compared to the particle concentration for 50 nm (1.95×106 
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particles/mL) and 100 nm (0.2×106 particles/mL) at 1 ppb total silver concentration. Therefore, 

the higher the particle concentration, causes a greater likelihood of particle-particle collision 

which can result in aggregation of 30 nAg (Kruis et al. 2000, Raychoudhury et al. 2012). 

Overall, the particle mean sizes were stable over time.  

4.4. Conclusions 

This study for the first time showed that dissolution of PVP-coated nAg (30, 50 and 100 

nm) in HA/FA and alginate resulted in equilibrium dissolved silver concentration, which was 

very close to that obtained in DI. Other studies, reported lower dissolved Ag compared to DI in 

humic substances and alginate solution over significantly shorter contact times. In addition, 

sequence of addition of DOC and sulfides affected DOC association extents with nAg and the 

sulfidation extents of nAg. HA/FA or alginate greatly influenced the dissolution behavior of nAg 

under aerobic conditions where stoichiometrically-limited amounts of sulfides were present. 

These sulfide loads however were sufficient to decrease nAg dissolution extents in HA/FA or 

alginate free systems. The sulfidation extents are reduced when nAg is pre-exposed to HA/FA, 

and as a result the extent of dissolution of nAg is similar to those in DI water, and sulfide-free 

systems. Humic substances interfered with the sulfidation of nAg by binding the free sulfides in 

the solution or by associating with nAg and therefore inhibiting the sulfidation reaction. Alginate 

molecules also sorbed onto nAg before addition of sulfides and therefore decreased the extent of 

nAg sulfidation. Furthermore, it was observed that amino acids such as cysteine and methionine 

strongly bound to nAg and as a result, the dissolved Ag concentrations were much smaller than 

in the other DOC solutions. The small increase in the dissolved silver concentration is attributed 

to the formation of secondary NPs in cysteine and methionine solution which was observed after 
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several hours in this systems with spICP-MS and not in other DOC solutions (i.e. HA/FA or 

alginate).  
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4.6. Supplementary Data 

 

 

Figure 4-7 S1- (A, C, E) TEM images of 30, 50 and 100 nm nAg on a copper grid. The white bar 

on the left equals 100 nm. (B, D, F) The particle size distribution of nAg freshly dispersed in DI 

water and analyzed with spICP-MS. 
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4.6.1. Dissolution kinetic of nAg (30, 50, 100 nm) in DI water 

 

Figure 4-8 S2- The dissolution of nAg (30, 50 and 100 nm) in DI water over time (for 648 h) 

using spICP-MS.  The dissolved Ag concentrations are normalized to the total Ag concentration 

in each system. 

 

The nAg with three nominal mean size of 30, 50 and 100 nm were dispersed in DI water 

at a total concentration of 1 ppb. Figure 4-8 S2 shows the dissolved Ag concentrations 

normalized to the total silver concentration in each sample over time.  The dissolved Ag 

concentrations reached 0.56±0.03, 0.46±0.05, 0.18±0.02 ppb for 30, 50 and 100 nm nAg 

respectively at 648 h. The initial dissolved Ag concentrations (t=0 h) were obtained 30-60 min 

after the sample preparations and attained values very close to zero and similar to background 

Ag measured in DI water (0.003-0.005 ppb) which is well below the detection limit of spICP-MS 

and therefore assumed as zero for all the three nAg samples.  

The small nAg, 30 and 50 nm, took longer (approximately time point 336 h) to reach 

equilibrium, whereas large nAg, 100 nm, reached equilibrium after 144 h. After 468 h, nAg did 

not dissolve completely which was similarly observed in previous studies (Liu and Hurt 2010, 

Zhang et al. 2011).  
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Furthermore, the equilibrium dissolved Ag concentration depend on the primary particle 

size even though the initial Ag concentration was equal for the three nAg (1 ppb). According to a 

modified form of Kelvin equation (Ostwald-Freundlich relation) particle solubility is related to 

its radius (Ma et al. 2011). Thus the smaller NPs have a higher ion release rates and have higher 

solubility than the larger NPs (Liu et al. 2009b).  

The first order kinetic model based on hard sphere theory using the Arrhenius equation 

developed by Zhang et al (Zhang et al. 2011) was applied to the experimental data obtained in 

this study (Figure 4-9 S3). The model fitted the experimental data well with correlation 

coefficients of 0.97, 0.98, and 0.96 for 30, 50 and 100 nm nAg respectively.  

The kinetic parameter, k, was determined for the nAg and was compared with previous 

studies for similar size nAg (Table 4-2 S2).  

 

Figure 4-9 S3- First order kinetic model applied on dissolved Ag concentration over time. 
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Table 4-1 S1- Kinetic parameter (k, h-1) for nAg with nominal mean sizes of 30, 50, and 100 nm 

suspended in DI water. 

 

 

Table 4-2 S2- Kinetic parameter for nAg from the literature 
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Table 4-3 S3- Single Particle ICP-MS Instrumental Parameters 

Parameter Value 

Sample Uptake Rate 0.295 mL/min 

Nebulizer Glass Concentric 

Spray Chamber Glass Cyclonic 

RF Power 1600 W 

Analyte Ag107 

Analysis time 100-200 sec 

Dwell time 100 µsec 

Transport Efficiency 9.1-10.1% 

Daily optimization 1 ppb Ag+ in 1% HNO3 

For torch alignment and 

nebulizer gas flow  

 

 

Figure 4-10 S4- The dissolved Ag concentrations normalized to initial total silver concentration 

for nAg of 30, 50, and 100 nm mean size in solutions containing sulfides, and equal mass mixture 

of HA and FA in 3 different exposure Systems. nAg-S, samples contained only Sulfides; nAg-

Hu/S, nAg was added to solution containing Sulfides, HA and FA (HuS); nAg-Hu-S, nAg was 

equilibrated with the mixture of HA and FA for 24 h, then Sulfides was added; nAg-S-HuS, nAg 

was equilibrated with Sulfides first for 24 h, then the mixture of HA and FA was added. 
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Figure 4-11 S5- The dissolved Ag concentrations normalized to initial total silver concentration 

for nAg of 30, 50, and 100 nm mean size in solutions containing sulfides, and alginate in 3 

different exposure Systems. nAg-S, samples contained only Sulfides; nAg-Alg/S, nAg was added 

to solution containing Sulfides, Alginate (Alg); nAg-Alg-S, nAg was equilibrated with the 

alginate for 24 h, then Sulfides was added; nAg-S-Alg, nAg was equilibrated with Sulfides first 

for 24 h, then the alginate was added. 

 

 

 
Figure 4-12 S6- The dissolved Ag concentrations normalized to initial total silver concentration 

for nAg of 30, 50, and 100 nm mean size in solutions containing sulfides, and equal mass mixture 

of cysteine and methionine in 3 different exposure Systems. nAg-S, samples contained only 

sulfides; nAg-CysMet/S, nAg was added to solution containing Sulfides, cysteine and methionine 

(CysMet); nAg-CysMet-S, nAg was equilibrated with the mixture of cysteine/methionine for 24 h, 

then Sulfides was added; nAg-S-CysMet, nAg was equilibrated with Sulfides first for 24 h, then 

the mixture of cysteine/methionine was added. 
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Figure 4-13 S7- The dissolved Ag concentration normalized to total silver in solution over the 

first 72 h of exposure to DI water, alginate, mixture of HA and FA, and mixture of cysteine and 

methionine. 

 

 

Figure 4-14 S8– The dissolved Ag normalized to total silver in each solution for 50 and 100 nm 

nAg in DI water and three DOC solutions. 
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Table 4-4 S4- The percentage of sulfides (% S) on the filter and in the filtrate for the three 

sulfides solutions (1187.4, 593.7, and 296.8 ppb) mixed with alginate or HA/FA solution, then 

filtered at 3 kDa at 4600 g. 

 

 

 

 

 

Figure 4-15 S9- The dissolution of 30 nm PVP-Ag NPs in Systems 1, 2, and 3 in (A) HA/FA and 

sulfides (B) Alginate and sulfides (C) Cysteine/methionine. Sulfides to silver mole ratio of 10 was 

prepared and DOC concentration was 1 ppm in all the systems. System 1: nAg was added to 

sulfides and DOC simultaneously; System 2: nAg was contacted with DOC for the first 24 h; 

System 3: nAg was contacted with sulfides for the first 24 h. 

 

 

S=1187.4 S=593.7 S=296.8

Ctrl 1.7±0.2 n/a n/a

Alginate 1.2±0.9 2.2±0.5 2.5±0.4

HA/FA 68.7±3.4 78±4.1 99.5±1.3

Ctrl 98.2±12.3 n/a n/a

Alginate 94.2±8.9 96.3±11.1 97.3±13.6

HA/FA 34±10.3 23.9±5.7 2±1.5

Ctrl: Only sulfides; Alginate or 

HA/FA at 1 ppm mixed with sulfides

% S on the 

filter

% S in the 

filtrate

Total Sulfides at various conc. (ppb) 

filtered at 3 kDa
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Figure 4-16 S10- Mean size of 30 nm PVP-nAg in various exposure Systems to HA/FA and 

sulfides. 

 

 

Figure 4-17 S11- TEM of 30 nm nAg in DI water (A), sulfides (B), simultaneous exposure System 

to HA/FA and sufides, (D) post-sulfidation and (E) pre-sulfidation of nAg after 72 h. 
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5.  Chapter 5   IMPROVEMENTS TO THE DETECTION OF 

SIZE AND PARTICLE CONCENTRATION OF SILVER 

NANOPARTICLES WITH SINGLE PARTICLE ICP-MS. 

 

Connecting text: In earlier chapters, we demonstrated that spICP-MS is capable of quantifying 

the dissolution and characterizing nAg in complex environmental samples. The results suggested 

that as nAg dissolved, the silver ions were reformed into secondary particles, nAgxSy, due to 

interactions with inorganic sulfides and organosulfur compounds such as cysteine. Thus, a 

secondary peak appeared in the nAg size distribution at a mean size smaller than 30 nm due to 

reformation of particulate silver from Ag+ ions. Moreover, we observed that nAg in the presence 

of inorganic sulfides, and DOC compounds such as cysteine and methionine aggregated. As a 

result, the mean size of nAg increased and particle number concentration in the samples 

decreased due to aggregation. Therefore, in this chapter the methods and procedures to improve 

the characterization of various diameters of nAg, from 10 to 200 nm, representative of small and 

large particles, are developed. Furthermore, the impact of WW matrix on the quality of data by 

spICP-MS is investigated. 

 

The results of this research will be submitted to the Journal of Analytical Atomic Spectrometry 

as: 

Azodi, M. and Ghoshal, S. (2017), “Characterization of 10 and 200 nm Ag nanoparticles in 

environmental samples with spICP-MS”, Journal of Analytical Atomic Spectrometry. 
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5.1. Introduction 

In the past two decades, significant quantities of many engineered nanoparticles (ENPs) 

have been introduced commercially thanks to their novel properties. There are numerous benefits 

of nanotechnology, but the rapid growth is associated with an inevitable release of the ENPs in 

the environment at the end or during their life-cycle (Dunphy Guzman et al. 2006). There has 

been a growing concern over the potential risk and hazards of the ENPs to the environmental 

receptors (Nowack and Bucheli 2007, Mueller and Nowack 2008). There is a need to improve 

the knowledge on the fate and concentration of ENPs in the environment. However, it is essential 

to first develop reliable analytical methods that are capable of rapid detection of ENPs in 

environmental matrices. 

Some of the most commonly used characterization techniques for measuring the size of 

metal NPs include electron microscopy, transmission (TEM) (Mock et al. 2002) and scanning 

(SEM), light scattering techniques, dynamic light scattering (DLS) and nanoparticle tracking 

analysis (NTA) (Liu et al. 2008), and field flow fractionation (FFF) (Kammer et al. 2011, 

Fedlheim and Foss 2001). Electron and atomic force microscopy are also widely used for the 

characterization of NPs. Nevertheless, the presence of background colloids and particles in the 

environmental matrices can interfere with the data quality obtained from microscopy techniques 

(Montaño et al. 2016). Light scattering techniques obtain useful information on particle size 

distribution, but are challenged with environmental samples which often contain trace levels of 

polydisperse NPs and numerous background particles and colloids which can disrupt the particle 

size distribution (Pace et al. 2012). 

Single particle ICP-MS is a rapid and sensitive elemental analysis technique which is 

able to detect NPs at mass concentration levels down to part per trillion. spICP-MS provides 



145 

 

information about size distribution, and number concentration, and measures the dissolved 

analyte which makes it feasible methodology for characterization of ENPs (Tuoriniemi et al. 

2012, Telgmann et al. 2014, Olesik and Gray 2012).   

spICP-MS has been used to characterize the size of metal NPs (e.g., Ag, Au, TiO2) 

spiked in various matrices, such as biological tissues (Gray et al. 2013), plant tissues (Dan et al. 

2015), fruit juices (Witzler et al. 2016), lake water (Furtado et al. 2014) and sea water (António 

et al. 2015). This technique is also used to study the release of Ag and TiO2 from consumer 

products such as textiles, and food packaging (Mitrano et al. 2014b, Mitrano et al. 2015, 

Verleysen et al. 2015). Furthermore, development of spICP-MS methods for the detection of 

ENPs in complex environmental samples has received increasing attention recently (Tuoriniemi 

et al. 2012, Peters et al. 2015). For example, spICP-MS has been used for the detection of 

various NPs (i.e. Ag, Au, ZnO) in WW matrices, yet the impact of WW matrix on the quality of 

data has not been investigated (Mitrano et al. 2012a, Proulx et al. 2016, Yang et al. 2016a, 

Hadioui et al. 2015). In one study by Telgmann et al., an internal calibration of spICP-MS by the 

isotope dilution of 109Ag was proposed to compensate for the matrix effect of WW on the particle 

size of nAg (Telgmann et al. 2014).  

The basic methodology of spICP-MS as it is known today was established initially by 

Degueldre et al. for the analysis of colloids (Degueldre et al. 2006, Degueldre and Favarger 

2003, 2004).  Liquid samples are introduced to spICP-MS for the analysis of NPs on a particle-

by-particle basis assuming that a single particle generates a discrete transient pulse whereas the 

dissolved species generate a continuous baseline signal. The liquid sample is aspirated through a 

nebulization system that produces an aerosol of droplets. The droplets are then desolvated, 

atomized and ionized by passing through the plasma. Then they are sorted according to their 
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mass–to-charge ratio (m/z) in a mass spectrometer. Certain calibration and optimization steps are 

needed in order to analyze NPs in aqueous matrices accurately (Laborda et al. 2016).  

In the early stages of development of this technique, the dwell time was in a range of 3 to 

20 ms which caused multiple particle coincidences in a single detection response if the sample 

was not adequately diluted (Lee et al. 2014, Mitrano et al. 2012a, Montaño et al. 2016, 

Tuoriniemi et al. 2012). The cloud of ions from a single NP is about 400 to 500 µs. Once the 

dwell time is longer than the NP event (≥1000 µs), more than one particle can occur within a 

millisecond dwell time and if the NP suspension is not diluted enough, large dwell time results in 

particle coincidence and eventually particle events form a continuum response and cannot be 

detected. At shorter dwell time (≤100 µs), the NP event is larger than the length of dwell time 

and thus the number of detected points per each single particle event increases from which the 

signal profile for each NP event is reconstructed (Abad-Álvaro et al.). In addition, spICP-MS 

system in most of the literature to date have invoked a settling time during data acquisition due 

to which events are missed or partial events are captured (Mitrano et al. 2012b). New generation 

of spICP-MS allows for measurements at microsecond dwell times by which relatively higher 

particle number concentrations can be analyzed and partial particle event integration are 

eliminated (Hineman and Stephan 2014, Montano et al. 2014, Tuoriniemi et al. 2015, Liu et al. 

2014). Nevertheless, this technique requires sufficiently diluted samples to ensure only one 

particle is measured during each reading period (i.e. dwell time) (Laborda et al. 2013).   

Theory.  spICP-MS determines the size of particles by correlating the intensity of an 

event signal directly to the number of atoms of the element in that particle event. Therefore, the 

mass of the element is then converted to the particle diameter assuming that the particle has a 

spherical shape, and the density and the mass fraction of the element in the particle are known. 
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Early in the development of spICP-MS, calibration curves would be prepared by using different 

NPs of standard size, preferably the same element as the test analyte, so as to relate the signal 

intensity to the particle mass (or diameter) (Laborda et al. 2011, Olesik and Gray 2012).   

When standard particles are not available, an easier calibration route is to relate the 

intensity of dissolved standards to the mass of the particle suggested first by Pace et al. (Pace et 

al. 2011) This procedure has become the preferred calibration technique, likely because of the 

costs of obtaining different-sized reference NPs. Those authors proposed that if each detected 

signal pulse represented one single particle, then the number of events counted during an 

acquisition time provides the number of particles per unit volume of solution aspirated. 

However, only a fraction of particles delivered to the nebulizer enters the plasma, and this 

fraction was defined as the transport efficiency. Pace et al. (Pace et al. 2011) calculated the 

transport efficiency from the signal intensity obtained from aspirating 60 nm gold reference 

nanoparticles and the total (known) mass of gold in the sample. Thus the transport efficiency (n) 

is then found using the pulse frequency of 60 nm gold NPs at a certain particle 

concentration, 𝑓(𝐼𝑃)(𝑛𝑜. 𝑜𝑓 𝑝𝑢𝑙𝑠𝑒𝑠/𝑚𝑠), flow rate, 𝑞𝑙𝑖𝑞 (𝑚𝐿/𝑚𝑠), and particle number 

concentration, 𝑁𝑃, by following equation (Pace et al. 2011);  

𝜂𝑛 =
𝑓(𝐼𝑃)

𝑞𝑙𝑖𝑞𝑁𝑃
                                                                                                             (5-1) 

Another method of calculation of the transport efficiency involve determining the analyte 

mass reaching the plasma by comparing the waste volume to the sample uptake volume (Smith 

and Browner 1982, Olson et al. 1977, Gustavsson 1984).  

For the determination of particle size in samples, first the signal intensity, (𝐼𝑝), obtained 

is correlated to the concentration of the analyte, C (µg/mL), using a dissolved standard 
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calibration curve (Figure 5-6 S1). Then, the total mass of each event, W (µg/event), transported 

as:  

𝑊 = [𝜂𝑛𝑞𝑙𝑖𝑞𝑡𝑑𝑡𝐶]                                                                                                   (5-2) 

where, 𝑡𝑑𝑡 , (𝑚𝑠/𝑒𝑣𝑒𝑛𝑡), is the dwell time. Dwell time is the time spent by the 

quadrupole to analyze each mass-to-charge ratio (m/z) (Hineman and Stephan 2014). The 

intensity of each individual pulse is converted to particle mass, 𝑚𝑃, and particle diameter, 𝑑, 

using the slope, m, and y-intercept, b, by following equations;  

 𝑚𝑃 = 𝑓𝑎
−1 [

((𝐼𝑃−𝐼𝐵𝑔𝑑)𝜀𝑖)−𝑏

𝑚
]                                                                                    (5-3) 

𝑑 = √[
6𝑚𝑃

𝜋𝜌
]

3
                                                                                                            (5-4) 

Where 𝜀𝑖is the particle ionization efficiency; shown to be 100% for nAg (80 nm) and nAu 

(60 nm) in the study by Pace et al. (Pace et al. 2011), where 𝑓𝑎 is the mass fraction of the 

analyzed element, and 𝜌 is the particle density.  

In this study, we propose that the analysis approach described above that can be 

improved in two ways. First, we propose a range of dwell times to be employed depending on 

particle sizes and concentrations, and particularly a shorter than usual dwell time of 10 µs to 

improve the detection of small NPs. Secondly, we propose the use of particle size-appropriate 

transport efficiencies. To the best of our knowledge, all spICP-MS studies in the literature have 

employed 60 or 100 nm gold reference NPs for determining the transport efficiency (Lee et al. 

2014, Pace et al. 2011), irrespective of the target particle sizes analyzed. We hypothesize that the 

fraction of ions from a gold nanoparticle that reaches the detector will change with particle 

diameter, and thus a 60 nm gold reference particle may not be as suitable for use in analyses of 
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NPs of significantly different diameter as gold reference particles closer to the sizes being 

analyzed.  

Previous studies have calculated a size detection limit between 13-20 nm for nAg 

analyzed with spICP-MS at millisecond dwell times (Lee et al. 2014, Tuoriniemi et al. 2012). 

Very few studies have reported on the improvement to the resolution of spICP-MS for the 

detection of small sized nAg (Tuoriniemi et al. 2015). Cornelis and Hasselöv demonstrated an 

efficient deconvolution data analysis method for detection of small nAg (<30 nm) by using a 

Polygaussian probability mass function to described the background signal and therefore 

discriminate the particle signal at millisecond dwell times (Cornelis and Hassellöv 2014). To the 

best of our knowledge, no study by far has analyzed nAg as small as 10 nm neither as large as 

200 nm using spICP-MS and obtained accurate mean particle size. 

In this study, standard nAg of a very wide size range, 10, 20, 80, 200 nm, was analyzed 

using spICP-MS at different concentrations (10 ppt to 2000 ppt) in DI water and WW. Signal 

intensities obtained were used to derive particle dimeters using the transport efficiencies obtained 

from the commonly used 60 nm gold reference NPs and with gold reference NPs with a 

comparable size to the test nAg. Furthermore, the results obtained from spICP-MS are compared 

with the mean size of nAg attained from TEM.  

The effectiveness of the use of different-sized gold reference NPs and short (10 and 100 

µs) dwell times was verified with samples of nAg spiked in DI water and in WW (mixed liquor). 

WW samples were used to assess the impact of WW matrix on the detection of size and NP 

number concentrations. nAg was the target analyte because of their common use in many 

consumer products (e.g. textiles) (Nogi 2012) and its toxicity to aquatic organisms (Kim et al. 

2007). When analyzing environmental (water) samples for NPs, it is important to optimize 
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spICMS methods to account for the possible presence of NPs of a large range of sizes. 

Environmental processes may result in greater polydispersity of NPs and enabling analytical 

techniques need to be able to characterize such polydispersivity. For example,  agglomeration of 

NPs can result in the formation of large aggregates in the environment (Hotze et al. 2010). On 

the other hand, nAg is shown to dissolve under aerobic condition and the dissolved Ag+ ions can 

form secondary NPs which have diameter between 2 to 20 nm (Pal et al. 1997). 

 

5.2. Material and Method 

5.2.1. Instrumentation 

SPICP-MS A Perkin Elmer NexION 300X ICP-MS supported by Syngistix software 

(ver1.1.) was used in single particle mode for nAg characterization. The torch alignment and 

nebulizer gas flow of spICP-MS were optimized for the highest sensitivity to Ag for daily 

optimization of the instrument. The integration dwell time of 10, 50, 100, 1000, and 3000 µs 

were used depending on the analysis. A total data acquisition time of 100 s was set for samples 

in general and for the aged samples and the samples in WW, the sample time was increased up to 

180 s. Other instrumental parameters are presented in Table 5-2 S1. Three calibrations were 

prepared before analysis in single particle. The first was the dissolved calibration curve was 

performed by preparing the dissolved Ag standard solution of 1001±4 ppm in 4% HNO3 

(PlasmaCAL) in 4-5 dissolved Ag solutions (0-5 ppb) and including one blank in 1% HNO3. The 

second calibration was performed using the standard reference Au NPs (NIST), with a nominal 

20, 60 and 100 nm diameter at a concentration of 207 ppt (9.5×104 particles/mL) in DI water in 

order to estimate the transport efficiency of NPs and therefore the particle number concentration 

in the test samples. The third calibration was performed by aspirating three sizes of standard nAg 
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(30, 50, 100 nm) to relate the signal intensity by each particle to the mass/mean size of nAg. The 

transport efficiencies obtained at each dwell time are presented in Table 5-1.  

TEM- TEM was used for sizing and characterization of nAg was Philips CM200 TEM, 

operated at 200kv and the CCD camera was AMTv600 Camera. To prepare nAg for TEM 

anlaysis, 10 µL of nAg at 200 ppb, for 10, 20, and 80 nm, and 1 ppm for 200 nm, was deposited 

on the copper TEM substrates (Electron Microscopy Sciences, Carbon film 200 mesh copper 

grids). The grids were kept in dark and were air-dried. 

5.2.2. Samples and sample processing 

Silver nanoparticles- Citrate-coated NanoXact nAg (NanoComposix) with nominal size 

of 10, 50, 200 nm and a stock concentration of 20 ppm (5.1×1012 particles/mL), 22 ppm 

(2.5×1010 particles/mL), 22 ppm (5.5×108 particles/mL) respectively were purchased. PVP-

coated NanoXact nAg (NanoComposix) with nominal size of 30, 80, 100 nm at a stock 

concentration of 22 ppm (1.5×1011 particles/mL), 23 ppm (8.4×109 particles/mL), 21 ppm 

(3.2×109 particles/mL) were purchased. TEM analysis of 10, 20, 80 and 200 nm nAg yielded a 

mean size of 8.2±3.5 nm (n=150), 8.1±2.1 nm (n=150), 76.1±9.7 nm (n=110), and 189±33 

(n=110) respectively (Figure 5-7, S2).  

Gold nanoparticles- 20 nm PELCO Tannic NanoXact gold (TedPella) at stock 

concentration of 50 ppm (6.81×1011 particles/mL), 60 nm NIST standard gold at stock 

concentration of 2.38×1010 particles/mL, and 100 nm PELCO Tannic NanoXact gold (TedPella) 

at stock concentration of 50 ppm (4.94×109 particles/mL) were purchased to estimate the 

transport efficiency of spICP-MS after dilutions down to 207 ppt. 

Samples of WW and sulfides- Experiments were conducted in 15 mL polypropylene 

conical tubes (FalconTM). The WW mixed liquor samples collected from the activated sludge 
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basin at the WW treatment facility near Montreal. The WW specimens were first filtered using 

0.45-micron cellulose acetate filters (Corning) and transferred to the tubes. PVP-nAg of various 

sizes was suspended in the WW specimens in a range of concentrations depending on the 

experiment. nAg was also exposed to Na2S solution prepared in DI water at S:Ag=0.5 to 1. 

 

5.3. Results and Discussion 

5.3.1. Optimization of dwell time and transport efficiency for analyses of 10 nm 

nAg 

Comparison of measured transport efficiency. The transport efficiency was calculated 

at two dwell times, 10 and 100 µs, using three standard nAu (20, 60, 100 nm). The results in 

Table 5-1 show that the transport efficiency varied as the dwell time changed, because the pulse 

intensity of the reference nAu changes with the dwell time, consistent with Equation 1 (Figure 5-

8 S3). In addition, the transport efficiency decreased with smaller standard nAu due to a decrease 

in the pulse intensity of the particle in response to the smaller mass of the particle. The transport 

efficiency decreased significantly with nAu of 20 nm, compared to that typically derived using 

60 nm nAu (Table 5-1). Therefore using the transport efficiency of standard 60 nm nAu for 

analysis of nAg that have a diameter considerably smaller than 60 nm may not be appropriate 

which is discussed in the next section. 

Table 5-1- Transport efficiency gold reference NPs at different dwell times  

 

 

Dwell 

time (µs)

Transport 

Efficiency       

20 nm nAu%

Transport 

Efficiency                

60 nm nAu %

Transport 

Efficiency      

100 nm nAu%

Sample time       

(s)

10 4.2±0.2 17.9±2.3 7.6±1.6 50

100 1.1±0.3 9.9±1.4 7.1±1.1 100
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Mean size of 10 nm nAg at two different transport efficiencies. The 10 nm nAg was 

aspirated at two dwell times; 10 and 100 µs. spICP-MS estimated a mean size equal to 13±0.9 

and 19.6±0.2 nm respectively at silver mass concertation of 50 ppt at dwell time 10 and 100 µs 

respectively using the transport efficiency of 60 nm nAu and a dissolved standard silver 

calibration (Figure 5-1A). The dwell time, and the transport efficiency can greatly affect the 

measurement accuracy of NP size by spICP-MS. Millisecond dwell time (i.e. 1000 µs) was not 

adequately short for the analysis of 10 nm nAg, and resulted in counting of multiple NPs as one 

event (particle) in such a long dwell time, which overestimated the particle mean size. Analysis 

of 10 nm nAg at 100 µs dwell time and transport efficiency of 60 nm obtained a wide size 

distribution between 15 to larger than 30 nm which confirmed the multiple counting of events 

(Figure 5-9 S4). In addition, the continuous background signal increases with an increase in 

dwell time while the signal from a single particle does not (Hineman and Stephan 2014) and 

detection of  10 nm nAg becomes less accurate. Tuoriniemi et al. that found a mean size of about 

30 to 40 nm for the analysis of nAg with nominal size of 20 nm at dwell time 5000 µs. In this 

study, at long dwell time of 1000 µs, even though 20 nm nAg particle events were detected, the 

mean size was severely overestimated by up to 100% (Figure 5-10 S5A).  

 

Figure 5-1- 10 nm PVP- nAg characterized with spICP-MS in DI water; (A) The impact of two 

dwell times and two silver mass concentrations on particle mean size at two different transport 

efficiencies. (B) Particle size distribution of nAg at two different transport efficiencies, first with 
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standard NIST 60 nm nAu and second with 20 nm nAu at dwell time 100 µs and an initial 

concentration of 10 ppt; (C) Particle size distribution of 10 nm nAg with TEM  

 

TEM analyses of 10 nm nAg obtained a mean size of 8.2±3.5 nm (n=150) (Figure 5-1C 

and 5-7 S2). The particle size distribution (Figure 5-1) showed that 78.8 % of total number of 

particles sized with TEM were equal or below 10 nm whereas spICP-MS detected no particle 

with diameter smaller than 10 nm at either of 10 or 100 µs dwell time, using the 60 nm nAu 

derived transport efficiency.  

The 10 nm nAg suspension was reanalyzed by repeating the standard dissolved 

calibration curve using the transport efficiency of 20 nm nAu, instead of NIST 60 nm nAu and 

the dissolved standard silver calibration. The mean size obtained by the modified transport 

efficiency was 8.4±0.5 and 9.5±0.7 nm at dwell time 10 µs and was 8.4±0.9 and 9.6±0.8 nm at 

dwell time 100 µs for 10 and 50 ppt nAg mass concentration respectively (Figure 5-1A). The 

particle size distribution obtained after application of the modified transport efficiency with 20 

nm nAu (Figure 5-1B) clearly shows a more comparable particle sizing to that of TEM analysis. 

It was observed that the transport efficiency derived from 60 nm nAu is significantly larger than 

those derived from nAu of similar size to that of the nAg target sample, which resulted in 

overestimation of the size of nAg according to Equation 2. The transport efficiency of 20 nm 

nAu was also applied for analysis of 20 nm nAg and attained a mean size of 8.5±0.7 nm which 

was in agreement with the mean size by TEM (8.2±3.5 nm) (Figure 5-10 S5 B) and could be due 

dissolution of nAg in the stock solution over several months storage. This study for the first time 

demonstrates the significance of the size of the reference nAu for determination of transport 

efficiency.  

Different approaches have been reported for addressing the inconsistencies in particle 

size measurements at long dwell times. In the study by Cornelis and Hassellöv they developed a 
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signal deconvolution method, which helped in the detection of nAg smaller than 30 nm at 3-5 µs 

dwell time that otherwise were not detected at such long dwell times (Cornelis and Hassellöv 

2014). Nevertheless, they applied 60 nm reference gold NP for transport efficiency determination 

and the NP size distribution obtained for nAg (10, 15 and 30 nm) was wider than the size 

distribution attained from TEM analysis. In addition, Lee et al. calculated the detection limit of 

spICP-MS as 13 nm for nAg by considering 3 times above the standard deviation of background 

signal obtained for silver in DI water, as well as knowing the NP density, the mass fraction of 

analyzed metallic element in the nanoparticle and sensitivity of detector for silver (Lee et al. 

2014). The particle limit of detection for nAg was determined at 18 nm at 5000 µs dwell time 

and the analysis of 10 nm nAg only resulted in distorted Poisson profile characteristic of 

dissolved silver which indirectly provided an evidence of the presence of NP (Laborda et al. 

2011). In contrast, in our study, we improved the detection for target nAg with nominal size of 

10 and 20 nm by using more relevant dwell times and nAu sizes to derive a reliable transport 

efficiency.  

5.3.2. Optimization of dwell time and calibration method for analyses of 200 nm 

nAg  

To evaluate the impact of transport efficiency on the means size measured by spICP-MS, 

a separate set of experiments were conducted using 100 nm standard nAu to calculate the 

transport efficiency. The transport efficiency of 100 nm nAu was 7.63 and 7.11 % at 10 and 100 

µs dwell times respectively (Table 5-1). The NP suspension of 200 nAg at three silver mass 

concentration (100, 500 and 1000 ppt) was re-analyzed using the modified transport efficiency 

aspirated at two dwell times, 10 and 100 µs. spICP-MS measured the mean size of 138.8±15.6 

nm and 131.3±14.7 nm for 200 nm nAg suspension (500 ppt) analyzed at dwell time 10 and 100 
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µs respectively with the modified transport efficiency of 100 nAu. Transport efficiency using 

100 nm nAu was not considerably different from that of 60 nm nAu at dwell time 100 µs and 

likely, due to which the mean size did not change significantly. The mean size was recalculated 

using the NP calibration and this time the mean sizes were measured at 185.9±15.3 nm and 

178.8±15.7 nm.  

spICP-MS analysis of 200 nm nAg at 500 ppt suspended in DI water at dwell time 10 and 

100 µs attained a mean size of 175.2±16.3 and 140.6±13.1 nm using a dissolved silver 

calibration and the transport efficiency of 60 nm reference nAu (Figure 5-2A). The 200 nm nAg 

suspension was analyzed also at longer dwell times (1000 and 3000 µs) and at larger silver mass 

concentration (up to 2000 ppt) with the same calibration. There was a significant decrease in 

mean size of 200 nm nAg to 109.4±1.4 nm once the analysis was repeated at 3000 µs instead of 

10 µs dwell time (Figure 5-11 S6) at 500 ppt silver mass concentration. The TEM analysis of the 

same nAg suspension attained a mean size of 189±33 nm (Figure 5-2C, and 5-7 S2). The results 

suggested that the longer the dwell time, the smaller the mean size obtained. The transit time 

through the detector for 200 nm nAg is longer than the dwell time (i.e. 10 µs). Thus, the more 

accurate assessment of the mean size of nAg at 10 µs dwell time is attributed to the larger 

number of points per peak for a single particle at shorter dwell time.  
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Figure 5-2- The impact of dwell time, transport efficiency and NP calibration on (A) the mean 

size of 200 nm nAg suspension; (B) the particle size distribution. (C) The particle size 

distribution of 200 nm nAg with TEM. 

An increase in total nAg mass concentration from 100 to 1000 ppt, resulted in the 

increase in mean size from 142.7±13.3 nm to 172.6±16.1 nm respectively. It was noted that the 

number of peaks detected for 200 nm nAg at 100 ppt silver mass concentration was 72±12 at 10 

µs dwell time whereas for a reliable detectability a minimum of 200 peaks is required. 

Detectability of adequate number of peaks is directly related to the sample time, and due to 

instrument limitations it could not be increased to longer than 50 s at 10 µs dwell time. The 

particle number concentration of nAg at 100 ppt silver mass concentration with a diameter equal 
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to or larger than 200 nm was calculated at 82.4 particles/mL at 100 µs dwell time. However, by 

increasing the silver mass concentration to 1000 ppt, the particle number concentration with 

diameter equal or larger than 200 nm increased to 1071.9 particles/mL. This is consistent with 

TEM analyses, which provided a mean size of 189±33 nm (n=120) of which 34.9 % of particles 

had a diameter of 200 nm or larger (Figure 5-2C).  

Dissolved standard silver calibration is a common method to correlate the signal intensity 

to the silver mass and then NP diameter (Equation 2 and 3). This method first developed by Pace 

et al. assumes that if the transport efficiency of the system is known it can account for the 

differences in the mass delivery of dissolved versus a single NP (Pace et al. 2011). Whereas, 

before the dissolved calibration was used, a standard NP calibration had to be made which plots 

the pulse intensity versus the NP diameter of reference standards of specific particle sizes. The 

standard NP calibration was used to determine the diameter and the size distribution of nAg in an 

unknown sample (Laborda et al. 2011, Olesik and Gray 2012). The difference between the two 

calibration curves is that the dissolved standard assumes that ions from a dissolved standard 

solution and ions from a nanoparticle (the same analyte) once past the plasma will behave 

comparably. However, in Equation 2 to 4 described it is assumed that the ionization efficiency, 

𝜂𝑖, is the same for the analyte of both dissolved and NP form and therefore 𝜂𝑖  is equal to one. 

Therefore, the relationship described by following equation can be used to determine the 

diameter and size distribution of nAg where 𝑟𝑁𝑃 is the signal corresponding to a single NP and K 

is the slope of the NP calibration curve which is constant for a specific set of instrumental 

conditions (Laborda et al. 2011); 

𝑟𝑁𝑃 = 𝐾𝑑3                                                                                                        (5-5) 
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In a second set of experiments, the NP calibration curve using monodisperse standard 

nAg (30, 50 and 100 nm) was plotted (Figure 5-12 S7) besides the standard dissolved Ag 

calibration in order to evaluate the mean particle size determined for large nAg using the two 

different calibrations. In this study, the mean size of 200 nm nAg increased to 186.2±17.8 nm 

from 175.2±16.3 by applying the standard NP calibration at dwell time 10 µs (Figure 5-2A). The 

difference in mean size attained from the two calibration curves suggested that the earlier 

assumption about the ionization efficiency was not applicable for 200 nm nAg. Pace et al. also 

suggested a variation in ionization efficiency is likely with increasing particle size (Pace et al. 

2011). Our results demonstrate that applying the NP calibration can help improve the 

determination of the mean size for larger nAg.  

Similarly a suspension containing 80 nm nAg at five total silver mass concentrations (50-

1000 ppt) by serial dilutions of the stock of at 20 ppm (nominal 1011 particles/mL) was prepared. 

Then the samples were continuously aspirated as the dwell time varied from 10 to 3000 µs, once 

using the standard dissolved silver calibration and another time using the NP calibration (Figure 

5-13 S8). The results showed that NP calibration improved the mean size measured for 80 nm 

nAg (81.5±1.5 nm) at 100 ppt silver mass concentration and at 100 µs dwell time which was in 

closer agreement with the mean size attained by TEM (76.1±9.9 nm, n=100) (Figure 5-13 S8 C). 

5.3.3. Characterization of nAg in WW  

Environmental samples often contain soluble and particulate background compounds 

such as DOC, ions, colloids, etc. which makes the detection of any occurring NP (i.e. nAg) 

challenging due to the considerable levels of background organic and inorganic compounds as 

compared to clean aqueous samples, which can increase the noise or continuous background 

signal which is called the matrix effect. To investigate the impact of matrix of municipal WW on 
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the characterization of nAg (10 and 200 nm), an initial mass concentration of 100 ppt of nAg 

were suspended in a specimen of WW mixed liquor (0.45 micron filtered), and DI water. 

Moreover, the same concentration of NPs was suspended in the samples containing 1, 10, 20, 

50% WW mixed liquor prepared by diluting the WW mixed liquor by DI water. The WW mixed 

liquor specimen were first analyzed for any significant background dissolved or particulate silver 

before it was spiked with nAg. The background dissolved silver was very small and measured at 

0.006±0.001 ppt and there was no detectable particles.  

 

Figure 5-3- The impact of WW matrix on the particle mean size (A) 10 nm; (B) 200 nm nAg, and 

on the NP size distribution (C) 10 nm; and (D) 200 nm nAg.  

The result showed that the particle size distributions and mean size were both affected as 

the fraction of WW in the medium increased (Figure 5-3A-D). The mean size of 10 nm nAg was 
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6.2±0.5 nm and 13.7±1.2 nm in DI water and undiluted WW mixed liquor. The WW mixed 

liquor was diluted 100 times with DI water and the mean size for this sample measured at 

7.7±0.7 nm (Figure 5-3A). The particle histogram shifted considerably to larger particle 

diameters as the fraction of WW in solution increased. For an undiluted WW sample, the 

frequency of peaks decreased and fewer particle events were detected (Figure 5-14 S9 A). As a 

result, the particle counting decreased and the particle number concentration measured was 

2.9×104 particles/mL in undiluted WW versus 7×106 particles/mL that was measured in DI 

water.  Detectability of small particles, such as 10 nm nAg in this study, are likely to be more 

affected in as such complex, high background samples. As the WW fraction in the sample 

increased, the background signal also continuously increased, whereas the signal generated by a 

single particle remained the same. Thus, it became more difficult to differentiate between the 

background and the particle signal. It was concluded that the ion plume generated by the 

ionization of 10 nm nAg was small enough to be affected by the background signal and was not 

detected as a particle event. Moreover, most of the particle events detected in undiluted WW 

were larger than 10 nm (Figure 5-3B).  

However, an opposite trend for the mean size of 200 nm nAg in WW specimen was 

observed (Figure 5-3C&D). The mean size of 200 nm nAg was measured at 193.3±6 and 

173.1±7 nm in DI water and undiluted WW respectively. The result showed that as the WW was 

diluted less the spICP-MS measured a smaller mean size for nAg (Figure 5-3C). The particle size 

histogram also slowly moved to smaller particle diameters. The particle number concentration 

did not change considerably and remained relatively stable in all systems. Similar experiments 

were conducted with 80 nm nAg in DI water and various dilutions of WW mixed liquor. 
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Although mean size decreased as the fraction of WW in solution increased, the particle number 

concentration was not affected (Figure 5-15 S10).  

The matrix of WW mixed liquor, once it was larger than 20% of total volume of the 

solution, posed a significant effect on sizing accuracy of the spICP-MS. The result of this study 

suggests that adequate dilution of environmental samples such as WW before analysis helped to 

eliminate the matrix effect. Nevertheless, the environmental samples often contain trace levels of 

nAg (ppt-ppb) (Gottschalk et al. 2009, Keller et al. 2013) and therefore further dilutions can 

result in low counting statistics. One strategy to alleviate the low counting statistics is to increase 

the sample time which is typically chosen between 60 to 100 s for the analysis of a commercial 

nAg but can be increased to 180 to 200 s at dwell time larger than 100 µs (Figure 5-16 S11). In 

addition, increasing the sample time can also help to eliminate the arbitrary peaks. 

5.3.4. Particle counting efficiency 

 

Figure 5-4- The impact of dwell time and silver mass concentration on particle counting 

efficiency of (A) 10 and; (B) 200 nm nAg, at two different transport efficiencies.  

The particle counting of 10 nm nAg with spICP-MS was also greatly impacted by both 

the transport efficiency and the dwell time. The number of particles detected in a NP suspension 

by spICP-MS was determined at various dwell times (10 to 3000 µs) and normalized to the 
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nominal particle number concentration to attain percent of particles detected. Increasing the 

silver mass concentration in the solution from 10 to 50 ppt, the particle counting efficiency 

decreased to below 10% at 10 µs dwell time and only 1% of total number of particles were 

detected at the dwell time 100 µs (Figure 5-4A). The sample of 10 nm nAg suspension in DI 

water contains 2.55×107 particles/mL that is equal to 100 ppt silver mass concentration. At such a 

high particle number concentration, the risk of particle coincidence substantially increased which 

resulted in poor counting efficiency. Furthermore, recalculating the transport efficiency by 20 nm 

nAu improved the counting efficiency to 24.5±2.5 and 27.9±0.2 % for the analysis for nAg 

suspensions at 50 and 100 ppt respectively at 10 µs dwell time.  

Similar to 10 nm nAg, the change in dwell time affected the particle counting of 200 nm 

nAg but in a less dramatic fashion. The number of particles detected in a suspension containing 

200 nm nAg (100-2000 ppt) was determined at various dwell times (10 to 3000 µs) (Figure 5-

4B). Number of particles decreased as the silver mass concentration in the solution increased at a 

certain dwell time. spICP-MS analysis of 200 nm nAg suspension in DI water at 100 and 2000 

ppt mass concentration at 10 µs dwell time attained 76.9±2.3 and 64.4±0.9 % counting efficiency 

respectively, whereas it improved to 103.4±6.4 and 95.3±8.7 % counting efficiency for the 

analysis of the respective samples at 100 µs.  

Similar experiments were conducted to evaluate the counting efficiency of 80 nm nAg at 

various dwell times by spICP-MS. It was observed that, more than one order of magnitude 

increase in initial silver mass concentration (100 to 2000 ppt) had little impact on the particles 

number concentration at a certain dwell time (Figure 5-13 S8 D).  
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5.3.5. Analysis of an unknown sample with spICP-MS 

spICP-MS can be used for the detection of nAg in an unknown environmental sample or 

characterization of nAg in a spiked sample. However, certain preliminary analyses are required 

to determine the most optimum condition (dwell time, transport efficiency) are discussed in this 

section (Figure 5-5).  

Long dwell time adversely affects the precision of mean size and particle size distribution 

as previously discussed (Figure 5-17 S12). Therefore, to start the shortest possible dwell time to 

analyze an unknown environmental sample is chosen. The matrix effect can be easily eliminated 

by diluting the sample prior to the analysis with pure water. Dilution with DI water also helps to 

avoid multi-counting due to particle coincidences in the spiked samples with high concentration 

of nAg (Figure 5-18 S13). However, environmental samples often contain trace concentration of 

nAg and further dilution of the sample can result in poor counting statistics, or no detection.  

Thus, a recommended procedure for analysis is as follows. First, calculate the transport 

efficiency using 60 nm reference nAu and conduct a standard dissolved silver calibration. Then, 

analyze the sample at 0-2 time dilution at a sample data collection time between 50 and 100 sec. 

If the mean size obtained from the analysis is smaller than 80 but larger than 30 nm, and the 

counting statistics falls in an acceptable range (300-700 peaks), repeat the analysis at one or two 

larger dilutions with DI water to remove any matrix effect. In addition, run the analysis at one or 

two other dwell times, one larger and one smaller than the initial dwell time, in order to verify 

the mean size attained. Unless, the counting statistics is far below the acceptable range, then 

repeat the analysis only by choosing one or two other dwell times. 

If the mean size of nAg obtained from the preliminary analysis is larger than 80 nm and 

the counting statistics falls in an acceptable range, conduct a standard NP calibration using three 
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or more standard nAg with well-characterized mean size. Dilute the sample a few times (2-10x) 

and repeat the analysis using the same transport efficiency and the dissolved and NP calibration 

curves and the sample data collection time of 180-200 s for both diluted and original sample. 

However, if the counting statistics is poor, concentrate the sample by centrifugal ultrafiltration, 

collect the NPs on the filter and repeat the analysis after dilution, 2-100 time, depending on the 

number of particles detected in the preliminary analysis. Recalculate the mean size and particle 

distribution by applying NP calibration. In addition, increase the sample data collection time to 

180-200 s to increase the number of peaks detected. 

If the mean size of nAg obtained from the preliminary analysis is smaller than 30 nm, 

recalculate the transport efficiency by using 10 or 20 nm standard nAu. Choose the shortest 

dwell time (i.e. 10 µs) in order to omit any particle coincidences. If the counting statistics fall in 

the acceptable range, dilute the samples between 10-1000 times, and repeat the analysis using 

new transport efficiency and 10 µs dwell time. If the counting statistics is poor, concentrate the 

specimen by centrifugal ultrafiltration, choose a longer dwell time, increase the sample time to 

180-200 s and repeat the analysis using the modified transport efficiency. Once the counting 

statistics improved after second analysis, repeat the analysis for the third time at 10 µs dwell time 

in order to verify the mean size obtained and reduce the chance of particle coincidence due to 

improperly long dwell time. 
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Figure 5-5- Schematic for the detection of nAg in unknown environmental samples with spICP-

MS 

 

5.4. Conclusion 

This paper for the first time provided a procedure for detection of nAg 10 nm while 

previous literature reported that the smallest detectable nAg has been 13 nm. Using 20 nm 

standard nAu instead of the conventional 60 nm NIST nAu to determine the transport efficiency 

combined with dwell time of 10 µs greatly improved the particle mean size of 10 nm nAg. While 

for the smaller nAg, 10 and 20 nm, 10 µs dwell time significantly improved the sizing and 

counting efficiency of nAg as compared to the analysis at 100 µs dwell times, the sizing and 

counting accuracy of nAg of 200 nm at both dwell times were comparably similar.  
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The influence of transport efficiency, the optimum dwell time, sample data collection 

time, and dilutions with DI water on the accuracy of particle mean size and particle counting 

efficiency was investigated for several nAg suspensions (10, 20, 80 and 200 nm). Moreover, this 

paper for the first time suggested a procedure for the detection of nAg in an unknown 

environmental. The result suggest that for the analysis of unknown samples, first run a 

preliminary analysis to find out the size range of nAg; below 30 nm, 30-80 nm, or above 80 nm. 

Then according to the size range, recalculation of the transport efficiency, addition of standard 

NP calibration, manipulation of data collection time, and further dilution or concentration of the 

sample may be required.   
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5.6. Supplementary data 

 

 

Figure 5-6 S1- Standard dissolved silver calibration 

 

 

Table 5-2 S1- NexIon 300X ICP-MS Instrumental Parameters 

Parameter Value 

Sample 

Uptake Rate 
0.295 mL/min 

Nebulizer 
Glass 

Concentric 

Spray 

Chamber 
Glass Cyclonic 

RF Power 1600 W 

Analyte Ag107 

Analysis time 50-180 sec 

Dwell time 

10, 50, 100, 

1000 & 3000 

µsec 
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Figure 5-7 S2- nAg with nominal sizes of 10, 20, 80 (PVP-coated) and 200 nm (Cit-coated) 

analyzed with TEM and the mean size was calculated with sizing more than 100 NPs. 
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Figure 5-8 S3- The nAu signal intensity versus the mass of standard nAu to determine the 

transport efficiency; 60 nm nAu at dwell time (A)100 µs, and (B) 10 µs; 20 nm nAu at dwell time 

(C) 100 µs, and (D) 10 µs. 
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Figure 5-9 S4- The particle size distribution of 10 nm nAg at two dwell times (A, B) 10 µs ; and 

(C, D) 100 µs; (E) The change in particle mean size with the increase in silver mass 

concentration at two different dwell times, 10 and 100 µs; (F) The counting efficiency of 10 nm 

nAg with the change in silver mass concentration at two dwell times. 
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Figure 5-10 S5- Characterizing 20 nm PVP-Ag NPs with spICP-MS at (A) various dwell times 

and silver mass; (B) two different transport efficiency using 20 nm and 60 nm reference nAu.  

 

 

Figure 5-11 S6- 200 nm PVP- nAg characterized with spICP-MS in DI water (A) particle size 

distribution of nAg prepared at two particle number concentrations; 2750 and 27500 

particles/mL; (B) The impact of dwell time and silver mass concentration on particle sizing; (C) 

The impact of dwell time and silver mass concentration on particle counting.  
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Figure 5-12 S7 – Nanoparticle diameter/mass calibration vs 107Ag intensity (counts) 

 

Figure 5-13 S8- 80 nm PVP- nAg characterized with spICP-MS in DI water. (A) The particle 

size distribution of PVP-nAg applying the dissolved and particle calibration with a silver 

concentration of 100 ppt at dwell time 100 µs; (B) Particle size distribution with TEM; (C) The 

impact of dwell time and silver mass concentration on particle sizing; (D) The impact of dwell 

time and silver mass concentration on particle counting. 
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Figure 5-14 S9 – The particle number concentration of (A) 10 nm; (B) 200 nm, in WW mixed 

liquor sequentially dilutes from 1 to 100% in DI water. 

 

 

Figure 5-15 S10 – The impact of WW matrix on the particle sizing and particle size distribution 

of 80 nm PVP-nAg. 
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Sample time. The impact of the sample time is investigated by suspending the sulfidated 30 nm 

nAg (1 ppb) in DI water to simulate a common chemical transformation for nAg in the 

environment (Levard et al. 2013a). The particle size distribution of nAg freshly diluted in DI 

water is shown in Figure S11 and the mean size was measured at 29.7±2.1 nm by spICP-MS at 

100 µs dwell time. The sulfidated nAg was analyzed after 30 days (Figure S 11B&C) in two 

sample times of 100 and 150 s. At a sample time of 100 s the particle size distribution showed an 

arbitrary peak at around 20 nm however by increasing the sample time to 150 s this peak 

disappeared. By increasing the sample time, acceptable number of events for 30 nm nAg was 

detected (Figure 11C) and the particle histogram showed the mean size of nAg at 33.3±0.6 nm 

which confirmed that the initial peak was incorrect.  

 

 

Figure 5-16 S11- Characterization of 30 PVP-nAg with spICP-MS in DI water. (A) Particle size 

distribution of nAg freshly suspended at 100 ppt in DI water analyzed at 100 µs dwell time; 

Particle size distribution of 30-day aged nAg in 250 ppt Na2S solution with spICP-MS analyzed 

at 100 µs dwell time and two sample times of (B) 100 sec (C) 150 sec. 
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Figure 5-17 S12- Particle size distribution of 80 nm PVP-nAg at silver mass concentration of 

1000 ppt analyzed at various dwell times (A) 10 (B) 100 (C) 1000 (D) 3000 µs. 

 

 
Figure 5-18 S13- The effect of serial dilutions on the particle size distribution for the 80 nm 

PVP-nAg in DI water analyzed at dwell time 100 µs. 
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6. Chapter 6 SUMMARY, CONCLUSIONS, AND FUTURE 
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6.1. Summary and Conclusions 

The overall goal of this thesis is to understand better the parameters that influence the 

dissolution of nAg in WW and natural waters and explore the impact of major constituents such 

as inorganic sulfides and DOC compounds in those aqueous matrices on the dissolution behavior 

of nAg.  

Dissolution of nAg was supressed upon contact with municipal WW in batch systems as 

compared to similar systems containing DI water. In Chapter 3, it was shown that acid volatile 

sulfides and DOC were abundantly present in WW effluent and mixed liquor, and upon 

interaction with the surface of nAg, dissolution was inhibited. Extensive characterization of nAg 

surface with XPS, EDX, and ToF-SIMs confirmed presence of amine, and thiol-containing 

organics associated with nAg. It was observed that initial particle concentration, and availability 

of dissolved oxygen plays a considerable role in the dissolution extent and rate of nAg. 

Increasing the particle concentration from 5×106 to 5×108 particle/mL decreased the dissolution 

rate from 3.77×10-8 to 1.63×10-8 g cm^-2 sec-1  at 72 h. In addition, stripping off the dissolved 

oxygen (DO) levels to 5.3 and 2.2 mg/L in WW effluent and mixed liquor, caused the dissolved 

silver concentration to decrease by more than 50%, compared to DI water systems. This study 

also for the first time found that dissolved Ag+ ions were complexed with inorganic sulfides or 

organosulfur compounds and reformed into small nAgxSy particles after 120 h of exposure time 

of the parent nAg. Ag+ ions contacted with cysteine also resulted in plasmonic Ag nanoparticles 

whereas contacting Ag+ ions with various concentrations of Suwannee River humic and fulvic 

acids under same experimental condition did not show any formation of NPs. 

In Chapter 4, presence of DOC, such as humic substances, prior to or simultaneous with 

the addition of the mixture of metal sulfides, inhibited the sulfidation of nAg. The results from 



182 

 

long-term (684 h) dissolution experiments of nAg showed that the presence of humic substance 

and alginate in post-sulfidated systems enhanced the dissolution of nAg up to 500 and 212 %, 

respectively, for 30 nm PVP-nAg. Humic substances improved the dissolution of nAg in post-

sulfidated systems compared to sulfidated nAg, by two pathways: first, interaction of the humic 

substances with the nAg surface blocked active sites for sulfidation reaction, and second, by 

sorbing the sulfides in solution and thus reducing the availability of sulfides to react with nAg. 

Alginate was not able to limit reactions of sulfides in pre-sulfidated systems or when alginate 

was added simultaneously with alginate. Experiments confirmed that alginate was not able to 

bind dissolved sulfides and therefore when sulfides were present with or before the alginate 

molecules were added, the sulfidation reaction readily inhibited the dissolution of nAg almost 

completely. nAg in the presence of a mixture of amino acids (cysteine, and methionine) was 

readily aggregated and precipitated out of solution, and  UV-vis absorbance spectra changes 

confirmed particle size growth. Formation of secondary nAg in the cysteine and methionine 

solution was observed which confirmed that silver ions after release were reduced by amino 

acids.  Furthermore, this study showed for the first time that nAg dissolved in HA/FA and 

alginate to a similar extent as DI water when the contact time was long enough (648 h) although, 

during the first several hours of contact with HA/FA and alginate, the dissolution of nAg was 

supressed. Prior studies did not examine the dissolution extent over long times and concluded 

that HA/FA and alignate reduced the solubility of nAg. 

Results from Chapter 5 suggests that spICP-MS is capable of detecting nAg, 10 nm and 

200 nm, with high accuracy in complex matrix of WW. This study for the first time developed a 

method to improve the sizing accuracy by spICP-MS for small nAg (10 and 20 nm) and large 

nAg (200 nm). The results showed that the size of reference gold NP for determination of 
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transport efficiency is significantly important. The results showed that the transport efficiency 

changed with the size of reference gold NP as well as with the change in dwell time. Therefore, 

choosing long dwell times (>1000 µs), and 60 nm reference gold NP to calculate the transport 

efficiency resulted in overestimation of the size of 10 nm nAg. The transport efficiency was 

recalculated using a reference gold NP (20 nm nAu) that has a diameter comparable to that of 

target nAg. Using this new transport efficiency, the dissolved Ag standard calibration was 

repeated and then re-analyzed and the nAg suspension was characterized at dwell times of 10 

and 100 µs. The mean size attained by this modified method matched with the mean size 

obtained by TEM. Moreover, this study showed that assuming 100% ionization efficiency and 

using the dissolved standard silver calibration instead of the NP calibration for large nAg (80 and 

200 nm) is not reliable. We applied the NP calibration using three standard nAg and reanalyzed 

80 and 200 nm nAg using this new calibration and the mean size attained was in very good 

agreement with the NP mean size obtained with TEM. Applying the dissolved standard silver 

calibration resulted in underestimation of the mean size for 200 nm nAg. 

Overall, this research demonstrates that: 

(i) Inorganic sulfides in the form of metal sulfides that are persistent in oxic 

municipal WW and DOC compounds heavily interacted with nAg surface and 

impacted the dissolution rates and extents;  

(ii) inorganic sulfides supressed the dissolution of nAg to various extents depending 

on the S to Ag mole ratio, but the presence of humic substances can suppress the 

interactions of sulfides with nAg by first, creating a physical barrier due to strong 

interactions with nAg surface, and second, by binding free sulfides in solution;   
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(iii) spICP-MS is a powerful technique for thorough investigation of nAg dissolution 

because it provides NPs size and concentration data simultaneously with the 

dissolved silver concentrations, and the detection of nAg in pure and 

environmental water samples can be improved by recalculating the transport 

efficiency using gold reference NP of sizes similar to the nAg in target samples. 

6.2. Future work 

Understanding the dissolution behavior of nAg in environmental matrices is significant 

for assessing their fate and potential risks to environmental receptors. nAg dissolves in the 

presence an oxidizing source, and releases Ag+ ions which are shown to be toxic to various biota. 

We have demonstrated in this research that nAg dissolved in WW even when considerable 

concentration of acid volatile sulfides were present. The sulfidation reaction in WW could be 

inhibited due to the presence of DOC compounds as was observed in Chapter 4. However, this 

study was conducted in batch systems and the presence of large amounts of suspended solids, 

sludge and extracellular polymeric substances can greatly influence the oxidation and dissolution 

of nAg. It is important to investigate the potential of ion release and extent of dissolution in pilot 

scale and real WW treatment systems. nAg attachment to biofilm, and EPS can affect the surface 

chemistry of nAg which needs to be investigated in a larger scale treatment process of WW.   

Reformation of nanoparticulate silver from the dissolved silver can have very different 

toxicological implications as compared to pristine nAg due to their significantly smaller size than 

the parent nAg and different surface chemistry. Therefore, it would be important to examine the 

toxicity of these secondary particles, sulfidated nAg, and nAg complexed with DOC, on some 

microorganisms typical to WW and compare it with the toxicity of pristine nAg.  
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Our results show that organic and inorganic sulfides were associated with secondary 

particles generated from dissolved Ag. Characterization of WW specimen for DOC, and acid 

volatile sulfides confirmed the presence of ppm levels of these compounds in WW systems. Our 

experiments showed that organics such as humic substances were not able to form nAg in similar 

conditions (i.e. light, temperature, dissolved oxygen) as WW systems, whereas amino acids such 

as cysteine reformed free Ag+ into nanoparticulates of silver within several hours of contact. A 

thorough investigation of WW DOC structure can help to shed light on the identity of these 

organic carbons to know which dissolved organics play a major role in the reformation of nAg. 

This research investigated the characterization of nAg of several various diameters by 

spICP-MS and developed the optimum conditions to detect and track nAg and its dissolution in 

complex environmental matrices using this technique. However, spICP-MS has been less 

explored for the characterization of several other ENPs such as copper and zinc oxide NPs. 

Therefore, it would be interesting to optimize characterization of copper and zinc NPs using 

spICP-MS and examine the accuracy of this technique to determine the mean size, and particle 

concentration. Furthermore, this study focused on development of methodologies to improve 

data acquisition by spICP-MS. Future research should focus on improvements to the nebulization 

systems and its impact on the characterization of transport efficiency. 

 


