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Abstract 

The rapid development of nanotechnology and wider applications of engineered 

nanomaterials (ENMs) in the last few decades have generated concerns regarding their 

environmental and health risks. After release into the environment, ENMs undergo 

aggregation, transformation, and, for metal-based nanomaterials, dissolution processes, 

which together determine their fate, bioavailability and toxicity to living organisms in 

the ecosystems. The rates of these processes are dependent on nanomaterial 

characteristics as well as complex environmental factors, including natural organic 

matter (NOM). As a ubiquitous component of aquatic systems, NOM plays a key role in 

the aggregation, dissolution and transformation of metal-based nanomaterials and 

colloids in aquatic environments. 

The goal of this dissertation work is to investigate how NOM fractions with 

different chemical and molecular properties affect the dissolution kinetics of metal oxide 

ENMs, such as zinc oxide (ZnO) and copper oxide (CuO) nanoparticles (NPs), and 

consequently their bioavailability to aquatic vertebrate, with Gulf killifish (Fundulus 

grandis) embryos as model organisms. 

ZnO NPs are known to dissolve at relatively fast rates, and the rate of dissolution 

is influenced by water chemistry, including the presence of Zn-chelating ligands. A 

challenge, however, remains in quantifying the dissolution of ZnO NPs, particularly for 
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time scales that are short enough to determine rates. This dissertation assessed the 

application of anodic stripping voltammetry (ASV) with a hanging mercury drop 

electrode to directly measure the concentration of dissolved Zn in ZnO NP suspensions, 

without separation of the ZnO NPs from the aqueous phase. Dissolved zinc 

concentration measured by ASV ([Zn]ASV) was compared with that measured by 

inductively coupled plasma mass spectrometry (ICP-MS) after ultracentrifugation 

([Zn]ICP-MS), for four types of ZnO NPs with different coatings and primary particle 

diameters. For small ZnO NPs (4-5 nm), [Zn]ASV was 20% higher than [Zn]ICP-MS, 

suggesting that these small NPs contributed to the voltammetric measurement. For 

larger ZnO NPs (approximately 20 nm), [Zn]ASV was (79±19)% of [Zn]ICP-MS, despite the 

high concentrations of ZnO NPs in suspension, suggesting that ASV can be used to 

accurately measure the dissolution kinetics of ZnO NPs of this primary particle size. 

Using the ASV technique to directly measure dissolved zinc concentration, we 

examined the effects of 16 different NOM isolates on the dissolution kinetics of ZnO NPs 

in buffered potassium chloride solution. The observed dissolution rate constants (kobs) 

and dissolved zinc concentrations at equilibrium increased linearly with NOM 

concentration (from 0 to 40 mg-C L-1) for Suwannee River humic acid (SRHA), 

Suwannee River fulvic acid and Pony Lake fulvic acid. When dissolution rates were 

compared for the 16 NOM isolates, kobs was positively correlated with certain properties 

of NOM, including specific ultraviolet absorbance (SUVA), aromatic and carbonyl 
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carbon contents, and molecular weight. Dissolution rate constants were negatively 

correlated to hydrogen/carbon ratio and aliphatic carbon content. The observed 

correlations indicate that aromatic carbon content is a key factor in determining the rate 

of NOM-promoted dissolution of ZnO NPs. NOM isolates with higher SUVA were also 

more effective at enhancing the colloidal stability of the NPs; however, the NOM-

promoted dissolution was likely due to enhanced interactions between surface metal 

ions and NOM rather than smaller aggregate size. 

Based on the above results, we designed experiments to quantitatively link the 

dissolution kinetics and bioavailability of CuO NPs to Gulf killifish embryos under the 

influence of NOM. The CuO NPs dissolved to varying degrees and at different rates in 

diluted 5‰ artificial seawater buffered to different pH (6.3-7.5), with or without selected 

NOM isolates at various concentrations (0.1-10 mg-C L-1). NOM isolates with higher 

SUVA and aromatic carbon content (such as SRHA) were more effective at promoting 

the dissolution of CuO NPs, as with ZnO NPs, especially at higher NOM concentrations. 

On the other hand, the presence of NOM decreased the bioavailability of dissolved Cu 

ions, with the uptake rate constant negatively correlated to dissolved organic carbon 

concentration ([DOC]) multiplied by SUVA, a combined parameter indicative of 

aromatic carbon concentration in the media. When the embryos were exposed to CuO 

NP suspension, changes in their Cu content were due to the uptake of both dissolved Cu 

ions and nanoparticulate CuO. The uptake rate constant of nanoparticulate CuO was 
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also negatively correlated to [DOC]×SUVA, in a fashion roughly proportional to changes 

in dissolved Cu uptake rate constant. Thus, the ratio of uptake rate constants from 

dissolved Cu and nanoparticulate CuO (ranging from 12 to 22, on average 17±4) were 

insensitive to NOM type or concentration. Instead, the relative contributions of these 

two Cu forms were largely determined by the percentage of CuO NP that was dissolved. 

Overall, this dissertation elucidated the important role that dissolved NOM plays 

in affecting the environmental fate and bioavailability of soluble metal-based 

nanomaterials. This dissertation work identified aromatic carbon content and its 

indicator SUVA as key NOM properties that influence the dissolution, aggregation and 

biouptake kinetics of metal oxide NPs and highlighted dissolution rate as a useful 

functional assay for assessing the relative contributions of dissolved and nanoparticulate 

forms to metal bioavailability. Findings of this dissertation work will be helpful for 

predicting the environmental risks of engineered nanomaterials.  
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Chapter 1. Introduction  

1.1 Motivation 

With the rapid development of nanotechnology in the last few decades, 

numerous engineered nanomaterials (ENMs) have been developed and utilized in 

industry and consumer products, but their increasingly wider applications have also 

generated concerns about their potential environmental and human health risks, during 

their production, use and after disposal.1-5 Nanomaterials are defined as materials with 

at least one dimension in the range of 1 to 100 nm, which possess particular properties 

not shared by their bulk counterparts with the same chemical composition.6 The 

chemical composition of ENMs can be carbonaceous (e.g. fullerenes and carbon 

nanotubes), metallic/metalloid (including zero-valent metals, metal oxides, sulfides and 

selenides, etc.)5 or a combination of both.7 

After release into the environment, ENMs undergo aggregation, transformation, 

and, for metal-based nanomaterials, dissolution processes, which together determine 

their mobility, bioavailability and toxicity to living organisms in the ecosystems.8-11 For 

many metal-based ENMs, such as silver (Ag) nanoparticles (NPs), zinc oxide (ZnO) NPs, 

copper(II)/cupric oxide (CuO) NPs and cadmium-based quantum dots (QDs), 

dissolution and release of toxic ions outside and inside target organisms are important 

steps towards potential health effects caused by the nanomaterials.12-20 Moreover, in 
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many cases, the toxicity of metal-based ENMs depends on the dissolution rate of the 

nanoparticles in the context of other concurrent processes (e.g. aggregation, surface 

modification, transport, biouptake). Therefore, the dissolution kinetics of nanoparticles 

in relevant environmental systems, in addition to thermodynamic potential for 

dissolution (e.g., solubility at equilibrium) must be understood. 

The dissolution of metal-based ENMs in aquatic environments depends on both 

nanomaterial properties (e.g. chemical composition, size, and surface coatings) and 

physicochemical properties of the medium, such as temperature, mixing conditions, pH, 

redox potential, inorganic and organic ligands. Natural organic matter (NOM) is a 

ubiquitous component of aquatic systems and plays a key role in the aggregation, 

dissolution and transformation of metal-based nanomaterials and colloids in aquatic 

environments.21 The effects of NOM on the colloidal stability of ENMs have been 

extensively and systematically investigated, as will be discussed in the following 

sections. However, much is unclear about the effects of NOM on metal-based 

nanomaterial dissolution rates, which may depend on both the concentration and the 

type/properties of the NOM. Moreover, there are still gaps in our knowledge on the 

linkage between nanomaterial aggregation/ dissolution and bioavailability, especially 

under the complex influences of NOM. 
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The goal of this study is to investigate how NOM fractions with different 

chemical properties affect the dissolution kinetics of metal-based ENMs and 

consequently their bioavailability to aquatic vertebrate. Two metal oxide (i.e. ZnO and 

CuO) NPs were selected for this study, because of their relatively high solubility, as 

compared with titanium dioxide (TiO2) and cerium dioxide (CeO2) NPs, and simpler 

redox activities (as compared with Ag NPs). In addition, this study will use an 

electrochemical technique, i.e. anodic stripping voltammetry (ASV), to directly measure 

dissolved metal concentrations in NP suspensions without separation of the NPs from 

the aqueous phase, which has been a challenge in most other methods (e.g. 

centrifugation and filtration) to measure NP dissolution.22, 23 Results from this study may 

be helpful to the scientific community and policy-makers in predicting the fate and risks 

of metal-based ENMs in aquatic environments. 

1.2 Bioavailability of Metal-based NPs as Related to Their 
Stability and Mobility 

To elicit toxicity in a living organism, metal-based NPs and associated toxic 

species, e.g. released ions and extracellularly generated reactive oxygen species (ROS), 

must be taken up by the organism or at least approach its surface.24 Specific uptake 

routes and accumulation sites of NPs varies between different taxa of organisms.25, 26 On 

the cellular level, uptake of NPs by eukaryotic cells has long been known, by 

mechanisms such as endocytosis, and utilized for biomedical applications27-30 On the 
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other hand, cellular internalization of NPs by prokaryotes, such as bacteria, has also 

been observed, especially in impaired cells with damaged cell membrane.31-34 In 

multicellular organisms, there usually exist multiple uptake routes, including 

adsorption onto the surface or gill (for fish), and ingestion into the body through dietary 

routes (highlighting the trophic transfer and the effects of NPs in an ecosystem scale).11, 

25, 26, 35, 36 

Biouptake studies on both cellular and whole organismal levels highlight the 

chemical stability of metal-based NPs (e.g. solubility, catalytic and redox properties) as a 

key parameter controlling their bioavailability and toxicity.12, 37 On the other hand, the 

mobility of metal-based NPs will determine the spatial scope of their impact on aquatic 

ecosystems. For example, iron oxide and Ag NPs added to a vadose zone of subsurface 

soils were mainly (> 99%) retained within 5 cm of the original release source after 1 year, 

due to heteroaggregation with soil surface coatings.38 Although toxic ions (e.g. Ag+) can 

continue to be released to the surrounding groundwater, the impact scope of these 

deposited NPs is expected to be limited. On the contrary, if a NP has very high colloidal 

and chemical stability, it can be transported over a long distance and have a chance to be 

taken up by an organism faraway from its emission source.39 Moreover, the colloidal 

stability of NPs also guides bioavailability to organisms in different compartments of an 

ecosystem (e.g. free-swimming versus benthic organisms in a lake or estuary).40 
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Enormous efforts have been made to quantify the biouptake of NPs by means of 

experiment and modeling. Biouptake of dissolved ions (e.g. Ag+ and Cu2+) has been 

extensively investigated, and a Biotic Ligand Model (BLM) based on dissolved Ag 

concentration has been successfully used to predict the toxicity of Ag NPs to a 

freshwater zooplankton, Ceriodaphnia dubia.20 But in some cases, the toxicity of metal-

based NPs cannot be explained solely by dissolved metal ions, and undissolved NPs can 

also cause toxicity through nano-specific properties.41 The total uptake of a toxic element 

associated with the tested NPs is measured in some nanotoxicological studies,42-44 but 

this total uptake measurement is often not enough to explain the toxicity.44 Instead, the 

type and degree of biological effects also depend upon the forms of toxic components 

that are taken up17 and their distribution within the organisms.44 

Recently, stable and radioactive isotope labeling has been used to study the 

biouptake pathways of Ag and ZnO NPs by aquatic organisms, including water flea 

(Daphnia magna),45, 46 freshwater snail (Lymnaea stagnalis),47, 48 mud shrimp (Corophium 

volutator),49 endobenthic clam (Scrobicularia plana) and rugworm (Hediste diversicolor).50 

Meanwhile, biodynamic models, often facilitated with the isotopic labeling techniques, 

have been applied to investigate the biouptake of metal-based NPs as affected by water 

chemistry parameters, such as salinity, hardness and humic acid.45, 51-55 These models 

relate the accumulation of a toxicant (e.g. a toxic element associated metal-based NP) in 

an organism to the uptake (influx) and elimination (efflux) rates through various 
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pathways. Biodynamic parameters (e.g. uptake rate constant) can be calculated from 

these models and compared between NPs and dissolved ion exposure modes or 

between different water chemistry conditions. However, these studies usually do not 

calculate the biodynamic parameters for NPs and dissolved ions separately, probably 

due to difficulty in quantifying dissolved metal and NP concentrations in the media and 

the test organism, especially at a high time resolutions, which are necessary for such 

calculations. For example, when the dissolution of soluble metal-based NPs (e.g. Ag 

NPs) was not considered, the calculated uptake rate constant in organisms exposed to 

these nanomaterials may be an overestimate of actual values.51 

In this dissertation, I will quantify the individual uptake rate constants for 

dissolved ions and NPs as affected by different types of dissolved NOM. 

Nanoparticulate and dissolved forms of a metal are taken up by living organisms at 

different rates,56-60 and the bioavailability of both forms can be affected by NOM. The 

role of NOM in regulating dissolved metal bioavailability and toxicity has long been 

investigated,61-63 while NOM has also been demonstrated to influence the aggregate size, 

surface charge and dissolution of metal-based ENMs, as will be discussed in details in 

the following sections. Thus, we expect to observe variable uptake rates of NPs and 

metal ions in aqueous media with NOM of different types and concentrations. To more 

accurately estimate the uptake rate constants, we first need to be able to measure the 
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dissolution kinetics of metal oxide NPs at a relatively high time resolution, e.g. by 

anodic stripping voltammetry, which will also be discussed in the following sections. 

1.3 Effects of NOM on the Stability, Mobility and Bioavailability 
of Metal-based NPs. 

As discussed above, it is crucial to study the aggregation, deposition, dissolution 

and transformation processes of metal-based NPs in the environment, in order to gain a 

deeper understanding of the fate, bioavailability and toxicity of these NPs.8-10 The 

colloidal stability/mobility, chemical stability and associated environmental behaviors of 

metal-based NPs are influenced by various physicochemical parameters, such as 

temperature, flow velocity (gradient), pH, ionic strength, cation composition, redox 

potential, inorganic and organic ligands, and a particularly important factor is natural 

organic matter (NOM).64, 65 

NOM, a ubiquitous component of aquatic ecosystems, plays an important role in 

the environmental behaviors, bioavailability and toxicity of NPs. The effects of NOM on 

NPs have been extensively studied in the last few years; however, most studies tend to 

focus on a single or a few model compounds to represent NOM. The effects of NOM 

characteristics on interactions with NPs are not well understood. Based on their origins 

(formation processes) and roles in biological functions, NOM can be divided into two 

general categories: biomolecules (e.g. proteins, carbohydrates, lipids and small-molecule 

organic acids) and humic substances (e.g. humic and fulvic acids). Many studies employ 
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model NOM compounds, for example, using cysteine or citric acid as models for small 

biomolecules and using Suwannee River humic and fulvic acids (SRHA and SRFA) as 

models for humic substances. NOM of different categories (e.g. biomacromolecules 

versus humic acid) have different effects on NPs and colloids.5, 66 Even within the same 

category, NOM fractions with distinct properties may have different effects on the 

environmental behaviors of NPs.67, 68 

Key NOM properties to be considered in this context include metal binding site 

affinity and density (functional group composition), hydrophobicity and molecular 

weight, while other parameters (e.g. elemental composition, light absorption and 

fluorescence) can be linked to or indicative of these key properties.69-72 NOM contains O-, 

N- and S-containing functional groups that can complex with dissolved metal ions and 

metal on mineral surfaces, such as carboxylic (-COOH), hydroxyl (-OH), amine (-NH2) 

and thiol (-SH) groups. These functional groups differs in their abundance and affinity 

to different metals, within the same NOM or across a variety of different NOM 

isolates.73-75 For example, thiol groups, though much lower in abundance, have orders of 

magnitude higher affinity to chalcophile metals (e.g. Cu2+, Ag+ and Hg2+) than the O-

containing functional groups.73 In most environmental release scenarios of 

nanomaterials, NOM concentration will likely be orders of magnitude greater than NP 

concentration, so these low-abundance functional groups may control the reactions of 

NOM with metal-based NPs and natural colloids.21 On the other hand, hydrophobicity 
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can determine the extent of NOM adsorption on mineral and NP surface, while 

molecular weight has great influence on the colloidal stability of NPs (as will be 

discussed in detail below). 

This section will briefly review the effects of NOM on the (1) colloidal stability 

and mobility (aggregation and deposition), (2) dissolution and (3) biouptake and toxicity 

of metal-based NPs. Each of the three subsections will also discuss how NOM 

fractions/isolates with different chemical and molecular properties affect these processes 

differently. 

1.3.1 Effects on the colloidal stability and mobility of metal-based 
NPs. 

This section summarizes the effects of NOM on the colloidal stability and 

mobility of metal-based NPs, regarding their aggregation, sedimentation, deposition 

and transport in porous media. The various metal-based NPs are grouped into (1) metal 

oxide NPs and (2) zero-valent metal NPs. Effects of NOM on cadmium-based quantum 

dots are not discussed in a separate subsection, but will be covered in the subsection 

about the effects of different NOM on metal-based NPs. 

1.3.1.1 Metal oxide NPs 

NOM such as humic and fulvic acids can adsorb onto the surface of metal oxide 

NPs,76 change their surface charge status (typically towards more negative charge), and 

affect their colloidal stability and mobility.65, 77, 78 For example, NOM was found to 
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stabilize CeO2,79-81 iron oxide,77, 82 nickel oxide (NiO),77 TiO2,77, 83-85 and ZnO NPs.77, 86 NOM 

can not only reduce aggregate size by preventing aggregation or inducing 

disaggregation,87-90 but also affect the fractal dimension of NP aggregates.91 The 

stabilizing effect is often attributed to increased electrostatic repulsion77, 79, 84 or steric 

repulsion,83 while in some studies a combined effect of increased electrostatic and steric 

repulsions was proposed.85, 92 

However, NOM does not stabilize metal oxide NPs under all conditions; whether 

or not NOM stabilize metal oxide NPs mainly depends on NOM concentration and 

solution pH relative to the point of zero charge (PZC) of the metal oxide. NOM such as 

humic and fulvic acids are usually negatively charged at environmentally relevant pH 

values (e.g. pH >2).76, 93 At pH values below the PZC of a metal oxide, the metal oxide 

NPs are positively charged. At this pH, low concentrations of NOM can neutralize the 

positive charge of the NPs, decrease electrostatic repulsion, and thus destabilize the NPs. 

At higher NOM concentrations, the surface charge of the metal oxide NPs are reversed 

and become more negative as NOM concentration keeps increasing, thus stabilizing the 

NPs. At pH equal to the PZC of the metal oxide, the NPs will easily aggregate, and the 

addition of NOM, at high enough concentrations, is supposed to increase the colloidal 

stability of the NPs. At pH above the PZC, the effect of NOM on NP stability depends on 

the nature of NOM adsorption onto the metal oxide. Electrostatic adsorption in this case 

is minimal, and so are the NOM effects on NP stability.94 On the other hand, if NOM 
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adsorption on the metal oxide is mainly due to hydrophobic interaction, then sufficient 

amounts of NOM may adsorb onto NP surface and stabilize the NPs.93 Trends 

encompassed in this paradigm have been observed for a range of metal oxide NPs, 

including aluminum oxide (Al2O3),93 CuO,95 iron oxide,88, 92, 96 TiO2,89, 94, 97-99 and ZnO 

NPs.90, 100, 101 

Closely related to their effects on the colloidal stability of metal oxide, NOM 

were typically found to increase the mobility of the NPs in terms of reduced 

deposition/retention and enhanced transport in porous media. 85, 102-106 The mechanism is 

also related to electrostatic and/or (electro)steric effects.103-106 As with metal oxide NP 

aggregation, the effects of NOM on NP deposition also depend on pH and change in 

surface charge.107 

The interaction between NOM and metal oxide NPs are influenced by other 

water chemistry parameters. For example, the stabilizing effect of NOM on metal oxide 

NPs are counterbalanced by divalent cations such as Ca2+, via charge neutralization 

and/or bridging,77, 82, 108 with the exception of SiO2, the colloidal stability of which was 

affected by neither NOM nor Ca2+.77 This special behavior of SiO2 NPs is actually 

consistent with the above paradigm: SiO2 is negatively charged over the entire pH range 

of 2-12 and thus the adsorption and stabilizing effects of NOM on SiO2 NPs are 

minimal.76 



 

12 

 

1.3.1.2 Zero-valent metal NPs 

The effects of NOM on the colloidal stability and mobility have been studied for 

several kinds of zero-valent metal NPs, including Ag,39, 109-124 gold (Au),125-132 copper 

(Cu)133 and iron (Fe) NPs.134-139 In natural waters, NOM has been found to be an 

important or even predominant parameter that controls the colloidal stability of zero-

valent metal NPs such as Ag and Au NPs.118, 122, 129 As with metal oxide NPs, NOM can 

adsorb onto the surface of zero-valent metal NPs such as Ag NPs115 and nanoscale zero-

valent iron (nZVI)134, 135, and affect their colloidal stability through electrostatic and/or 

(electro)steric effects. Aggregation was also enhanced when Ca2+ and NOM were both 

present, due to bridging between NOM molecules and/or NPs.112, 128, 130, 138 

Unlike metal oxide NPs, which have intrinsic surface charge in aqueous 

dispersions, pure and truly bare zero-valent metal NPs do not stabilize by themselves, 

and surface coatings, which are sometimes strongly bonded to the NP surface,127 are 

needed to maintain a stable colloidal suspension. Thus, surface coating/modification 

plays a more important role in the interactions between NOM and zero-valent metal 

NPs.127, 132, 136, 137 NOM can substitute small molecule coatings such as citrate, but not 

coatings that strongly bond to NP surface, such as 11-mercaptoundecanoic acid on Au 

NPs.127 Ag NPs with an oxide surface layer or carbonate coating was stable in the 

absence of NOM, and the addition of NOM did not affect the stability of these surface-

modified Ag NPs.111, 114 Similarly, no stabilizing effect by NOM was observed for Au NPs 
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that were highly stabilized by PVP.131 The effects of NOM may also be influenced by pH, 

which changes the protonation status of surface coating molecules and NOM.127  

1.3.1.3 Effects of NOM type/properties 

NOM of different types or the same type pf NOM with different properties can 

have different effects on the colloidal stability and mobility of metal-based NPs. For 

example, both citric acid and humic acid could stabilize or destabilize magnetite NPs, 

based on their effects on the surface charge as described above, but only humic acid 

could stabilize the NPs against high ionic strength and increase the critical coagulation 

concentration (CCC).140 On the other hand, cysteine stabilized citrate-coated Ag NPs, 

while humic acid slightly increased the hydrodynamic diameters of the Ag NPs.124 While 

extracellular polymeric substances (EPS) and Escherichia coli (E. coli) biofilm enhanced 

ZnO NP retention in quartz sand porous media,141  E. coli bacteria reduced TiO2 NP 

deposition and further enhanced the stabilizing effect of humic acid on TiO2 NPs.142 

Core/shell CdSe/ZnS QDs with a polyethylene glycol (PEG) coating were highly stable at 

low concentration and not affected by humic acids or EPS, but alginate, an anionic 

polysaccharide, could increase the hydrodynamic radius, probably due to the capture of 

QDs by the long chain macromolecules.143 

Different humic substance fractions (e.g. humic versus fulvic acids) can also have 

different effects on the colloidal stability and mobility of metal-based NPs. Humic acids 
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were more effective in decreasing the aggregation and enhancing the transport of Ag 

and Au NPs.39, 126, 144 However, Suwannee River NOM was slightly more effective in 

preventing the sedimentation of CeO2 NPs in model freshwater than an NOM with 

higher humic acid content.79 

Several studies have investigated how NOM properties affect their ability to 

stabilize metal-based NPs. NOM components with higher molecular weight were found 

to preferentially adsorbed on iron oxide NP surface and were more effective in 

enhancing the colloidal stability and mobility of the NPs.145-147 Recently, it was found that 

not just average molecular weight but also the molecular weight distribution has great 

influence on the stabilization of Au NPs.148 On the other hand, the aromaticity of humic 

substances were found to have great influence, and NOM isolates with higher 

aromaticity or specific UV absorbance (SUVA) gave iron oxide and TiO2 NPs higher 

stability and mobility.98, 147, 149 Humic acid fractions with higher aliphaticity and lower 

polarity were more effective in stabilizing Al2O3 NPs, due to enhanced steric effects, but 

this trend may also be related to the molecular weight of the humic acids, since humic 

acid fractions with high molecular weight were found to have higher aliphaticity and 

lower polarity.150 
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1.3.2 Effects on the dissolution of metal-based NPs. 

 As compared with the extensive and systematic research in the effects of NOM 

on the colloidal stability and mobility of NPs, there are relatively few studies in the 

effects of NOM on the dissolution of metal-based NPs. Most of these studies have 

focused on ZnO NPs100, 151-156 and Ag NPs,44, 115, 117, 157, 158 with scarce literature on Cu and 

CuO NPs,159, 160 NZVI and iron oxide NPs,140, 161, 162 QDs163, 164 and TiO2 NPs.165 

NOM can either promote, inhibit151, 153, 157 or have no effect100, 115, 163 on the 

dissolution of metal-based NPs. The effects may depend on other environmental factors 

such as pH and light illumination. For example, Humic acid had no effect on ZnO NP 

dissolution at acidic pH (1-6), but promoted dissolution at high pH (9-11).100 SRHA and 

SRFA had little effects on the leaching of Cd2+ ions from a polymer-QD composite,163 

while SRHA increased the oxidative dissolution of CdSe/ZnS QDs under UV irradiation 

at low concentration (e.g 5-20 mg L-1) but decreased Cd2+ release at high concentration 

(e.g 50 mg L-1).164 

Different NOM fractions may have different effects on the dissolution of metal-

based NPs. Small biomolecules (such as citric acid and cysteine) as well as humic acid 

could promote the dissolution of ZnO NP at circumneutral pH (6-9)151-153, 155, 156, while 

SRFA had no significant effects on ZnO NP dissolution in artificial seawater (pH 8).151 

SRHA and SRFA inhibited or had no effects on the dissolution of Ag NPs,115, 157 while 
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cysteine (a thiol-containing biomolecule) and Pony Lake fulvic acid (PLFA, which has 

relatively high total and reduced sulfur content) promoted Ag NP dissolution.44, 117 

NOM with different properties (notably SUVA) have shown different ability on 

the dissolution of cinnabar (HgS) and copper-containing minerals,166, 167 but studies 

investigated the effects of NOM properties on the dissolution of metal-based NPs. TiO2 

is insoluble under circumneutral pH, with solubility on the order of 10-9 M,168 but in a 

swimming pool with TiO2 NPs usage (in sunscreen), most of the Ti (21-60 µg L-1) in the 

water was in the dissolved phase.165 Moreover, total Ti concentration was correlated 

with the ratio of UV absorbance at 230 and 254 nm, which may be an indicator of 

proteinaceous fraction of organic matter.165 However, it should be noted that this 

correlation does not necessarily suggest enhanced dissolution of TiO2 NPs by 

proteinaceous organic matter, but may be due to concurrent release of these two 

substances from pool users. Therefore, there is a lack of knowledge on how NOM with 

different chemical and molecular properties affects the dissolution kinetics of metal-

based NPs. As efforts to fill this knowledge gap, Chapter 3 of this dissertation describes 

experiments investigating the effects of different NOM isolates on the dissolution 

kinetics of ZnO NPs. 
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1.3.3 Effects on the biouptake and toxicity of metal-based NPs. 

NOM were found to mitigate the toxicity of different metal-based NPs to various 

living organisms, including bacteria,110, 169-180 algae,118, 158, 181-183 plants,159 protozoa,184 

invertebrates (such as crustaceans20, 64, 115, 118, 124, 158, 184-187 and nematode44, 188, 189), and fish.187, 

190 In some studies, however, NOM enhanced the toxicity to algae,191 corn plants,192 

Daphnia,124 ragworm,193 and zebrafish.40 

The mitigating or enhancing effects of NOM on the toxicity of metal-based NPs 

are often consistent with decreased or increased bioavailability/bioaccumulation,177, 186, 189, 

191, 193 albeit with some exceptions,40, 194 and can often be traced back to their effects on the 

surface characteristics (e.g. surface charge),174 colloidal stability and dissolution of the 

NPs, as well as complexation with metal ions and photochemical properties of the 

NOM. Stabilization and enhanced dissolution of metal-based NPs by NOM could 

potentially increase the bioavailability of these NPs and released metal ions,191 while 

surface modification by NOM can hinder the physical contact and attachment between 

NPs and living organisms, thus reducing bioavailabiity.174-176, 179 Meanwhile, NOM 

complexation with dissolved metal ions can also decrease toxic metal bioavailability.20, 

170, 190, 195 In the case of phototoxicity and/or photosynthetic aquatic plants (e.g. algae),40, 196 

chromophoric NOM (such as humic substances) can affect the toxicity by absorbing light 

and involving in the photochemical reactions. 178, 180 These multiple effects can occur 

simultaneously, and the explanation of NOM-altered NP toxicity by these mechanisms 
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is not always straightforward. For example, humic acid increased the dissolution of Cu 

NPs, but did not affect the phytotoxicity to Cucurbita pepo.159 To correctly interpret the 

toxicological results, a comprehensive understanding of the relevant processes is 

required.  

As discussed in the previous sections, NOM with different properties can have 

different effects on the colloidal stability, mobility and dissolution of metal-based NPs, 

so it can be expected that different NOM fractions can affect metal-based NP 

bioavailability and toxicity differently.44, 124, 169, 177, 186, 195-197 For example, cysteine 

attenuated Ag NP toxicity to Daphnia, while humic acid promoted the toxicity under the 

same conditions.124 Suwannee River NOM, which had higher hydrophobicity, mitigated 

QD toxicity to Daphnia more effectively than several other NOM with lower 

hydrophobicity.186 Gum Arabic reduced CeO2 NP uptake by wheat and pumpkin roots 

more effectively than fulvic acid.197 Tannic acid was more effective in decreasing ZnO 

NP toxicity to bacteria than humic, fulvic, and alginic acids, due to its strong complexing 

capacity to Zn2+.195 A terrestrial humic acid was more effective than SRHA in mitigating 

the antibacterial effects of Ag NPs under light illumination,169 but for TiO2 and ZnO NPs, 

the opposite was observed.196 PLFA, which has higher sulfur content, rescued Ag NP 

toxicity to nematode C. elegans more effectively than SRFA.44 
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In sum, the effects of NOM on the colloidal stability and mobility of metal-based 

NPs have been extensively and systematically investigated, while NOM effects on the 

dissolution, bioavailability and toxicity are not well studied. In particularly, there is a 

lack of knowledge about how NOM with different properties affect the environmental 

behaviors, bioavailability and toxicity. In the studies on NP dissolution, more attention 

was paid to equilibrium solubility or dissolved metal concentrations at one or several 

time points instead of dissolution kinetics, and this is inadequate for quantitatively 

linking the dissolution behavior of metal-based NPs to their uptake kinetics and toxicity. 

Moreover, the toxicity studies mainly focused on a few model organisms, such as 

bacteria, algae, Daphnia and nematode, with few studies on vertebrates such as fish. 

Therefore, this research will select ZnO and CuO NPs as models of soluble metal-based 

NPs, and investigate how NOM with different chemical and molecular properties affect 

their dissolution kinetics and bioavailability to fish embryos, as described in Chapter 4. 

1.4 Analytical Challenge of Distinguishing Between Dissolved 
and Nanoparticulate Metals 

The determination of dissolved metal concentration in NP suspensions usually 

requires separation of the dissolved phase from the particles prior to analysis by atomic 

spectrometry (e.g., atomic absorption spectrometry, inductively coupled plasma atomic 

emission spectroscopy), or inductively coupled plasma mass spectrometry (ICP-MS). 

Examples of separation procedures include equilibrium dialysis,13 membrane filtration 
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(with nominal size cut-offs),198, 199 ultracentrifugation,200, 201 centrifugal ultrafiltration 202, 203 

or a combination of ultracentrifugation and filtration.204, 205 Interpretation of these 

methods can be challenging, however, as the separation of dissolved species from the 

NPs may be incomplete, resulting in measurement inaccuracy.22, 23 Furthermore, these 

separation methods can be relatively time consuming, which makes them less suitable 

for kinetic studies of dissolution, especially with ZnO NPs.22 

To address these limitations, voltammetric techniques have been used to study 

the solubility and dissolution kinetics of metal-based NPs such as ZnO NPs. For 

example, a technique called Absence of Gradients and Nernstian Equilibrium Stripping 

(AGNES)22 was developed to measure the concentration of free zinc ion (Zn2+) in situ at a 

high time resolution. From this measurement, the concentration of total dissolved zinc 

species must then be inferred from equilibrium calculations using the measured Zn2+ 

concentration and stability constants of zinc-complexing ligands in the solution. While 

this approach may be suitable for solutions with well-defined metal speciation, the 

AGNES technique cannot be used to measure the solubility of ZnO NP in the presence 

of ligands with unknown or poorly defined stability constants, such as humic 

substances. 

In this dissertation, I utilized anodic stripping voltammetry (ASV) as a means to 

quantify dissolution of metals from nanoparticles. ASV with a hanging mercury drop 
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electrode (HMDE) has been successfully used in numerous studies to measure dissolved 

metal concentration (e.g. zinc, cadmium, lead and copper; see Figure 1.1) with high 

sensitivity and precision,206-209 even in matrices with high content of organic matter.210 

However, the interpretation of voltammetry data for samples containing very small 

particles can be uncertain and must carefully consider matrix effects on the electrode 

signal. For example, some researchers have shown that zinc and other metals bound to 

inorganic colloidal/particulate phase (including zinc sulfide NPs211) are undetectable by 

ASV and other voltammetric techniques (e.g. adsorptive cathodic stripping voltammetry 

and cyclic voltammetry),206, 212-216 while other studies have indicated that metal-

containing nanoparticles may produce a signal during voltammetric scans.217-219 The 

voltammetric signal of nanoparticles would depend not only on concentration, but also 

on particle size, crystallinity, and aggregation state and therefore cannot be calibrated 

with concentration in environmental matrices. The feasibility of ASV to quantify 

dissolved zinc and copper concentration in situ, i.e. in the presence of ZnO and CuO 

NPs, respectively, has yet to be reported. Therefore, before we conduct dissolution 

kinetics experiments with ASV, we need to validate the ASV technique for dissolved 

zinc and copper determination in the presence of ZnO and CuO NPs, by comparison 

with ultracentrifugation followed by ICP-MS. This is the focus of Chapter 2 of this 

dissertation. 
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Figure 1.1 Voltammograms of Zn, Cd, Pb and Cu in 4% (v/v) acetic acid. 

Concentrations of each metal from bottom to top: 0, 50, 100, 150 and 200 μg L−1. 

Condition: deposition potential −1.20 V (versus Ag/AgCl electrode with 3M KCl), 

deposition time 45 s, stirring rate 2000 rpm, scan rate 0.01Vs−1, potential scan range 

−1.20 to 0.15 V.209  
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1.5 Research Objectives 

The overarching goal of this study is to investigate how NOM with different 

chemical and molecular properties affect the dissolution kinetics of metal-based ENMs, 

and to quantitatively link the dissolution kinetics to their bioavailability to aquatic 

vertebrate under the influence of NOM. Specifically, the aims of this study are:  

(1) To demonstrate that the ASV technique can be used to measure dissolved 

metal concentration in the presence of corresponding metal oxide NPs (e.g. ZnO and 

CuO NPs); 

(2) To compare the effects of different NOM isolates on ZnO NP dissolution 

kinetics and determine key NOM properties that affect the dissolution kinetics of ZnO 

NPs; 

(3) To elucidate the linkage between the dissolution kinetics of CuO NPs and 

their bioavailability to Gulf killifish embryos, as affected by NOM isolates with distinct 

properties. 

Chapter 2 of this dissertation addresses research objective #1, focusing on the 

validation and optimization of the ASV method for the determination of dissolved Zn 

concentration in ZnO NP aqueous suspensions. We compared the ASV measurement of 

dissolved Zn in the presence of 4 different types of ZnO NPs with different primary 

particle diameters and surface coatings, optimized key ASV parameters (i.e. deposition 
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time and potential scan rate), and compared the dissolved Zn concentration measured in 

situ by ASV with that measured by ICP-MS after separation of the NPs by 

ultracentrifugation, in a variety of aqueous matrices at different pH with or without 

NOM. 

Chapter 3 addresses objective #2 of this dissertation. Using the ASV method 

developed in Chapter 2, we measured the dissolution kinetics of ZnO NPs in aqueous 

media with 16 NOM isolates collected from a variety of different natural waters. The 

measured dissolution kinetics were modeled to estimate the apparent dissolution rate 

constants under the tested water chemistry conditions, and these rate constants were 

examined for their correlations with a suite of NOM properties. In addition, we 

investigated the aggregation of ZnO NPs in the presence or absence of NOM as well as 

the adsorption of selected NOM isolates on the NPs. 

Chapter 4 addresses research objective #3, with a focus on the quantitative 

relationship between the dissolution kinetics and bioavailability of CuO NPs in NOM-

containing waters. We measured the uptake kinetics of CuO NPs and dissolved Cu ions 

in Gulf killifish embryos, in aqueous media at different pH, with or without selected 

NOM isolates at different concentrations. We also measured the dissolution kinetics of 

CuO NPs under the same water chemistry conditions, which enabled the calculation of 

uptake rate constants of dissolved Cu ions and nanoparticulate CuO. 
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The final chapter (Chapter 5) summarizes key findings from this dissertation 

work, and discusses the implications of this research for (1) nanomaterial-related 

electrochemical analysis and (2) understanding and predicting the fate and ecological 

risks of metal-based nanomaterials in NOM-containing aquatic environments. 
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Chapter 2. Direct in Situ Measurement of Dissolved Zinc 
in the Presence of Zinc Oxide Nanoparticles Using 
Anodic Stripping Voltammetry 

This chapter was published in Jiang, C. and Hsu-Kim, H. Environmental Science: 

Processes & Impacts 2014, 16, (11), 2536-2544. Reprinted with permission from 

Environmental Science: Processes & Impacts. Copyright 2014 Royal Society of Chemistry. 

2.1 Introduction 

Engineered nanomaterials (ENMs) of different chemical compositions (e.g. 

carbonaceous, metal and metal oxide, etc.) have become a class of emerging pollutants 

with known or potential environmental, health, and safety implications.2 Among these 

ENMs, zinc oxide (ZnO) nanoparticles (NPs) are widely used in many consumer and 

industrial products, such as sunscreen, pigment, food additives, photocatalyst for 

pollution control, and antimicrobial agents.32, 220, 221 However, ZnO NPs have been found 

to be toxic to various taxa of aquatic and terrestrial living organisms.222 

The toxicity of ZnO NPs can often be attributed to the release of dissolved zinc 

ions from the nanoparticles,13, 151, 198, 200, 202, 204, 205, 223 while some other studies found that 

dissolution alone cannot explain the observed toxicity, with undissolved ZnO NPs also 

likely to play a role.199, 201, 203, 224 Thus, dissolution of ZnO NPs is very important in 

studying its toxicity, and has been examined in many of the toxicological studies. The 

determination of dissolved zinc concentration in a suspension of nanoparticles first 
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requires separation of the dissolved phase from the particles prior to analysis by atomic 

spectrometry (e.g., atomic absorption spectrometry, inductively coupled plasma atomic 

emission spectroscopy), or inductively coupled plasma mass spectrometry (ICP-MS). 

Examples of separation procedures include equilibrium dialysis,13 membrane filtration 

(with nominal size cut-offs),198, 199 ultracentrifugation,200, 201 centrifugal ultrafiltration 202, 203 

or a combination of ultracentrifugation and filtration.204, 205 Interpretation of these 

methods can be challenging, however, as the separation of dissolved molecules from the 

original nanoparticles may be incomplete, resulting in measurement inaccuracy.22, 23 

Furthermore, these separation methods can be relatively time consuming, which makes 

them less suitable for kinetic studies of dissolution, especially with ZnO NPs.22 

To address these limitations, voltammetric techniques have been used to study 

the solubility and dissolution kinetics of ZnO NPs. For example, a technique called 

Absence of Gradients and Nernstian Equilibrium Stripping (AGNES)22 was developed to 

measure the concentration of free zinc ion (Zn2+) in situ at a high time resolution. From 

this measurement, the concentration of total dissolved zinc species must then be inferred 

from equilibrium calculations using the measured Zn2+ concentration and stability 

constants of zinc-complexing ligands in the solution. While this approach may be 

suitable for solutions with well-defined metal speciation, the AGNES technique cannot 

be used to measure the solubility of ZnO NP in the presence of ligands with unknown or 
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poorly defined stability constants. An example is natural organic matter (NOM), which 

plays a key role in the dissolution and transformation of metal-bearing NPs and colloids 

in environmental systems.21 

Here we report the application of anodic stripping voltammetry (ASV) with a 

hanging mercury drop electrode (HMDE) to directly measure the concentration of 

dissolved zinc in a suspension of ZnO NPs, both in the absence and presence of NOM. 

ASV has been successfully used in numerous studies to measure dissolved zinc 

concentration with high sensitivity and precision206-208 even in matrices with high content 

of organic matter.210 However, the interpretation of voltammetry data for samples 

containing very small particles can be uncertain. For example, some researchers have 

shown that zinc and other metals bound to inorganic colloidal/particulate phase 

(including zinc sulfide NPs211) are undetectable by ASV and other voltammetric 

techniques (e.g. adsorptive cathodic stripping voltammetry and cyclic voltammetry),206, 

212-216 while other studies have indicated that metal-containing nanoparticles may 

produce a signal during voltammetric scans.217-219 The voltammetric signal of 

nanoparticles would depend not only on concentration, but also on particle size, 

crystallinity, and aggregation state and therefore cannot be calibrated with concentration 

in environmental matrices.  The feasibility of ASV to quantify dissolved zinc 

concentration in situ, i.e. in the presence of ZnO NPs, has yet to be reported and is the 
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objective of this study. ASV was used to measure the dissolution of several types of ZnO 

NPs with a range of primary particle diameter (all less than 30 nm) and surface coatings. 

ASV measurements were compared to ultracentrifugation followed by ICP-MS. Tests 

were also performed to discern the effects of dissolved NOM and pH for nanoparticle 

dissolution measurements. 

2.2 Experimental 

2.2.1 Materials 

All chemicals used in the study were ACS grade and purchased from Sigma-

Aldrich, unless stated otherwise. Trace metal grade concentrated nitric acid (HNO3) and 

hydrochloric acid (HCl) were purchased from Fisher Scientific. Suwannee River fulvic 

acid (SRFA) standard (Catalog No.: 2S101F) was purchased from the International 

Humic Substances Society. A stock solution was made by dissolving SRFA powder in 

ultrapure water (> 17.8 MΩ·cm, Barnstead Nanopure, Thermo Scientific, US), adjusting 

the pH to 6-7 with sodium hydroxide (NaOH, Mallinckrodt Baker), and filtering through 

0.2 μm Nylon membrane syringe filter (VWR International). The concentration of SRFA 

in the stock solution was determined as Non-purgeable Organic Carbon (NPOC) using a 

Total Organic Carbon (TOC) Analyzer (TOC-L CPN, Shimadzu, Japan). 

Four ZnO NP stocks of different primary particle sizes were used in this study, 

including 3 laboratory-synthesized ZnO NPs coated with acetate or 
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polyvinylpyrrolidone (PVP) and a commercial ZnO NP (catalog No. 721077, Sigma-

Aldrich) which was coated with cationic 3-aminopropyl triethoxysilane (APTES). In this 

study, we referred to these ZnO NPs using their coatings and average primary particle 

size in nanometers: PVP-4, Ac-5, PVP-21 and TES-21 (Table 2.1). TES-21 ZnO NP was 

received as a concentrated aqueous dispersion and was diluted to working stock 

dispersions of about 20 mM (pH = 7.6-7.7), the exact concentration of which was 

measured by ICP-MS (Agilent 7700x, Agilent Technologies) after digestion in mixed acid 

(2% HNO3 and 0.5% HCl) overnight at room temperature. The other 3 ZnO NPs were 

dispersed in ethanol or ultrapure water, and their synthesis procedures are summarized 

in the following section and described in detail in Supporting Information (Appendix 

A). The ZnO NP stock suspensions were stored at 4 °C; before their use in experiments, 

the stocks were sonicated and returned to room temperature. Dissolved zinc 

concentration in the ZnO NP stock suspensions was measured by ICP-MS after 

ultracentrifugation (method and results are given in the Appendix A; Table A1). 

A surface water sample was obtained from the constructed freshwater wetland 

mesocosms located in Duke Forest (36º1’30”N, 78º59’4”W), Durham, North Carolina and 

used as a matrix for a dissolved Zn experiment. This simulated wetland was constructed 

according to a previously described study 225 and designed to investigate the long term 

environmental aquatic fate and toxicity of engineered nanomaterials. Surface water from 
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the mesocosm was collected in July 2014, prior to dosing with nanomaterials. The 

surface water was serially filtered through 0.45 and 0.1 μm membrane filters 

(HAWP02500 and VCWP02500, Millipore) and purged with nitrogen prior to use as a 

matrix for ZnO NP dissolution measurements.  

Before filtration, the pH of the wetland water was 6.8; after filtration, the pH was 

7.1. TOC concentration in the filtered wetland water was 16.7±0.6 mg-C L-1. 

Metal/metalloid concentrations in the filtered wetland water were measured by ICP-MS 

(Table A2 and Table A3, for elements > 0.1 μM and <0.1 μM, respectively), and zinc 

concentration in the water was < 0.1 μM (Table A3). Based on the measured metal 

concentrations (Table A2), the ionic strength of the filtered wetland water was estimated 

to be approximately 1 mM.  

2.2.2 Synthesis and characterization of ZnO NPs 

As described in detail in the Supporting Information (Appendix A), the acetate-

coated ZnO NPs (Ac-5) were synthesized by hydrolysis of zinc acetate dihydrate with 

NaOH.226 ZnO NPs synthesized using this method are likely to have acetate adsorbed on 

the surface, even after washing with hexane or heptane. This method was modified  by 

the addition of PVP (55,000 average molecular weight) to the reaction mixture to 

produce PVP-coated ZnO NPs,227 The primary particle size of the ZnO NPs was 

controlled by adding different amounts of water to the reaction mixture.228 
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The ZnO NPs were characterized by transmission electron microscopy (TEM) 

(FEI Tecnai) after the samples were deposited on a copper grid with carbon film. The 

average primary particle diameter (dTEM) was determined by measuring the size of about 

180 to 730 NPs in TEM images for each type of ZnO NP. The ZnO NPs were also 

deposited and dried on amorphous glass slides and characterized by X-ray diffraction 

(XRD) (Panalytical X’pert PRO MRD) to determine the crystal structure. Crystallite size 

(dc) of the ZnO NPs was estimated from the diffraction peak broadening at 2θ = 56.6º 

(corresponding to the (110) crystal planes), according to the Debye-Scherrer equation. 

dc = (k λ)/(β cosθ)                                                         (2.1) 

where k is a constant (k=0.89); λ is the wavelength of Cu Kα X-ray (λ=0.154 nm); 

β is the full width at half-maximum (FWHM) of the diffraction peaks (in radians); θ is 

the Bragg diffraction angle. 

Dynamic Light Scattering (DLS) was used to measure the average hydrodynamic 

diameter (dh) of ZnO NPs in stock suspensions as well as the aggregation kinetics in KCl 

solution. DLS was performed using a Zetasizer Nano-ZS instrument (ZEN3600, Malvern 

Instruments), and Z-average hydrodynamic diameter was measured by analyzing the 

intensity fluctuations of light (wavelength = 663 nm) backscattered at 173°. 
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2.2.3 ASV instrument setup 

The voltammetric system consisted of a Metrohm 663 VA Stand (Metrohm) 

controlled by the μAutolab Type III potentiostat (Eco Chemie, Netherlands) with the 

IME663 interface and the General Purpose Electrochemical System (GPES) software 

(version 4.9). The working electrode was a Metrohm Multi Mode Electrode Pro (MME 

Pro) operated in Static Mercury Drop Electrode mode. A saturated calomel electrode 

was used as the reference electrode, and a platinum wire used as counter electrode. 

Dissolution experiments and ASV measurements took place in a temperature-controlled 

glass electrochemical cell, which was covered with aluminum foil to avoid direct light 

illumination. Temperature was controlled at 25.0±0.1 ºC by a recirculating water bath 

(Isotemp, Fisher Scientific). 

2.2.4 ASV measurement and dissolution experiment 

Dissolution experiments of the 4 ZnO NPs were performed in KCl solutions (81-

91 mM) buffered with 3-(N-morpholino)-propanesulfonic acid (MOPS) (20 mM) or 

Piperazine-N,N’-bis(2-hydroxypropanesulfonic acid (POPSO) (5 and 10 mM), at ionic 

strength I = 0.1 M, pH = 7.9-8.6 and 25.0±0.1 ºC, with or without SRFA.  In one 

experiment, an aliquot of the filtered wetland water was used as the sample matrix.  

In each dissolution experiment, 50 mL of the buffered KCl solution or wetland 

surface water was dispensed into the electrochemical cell and deaerated by purging 



 

 

34 

with water-saturated ultra-high-purity N2 for more than 5 min. Then, an ASV 

measurement was taken as a Zn blank and to ensure no traces of O2. After the blanks 

were taken, a certain volume (typically < 0.2 mL) of ZnO NP stock was added to the 

electrochemical cell, and the time was recorded with a precision of 1 to 2 s. Then ASV 

measurements were taken at different time points. 

Each ASV measurement was performed with a freshly produced hanging 

mercury drop and consisted of three steps. In the first step (the deposition step), the 

electrode potential was held at -1.4 V under stirring for a controlled period of deposition 

time (10 s in this study), and a small portion of dissolved zinc ions in solution was 

reduced to elemental zinc, forming amalgam on the surface of the mercury electrode. In 

this step, zinc is preconcentrated onto the electrode, ensuring high sensitivity, and the 

preconcentration factor depends on the deposition time. Then in the second step, 5 s was 

allowed for equilibrium or conditioning, and the electrode potential was held at -1.4 V 

without stirring during this time. In the last step (the stripping step), the electrode 

potential was scanned linearly from -1.4 V to 0 V at a scan rate of 0.1 V s-1, and the 

elemental zinc in the amalgam was reoxidized and stripped out of the electrode at about 

-1.0 V, resulting in a peak on the voltammogram. Between each time point, the solution 

was stirred and purged with water-saturated N2 to enhance mass transfer. At the end of 

each dissolution experiment, the pH of the reaction mixture was measured, using a pH 
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meter (Φ350, Beckman) with an automatic temperature compensation probe (Beckman 

Coulter). For some samples, an aliquot of the sample was removed and dispensed into 

mixed acid (2%HNO3 and 0.5% HCl) for analysis of Zn by ICP-MS. 

External calibration was performed on a daily basis for quantification of 

dissolved zinc ions, in the same matrix as the dissolution experiments. A Zn working 

stock solution (1.00 or 2.00 mM) used for calibration was made by diluting a 1000±5 mg-

Zn L-1 zinc standard solution (in 3% HNO3) (Ricca Chemicals) with ultrapure water. In 

making calibrations, Zn working stock solution was added to the buffered matrix with 

increments of 20 to 50 μL, and one to three ASV measurements were taken after each 

addition to record the peak current (i.e., peak height) and peak area. For dissolution 

experiments with ZnO NPs dispersed in ethanol, the dissolved Zn calibrations were 

performed in the buffered KCl solution with the same volume of ethanol corresponding 

to the NP samples. Separate calibrations were also performed for matrices with added 

SRFA at different concentrations. 

The limits of detection (LOD) of the ASV method with or without 20 mg-C L-1 

SRFA were determined as 3 times the standard deviation of multiple measurements (N = 

10) of a blank sample in corresponding buffered KCl solutions (I = 0.1 M, pH = 8.5-8.6, 

with or without 20 mg-C L-1 SRFA). With the above ASV parameters used (i.e. 10 s 

deposition time and 0.1 V s-1 scan rate), the LOD was 2×10-8 M with no NOM and 6×10-8 
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M with 20 mg-C L-1 SRFA, both of which are higher than the LOD values (e.g. 10-10 to 10-9 

M level)207, 229 typical of ASV measurements with longer deposition times but low 

enough as compared to dissolved zinc concentration in the dissolution experiments. 

2.2.5 Effects of deposition time and scan rate on ASV measurement 

The above dissolution experiments were performed with fixed voltammetric 

parameters. A deposition potential of -1.4 V was chosen so that it was 0.3 to 0.4 V more 

negative than the reduction potential of zinc.206, 230 Two other parameters, i.e. deposition 

time and potential scan rate, were tested for their effects on ASV measurement, in the 

presence of TES-21 ZnO NP in the KCl buffer solution. A longer deposition time enables 

higher sensitivity and lower LOD;210 however, short deposition time allows for higher 

time resolution, which is a prerequisite for kinetic studies for ZnO NPs. For these tests, a 

diluted suspension of TES-21 ZnO NPs (total concentration of 85 μM) in the KCl buffer 

was prepared and allowed 2 h to reach equilibrium. Then ASV measurements were 

performed under varying deposition times (between 2 and 100 s), with scan rate fixed at 

0.1 V s-1 and also with varying scan rates (between 0.01 and 0.4 V s-1) at a fixed 10 s 

deposition time. Dissolved zinc concentration in this reaction mixture was measured by 

the ASV peak current at -1.0 V. After these measurements, an aliquot of the sample was 

diluted in a mixed acid (2% HNO3 and 0.5% HCl), held overnight at room temperature, 

and analyzed for total zinc concentration by ICP-MS. 
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2.2.6 Ultracentrifugation and ICP-MS analysis 

Equilibrium dissolved zinc concentration measured by ASV was compared with 

that measured by ICP-MS after ultracentrifugation. ZnO NP suspensions of 75 to 290 μM 

were prepared by adding different volumes of ZnO NP stock suspensions to buffered 

KCl solution (I = 0.1 M, pH = 8.3-8.6), with or without SRFA, and allowed between 25 

min (for PVP-4 and Ac-5 ZnO NPs) and up to 1.5 h (for TES-21 ZnO NPs) to reach 

equilibrium solubility at 25 ºC.  

An additional sample of TES-21 ZnO NP (75 μM total zinc concentration) was 

prepared in filtered and N2-purged wetland surface water. We note that the N2 purging 

step did not change the pH of the KCl buffer solutions; however purging did change the 

pH of the surface water sample (likely due to loss of CO2, the major buffer for the 

natural water sample). Thus, the surface water sample was purged with N2 for at least 3 

h to maintain a stable pH value (pH 9) prior to amending with ZnO NPs. This sample 

was allowed to equilibrate in a N2 atmosphere for 50 min at 25 ºC prior to analysis. 

Dissolved zinc concentration in each of these ZnO NP samples was measured by 

ASV, and then 4 mL aliquots of the ZnO NP suspensions were transferred to Ultra-Clear 

centrifuge tubes (Beckman Coulter, US) and centrifuged in duplicates at 60000 rpm 

(370000 g) and 25 ºC for 1 h (L8-80M, Beckman). The supernatant was digested in a 2% 

HNO3 + 0.5% HCl mixture, and zinc concentration was quantified by ICP-MS, with 
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external calibration made using a multi-element trace metal standard (BDH Aristar plus, 

VWR International). Dissolved Zn calibration solutions and the ZnO NP stock 

suspensions were also subjected to ultracentrifugation and then analyzed for Zn in the 

supernatant by ICP-MS. 

2.3 Results and Discussion 

2.3.1 Characteristics of the ZnO NPs 

The four ZnO NPs used in the study all comprised of roughly spheroidal 

particles (Figure A1). The three ZnO NPs made in our lab (i.e., PVP-4, Ac-5 and PVP-21) 

were more regular in shape and relatively monodisperse in primary particle size, while 

the commercial ZnO NPs (i.e. TES-21) were less regular in shape and had wider particle 

size distribution, as reflected by the larger standard deviation in primary particle 

diameter (dTEM) along both the long and short axes (Table 2.1). All four ZnO NPs had 

wurtzite-like crystal structure, as determined from their XRD spectra (Figure A2), and 

crystallite size (dc) was slightly smaller than dTEM (Table 2.1).
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Table 2.1 Summary of major characteristics of the ZnO NPs. 

ZnO NP Coating Dispersion medium dTEM (nm)a dc (nm)b dh (nm)c 

PVP-4 PVP ethanol 4.2±0.7 4 16 

Ac-5 acetate ethanol 4.6±0.9 4 20 or 98d 

PVP-21 PVP water 20.7±4.7 (26.3±6.8) e 14 98 

TES-21 APTES water 21.3±8.0 (28.4±11.2) e 16 73 

Notes: 
a Primary particle diameter measured by TEM, given as arithmetic mean ± standard 

deviation. 
b Crystallite size of the ZnO NPs estimated from XRD peak broadening according to the 

Debye-Scherrer equation. 
c Z-average hydrodynamic diameter in working stock suspensions measured by DLS at 

the time of dissolution experiments. 
d Two batches of Ac-5 ZnO NPs dispersed in different volumes of ethanol were used for 

dissolution experiments. For the batch redispersed in 20 mL of ethanol, dh was 20 nm 

after sonication, while the batch redispersed in 12 mL of ethanol was highly aggregated, 

with dh = 98 nm even after sonication. 
e For these samples, numbers inside and outside the parentheses are average diameter 

measured along the long and short axes of the ZnO NPs, respectively. 

 

The ZnO NPs were well dispersed in stock suspensions, without severe 

aggregation, and the Z-average hydrodynamic diameter (dh) was generally 3-5 times 

larger than the average dTEM value (Table 2.1). The stability of ZnO NP stock suspensions 

depended on the dispersion media, surface coating and ZnO NP concentration. The 

PVP-4 ZnO NP stock suspension, which was dispersed in ethanol, was stable over 

months (dh = 20 nm after 186 d), while working stock suspensions of the two ZnO NPs 

dispersed in water (i.e. PVP-21 and TES-21) were stable for only a few weeks. For the 

Ac-5 ZnO NPs, the stability was strongly influenced by ZnO NP concentration. For a 
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batch of Ac-5 ZnO NPs redispersed in 20 mL of ethanol (with a total concentration of 27 

mM, as measured by ICP-MS after acid digestion), the stock suspension was stable for 

months (dh = 22 nm after 126 d), while for another batch redispersed in 12 mL of ethanol 

(with a total concentration of 75 mM), irreversible aggregation occurred within 77 d, 

with dh = 98 nm, even after sonication. Aggregation rate depends on the particle number 

concentration; at higher concentrations, the collision probability is higher, thus leading 

to higher aggregation rates.65 Moreover, concentrations of residual Na+ and acetate ions 

were higher in the batch redispersed in 12 mL of ethanol, which could also contribute to 

the lower stability of the ZnO NP stock suspension. 

2.3.2 Effects of deposition time and scan rate on ASV measurement 

In a suspension of TES-21 ZnO NP with 4 M dissolved zinc (85 M total 

concentration), the stripping current during the ASV measurement increased with 

deposition time (Figure 2.1). The peak position shifted slightly from -1.04 V to -1.02 V as 

deposition time increased from 2 s to 100 s. When peak current was plotted versus 

deposition time plus the 5 s equilibrium time (Figure 2.1 b), the regression line from the 

first three data points (i.e. 2 s, 5 s and 10 s deposition time) crossed the ordinate at 

3.3×10-9 A, which was very close to the origin. For deposition times longer than 10 s, the 

relationship between peak current and deposition time appeared to be non-linear. This 

trend has been observed in the measurement of zinc and other metal ions using cathodic 
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stripping voltammetry with a HMDE, and has been explained by the approach to 

saturation of the mercury drop surface at high metal concentrations (and high peak 

current signals).231-236 
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Figure 2.1 (a) Anodic stripping voltammetric scans and (b) Stripping peak current 

measured with different deposition times (2-100 s) for a solution containing TES-21 

ZnO NP. 

Scan rate: 0.1 V s-1. Medium: 82 mM KCl solution buffered with 10 mM POPSO. I = 0.1 

M, pH = 8.6. T = 25 ºC. Dissolved zinc concentration measured by ASV was 4.1±0.1 μM. 

Total added ZnO NP was 85 μM.  The dashed line in part (b) corresponds to a linear 

regression of the first three data points.  

 

The effect of potential scan rate on stripping current was also non-linear (Figure 

2.2), and peak position shifted slightly from -1.05 V to -1.03 V as the scan rate increased 

from 0.01 V s-1 to 0.4 V s-1. The increase of peak current with scan rate was fitted to a 

power law function, with an exponent of 0.46 that is close to the expected theoretical 

(a) (b) 



 

 

42 

value of 0.5.229 For scan rates greater than 0.1 V s-1, the stripping current “baseline” was 

elevated on the positive side of the oxidation peak, suggesting an insufficient time frame 

(3-6 s) during the potential scan for complete oxidation of the Zn-Hg amalgam. 
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Figure 2.2 (a) Anodic stripping voltammetric scans and (b) stripping peak current 

measured with different potential scan rates (0.01-0.4 V s-1) for a solution containing 

TES-21 ZnO NP. 

Deposition time: 10 s. Other experimental conditions, including total and dissolved zinc 

concentrations, were the same as Figure 2.1. 

 

At the end of these measurements that varied the deposition time and the scan 

rates (a 3 h experiment in total), the total Zn concentration (22.1 μM) measured in an 

aliquot of the sample by ICP-MS was much lower than the nominally added value (85 

μM). This low recovery of the added Zn indicated that a significant portion of the ZnO 

NPs settled to the bottom or adsorbed to the glass electrochemical cell. Subsequent 

(a) (b) 
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dissolution experiments (Figures 2.3 to 2.6), were carried out in shorter time frames (e.g. 

< 1.5 h), and higher proportions (approximately 70% to 120%) of the added ZnO NPs 

were quantified in aliquots of the sample at the end of the experiments (Figure A3).  

2.3.3 Comparison between ASV and ultracentrifugation/ICP-MS 

Although the above tests were consistent with expectations for the quantification 

of dissolved species, further comparisons were performed with ultracentrifugation/ICP-

MS to determine whether ASV can accurately measure dissolved zinc concentration in 

the presence of ZnO NPs.  

As shown in Figure 2.3, the dissolved Zn concentration measured by ASV 

([Zn]ASV) was largely consistent with the dissolved Zn quantified by 

ultracentifugation/ICP-MS ([Zn]ICP-MS). The exceptions were for the smallest 

nanoparticles.  [Zn]ASV was 20% higher than [Zn]ICP-MS for PVP-4 and Ac-5, with absolute 

differences of 7-8 μM, suggesting that these small ZnO NPs contributed to measured 

[Zn]ASV. On the other hand, for the larger ZnO NPs, i.e. PVP-21 and TES-21, [Zn]ASV was 

(79±19)% of [Zn]ICP-MS, with differences of 0-2 μM (on average 1.1±0.7 μM), despite the 

high concentrations of ZnO NPs in suspension (approximately 50 μM in buffered KCl 

solution without SRFA, 80 μM with SRFA or 70 μM in filtered wetland water) (Figure 

A3 and Figure A4). Control experiments showed that total zinc concentration in ASV 

calibration solutions measured before and after ultracentrifugation was on average 
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(92±9)% and (94±11)% of nominal concentration (Figure A5 and Figure A6), indicating 

that little dissolved zinc was lost to the electrochemical cell or during 

ultracentrifugation. Thus, ASV can measure dissolved zinc concentration with sufficient 

accuracy in the presence of ZnO NPs that are large enough (e.g. larger than 20 nm), in 

the tested media. 
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Figure 2.3 Equilibrium dissolved Zn concentration from different NPs measured by 

ASV ([Zn]ASV) as compared with that measured by ICP-MS after ultracentrifugation 

([Zn]ICP-MS). 

Medium: 82 mM KCl solution buffered with 20 mM MOPS or 10 mM POPSO (I = 0.1 M, 

pH = 8.3-8.6) or filtered wetland water (I ≈ 1 mM, pH = 9). T = 25 ºC. Nominal total zinc 

concentration: 75-290 μM. The dashed line represents the 1:1 line. Closed symbols 

correspond to experiments conducted without Suwanee River fulvic acid (SRFA), while 

the open symbols correspond to experiments with 20 mg-C L-1 SRFA. The half-filled 

symbol represents the experiment conducted in filtered wetland suface water. 
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The need to purge dissolved oxygen from the sample prior to voltammetric 

analysis could be a limitation of this method to discern dissolved Zn from 

nanoparticulate zinc. As noted in the Experimental section, the pH of the wetland 

surface water samples was unstable during the purging step, likely from loss of 

dissolved CO2 as the dominant buffer in this matrix. Thus, if ASV were to be applied to 

distinguish dissolved Zn from colloidal Zn, the composition of the water (e.g., pH) 

should be tracked to ensure that the resulting data can be interpreted correctly. 

2.3.4 Dissolution of four types of ZnO NPs 

The 4 types of ZnO NPs had different solubility and dissolution rates at pH 8.6 in 

the absence of SRFA (Figure 2.4). TES-21 was the slowest to reach equilibrium 

(approximately 1 h). In contrast, PVP-21 reached equilibrium within 20 min even though 

the average dTEM was very close for both of these ZnO NPs. Ac-5 dissolved even faster, 

and dissolution equilibrium was reached no later than a few minutes. 
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Figure 2.4 Release of dissolved Zn ([Zn]ASV), as quantified by anodic stripping 

voltammetry with different types of ZnO NPs. 

Medium: 81-82 mM KCl solution buffered with 20 mM MOPS or 10 mM POPSO. I = 0.1 

M, pH = 8.6. T = 25 ºC. Nominal total zinc concentration: 75 μM. 

 

For PVP-4, dissolved zinc concentration measured by ASV decreased in the first 

20 min and then reached a steady state. This initial decrease was probably not due to 

precipitation and loss of zinc ions from the dissolved phase, since the fraction of 

dissolved zinc in the stock suspension was very small (<1%) (Table A1) and equivalent 

to less than 0.5 μM of initial dissolved zinc in the dissolution reaction mixture. Instead, 

this phenomenon was likely caused by the contribution of small NPs to the [Zn]ASV 

value. 

The solubility product (Ksp) of the ZnO NPs (for ZnO(s) + H2O = Zn2+ + 2OH-) was 

calculated from the solution pH and equilibrium total dissolved zinc concentration 
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measured by ASV (as shown in Figure 2.3 and Figure 2.4). The calculation followed 

previously published procedures22 and are described in detail in the Supporting 

Information (Appendix A). Dissolution data for PVP-4 and Ac-5 ZnO NPs resulted in Ksp 

values close to 4.5×10-17 (Table A4), which is consistent with previously reported Ksp 

values of ZnO NPs of similar size.22, 156 The PVP-21 and TES-21 ZnO NPs also had similar 

Ksp values (1.4×10-17 and 1.0 to 1.5×10-17, respectively), which are much lower than that for 

the smaller ZnO NPs, yet also generally consistent with reported values of ZnO NPs of 

similar size.22, 156 These data confirm that the solubility product of the ZnO NPs is 

strongly dependent on their primary particle size,22, 156 and indicate that surface coatings 

has little effect on the solubility product, especially if the coatings do not form an 

impermeable layer on the surface of the NPs.237 

While the solubility product values from this study were largely consistent with 

previous work, the approximate rates of dissolution were not fully consistent with the 

literature. In previous studies with ZnO NPs, the time needed to reach dissolution 

equilibrium ranged from less than 1 h22, 238, 239 to several hours.46, 156, 205, 240 In some cases, 

dissolution was very slow, and equilibrium was not reached after days,237 and even 

more than a month.241 Dissolution rates of ZnO NPs can depend on mixing conditions, 

the concentration of NP surface area available for dissolution (as influenced by the 

mass/molar concentration,46, 202 primary particle size,22 surface coating,239, 242 and 
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aggregation state of the ZnO NPs), and water chemistry of the media,100, 151, 205, 237, 240-243 

especially pH and Zn-chelating ligands. The wide range of dissolution rates in these 

studies may be due to these differences. However, we note that the separation methods 

used in most of the studies utilized centrifugation and/or filtration, neither of which 

allows for short time resolutions needed for ZnO NP dissolution kinetics study. As such, 

electrochemical methods as described here and in a previous study22 are more suitable 

for discerning the kinetics of nanoparticle dissolution and the influence of processes 

such as nanoparticle aggregation state and water composition. 

2.3.5 Influence of aggregation state on ZnO NP dissolution 

Aggregation of nanoparticles could influence the interactions of the 

nanoparticles with the hanging mercury drop electrode and also the available surface 

area for dissolution. For samples with the PVP-4 ZnO NPs, the particles appeared to 

aggregate upon addition into the KCl solution (Figure A7). In the initial stage, the 

polydispersity index (PDI) was very high (> 0.6), indicating a very broad size 

distribution of the ZnO NP aggregates, which included small aggregates. Then over the 

course of 30 min, the Z-average hydrodynamic diameter increased from 800 nm to 1000 

nm and the PDI decreased from 0.6 to 0.3. These results indicated that the particles 

continued to aggregate and the very large aggregates were likely settling from solution. 
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Thus, the decrease in the number of small particles during aggregation could explain the 

decrease in [Zn]ASV over time for PVP-4 ZnO NP (Figure 2.4).  

The initial aggregation state of the nanoparticle stock suspension appeared to 

influence the dissolution kinetics during the experiments. For experiments performed 

with individually dispersed NP stock suspensions (Figure 2.4), the small ZnO NPs 

dissolved extremely quickly, even though aggregation occurred immediately after ZnO 

NP stock suspension was added to the KCl buffer solution. This aggregation is likely to 

be diffusion-limited, resulting in loose ZnO NP aggregates with low fractal dimension.86 

Furthermore, the stirring and N2 purging in the experiment probably resulted in surface-

controlled dissolution of ZnO NPs rather than transport-controlled dissolution.244 In 

contrast, for Ac-5 ZnO NP stock suspensions that had undergone irreversible 

aggregation (with dh of 98 nm in the stock suspension), dissolution was much slower 

under the same conditions, and equilibrium was not reached until after 15-20 min 

(Figure 2.5), suggesting that dissolution kinetics was limited by the diffusion of ions 

away from aggregated ZnO NPs and into bulk solution. 
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Figure 2.5 Dissolution of Ac-5 ZnO NPs with different concentrations of SRFA. 

Medium: 81 mM KCl solution buffered with 20 mM MOPS. I = 0.1 M, pH = 8.6. T = 25 ºC. 

Nominal total zinc concentration: 75 μM. 

 

2.3.6 Influence of fulvic acid on ZnO NP dissolution 

The presence of 4.6 mg-C L-1 SRFA in the dissolution reaction mixture 

significantly reduced aggregation of the nanoparticles (Figure A8), but the effect on ZnO 

NP dissolution was not drastic (Figure 2.5). When Ac-5 ZnO NPs were mixed in the 

buffer solution with SRFA (4.6 mg-C L-1), the dissolved Zn concentration was 

approximately 12.5±0.6 M at 20-25 min, slightly higher than the control with no SRFA 

([Zn]ASV = 11.5±0.4 M at 20-30 min). Likewise at pH 7.9 and 8.3, ZnO NP solubility 

increased relative to the experiment at pH 8.6, but SRFA still had no significant effect on 

ZnO NP dissolution at concentrations up to 4.6 mg-C L-1 (Figure A9). 
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The effect of NOM on mineral dissolution depends on the amount of NOM 

relative to the mineral surface area,166 and not just mass concentration ratio. Thus, we 

further tested the effect of SRFA on the dissolution of TES-21 ZnO NPs, which had lower 

specific area and solubility. As SRFA concentration increased from 0 to 40 mg-C L-1, both 

peak height and peak area of the stripping current in the calibration solutions decreased 

(Figure A10).This result indicates that the presence of SRFA suppressed the ASV signal 

for Zn, likely due to the formation of Zn-SRFA complexes that are less reactive during 

the voltammmetric measurement.  The decreased peak current signal was taken into 

account by using separate Zn calibration curves for each corresponding matrix (i.e. 

Figure A10). With this correction, the dissolution experiments with TES-21 ZnO NPs 

showed that Zn solubility (as indicated by the equilibrium [Zn]ASV) increased with SRFA 

concentration (Figure 2.6). 

In a previous study,151 SRFA was reported to inhibit the dissolution of ZnO NP 

(primary particle size: 20 nm; total concentration: 6.14 mM) in artificial sea water at 2.6 

mg-C L-1, but promoted ZnO NP dissolution at 26 mg-C L-1. The effect of SRFA at both 

concentrations on ZnO NP solubility (measured after 2 d in this previous study) was not 

obvious, considering the variance of the measurements,151 and this may partly be due to 

the low SRFA to ZnO NP ratio used in that study. The concentrations of ZnO NPs in 

most aquatic environments are low (e.g. on the order of 10-2 ug L-1 in surface water and 1 
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ug L-1 in waste water treatment plant effluents),245 although they are expected to increase 

with the wider application and disposal of consumer and industrial products containing 

ZnO NPs.246 On the other hand, the concentration of dissolved organic matter in natural 

and engineered aquatic systems can span from 1 to 60 mg-C L-1.65 Therefore, high NOM 

to ZnO NP ratios are expected, and as a result, can have significant influence on the 

dissolution and transformation of ZnO NPs. 
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Figure 2.6 Dissolution of TES-21 ZnO NPs with different concentrations of SRFA. 

Medium: 82 or 91 mM KCl solution buffered with 10 or 5 mM POPSO. I = 0.1 M, pH = 

8.6. T = 25 ºC. Nominal total zinc concentration: 75 μM. 

 

2.4 Conclusions 

This paper demonstrated the competence of ASV to directly measure dissolved 

zinc concentration in ZnO NP suspensions without the need for separation of the 

particulate phase from the aqueous phase. This separation process has been a critical yet 
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challenging step in most other methods to measure dissolved zinc concentration in 

nanoparticle suspensions. This in situ measurement with ASV allows for higher time 

resolution (i.e. on the order of 1 min) than the methods involving the separation of 

nanoparticles, making ASV a more suitable method to study the dissolution kinetics of 

ZnO NPs, especially in complex matrices such as natural waters containing dissolved 

organic matter or culture media used for toxicity assays. The application of ASV, 

however, requires that the calibration solutions have the same matrix as the samples. 

In addition to zinc, ASV may also be used to measure dissolved concentration of 

other metals of environmental concerns, such as copper, lead and cadmium,208 in the 

presence of engineered nanoparticles or naturally occurring mineral colloids containing 

these metals. The application of ASV in the dissolution study of metal-based 

nanoparticles may provide useful information regarding their environmental fate, 

bioavailability and toxicity. 
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Chapter 3. Effects of Natural Organic Matter Properties 
on the Dissolution Kinetics of Zinc Oxide Nanoparticles 

This chapter was published in Jiang, C.; Aiken G. R. and Hsu-Kim, H. 

Environmental Science & Technology 2015, 49, 11476−11484. Reprinted with permission 

from Environmental Science & Technology. Copyright 2015 American Chemical Society. 

3.1 Introduction 

The bioavailability and toxicity of metal-containing engineered nanomaterials 

(ENMs) depend on their aggregation, dissolution and transformation in environmental 

media.9-11 For soluble metal-based nanomaterials such as silver (Ag), zinc oxide (ZnO), 

and copper oxide (CuO) nanoparticles (NP), dissolution and the release of metal ions is 

an important toxicity mechanism.13, 18, 151, 205, 223, 247, 248 While the solubility of NPs is an 

indicator of dissolution potential over the longer term (i.e. at equilibrium), the rate of 

dissolution in relation to the rates of other processes affecting nanomaterial fate (such as 

aggregation, deposition, transport, and biouptake) needs to be understood for 

environmental risk assessments of ENMs. 

Rates of dissolution depend on the properties of the NPs, such as primary 

particle size, surface coating, and aggregation state, which, together with the mass/molar 

concentration, determine the concentration of NP surface area available for dissolution 

reactions.22, 242, 249-251 More importantly, the dissolution kinetics of NPs are strongly 

influenced by water chemistry of the aqueous media, such as pH,100, 151, 157, 242, 252 redox 
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potential157, and the type and concentration of inorganic and organic ligands.117, 151, 156, 160, 

205, 237, 240-242, 253, 254 The presence of some inorganic ligands (e.g. phosphate,205, 240 sulfide,237, 

253 and carbonate241, 242) can induce the transformation of soluble ENMs (e.g. ZnO NPs) to 

less soluble minerals, thus decreasing dissolved metal concentration. On the other hand, 

some low-molecular-weight organic ligands such as cysteine117, 151 and citric acid156, 160 can 

promote the dissolution of metal-based NPs. 

Natural organic matter (NOM) is a ubiquitous component of natural waters and 

plays a key role in the dissolution, transformation, and transport of metal-bearing NPs 

and colloids in environmental systems.21 However, the effects of NOM on mineral phase 

dissolution are not straightforward and depend on the mechanisms in which NOM 

molecules interact with particle surfaces.255 Furthermore, NOM in terrestrial and aquatic 

environments includes complex components such as humic substances and 

biomolecules.255 NOM isolates with distinct properties have shown different effects on 

the colloidal stability and toxicity of metal-containing NPs44, 68, 144, 146, 148 as well as the 

dissolution of cinnabar (HgS) and copper-containing minerals,166, 167 but the effects of 

different NOM isolates on the dissolution kinetics of metal-based NPs are not well 

understood. 

The objective of this paper was to study how the properties of NOM affect the 

dissolution kinetics of soluble mineral nanoparticles, with ZnO NPs as the model 
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nanomaterial. Soluble nanoparticles such as ZnO NPs can be toxic to a variety of living 

organisms.222 Moreover, these types of NPs are widely used ENMs and can be released 

to a variety of environments in which risks to ecological systems are of concern.245, 256 

ZnO NP was selected (instead of other types of soluble nanoparticles such as metallic Ag 

NP) because its dissolution can be independent of redox processes, thus enabling more 

straight-forward conclusions on the interactions between surface metal ions and NOM 

with respect to particle dissolution. We utilized anodic stripping voltammetry (ASV) to 

directly measure dissolved zinc concentration and the dissolution rates of ZnO NPs in 

the presence of 16 different NOM isolates in buffered potassium chloride (KCl) solution. 

The dissolution rates were then analyzed for their correlations with a suite of NOM 

properties in order to determine which NOM properties are the most important in 

affecting the dissolution kinetics of ZnO NPs. In addition, we attempted to further 

examine the mechanisms behind the correlations by examining the aggregation state of 

ZnO NPs in the presence of different NOM isolates and the adsorption of NOM on ZnO 

NPs. 

3.2 Materials and Methods 

3.2.1 Materials 

Purity and sources of chemicals are provided in Table B1 in Supporting 

Information (Appendix B). A concentrated ZnO NP dispersion was purchased from 
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Sigma-Aldrich (catalog No. 721077). Working stock suspensions were made by diluting 

the concentrated dispersion to approximately 20 mM (pH 7.6-7.7) with ultrapure water. 

The spheroidal-shaped ZnO NPs (specific surface area of 38 m2 g-1 by transmission 

electron microscopy; Figure B1) were coated with cationic 3-aminopropyl 

triethoxysilane and had wurtzite-like crystal structure.257 Average primary particle 

diameters were 28±11 nm and 21±8 nm (arithmetic mean ± standard deviation), along 

the long and short axes, respectively. (The asymmetry of the particles was considered in 

the calculation of specific surface area; see Appendix B.) Total zinc concentration of the 

ZnO NP stock suspensions was measured by inductively coupled plasma mass 

spectrometry (ICP-MS) (Agilent 7700x) after digestion in a mixed acid (2% HNO3 and 

0.5% HCl, v/v) overnight at room temperature. Dissolved zinc concentration in the 

working stock suspensions was determined by ICP-MS measurement of supernatants 

after ultracentrifugation at 92500×g and 25 ºC for 1 h (L8-80M, Beckman), and was 0.6% 

of the total Zn (~20 mM). 

A total of 16 aquatic NOM isolates were used in the study (Table B2). These 

included Suwannee River humic and fulvic acids (SRHA, 2S101H; SRFA, 2S101F) and 

Pony Lake fulvic acid (PLFA, 1R109F) from the International Humic Substances Society. 

The other 13 NOM isolates were obtained from other aquatic ecosystems, and isolated 

according to standard methods.258 Dried powders of all 16 NOM isolates were dissolved 
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in ultrapure water, and the pH was adjusted to 6-7 with NaOH, if necessary. The stocks 

were then filtered through 0.2 μm Nylon-membrane syringe filters, and the 

concentration of the NOM stock was determined as Non-purgeable Organic Carbon 

(NPOC) using a Total Organic Carbon (TOC) Analyzer (TOC-L CPN, Shimadzu). Stock 

concentrations were typically 170 to 450 mg-C L-1. 

The NOM properties examined for this study included elemental composition 

(Table B3), carbon functional group composition by 13C nuclear magnetic resonance 

(NMR) spectroscopy (Table B4), and number-average molecular weight (MW) by high-

pressure size-exclusion chromatography (Table 3.1).69, 259 Carboxyl and phenolic group 

contents in the NOM isolates except OgRHA (Table 3.1) were measured by 

potentiometric titration as described in Appendix B.260  Specific ultraviolet absorbance 

(SUVA280) was quantified by diluting NOM stock solutions to 0.5-10.0 mg-C L-1 and 

measuring the absorbance at 280 nm with a UV-Vis spectrophotometer (Hach 

DR/4000U) fitted with a 100-mm path length quartz cuvette (Starna Cells). For each 

NOM isolate, SUVA280 was quantified from the average of measurements at two 

different NOM concentrations (Table 3.1). 
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Table 3.1 Number-average molecular weight (MW), carboxyl and phenolic group contents by potentiometric titration, and 

specific ultraviolet absorbance at 280 nm (SUVA280) of the NOM isolates used in the study. 

NOM Abbreviation MWa Carboxylb Phenolicb SUVA280c 

  (Da) (µmol mg-C-1) (µmol mg-C-1) (L mg-C-1 m-1) 

Suwannee River humic acid SRHA 1399 6.8±0.2 6.6±0.6 4.92±0.34 

Ogeechee River humic acid OgRHA 1906 n/a n/a 4.49±0.33 

Suwannee River fulvic acid SRFA 1360 9.9±0.4 6.4±1.3 3.34±0.22 

Coal Creek fulvic acid CCFA 1180 10.4±0.3 7.5±0.2 3.16±0.21 

Ogeechee River fulvic acid OgRFA 1021 8.8±0.4 5.6±1.1 2.90±0.12 

Yukon River transphilic acid YRTpiA n/a 10.9±0.5 8.9±0.4 2.15±0.18 

Yukon River hydrophobic acid YRHpoA n/a 9.2±0.2 6.8±0.9 2.80±0.19 

Ohio River fulvic acid OhRFA 705 9.1±0.7 5.3±0.2 2.51±0.17 

Missouri River fulvic acid MRFA 839 9.0±0.8 4.4±0.6 1.68±0.10 

Shingobee Lake transphilic acid SLTpiA n/a 12.3±1.9 7.9±1.4 1.54±0.17 

Shingobee Lake hydrophobic acid SLHpoA n/a 9.7±0.4 7.6±0.4 2.03±0.18 

Pony Lake fulvic acid PLFA 1300 6.8±0.2 5.9±0.8 1.91±0.08 

Pacific Ocean fulvic acid POFA 532 8.8±0.1 5.3±0.7 0.37±0.03 

Williams Lake transphilic acid WLTpiA n/a 12.0±1.2 7.5±1.9 0.96±0.13 

Williams Lake hydrophobic acid WLHpoA 772 9.1±0.4 6.4±1.1 1.22±0.11 

Laramie Fox-Hills Aquifer fulvic acid LAFA n/a 10.1±1.0 6.9±0.2 0.89±0.10 

Notes: 
a Data obtained from Waples et al. (2005)166,  Deonarine et al. (2011)68 and references listed therein. 
b The data are arithmetic mean ± standard deviation (SD) of 3 to 4 measurements. 

c The data are arithmetic mean ± SD of 2 measurements.  
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3.2.2 ZnO NP dissolution experiments 

All ZnO NP dissolution experiments were performed in aqueous solutions 

buffered with 5 or 10 mM Piperazine-N,N’-bis(2-hydroxypropanesulfonic acid (POPSO) 

sesquisodium to pH 8.5-8.6. This pH was selected because it is an environmentally 

relevant value65 that also represents a point of relatively slow dissolution rates that could 

be measured by voltammetry. Ionic strength was adjusted to 0.1 M by addition of 80-91 

mM KCl. POPSO is a Good’s buffer that is not expected to compete at this amount with 

dissolved NOM for Zn2+ complexation.261, 262 Moreover, a change in the POPSO 

concentration from 5 mM to 10 mM did not change the solubility or dissolution rate of 

the ZnO NPs (Table B5). The solutions also contained one of the dissolved NOM 

isolates: 1 to 40 mg-C L-1 for SRHA, SRFA, and PLFA, and 20 mg-C L-1 for other NOM 

isolates. 

Each dissolution experiment was performed in batch in a temperature-controlled 

glass electrochemical cell as part of the Metrohm 663 VA Stand and Ecochemie μAutolab 

Type III potentiostat system. For each experiment, a fresh 50 mL aliquot of buffered KCl 

solution (with or without NOM) was dispensed into the electrochemical cell and 

deaerated by purging with N2 for at least 5 min. Temperature was controlled to 25.0±0.1 

ºC by a recirculating water bath, and the cell was covered with aluminum foil to avoid 

light. An ASV measurement was taken as a zinc blank and to ensure the absence of 
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oxygen. ZnO NP stocks were then added to a total zinc concentration of 75 μM. 

Dissolved Zn was quantified once every 1 to 9 min. Between each time point, the 

solution was stirred and purged with N2. 

Dissolved Zn was quantified by ASV, as described previously,257 using a hanging 

mercury drop working electrode (Metrohm Multi-mode Electrode Pro), a saturated 

calomel reference electrode (SCE), and a platinum wire counter electrode. ASV was 

performed in linear-sweep mode with the following parameters: deposition potential at -

1.4 V (versus SCE) for 10 s of deposition time, unstirred equilibrium for 5 s, and 

potential scan range from -1.4 V to 0 V at a scan rate of 0.1 V s-1. The concentration of 

dissolved Zn in the solution was determined by the peak current height at 

approximately -1.0 V. Our previous work257 has demonstrated that this ASV method for 

dissolved Zn analysis in suspensions of ZnO NPs is consistent with measurements 

entailing separation by ultracentrifugation and element quantification by ICP-MS. This 

previous work also demonstrated that the ASV peak height or peak area at -1.0 V is 

linear with dissolved Zn concentration in solutions containing constant dissolved NOM 

concentration. However, the slope of this relationship decreases with increasing NOM 

concentration (Figure A10). Therefore, external calibration of the Zn signal was 

performed with a dissolved Zn standard diluted in the same matrix as the 

corresponding dissolution experiments (i.e., the same ionic strength, pH, and NOM type 
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and concentration). The limit of detection for dissolved Zn by this ASV method was 10-7 

M or less in mixtures with and without NOM.257 

3.2.3 Aggregation kinetics and zeta potential 

Dynamic light scattering (DLS) (Zetasizer Nano-ZS, Malvern) was used to assess 

the aggregation of ZnO NPs in the stock suspensions and in buffered KCl solutions with 

or without NOM (i.e., in the same matrices as the dissolution experiments). Z-average 

hydrodynamic diameter (dh) was quantified by intensity fluctuations of light (663 nm 

wavelength) backscattered at 173°. All conditions for the aggregation measurements 

were the same as the dissolution experiments, except that the samples were held static in 

polystyrene cuvettes (Sarstedt, 67.754), without stirring or purging with N2. Zeta 

potentials of the ZnO NP suspensions with or without different NOM isolates at 20 mg-

C L-1 were also measured in the same matrices as the dissolution experiments using the 

Zetasizer. 

The effects of stirring in the electrochemical cell apparatus on ZnO NP 

aggregation was tested for ZnO NP mixtures with LAFA and SLTpiA. The experiment 

with stirring required the removal of 1 mL aliquots of the mixtures every 5 to 20 min for 

DLS measurement. This operation did not affect the dissolution kinetics of ZnO NPs 

(Figure B2). In other dissolution batch experiments, an aliquot of the sample was taken 
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at the end of the experiment for dh measurements and compared to corresponding 

samples that were not stirred. 

3.2.4 Estimation of dissolution rate constants (kobs) 

The dissolution data (plotted as dissolved Zn concentration versus time) was 

modeled with a surface area-normalized rate equation: 
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where the rate is a function of an empirical rate constant kobs multiplied by a term related 

to the deviation from dissolution equilibrium and a term related to the change in surface 

area as the particles dissolve. The variables in Equation (3.1) are as follows: [Zn]T is total 

dissolved zinc concentration measured by ASV (mol L-1); t is time (s); AZnO,0 is the initial 

concentration of ZnO NP surface area available for dissolution (m2 L-1); kobs is the 

apparent dissolution rate constant (mol m-2 s-1), which is a lumped parameter accounting 

for both proton-promoted and ligand-promoted dissolution; [Zn]T,eq is the total 

dissolved zinc concentration (mol L-1) measured at equilibrium (defined at t = 50-125 

min); and [ZnO]0 is the initial molar concentration of ZnO NPs, which is 75 μM in all 

experiments. Details for the derivation of this equation are given in Appendix B. 

The following are the major assumptions used to derive this equation: (3.1) 

Dissolution kinetics were controlled by reactions at the surface rather than transport of 
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ions away from or to the surface; (2)  Complexation of dissolved Zn2+ by inorganic and 

organic ligands (e.g. OH-, Cl-, and functional groups in NOM) was fast compared to the 

dissolution reactions on ZnO NP surface; (3) All surfaces of ZnO NPs were available for 

dissolution; (4) The reaction of ZnO NP re-precipitation is first order with respect to 

[Zn2+]; and (5) The nanoparticles were a spherical shape so that the surface area of ZnO 

NPs decreased by a power factor of 2/3 in relation to the mass of the undissolved ZnO 

NPs. Detailed justification of these assumptions is provided in Appendix B. 

Equation (3.1) was fit to the first 40 min of dissolution data using the Berkeley 

Madonna software (Version 8.3.18), and kobs was estimated based on the best fit to the 

data. The Runge-Kutta (RK4) method was used in solving this ordinary differential 

equation, with a step size of 1.2 s. Initial dissolved zinc concentration in the reaction 

mixture (0.40-0.46 μM) was calculated from the dissolved zinc measured in the ZnO NP 

working stock suspensions. 

3.2.5 NOM adsorption on ZnO NPs 

The potential sorption of NOM onto the ZnO NPs was assessed by using 

fluorescence as a measure of dissolved NOM concentration in the supernatant after 

ultracentrifugation. Dissolved organic carbon (DOC) measurement could not be used 

due to the POPSO buffer. UV absorbance could not be used either, because of the strong 

UV absorption by ZnO,263, 264 and the possible incomplete removal of ZnO NPs from the 
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aqueous phase by ultracentrifugation.23 In each experiment, a ZnO NP suspension (with 

total Zn concentration of 75 or 600 µM) or a dissolved Zn solution (added to 

concentrations of 7 to 20 µM) was prepared in the KCl buffer (0.1 M ionic strength, pH 

8.6) with 20 mg-C L-1 SRHA, SRFA, or PLFA. The sample was stirred and purged with 

N2 in the electrochemical cell for 2 h. Then, dissolved Zn in the ZnO NP suspensions was 

measured by ASV, and aliquots of the suspensions were ultracentrifuged in duplicate at 

370000×g and 25 ºC for 1 h. The supernatant was collected for fluorescence analysis and 

ICP-MS measurement of dissolved zinc. Fluorescence was also quantified in NOM-free 

control mixtures of ZnO NPs (75 or 600 µM) before and after ultracentrifugation. 

Fluorescence emission was quantified from 350 to 550 nm for 320 nm excitation 

wavelength (SpectraMax M5 multi-mode readers, Molecular Devices). Calibration was 

performed on a daily basis using NOM solutions of different concentrations (0 to 24 mg-

C L-1) in KCl buffer with or without dissolved zinc at concentrations that were close to 

the range of concentrations observed in the ZnO NP-NOM mixtures. Calibration curves 

were made by fitting third-order polynomial functions to plots of relative fluorescence 

units (RFU) versus NOM concentration, where the RFU corresponded to the average 

emission signal at 450-460 nm for SRHA and SRFA and 445-455 nm for PLFA. No 

differences in the calibrations were observed with and without added Zn2+ (Figure B3 

and B4). 
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3.2.6 Statistical Analyses 

Correlation analysis between kobs or dh and NOM properties was performed using 

statistical product and service solutions (SPSS) software (version 13.0, SPSS Inc., USA). 

Since the size of the datasets was small (N = 10-16), the Shapiro-Wilk test was used to 

examine the normality of the data (SPSS), which showed that the following 6 variables 

did not follow the normal distribution: kobs, dh, [Zn]T,eq, N/C ratio, S/C ratio, and carbonyl 

content by NMR (Table B6). Therefore, Spearman's rank correlation, a nonparametric 

statistics measure, was used to analyze the correlations between kobs, dh and NOM 

properties. 

3.3 Results and Discussion 

3.3.1 The effects of NOM concentration on the release of dissolved Zn 
in ZnO NP suspensions 

The presence of NOM increased the dissolved Zn concentration in a manner that 

was dependent on NOM concentration. For example, the dissolved zinc concentration 

after 50-70 min of dissolution ([Zn]T,eq, designated as “equilibrium”) increased from 4 to 

25 μM as SRHA concentration increased from 0 to 40 mg-C L-1 (Figure 3.1a and Table 

B5). The time to reach a relatively constant dissolved Zn concentration occurred within 1 

h for all the NOM concentrations tested. Similar trends were observed for SRFA257 and 

PLFA, with [Zn]T,eq increased to approximately 19 and 10 μM, respectively, as NOM 

concentrations increased to 40 mg-C L-1 (Figure B5 and Table B5). 
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Figure 3.1 Dissolution kinetics of ZnO NPs affected by different NOM isolates. 

(a) Dissolved zinc concentration (as quantified by ASV) in 75 μM ZnO NP suspensions 

with different concentrations of SRHA. I = 0.1 M, pH = 8.6. T = 25 ºC. Solid lines are 

modeled kinetics for the first 40 min of the experiment. (b) Dissolution rate constant 

(kobs) of ZnO NP as a function of NOM concentration for different NOM isolates (SRHA, 

SRFA and PLFA). (c) kobs versus equilibrium dissolved zinc concentration ([Zn]T,eq) for 

the 3 NOM isolates at 1-40 mg-C L-1. (d) kobs versus [Zn]T,eq of ZnO NPs with 16 different 

NOM isolates at 20 mg-C L-1. 

(b) (c) 

(d) 

(a) 

rs = 0.96 

p < 0.001 

n = 26 

rs = 0.93 

p < 0.001 

n = 35 
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The dissolution data were modeled assuming surface-controlled kinetics due to 

active stirring that was employed for the experiments and minimal aggregation in the 

presence of most NOM isolates (as discussed below in more detail). Modeled dissolution 

kinetics for the first 40 min were largely in agreement with measured data (Figure 3.1a, 

Figures B5, B6 and B7), despite the assumptions made in deriving Equation (3.1). The 

root-mean-square error (RMSE) between predicted and measured dissolution data 

ranged from 0.2 to 2.1 μM and depended on [Zn]T,eq (i.e., RMSE was 8.2±1.4% of 

corresponding [Zn]T,eq) (Figure B6b). The dissolution rate constants (kobs) of ZnO NPs 

increased with NOM concentrations for all 3 tested NOM isolates, but the extent of 

increase was different among them (Figure 3.1b). SRHA was the most effective in 

promoting the dissolution of ZnO NPs (with kobs increasing from 4×10-8 to 4.6×10-7 mol m-

2 s-1 as NOM concentration increased from 0 to 40 mg-C L-1). ZnO NP dissolution rates 

were slower in the presence of SRFA, and PLFA was the least effective of the 3 NOM 

isolates. When kobs was plotted against [Zn]T,eq, the data points for different NOM isolates 

converged towards the same line (Figure 3.1c). While this result might indicate that 

NOM promoted ZnO NP dissolution rates by increasing the deviation from dissolution 

equilibrium,265-267 this factor was already separated from the dissolution rate constant, as 

indicated by the thermodynamic affinity term (i.e. 1−[Zn]T/[Zn]T,eq) in Equation (3.1). The 
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correlation between kobs and [Zn]T,eq could indicate another mechanism in which NOM 

promotes dissolution of the ZnO NPs, such as by chelating surface Zn atoms. 

We note that a subset of the ZnO dissolution experiments with SRFA and PLFA 

were performed with 5 mM POPSO buffer, rather than 10 mM POPSO for all other 

experiments. This difference in buffer concentration, however, does not appear to 

change the rate of dissolution or the solubility of the ZnO NPs relative to the change in 

NOM concentration or type (Table B5 and Figure B8).  

3.3.2 Effects of different NOM isolates on the dissolution kinetics of 
ZnO NPs 

The experiments with 3 NOM isolates (SRHA, SRFA, PLFA) showed that the 

kinetics of ZnO NP dissolution and the dissolved zinc concentration at equilibrium 

depended not only on the concentration of NOM, but also on the type of NOM. Thus, 

the importance of NOM type for ZnO NP dissolution was further explored with 13 

additional NOM isolates (Table 3.1) at a single NOM concentration (20 mg-C L-1). For all 

16 NOM isolates tested at this concentration, dissolution equilibrium of ZnO NPs was 

reached within 1 h, while [Zn]T,eq ranged from 4 to 16 μM (Figure B7, Table B5 and 

Table B7). The dissolution rate constant kobs also correlated with [Zn]T,eq (Figure 3.1d). 

SRHA resulted in the greatest rates of dissolution for this collection of NOM isolates, 

followed by SRFA and OgRHA. On the other hand, the presence of some NOM isolates 
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such as LAFA and WLHpoA had little effect in increasing ZnO NP dissolution rates, 

even at the relatively high NOM concentration of 20 mg-C L-1. 

Values for kobs in the presence of different NOM isolates correlated with a variety 

of NOM properties (Table 3.2) including SUVA280 (Figure 3.2a), % aromatic-C, % 

carbonyl-C (Figure B9), and molecular weight  (Figure B10). Values for kobs negatively 

correlated to the H/C ratio and aliphatic carbon (type I) content (Table 3.2, Figures B9 

and B11). No significant correlations were observed between kobs and O/C, N/C or S/C 

ratios, although –N and –S groups also play important roles in metal binding, especially 

for chalcophile metals and at low metal concentrations.73-75 SUVA (e.g., at 280 nm or 254 

nm) is an indicator of aromatic carbon content of NOM69, 71 and has been positively 

correlated to the molecular weight of NOM.69 On the other hand, low H/C ratio was 

associated with high aromatic carbon and low aliphatic carbon contents, due to selective 

degradation of aliphatic carbon during the diagenesis of NOM.72 Therefore, these 

observed correlations collectively suggest that aromaticity is a key NOM property that 

determines the NOM isolates’ ability to promote ZnO NP dissolution. 
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Figure 3.2 Correlations between the dissolution rate constant (kobs) or hydrodynamic 

diameter (dh) of ZnO NPs with selected NOM properties. 

Dissolution rate constant (kobs) (±SD, n = 2-3) of ZnO NPs was positively correlated to (a) 

the specific ultraviolet absorbance at 280 nm (SUVA280) (±SD, n = 2) but was not 

correlated to (b) carboxyl group content (±SD, n = 3-4) measured by potentiometric 

titration of the NOM isolates. Z-average hydrodynamic diameter (dh) (±SD, n = 2-4) was 

negatively correlated to (c) molecular weight and (d) SUVA280 but was not correlated to 

(e) zeta potential (±SD, n = 2) of the ZnO NPs. (f) kobs was negatively correlated to dh of 

ZnO NPs. 

rs = 0.90 

p < 0.001 

n = 16 

rs = -0.10 

p = 0.73 

n = 15 

(a) 

(d) 

rs = -0.89 

p < 0.001 

n = 16 

rs = -0.89 

p < 0.001 

n = 10 

(c) 

(b) 

rs = -0.97 

p < 0.001 

n = 16 

rs = 0.18 

p = 0.50 

n = 16 

(e) (f) 
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Table 3.2 Spearman's rank correlation coefficient (rs) and p-values between dissolution rate constant (kobs) or Z-average 

hydrodynamic diameters (dh) and NOM properties. 

 kobs (mol m-2 s-1)  dh (nm) 

 NOM property rs p NOM property rs p 

SUVA280  (L mg-C-1 m-1) 0.90 <0.001* SUVA280 (L mg-C-1 m-1) -0.97 <0.001* 

H/C molar ratio -0.85 <0.001* H/C molar ratio 0.82 <0.001* 

aromatic-C (%) 0.77 <0.001* aromatic-C (%) -0.77 <0.001* 

aliphatic-C I, (%) -0.76 <0.001* MW (Da) a -0.89 <0.001* 

carbonyl-C (%) 0.69 0.003* aliphatic-C I (%) 0.72 0.002* 

MW (Da) a 0.77 0.009* carbonyl-C (%) -0.62 0.011 

O/C molar ratio 0.54 0.032 O/C molar ratio -0.52 0.037 

acetal-C (%) 0.37 0.16 acetal-C (%) -0.38 0.15 

N/C molar ratio -0.35 0.18 N/C molar ratio 0.28 0.29 

aliphatic-C II (%) -0.11 0.70 carboxyl-C (NMR, %) 0.27 0.32 

carboxyl-C (NMR, %) -0.10 0.72 carboxyl-C (titration, µmol mg-C-1) 0.21 0.46 

carboxyl-C (titration, µmol mg-C-1) -0.10 0.73 aliphatic-C II (%) 0.11 0.68 

S/C molar ratio 0.07 0.80 phenolic-C (titration, µmol mg-C-1) -0.05 0.86 

phenolic-C (titration, µmol mg-C-1) 0.004 0.99 S/C molar ratio -0.01 0.96 
Notes: a number-average molecular weight. Significant p-values (p < 0.01) are denoted by *. 
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Aromaticity and SUVA of NOM are associated with an increased binding 

capacity of NOM to metal ions (e.g., Cu2+ and Zn2+),63, 268, 269 as well as dissolution rates of 

several minerals, such as cinnabar (HgS),166 tenorite (CuO), and malachite 

(Cu2(OH)2CO3).167 In the case of HgS, the dissolution-enhancing component of NOM was 

assumed to involve quinones, which are oxidized derivatives of aromatic carbon.166 For 

ZnO, we presumed that electron transfer processes were not involved in its dissolution. 

Thus, NOM-promoted dissolution of minerals may involve mechanisms similar to those 

of interactions between NOM and dissolved metal ions, e.g., metal complexation by 

phthalate- and salicylate-type bidentate binding sites (i.e. adjacent aromatic carboxyl 

groups and/or phenolic OH group), and the formation of 2:1 complexes with the metal 

ion bridging two NOM molecules,268 where the aromatic ring(s) may directly interact 

with the metal ion and form sandwich-like270 or piano-stool271 structures. 

Acidic functional groups such as carboxyl and phenolic groups play important 

roles in metal binding by NOM,268 the dissolution of copper-containing minerals,167 and 

the adsorption of humic acid to ZnO NP surfaces.76 However, the dissolution rate 

constant kobs was not significantly correlated to carboxyl group content measured by 

potentiometric titration (Figure 3.2b and Table 3.2). Neither was kobs correlated to the 

carboxyl group content measured by NMR (Figure B9e), which was positively 

correlated to that measured by potentiometric titration (Figure B12). Likewise, no 

correlations were observed between kobs and phenolic content (Figure B13). This lack of 
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correlation suggests that carboxyl or phenolic group contents cannot be used to predict 

the ability of NOM to promote ZnO NP dissolution, possibly because the strong Zn(II) 

binding sites are aromatic carboxylates. 

3.3.3 Effects of different NOM isolates on ZnO NP aggregation 

Aggregation state can affect the dissolution kinetics of nanoparticles; therefore, 

the hydrodynamic diameter dh and zeta potential of ZnO NPs were measured under the 

same water chemistry conditions as the dissolution experiments. Values for dh in ZnO 

NP working stock suspensions was 72-76 nm. In buffered KCl solutions without NOM, 

ZnO NPs aggregated quickly, with dh reaching 900-1000 nm within 1 h.  In contrast, 

SRHA, SRFA, and PLFA greatly stabilized ZnO NPs at concentrations as low as 1 mg-C 

L-1 , with dh reduced to < 300 nm (Figure B14). At 20 mg-C L-1, other NOM isolates also 

decreased ZnO NP aggregation to different extents. Stirring and purging with N2 

enhanced the aggregation of ZnO NPs, but the average dh during the first 40-50 min was 

similar to experiments without stirring (e.g. in the presence of LAFA and SLTpiA) 

(Figure B15a, b). The effects of stirring were much smaller with NOM isolates that were 

more effective in stabilizing ZnO NPs (e.g. SLHpoA, PLFA, YRHpoA, and YRTpiA) 

(Figure B15c-f). Therefore, the average value for dh during the first 40 min was used in 

the following discussions, which was generally less than 200 nm with NOM (Figure 

B16). 
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SRHA and SRFA were most effective in stabilizing the ZnO NPs, with average dh 

= 80 nm in the first 40 min after preparation of the mixture (Figure B16). LAFA had 

modest effect in reducing the aggregation (dh = 300 nm). The zeta potential of ZnO NPs 

in the KCl buffer (pH = 8.5-8.6) without NOM was -26.6±0.1 mV, and with 20 mg-C L-1 of 

NOM the zeta potential decreased to -29.0±0.8 to -36.4±1.0 mV relative to the NOM-free 

control (p < 0.01) (Figure B17). The exception to this trend was SRHA, which did not 

result in a significantly different zeta potential (-26.2±1.5 mV, p > 0.05). In addition, 

average dh of ZnO NPs was negatively correlated to the molecular weight and SUVA280 

of NOM (Table 3.2 and Figure 3.2c, d) but was not significantly correlated to zeta 

potential (Figure 3.2e), suggesting that under the experimental conditions ZnO NPs 

were stabilized mainly by steric effects68, 101 of the NOM rather than electrostatic effects. 

Values of dh were negatively correlated with SUVA280, aromatic carbon and molecular 

weight of NOM, as has been observed for zinc sulfide NPs.68 

A negative correlation was observed between kobs and average dh of ZnO NPs 

(Figure 3.2f), which appears to support the point that different NOM isolates promoted 

ZnO NP dissolution to different extents because of their effects on NP aggregation (i.e., 

smaller NP aggregates tend to dissolve faster). However, the non-linear relationship 

shown in Figure 3.2f demonstrated that there were many exceptions to this trend. For 

example, ZnO NPs with larger aggregate diameter (e.g., with LAFA or without NOM) 

dissolved at rates that were similar to those with smaller aggregate size (e.g. with 1 mg-
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C L-1 SRHA or SRFA) (Figures 3.1a, B5, and B7). Previous research has shown that 

aggregation of nanoparticles does not necessarily change specific surface area that is 

available for dissolution, particularly for dendritic aggregates that might form at the 

high ionic strength value tested in this study (0.1 M).86, 272, 273 Thus, we maintain that 

under the conditions of our experiments (especially with stirring and N2 purging) the 

effects of different NOM isolates in promoting ZnO NP dissolution is mainly due to 

enhanced surface Zn binding, which is in accordance with increased dissolved Zn at 

equilibrium, rather than a decrease in aggregate size. 

3.3.4 Adsorption of NOM on ZnO NPs 

Adsorption of NOM on ZnO NPs was minimal and not significantly different 

between NOM isolates. The interactions between each NOM isolate and the ZnO NPs 

likely involved sorption of the NOM to the nanoparticle surfaces; however, the extent of 

NOM sorption was not observable for those tested isolates (SRHA, SRFA, and PLFA). 

The concentration of dissolved NOM as quantified by fluorescence after 

ultracentrifugation was 104±7%, 98±3% and 99±3% of the initial NOM concentration, 

respectively (Figure 3.3a) even though the ultracentrifugation step appeared to 

effectively remove the NPs from the supernatant (i.e., dissolved zinc in the supernatant 

after ultracentrifugation was consistent with dissolved Zn measured by voltammetry) 

(Figures 3.3b and B18). We also note that ZnO NP suspensions with no NOM had little 

fluorescence over the range of 390 to 550 nm (Figure B19). Thus, the results in 
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Figure 3.3a indicated minimal loss of NOM from solution and sorption to the ZnO NPs. 

The experiment was repeated with a higher adsorbent concentration (i.e., 600 µM total 

Zn), yet no significant differences in dissolved NOM concentration (with and without 

particles) were observed (Figure B20). These results suggest that the amount of NOM 

adsorbed on ZnO NPs was small relative to the total dissolved NOM concentration. 
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Figure 3.3 (a) Dissolved NOM concentration in 75 µM ZnO NP suspensions and 7-17 

µM dissolved Zn solutions with 20 mg-C L-1 NOM. (b) Equilibrium dissolved zinc 

concentration from ZnO NPs with 20 mg-C L-1 SRHA, SRFA, and PLFA. 

Dissolved NOM concentration in part (a) was quantified by fluorescence after 

ultracentrifugation of 75 µM ZnO NP suspensions and 7-17 µM dissolved zinc solutions 

mixed for 2 h with 20 mg-C L-1 NOM. Equilibrium dissolved zinc concentration in part 

(b) was measured by ICP-MS after ultracentrifugation or by ASV. I = 0.1 M, pH = 8.6. T = 

25 ºC. Total Zn concentration in the suspension after 2 h of dissolution was also 

measured by ICP-MS. 
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3.4 Environmental Implications 

This study investigated how distinct chemical and molecular properties of NOM 

can contribute to or signify effects for the dissolution kinetics of ZnO NPs.  NOM 

promoted the dissolution rate of ZnO NPs in a concentration-dependent fashion that 

was consistent with increased thermodynamic driving force of dissolution. This result 

could be applicable to previously published studies reporting trends in ZnO equilibrium 

solubility, which tends to be easier to quantify than dissolution rates.100, 156, 205 For 

example, in scenarios where dissolution rates are not readily available but important for 

understanding the fate and bioavailability of nanomaterials, trends in equilibrium 

solubility could serve as a useful approximation of dissolved metal release rates. Free 

energy relationships, however, must be carefully applied, as they require consistency 

with respect to reaction mechanisms. 

In general, this study found that humic acids were more effective than fulvic 

acids in promoting ZnO NP dissolution. Aromaticity is a key NOM property that 

determines the NOM isolates’ ability to promote ZnO NP dissolution, and SUVA can 

serve as a facile and reliable indicator of NOM-promoted dissolution of ZnO NPs and 

possibly other metal-based nanomaterials. Similar correlations between mineral 

solubility and the same NOM properties have been observed for other types of minerals 

including metal oxides and sulfides.166, 167 Thus, one can reasonably expect that the 
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interactions observed here for ZnO NPs could apply to other types of metal-based 

soluble NPs and larger colloidal particles.  

We note that the concentration of ZnO nanoparticles tested for this study (75 µM 

total Zn) is greater than predictions for most environmental release scenarios (e.g. 10-8–

10-5 g L-1).245, 256 This amount of ZnO (75 µM or 4.9 mg-Zn L-1), however, is within the 

range of nanoparticle concentrations used in bioavailability and toxicity studies for ZnO 

and other soluble nanomaterials (e.g., 1–500 mg L-1),60, 274 and the results presented here 

would be directly relevant to those studies and perhaps to waters directly impacted by 

industrial waste streams. If we were to test dissolution rates of ZnO at lower total Zn 

concentrations (e.g., nanomolar or less), dissolution rates would be faster than can be 

detected by our ASV method and the rates may no longer be sensitive to changes in 

NOM characteristics. For other soluble nanomaterials that dissolve at slower rates (e.g., 

CuO), the effect of NOM could still be relevant at low nanoparticle concentrations. 

Research on the environmental implications of soluble metal nanomaterials has 

rapidly matured in recent years. Now, the greatest research needs are models that can 

combine knowledge of the individual processes relevant for the dispersal, surface 

chemistry, transformation, and bioavailability of these nanomaterials in a variety of 

realistic and complex aquatic systems. Such models would be aided by simplified 

parameters that can approximate a combination of complex processes.  The results of 

this study demonstrate the importance of NOM characteristics (perhaps quantified by 
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SUVA) in addition to DOC concentration as parameters to indicate the role of NOM on 

the aggregation state and dissolution rates of soluble nanomaterials. Finally, it is worth 

noting that, when optical properties of NOM such as SUVA are used for modeling 

processes in natural waters, relevant water chemistry parameters (e.g. ferric iron 

concentration) need to be examined to avoid or correct for possible interferences.275 
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Chapter 4. Relative Contributions of Copper Oxide 
Nanoparticles and Dissolved Copper to Cu Uptake 
Kinetics of Gulf Killifish (Fundulus grandis) Embryos 

4.1 Introduction 

With the rapid development and wider applications of nanotechnology in the 

last few decades, there have been increasing concerns over the implications of 

engineered nanomaterials to human health and the environment.1-5 Nanotoxicology has 

thus evolved in order to address important questions regarding the toxicity of 

nanomaterials.276 To elicit toxicity in an organism, nanomaterials and associated toxic 

species must first be taken up by the organism or approach its immediate vicinity.24 

Therefore, quantifying the bioavailability of nanomaterials and constituents that may be 

released from nanomaterials is a key step in explaining the toxic effects of nanomaterials 

in various environmental and physiological media. 

After release into the environment, nanomaterials can undergo a range of 

processes which may alter their bioavailability and toxicity, such as (homo)aggregation 

and heteroaggregation with background particles, dissolution and release of ionic 

species, and transformation into materials with a different chemical composition.9, 10, 277-280 

The relative rates of these processes, and not necessarily their reaction potential at 

thermodynamic equilibrium, will control mobilization of nanomaterials in the aquatic 

environment and exposure to target organisms. For soluble metal-based nanomaterials 

such as silver (Ag), zinc oxide (ZnO) and copper oxide (CuO) nanoparticles (NPs), both 
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nanoparticulate and dissolved forms of the metals can be taken up by the organisms, 

typically at different rates.56-60 Moreover, the dissolution and bioavailability of metal-

based nanomaterials can be strongly influenced by the physico-chemical properties of 

the media, notably pH,278, 281 ionic strength/salinity54, 282 and inorganic and organic 

ligands (e.g. chloride, amino acids, extracellular polymeric substances and humic 

substances).40, 44, 117, 278, 279, 283-285 Due to these influencing factors as well as differences in 

nanomaterial properties and test organisms, there have been apparently inconsistent 

reports where, in some studies, the undissolved nanomaterials are bioavailable and 

responsible for the observed toxicity,32, 203, 286 while in other cases, the toxic effects could 

be attributed solely to the uptake of dissolved metal ions.287-289 These apparent 

inconsistencies highlight the need to understand the nanoparticle effect relative to 

dissolve ions released from the NPs for overall toxicity. In this respect, the relative 

uptake rates of NPs and corresponding dissolved metal ions need to be quantified under 

environmentally relevant conditions. 

While the bioavailability of metal ions has been extensively studied,290, 291 efforts 

have recently been made to quantify biouptake kinetics of NPs by means of experiment 

(e.g. radioactive and stable isotope labeling)54, 292 and modeling (e.g. biodynamic 

models).54, 56, 58, 293 When the dissolution of soluble metal-based NP was not considered, 

the calculated uptake rate constant in organisms exposed to these nanomaterials may be 

an overestimate of actual values.51 Therefore, it is desirable to correct for the effects of 
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nanomaterial dissolution kinetics in exposure media when calculating biodynamic 

parameters, using measured or assumed dissolved metal concentrations.54, 292 Moreover, 

other constituents of the aquatic environment such as dissolved natural organic matter 

(NOM) are known to influence nanoparticle bioavailability in complex ways such as 

through adsorption of NOM to particle surfaces resulting in altered surface chemistry, 

decreased (or sometimes increased) colloidal aggregation rates, enhanced dissolution of 

nanoparticles, and metal-ligand complexation of metal ions released from the 

nanoparticles.21 These processes have been studied for decades, but rarely in concert and 

generally without quantification of reaction rates that are needed to delineate the 

relative importance of nanoparticles versus dissolved metals for organismal exposure. 

This study aimed to quantify the relative rates of nanoparticle and dissolved 

metal uptake and the importance of NOM type and concentration for controlling this 

balance. Herein, we evaluated the copper uptake kinetics in Gulf killifish (Fundulus 

grandis) embryos exposed to CuO NPs in diluted artificial seawater (ASW). CuO NP was 

selected as a model soluble metal-based nanomaterial, for its moderate solubility which 

allows relatively low exposure dose as well as the wide applications of CuO NPs and 

other Cu-based nanomaterials in biocidal agents and coatings.34, 278, 279, 294 While zebrafish 

and its embryos have been widely used as model organisms in nanotoxicological 

studies,40, 59, 279, 287 Gulf killifish and its closely related sister species Atlantic killifish 

(Fundulus heteroclitus) are widely distributed in estuarine habitats on the east coast of the 
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United States. Because of their presence in nature as well as their ability to adapt to a 

range of salinity conditions and chemical exposures, these species are commonly used as 

model aquatic vertebrate organisms in ecotoxicological and, most recently, 

nanotoxicological studies.282, 295, 296  

The addition of CuO NPs results in a mixture of NPs and dissolved Cu, the ratio 

of which changes with time. Thus, separate control experiments with dissolved Cu were 

also performed in order to quantify uptake rates of dissolved Cu. Copper exposure 

experiments were performed with three types of NOM and a range of NOM 

concentrations and pH values that were selected to produce a wide range of 

nanoparticle aggregation and dissolution rates. Dissolution kinetics of CuO NPs was 

measured at high time resolution, under the same conditions as the uptake experiments. 

Collectively these data were used to differentiate uptake of dissolved Cu and 

nanoparticulate CuO in the CuO NP exposures.  The data were used to determine the 

relative contributions of dissolved and nanoparticulate species to Cu uptake kinetics 

across a wide range of water chemistry conditions. 

4.2 Materials and Methods 

4.2.1 Materials and test organism 

Purity and sources of chemicals are provided in Table C1 in Supporting 

Information (Appendix C). Tenorite CuO NPs were purchased from Sigma-Aldrich 

(catalog No. 544868) as a dry powder. Sub-micrometer particles (both individually 
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dispersed and as aggregates) were present in the stock powder, as observed by 

transmission electron microscopy (TEM) (FEI Tecnai) (Figure C1 a). Stable suspensions 

were prepared by dispersing CuO nanopowder in ultrapure water containing 

polyvinylpyrrolidone (PVP) and 3-(N-morpholino)-propanesulfonic acid (MOPS). Large 

particles and aggregates were removed by centrifugation (at 416g for 4 min) (Eppendorf 

5804 R), and CuO NPs remaining in the supernatant were concentrated by 

centrifugation (4621g for 30 min) and redispersed in ultrapure water containing 24 mg L-

1 PVP and buffed to pH 6.7 with 0.1 mM MOPS (details given in Appendix C). The CuO 

NPs in the stocks were spheroidal-shape with average primary particle diameters of 

42±17 nm and 32±13 nm (arithmetic mean ± standard deviation), along the long and 

short axes as observed by TEM (Figure C1). This average geometry corresponded to a 

calculated specific surface area of 25 m2 g-1 (Figure C1). Total Cu concentration of the 

CuO NP stock suspensions was typically 0.5 – 1 mM, as measured by inductively 

coupled plasma mass spectrometry (ICP-MS) (Agilent 7700x) after digestion in a mixed 

acid (2% HNO3 and 0.5% HCl, v/v) overnight at room temperature. The CuO NP stocks 

were stored at 4 ºC and were sonicated for > 25 min prior to use, resulting in Z-average 

hydrodynamic diameter of 250±30 nm via dynamic light scattering (DLS) (Malvern 

Zetasizer). 

Three aquatic NOM isolates were used in the study, including Suwannee River 

humic and fulvic acids (SRHA, 2S101H; SRFA, 2S101F) from the International Humic 
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Substances Society and Williams Lake hydrophobic acid (WLHpoA).297 These 3 NOM 

isolates were selected because of our previous work showing a wide range of NOM-

enhanced dissolution rates for metal oxide NPs (e.g. ZnO NPs). These 3 NOM isolates 

also span the typical range of values for specific UV absorbance at 280 nm (SUVA280) 

(i.e., 4.92±0.34 L mg-C-1 m-1 for SRHA, 3.34±0.22 L mg-C-1 m-1 for SRFA and 1.22±0.11 L 

mg-C-1 m-1 for WLHpoA), a parameter that correlated with dissolution rates in our 

previous study.297 Dried powders of the NOM isolates were dissolved in ultrapure 

water, and the pH was adjusted to 6.5-7.5 with 0.1 M NaOH. The stocks were then 

filtered through 0.2 μm Nylon-membrane syringe filters, and the concentration of the 

NOM stocks (typically 170 to 400 mg-C L-1) was determined using a Total Organic 

Carbon (TOC) Analyzer (TOC-L CPN, Shimadzu). 

Embryos used in the study were produced by wild-type F. grandis populations 

collected from two uncontaminated reference sites to the coast of the Gulf of Mexico 

near Houston, Texas: Smith Point (29°32'37.26"N, 94°47'08.12"W) and Gangs Bayou 

(29°15'30.34"N, 94°54'45.00"W). The killifish populations were maintained in the same 

way as previously reported.298 Briefly, the killifish were kept in recirculating 10–12‰ 

ASW (Instant Ocean) on a 14:10 h light cycle at 22–25 ºC and were fed twice daily. 

Fertilized eggs were disinfected with 1 mL of hydrogen peroxide solution in ~ 30 mL of 

5‰ ASW and kept in 5‰ ASW prior to use in uptake experiments at 48±2 h post-

fertilization (hpf). The embryos were on average 2.0-2.1 mm in diameter and 6 mg in wet 
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weight. Dry weight of the embryos were on average 0.85±0.04 mg at 48 hpf, as measured 

after drying at 60 ºC overnight (> 12 h). The maintenance and handling of Gulf killifish 

were performed in compliance with the relevant laws and institutional guidelines and 

approved by Baylor University. 

4.2.2 CuO NP and dissolved copper uptake experiments 

All uptake experiments were performed in dilute ASW (salinity = 5‰) buffered 

to pH 6.3–7.5 (depending on the experiment) with 2 mM MOPS and filtered through 0.2 

µm polycarbonate membrane (GTTP04700, EMD Millipore). Experiments were 

performed in the presence or absence of one of the NOM isolates at 0.1–10 mg-C L-1 

(Table 4.1). In each experiment, buffered ASW and NOM stocks were pipetted into five 

60-mL flat-bottom polypropylene tubes (SC480-W, Environmental Express), and then 4 

viable embryos at 48±2 hpf were placed into each tube. Subsequently, CuO NP stock or 

dissolved Cu(NO3)2 solution (1.0 or 0.1 mM) was added, achieving a total sample 

volume of 40 mL in each tube. The suspensions were mixed end over end twice and 

incubated at 27–28 ºC in the dark for up to 48 h (IsotempTM, Model 6841, Fisher 

Scientific). Total nominal Cu concentration in the samples was 30 µM for CuO NP 

exposure and 1.0 or 0.4 µM (for experiments at pH 7.5) for dissolved Cu exposure. A 

blank control sample was prepared in the same way as described above except that no 

Cu was added. 
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Table 4.1 Experimental test mixtures used to quantify CuO NP dissolution rates and 

biouptake by F. grandis embryos exposed to either dissolved Cu (0.4 or 1.0 M) or 

CuO NPs (30 M). 

Test 

Mixture 

No. 

NOM type and 

concentration 

pH (range) SUVA280 

(L mg-C-1 m-1) 

[DOC]×SUVA280 

(m-1) 

1 no NOM 7.0 (7.0-7.1) n/a 0 

2 0.1 mg-C L-1 WLHpoA 7.0 (7.0-7.1) 1.22±0.11 0.12 

3 5 mg-C L-1 WLHpoA 7.0 (7.0-7.1) 1.22±0.11 6.1 

4 1 mg-C L-1 SRHA 6.3 (6.3-6.4) 4.92±0.34 4.9 

5 1 mg-C L-1 SRHA 7.0 (7.0-7.1) 4.92±0.34 4.9 

6 1 mg-C L-1 SRHA 7.5 (7.4-7.5) 4.92±0.34 4.9 

7 5 mg-C L-1 SRFA 7.0 (7.0-7.1) 3.34±0.22 16.7 

8 5 mg-C L-1 SRHA 7.0 (7.0-7.1) 4.92±0.34 24.6 

9 10 mg-C L-1 SRHA 7.0 (7.0-7.1) 4.92±0.34 49.2 

 

Copper content in the embryos was measured at different time after exposure: 2, 

4, 8, 24 and 48 h in early experiments and 2, 6, 12, 24 and 48 h in later experiments (blank 

controls were measured only at 48 h). At each time point, aliquots of the exposure media 

were pipetted from above the embryos (i.e. the 5-mL graduation line, which is 9 mm 

above the bottom of the tubes), for measurements of total Cu concentration in the media 

(i.e. [Cu]T) by ICP-MS and, for CuO NP exposure, hydrodynamic diameter (dh) and zeta 

potential (ζ-potential) of the CuO NPs (Zetasizer Nano-ZS, Malvern). Then the 4 

embryos in the sample were rinsed in 5 mL of 5‰ ASW for 2 min, transferred to a clean 

60-mL polypropylene tube (SC480-W, Environmental Express) and stored at -20ºC. In 

some experiments, the embryos were dechorionated mechanically using forceps,282 and 
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the removed chorions of the 4 embryos were collected in a 60-mL polypropylene tube. 

At the 48 h time point (i.e. 96±2 hpf), the embryos during rinsing were examined under a 

light microscope (AmScope, SE305R-PZ) to ensure that the embryos were still viable, as 

indicated by heart beats. 

The embryos or removed chorions were digested in 2 mL of concentrated nitric 

acid (~70% as HNO3) at 90 ºC for 3 h on a hot block (Environmental Express, SC100), 

prior to the determination of Cu content in the embryos/chorions ([Cu]org, in unit of 

molCu per embryo) by ICP-MS (Agilent 7700x and 7900). More details are given in 

Appendix C. 

4.2.3 CuO NP dissolution experiments 

The dissolution kinetics of CuO NPs was monitored over 48 to 72 h in duplicate 

or triplicate experiments, under the same conditions as the uptake experiments (Table 

4.1), but typically with no embryos in the samples. In each experiment, 10 or 11 CuO NP 

samples (with 30 µM nominal total Cu) were prepared in 60-mL flat-bottom 

polypropylene tubes using the same method as the CuO NP uptake experiments, and 

total dissolved Cu concentration (i.e. [Cu]d) was measured by anodic stripping 

voltammetry (ASV) at different time points: 1, 2, 3, 4, 6, 8, 12, 24, 36 and 48 h (Note: a 

sample was measured at 72 h for experiments with 10 mg-C L-1 SRHA or at pH 6.3). A 

few experiments were performed with embryos absent or present in alternating 

samples, to test whether the presence of embryos affects the dissolution kinetics of CuO 
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NPs. In addition to the water chemistry conditions in Table 4.1, CuO NP dissolution 

was also measured at additional pH values of 6.5, 6.8 and 7.2, with 1 mg-C L-1 SRHA. 

The ASV measurement was performed on a Metrohm 663 VA Stand and 

Ecochemie μAutolab Type III potentiostat system, with a hanging mercury drop 

working electrode (Metrohm Multi-mode Electrode Pro), a saturated calomel reference 

electrode (SCE), and a platinum wire counter electrode.257, 297 At each time point, aliquots 

of the sample were pipetted from the 5-mL graduation line of the tube, for 

measurements of [Cu]T, dh and ζ-potential. The rest of the sample was poured into a 

glass electrochemical cell with temperature controlled at 28.0±0.5 ºC by a recirculating 

water bath, covered with aluminum foil to avoid light, and purged with ultra-high 

purity nitrogen for 5 min to remove dissolved oxygen. Then two ASV measurements 

were made in a linear-sweep mode with 2-5 min in between, typically using the 

following parameters: deposition potential at -0.6 V (versus SCE) for 180 s of deposition 

time, unstirred equilibrium for 5 s, and potential scan range from -0.35 V to 0 V at a scan 

rate of 0.01 V s-1. For experiments performed at pH ≤ 6.5 and pH 7.5, where the peak area 

was > 6×10-8 C and < 7×10-9 C with 180 s deposition time, respectively, a deposition time 

of 60 s and 240 s was used instead. After the measurement of each CuO NP sample, the 

glass electrochemical cell was rinsed with ultrapure water, cleaned with 0.01 M HNO3 

for > 25 min, and then rinsed with ultrapure water 3 times. 
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The concentration of dissolved Cu was determined by the area of the Cu re-

oxidation peak centered at -0.2 to -0.1 V in the voltammogram, using external 

calibration. Dissolved Cu samples for the ASV calibration were made in a similar way to 

the CuO NP samples, by diluting 1.0 or 0.1 mM dissolved Cu(NO3)2 solution to desired 

concentrations (0.2-5.0 µM) in the same matrices as the corresponding dissolution 

experiments (i.e. the same pH, ionic strength, NOM type and concentration). Initially, 3 

calibration curves were made for each experimental condition, with the samples 

incubated in polypropylene tubes at 27–28 ºC in the dark for 1-2 h, 24-25 h and 48-49 h, 

respectively. These 3 calibration curves were typically not significantly different (Figure 

C2), so in later dissolution experiments, only one calibration curve was made for each 

experimental condition, with the samples incubated for 24±2 h. Detection limits ranged 

from 0.1 μM (for medium with no NOM) to 0.4 μM (for medium with 10 mg-C L-1 

SRHA), which were determined as 3 times the standard deviation of 5 replicate 

measurements of samples containing 0.1 and 0.3 μM total Cu2+ respectively in 

corresponding media. 

4.2.4 Model of CuO NP dissolution kinetics 

The dissolution kinetics of CuO NPs was modeled as surface-controlled 

dissolution, and the change in dissolved Cu concentration [Cu]d over time (t) was 

described using Equation 4.1: 
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where kd is the apparent dissolution rate constant (in molCu molCuO-1 s-1) of CuO NP, 

[CuO]0 is the initial total concentration of CuO NP (i.e., 30 µM), and [Cu]d,eq is the 

dissolved Cu concentration measured at equilibrium (defined at t = 48 or 72 h). Equation 

4.1 was fit to the dissolution data between 1 and 24.2 h using the Berkeley Madonna 

software (Version 8.3.18), and kd was estimated based on the best fit to the data. The 

Runge-Kutta (RK4) method was used in solving this ordinary differential equation, with 

a step size of 0.02 h. Initial dissolved Cu concentration in the reaction mixture (0.3-1.7 

μM) was [Cu]d measured at t = 1 h or the average of [Cu]d measured at 1 and 2 h, if the 

former is higher than the latter. For dissolution experiments performed at pH 7.5 or with 

0.1 mg-C L-1 WLHpoA, the first 12 h of the dissolution curves were linearly fitted instead 

of using Equation 4.1. 

4.2.5 Model of dissolved Cu and CuO NP biouptake kinetics 

The change in Cu content in Gulf killifish embryos ([Cu]org, in molCu per embryo) 

exposed to dissolved Cu and CuO NP over time was due to uptake/excretion of 

dissolved Cu ions and/or undissolved CuO NPs. This process was described by 

Equations 4.2 for organisms exposed to dissolved Cu and Equation 4.3 for organisms 

exposed to CuO NPs (which partly dissolved in the test matrices): 
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where ku,d and ku,NP are the uptake rate constants (L embryo-1 h-1) of dissolved Cu and 

CuO NPs, respectively, while ke and k’e are the elimination rate constants (h-1) of Cu in 

embryos exposed to dissolved Cu and CuO NPs, respectively. Herein, we did not 

distinguish between the elimination rates of dissolved Cu and nanoparticulate CuO, 

since their respective concentrations in the embryos could not be measured. Neither did 

we account for the possibility of biphasic metal elimination, which features fast and slow 

elimination phases.58 

Thus, the model was fit to the first 24 or 12 h of experimental data, when [Cu]org 

was relatively low and elimination of Cu from the embryos was assumed to be 

negligible. This assumption resulted in modifications of Equations 4.2 and 4.3 to the 

following: 

      Td u,h 24or  h 12

org
]Cu[

]Cu[
k

dt

d
t                                                                                   (4.4) 

        dd u,dTNP u,h 24or  h 12

org
]Cu[]Cu[]Cu[

]Cu[
kk

dt

d
t                                            (4.5) 

Data fitting was also performed using the Berkeley Madonna software (Version 

8.3.18), with the Runge-Kutta (RK4) method and a step size of 0.02 h.
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4.3 Results and Discussion 

4.3.1 Dissolution rates of CuO NPs as a function of pH, NOM type and 
concentration   

Dissolved Cu concentration ([Cu]d) measured by ASV was consistent with that 

measured by ICP-MS in supernatant after ultracentrifugation of the CuO NP 

suspensions. For example, the former was 109% and 88% of the latter, for CuO NP 

suspensions in buffered 5‰ ASW with no NOM and with 5 mg-C L-1 SRFA, respectively 

(Figure C3). On the other hand, the presence of 4 embryos in the CuO NP suspensions 

(40 mL total volume) did not affect the dissolution kinetics of CuO NPs, in buffered 5‰ 

ASW with and without 1 mg-C L-1 SRHA (Figure C4). 

The dissolution kinetics of CuO NP was dependent upon both pH (Figure 4.1 a) 

and NOM type and concentration (Figure 4.1 b). In the presence of 1 mg-C L-1 SRHA, 

CuO NP dissolution was promoted at lower pH (Figure 4.1 a). As pH decreased from 7.2 

to 6.3, dissolution rate constant (kd) increased from 5.7×10-7 molCu molCuO-1 s-1 to 2.5×10-6 

molCu molCuO-1 s-1. At pH 7.5, [Cu]d decreased from 0.4 µM to 0.3 µM within the first 6 h, 

probably because initial carryover [Cu]d from CuO NP stocks exceeded the solubility at 

pH 7.5, and then gradually increased to ~0.5 µM over the next 42 h, likely due to a slight 

decrease in pH from 7.5 to 7.4 during the 48-h incubation (Figure C5). Dissolution 

equilibrium was reached after 24 h of dissolution at pH ≥ 6.5 or after 72 h at pH = 6.3. 

Equilibrium dissolved Cu concentration increased from 0.54±0.06 µM to 4.4±0.3 µM as 

pH decreased from 7.5 to 6.3. 
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On the other hand, at a fixed pH of 7.0, different NOM isolates had different 

effects on the dissolution kinetics of CuO NPs (Figure 4.1 b). At 5 mg-C L-1, SRHA and 

SRFA promoted the dissolution of CuO NPs, while WLHpoA had little effects on the 

dissolution kinetics. NOM isolates with higher SUVA and aromaticity were more 

effective at promoting the dissolution of the CuO NPs, which is consistent with previous 

findings on NOM-promoted dissolution of bulk CuO167 as well as ZnO NPs.297 SRHA 

also promoted CuO NP dissolution in a concentration-dependent fashion; however, the 

apparent dissolution rate constant (kd) did not increase linearly with SRHA 

concentration (Table 4.2). With 1 and 5 mg-C L-1 SRHA, equilibrium solubility was 

reached within 1 and 2 d, respectively, but with 10 mg-C L-1 SRHA, dissolution 

equilibrium was not reached until after 3 d. At a low concentration of 0.1 mg-C L-1, 

WLHpoA inhibited CuO NP dissolution within the first 12 h, which is consistent with 

decreased dissolution of ZnO NPs (6.14 mM total concentration) by relatively low 

concentration (2.6 mg-C L-1) of SRFA.151 Considering these different dissolution 

behaviors of CuO NPs, we expect the uptake kinetics of CuO NPs to vary between the 

tested water chemistry conditions. 
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Figure 4.1 Dissolution of CuO NPs in media with a range of NOM and pH values. 

Measured (symbols) and modeled (lines) dissolution of CuO NPs in 5‰ ASW (a) 

buffered to pH 6.3-7.5 with 1 mg-C L-1 SRHA, and (b) buffered at pH 7.0 in the presence 

or absence of different NOM isolates (SRHA, SRFA and WLHpoA) at 0.1-10 mg-C L-1. 

Error bars are standard deviation of replicate experiments (N = 2 or 3). Ionic strength ~90 

mM, T = 28 ºC. 

 

(a) 

(b) 
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Table 4.2 Dissolution and uptake rate constants under different water chemistry 

conditions. 

No. NOM and pH kda ku, db ku, NPc 

  molCu molCuO-1 s-1 L embryo-1 h-1 L embryo-1 h-1 

1 no NOM, pH 7.0 7.1×10-7 (64.6±3.7)×10-6 (3.9±1.5)×10-6 

2 0.1 mg-C L-1 WLHpoA, pH 7.0 n/a (71.1±29.5)×10-6 (4.8±0.4)×10-6 

3 5 mg-C L-1 WLHpoA, pH 7.0 6.5×10-7 (43.2±4.6)×10-6 (2.0±0.1)×10-6 

4 1 mg-C L-1 SRHA, pH 6.3 2.5×10-6 (36.3±6.9)×10-6 (3.0±0.4)×10-6 

5 1 mg-C L-1 SRHA, pH 7.0 5.6×10-7 (30.1±2.1)×10-6 (1.4±0.5)×10-6 

6 1 mg-C L-1 SRHA, pH 7.5 n/a (25.8±8.1)×10-6 (1.3±0.2)×10-6 

7 5 mg-C L-1 SRFA, pH 7.0 1.1×10-6 (24.3±4.0)×10-6 (1.2±0.3)×10-6 

8 5 mg-C L-1 SRHA, pH 7.0 2.6×10-6 (17.7±1.7)×10-6 (1.4±0.9)×10-6 

9 10 mg-C L-1 SRHA, pH 7.0 2.2×10-6 (11.2±0.6)×10-6 (0.8±0.3)×10-6 

Notes: a Apparent dissolution rate constant. b Conditional uptake rate constant of 

dissolved copper. c Conditional uptake rate constant of nanoparticulate CuO. 

 

4.3.2 Uptake and biodistribution of dissolved Cu and CuO NPs  

The copper content in Gulf killifish embryos increased with time after exposed to 

dissolved Cu (Figure C6) or CuO NPs (Figure C7). The ratio of Cu content in chorions to 

that measured in whole embryos (i.e., the chorion and the contents enclosed within) was 

typically > 0.4 (on average 0.47-0.96 under each condition) (Figure 4.2), suggesting that 

most of the Cu were associated with the chorions. This observation is consistent with 

silver uptake in Atlantic killifish and zebrafish embryos exposed to Ag NPs or AgNO3, 

where the majority (≥60%) of measured Ag in exposed embryos were also associated 

with chorions.59, 282 

On the contrary, when zebrafish embryos exposed to dissolved Zn or ZnO NP (at 

up to 2.2 mg-Zn L-1) were washed with ethylenediaminetetraacetic acid (EDTA) prior to 
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digestion and ICP-MS analysis, Zn content in the embryos increased by a factor of < 2 

even after 96-h exposure.287  The ISO test medium (with no added organic matter)287 is 

not supposed to greatly decrease the bioavailability of Zn, so it is likely that most of the 

Zn taken up by the embryos was associated with the chorion and removed during 

EDTA washing.  

It should be noted that, in our study, the exposed embryos were rinsed with 5‰ 

ASW (5 mL for 2 min) prior to digestion and ICP-MS analysis, although DI or ultrapure 

water was usually used in the rinsing step of metal-based NP uptake studies.51, 58, 60 

Unlike EDTA rinsing,287, 288, 299 which was supposed to remove all the NPs (and metal 

ions) adsorbed on the surface of the organism, rinsing with water may not be able to 

completely remove adsorbed NPs.60 However, NPs adsorbed on the surface of 

organisms may also induce adverse effects, and it may be desirable to quantify both 

absorbed and firmly adsorbed NPs (and metal ions).60 

The Cu biodistribution in the embryos was time-dependent. For both dissolved 

Cu and CuO NP exposures, Cu content measured in whole embryos typically kept 

increasing throughout the 48-h incubation period, while Cu content in chorions typically 

increased at slower rates after 12 or 24 h (Figure C6 and Figure C7). Consequently, the 

ratio of Cu content in chorions to that measured in whole embryos typically deceased 

after 12 or 24 h (Figure 4.2), indicating that Cu content in chorions gradually saturated 

over time and that more Cu passed through the chorions into the interior compartment. 
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Figure 4.2 Ratio of Cu content in chorions to that measured in whole embryos. 

Blue circle and green triangle symbols represent data for CuO NP and dissolved Cu 

uptake experiments, respectively. Error bars are uncertainty propagated from the 

standard deviations of Cu contents measured in chorions and whole embryos. 

 

4.3.3 Uptake kinetics of dissolved Cu and CuO NPs  

The Cu uptake kinetics modeled according to Equations 4.4 and 4.5 generally 

agreed with measured data (Figure C6 and C7). In modeling the uptake kinetics, both 

dissolved Cu concentration ([Cu]d) (Figure 4.1) and total Cu concentration in suspension 

([Cu]T) changed with time. The [Cu]T values in both dissolved Cu and CuO NP uptake 

experiments (Figure C8 and C9, respectively) were assumed to change linearly with 

time within the first 24 h, and the linearly fitted equations of [Cu]T versus time were 

used in modeling the uptake kinetics. 
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NOM is known to bind with metal ions and affect the bioavailability of metals, 

and, specifically, NOM with higher aromaticity and SUVA binds more strongly with 

metal ions (e.g. Zn2+ and Cu2+) and are thus more effective in decreasing metal 

bioavailability.63, 269 Herein, this trend was also observed in the uptake of dissolved Cu 

by Gulf killifish embryos in the presence of different concentrations and types of NOM. 

At pH 7.0, copper uptake was inhibited as SRHA concentration increased from 0 to 10 

mg-C L-1 (Figure 4.3 a-c), with the uptake rate constant (ku, d) decreased from 

(64.6±3.7)×10-6 L embryo-1 h-1 to (11.2±0.6)×10-6 L embryo-1 h-1 (Table 4.2). On the other 

hand, at 5 mg-C L-1, NOM isolates with different SUVA280 values slowed down dissolved 

Cu uptake to different degrees (Figure 4.4 a-c), with ku, d values ranging from 

(43.2±4.6)×10-6 L embryo-1 h-1 for WLHpoA (SUVA280 = 1.22±0.11 L mg-C-1 m-1) to 

(17.7±1.7)×10-6 L embryo-1 h-1for SRHA (SUVA280 = 4.92±0.34 L mg-C-1 m-1). Exposure 

medium pH had moderate effects on ku, d (Figure C6 d-f and Table 4.2).  
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Figure 4.3 Cu uptake kinetics in Gulf killifish embryos exposed to dissolved Cu or 

CuO NP with SRHA at different concentrations. 

Gulf killifish embryos were exposed to (a-c) dissolved Cu (at 1 µM as Cu(NO3)2) or (d-f) 

CuO NP (30 µM nominal total Cu) in 5‰ ASW (~90 mM ionic strength) buffered to pH 

7.0 with 2 mM MOPS, (a, d) with no NOM or with (b, e) 1 mg-C L-1 or (c, f) 10 mg-C L-1 

SRHA. Solid and open symbols represent Cu content measured in whole embryos and 

chorions, respectively, and dash lines represent modeled uptake kinetics. The Cu 

contents are averages of 4 embryos/chorions in each sample. Dark, medium and light 

blue colors represent the first, second and third replicate experiments under a certain 

water chemistry condition. 
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Figure 4.4 Cu uptake kinetics in Gulf killifish embryos exposed to dissolved Cu or 

CuO NP with different NOM isolates at 5 mg-C L-1. 

Gulf killifish embryos were exposed to (a-c) dissolved Cu (at 1 µM as Cu(NO3)2) or (d-f) 

CuO NP (30 µM nominal total Cu) in 5‰ ASW (~90 mM ionic strength) buffered to pH 

7.0 with 2 mM MOPS, with 5 mg-C L-1 of: (a, d) WLHpoA, (b, e) SRFA or (c, f) SRHA. 

Solid and open symbols represent Cu content measured in whole embryos and chorions, 

respectively, and dash lines represent modeled uptake kinetics. The Cu contents are 

averages of 4 embryos/chorions in each sample. Dark, medium and light blue colors 

represent the first, second and third replicate experiments under a certain water 

chemistry condition. 

 

While the rate of uptake decreased with NOM concentration, variations were 

observed between the different types of NOM; therefore, the uptake rate constant was 

not just dependent on dissolved organic carbon concentration ([DOC]) (Figure C10). 

Instead, log10(ku, d) was linearly correlated to [DOC] multiplied by SUVA280 (Figure 4.5). 

This combined parameter ([DOC]×SUVA280) reflects both NOM type and concentration 
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and could be interpreted to represent the concentration of aromatic carbon associated 

with dissolved NOM. 

 
Figure 4.5 Uptake rate constants of dissolved Cu and CuO NPs and in Gulf killifish 

embryos versus dissolved organic carbon concentration ([DOC]) multiplied by the 

specific UV absorbance of the NOM isolates at 280 nm wavelength (SUVA280). 

 

When the embryos were exposed to CuO NPs at 30 µM, the trend between 

overall Cu uptake rate and NOM concentration/type was not as obvious (Figure 4.3 d-f 

and Figure 4.4 d-f), and pH played a more important role in influencing overall Cu 

uptake rates. For example, the Cu uptake rate was similar in the presence of different 

NOM isolates at 5 mg-C L-1 (Figure 4.4 d-f). On the other hand, with 1 mg-C L-1 SRHA, 

Cu uptake was fastest at pH 6.3 and slowest at pH 7.5 (Figure C7 d-f). This pattern is 

easier to interpretate when the dissolution kinetics of CuO NPs (Figure 4.1) is taken into 

account and the uptake rates are discretized to dissolve Cu and nanoparticulate CuO 
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uptake pathways (Equation 4.5). Like the rate constant for dissolved Cu, the rate 

constant corresponding to NP-specific uptake, log10(ku, NP), was also negatively correlated 

with [DOC]×SUVA280 (Figure 4.5). 

The decrease of dissolved Cu bioavailability with increase in [DOC]×SUVA280 

could be due to strong metal binding by aromatic functional groups associated with 

NOM.63, 269 It should be noted that the NOM isolates used in this study are all humic 

substances (i.e., humic, fulvic and hydrophobic acids), and this suggested competition 

between NOM and organisms for metal ions may not apply to biomolecules. For 

example, siderophores, some of which contain aromatic carbon moieties, are strong 

ferric ion chelators, but they are known to increase iron bioavailability to 

microorganisms.300 Siderophores-mediated iron uptake, however, requires specific 

receptors on cell membranes,300 and such receptors may not be common (or even 

existent) for humic substances, which are mixtures of transformed biomolecules. 

For uptake of the nanoparticles, the reason for the dependence on aromatic 

carbon concentration was not as clear.  NOM with greater SUVA values are known to 

also impart increased colloidal stability for nanoparticle suspensions.68, 297  For example, 

WLHpoA, which has a low aromaticity (SUVA280 = 1.22±0.11 L mg-C-1 m-1), had 

moderate effects in inhibiting CuO NP aggregation at concentrations up to 5 mg-C L-1 

(Figure 4.6 a and Figure C11 b-c), while SRHA and SRFA were very effective at 

stabilizing the CuO NPs (Figure 4.6 a and Figure C11 d-i). Thus, the nanoparticle uptake 
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rate constant ku, NP was decreased for CuO NP aggregates with smaller hydrodynamic 

diameter, and a possible explanation is that large CuO NP aggregates can settle on 

embryo surface more easily. On the other hand, ζ-potential of CuO NPs in the media 

shifted negatively from -5.6±1.6 mV (with no NOM) to -14±1.0 mV (with 10 mg-C L-1 

SRHA), as [DOC]×SUVA280 increased (Figure 4.6 b and Figure C12). This enhanced 

electrostatic barrier may also decrease the bioavailability of the CuO NPs, as 

demonstrated for humic acid-alleviated toxicity of Ag NPs to aquatic organisms of 

different trophic levels (algae, water flea and zebrafish larva).301  
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Figure 4.6 (a) Z-average hydrodynamic diameter (dh) and (b) zeta potential (ζ-

potential) of CuO NPs in uptake experiments with or without different NOM isolates.  

Media were 5‰ ASW buffered to pH 7.0 with 2 mM MOPS, with or without different 

NOM isolates (WLHpoA, SRFA and SRHA). Error bars are standard deviation of 

replicate uptake experiments (N = 2-6). 

 

(a) (b) 
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4.3.4 Relative contributions of CuO NPs and dissolved Cu for Cu 
uptake  

As discussed in the previous section, the uptake rate constants of both dissolved 

Cu and nanoparticulate CuO decreased with [DOC]×SUVA280 (Figure 4.5), with the ratio 

of ku, d/ku, NP ranging from 12 to 22 (on average 17±4). The relative contribution of 

dissolved Cu uptake and CuO NP uptake in Equation 4.5 can be described by taking the 

ratio of the individual terms that contribute to the overall change in Cu concentration in 

the organism (d[Cu]org/dt) as shown in the following: 

 dTNP u,

dd u,

NP CuO 

Cu dissolved

]Cu[]Cu[

]Cu[

rate Uptake

rate Uptake




k

k
                                                          (4.6) 

The calculated Cu uptake rate ratio depends mainly on the extent of CuO NP 

dissolution (Figure 4.7). For experiments performed at pH 6.3, and with 5 or 10 mg-C L-1 

SRHA, the Cu uptake ratio was >1 most of the time (Figure 4.7 d, h, i); with 5 mg-C L-1 

SRFA,  the ratio increased above 1 after 12 h; under the other water chemistry 

conditions, the ratio was <1. In particular, for experiments with 0.1 mg-C L-1 WLHpoA or 

at pH 7.5, where only 1-2% of the CuO NPs dissolved within the first 12 h, the rato 

remained at 0.2-0.3 (Figure 4.7 b, f). 

This trend was extrapolated over the entire ranges of [DOC]×SUVA280 and 

percentage of CuO NP dissolution (Figure 4.8), using fitted ku, d and ku, NP values (Figure 

C10 b and Figure C13). The relative contributions of dissolved Cu and nanoparticulate 

CuO to overall Cu uptake rates were mainly dependent upon the percentage of CuO NP 
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that dissolved in the media, and were insensitive to the [DOC]×SUVA280 parameter 

(corresponding to NOM aromaticity and concentration). The reason for is insensitivity is 

that the uptake rate constants of both dissolved Cu and nanoparticulate CuO were 

decreased roughly proportionally with higher aromatic dissolved carbon (Figure 4.5). 

Over the tested [DOC]×SUVA280 range of 0.1-50 m-1, uptake rates of dissolved Cu and 

nanoparticulate CuO were equal when 4.5-6.1% of the CuO NPs dissolved. When CuO 

NPs dissolved to a higher degree (e.g. in response to pH changes or undersaturation 

conditions302), uptake rate of dissolved Cu will exceed that of nanoparticulate CuO. 
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Figure 4.7 Ratio of instantaneous uptake rates of dissolved Cu and CuO NP into Gulf 

killifish embryos, calculated from uptake rate constants, [Cu]d and [Cu]T. 

The grey areas represent 90% confidence intervals. 
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Figure 4.8 Relative contributions of dissolved Cu uptake and CuO NP uptake as 

influenced by [DOC]×SUVA280 and percentage of CuO NP dissolution. 

Black dots represent the percentage of CuO NP dissolved under tested water chemistry 

conditions. 
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4.4 Conclusions 

This study investigated the Cu uptake kinetics in Gulf killifish embryos exposed 

to dissolved Cu and CuO NPs, in aqueous media at different pH and with different 

types and concentrations of NOM, where varied extents of CuO NP dissolution and 

aggregation were observed. NOM with higher SUVA and at higher concentration 

decreased the uptake rate constants of both dissolved Cu and nanoparticulate CuO, but 

not the ratio of these uptake rate constants. Since the bioavailability of dissolved metal 

has been extensively investigated, with uptake rates determined under various 

conditions, findings of this study suggests that current knowledge on dissolved metal 

bioavailability and toxicity may be used in nanotoxicological studies and models 

predicting the environmental and human health risks of nanomaterials. 

On the other hand, the ratio of Cu uptake rates from these two Cu forms, or the 

relative contributions of these two forms to overall Cu uptake kinetics, is mainly 

determined by the extent of CuO NP dissolution, which in turn is influenced by various 

environmental parameters, including pH and NOM. This finding corroborates the 

selection of dissolution rate as one of the critical functional assays for forecasting 

nanomaterial risk in complex and varied environmental systems.303  
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Chapter 5. Conclusions  

5.1 Summary 

The overarching goal of this dissertation work is to investigate how natural 

organic matter (NOM) with different properties affect the dissolution kinetics of metal-

based nanomaterials, and to quantitatively link the dissolution kinetics to metal 

bioavailability to aquatic vertebrate as affected by various NOM. To this end, my work 

investigated: 

(1) The application of anodic stripping voltammetry, an established 

electroanalytical technique for measurement of dissolved metals such as Zn and Cu, for 

the quantification of nanomaterial dissolution (Chapter 2); 

(2) The importance of the chemical and molecular properties of NOM in 

determining the rates of NOM-promoted dissolution of metal-based nanomaterials 

(Chapter 3);  

(3) Quantitative relationships between the dissolution rate and biouptake rate of 

metal-based nanomaterials (CuO) and the complex influences in which NOM alters 

these processes (Chapter 4). 

In Chapter 2, we validated the application of ASV for in situ measurements of 

total dissolved Zn concentration in mixtures containing 4 different ZnO NPs with 

different primary particle diameters (4-5 nm versus ~20 nm) and with different coatings 
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(acetate, PVP and 3-aminopropyl triethoxysilane). The dissolved Zn concentration 

measured by ASV was validated with that measured by ICP-MS after separation of the 

particles by ultracentrifugton. For the small NPs (4-5 nm), dissolved Zn concentration 

measured by ASV was significantly higher than that measured by ICP-MS, suggesting 

that these small ZnO NPs contributed to ASV signal. On the other hand, dissolved Zn 

concentration measured by the two methods was generally consistent for the larger ZnO 

NPs (~20 nm). In addition, the effects of voltammetry parameters (such as deposition 

time and potential scan rate) on ASV signal were consistent with expectations for 

dissolved phase measurement in the absence of NPs. 

Chapter 3 describes the dissolution kinetics of ZnO NPs (~ 20 nm primary 

particle diameter) in the presence of 16 NOM isolates collected from a variety of natural 

waters. The ASV method optimized in Chapter 2 enabled sufficient time resolution for 

kinetic modeling of the data. For the same type of NOM, ZnO NP dissolution rates and 

equilibrium dissolved Zn concentration increased with NOM concentration. On the 

other hand, the observed dissolution rate constants (kobs) also varied between NOM 

types. When dissolution rates were compared for the 16 NOM isolates, kobs was 

positively correlated with certain properties of NOM, including specific ultraviolet 

absorbance at 280 nm wavelength (SUVA280), aromatic and carbonyl carbon contents, 

and molecular weight. On the other hand, dissolution rate constants were negatively 

correlated to the hydrogen/carbon ratio and aliphatic carbon content. The observed 
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correlations indicated that aromatic carbon content is a key factor in determining the 

rate of NOM-promoted dissolution of ZnO NPs. NOM isolates with higher SUVA were 

also more effective at enhancing the colloidal stability of the NPs; however, the NOM-

promoted dissolution was likely due to accelerated interactions between surface metal 

ions and NOM rather than smaller aggregate size. 

In Chapter 4, we sought to quantitatively link the dissolution kinetics and 

bioavailability of CuO NPs to Gulf killifish embryos as affected by NOM. The CuO NPs 

dissolved to varying degrees and at different rates in diluted artificial seawater buffered 

to different pH and containing selected NOM isolates at various concentrations. NOM 

isolates with higher SUVA and aromatic carbon content (such as SRHA) were more 

effective at promoting the dissolution of CuO NPs, as with ZnO NPs (Chapter 3), 

especially at higher NOM concentrations. On the other hand, the presence of NOM 

decreased the bioavailability of dissolved Cu ions, with the uptake rate constant 

negatively correlated to dissolved organic carbon concentration ([DOC]) multiplied by 

SUVA, a combined parameter indicative of aromatic carbon concentration in the media. 

When the embryos were exposed to CuO NP suspension, changes in their Cu content 

were due to the uptake of both dissolved Cu ions and nanoparticulate CuO. The uptake 

rate constant of nanoparticulate CuO was also negatively correlated to [DOC]×SUVA, in 

a fashion roughly proportional to changes in dissolved Cu uptake rate constant. Thus, 

the ratio of uptake rates from these two Cu forms was insensitive to NOM type or 
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concentration. Instead, the relative contributions of dissolved Cu ions and 

nanoparticulate CuO were largely determined by the percentage of CuO NP that was 

dissolved. 

Overall, each chapter of this dissertation built on the knowledge and tools 

developed in the previous chapter(s), in a concerted effort to elucidate the role that 

dissolved NOM plays in affecting the environmental fate and bioavailability of soluble 

metal-based nanomaterials. This dissertation work identified aromatic carbon content 

and its indicator parameter, SUVA as key NOM properties that influence the dissolution, 

aggregation and biouptake kinetics of metal oxide (e.g. ZnO and CuO) NPs and 

highlighted dissolution rate as a useful functional assay, and, in this case, specifically for 

assessing the relative contributions of dissolved and nanoparticulate forms to metal 

bioavailability. Findings of this dissertation work will be helpful for predicting the 

environmental risks of engineered nanomaterials. 

5.2 Implications and Future Research 

5.2.1 Nanomaterial-related electrochemical analysis 

In this dissertation work, the total dissolved metal (e.g. Zn and Cu) concentration 

in corresponding metal oxide (e.g. ZnO and CuO) NP suspensions was measured using 

anodic stripping voltammetry (ASV). In these measurements, external calibrations were 

made, which relate the ASV signals to known total dissolved metal concentrations. The 

key to accurate measurement is to make the calibration curves under the same 
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conditions or the same matrix as the samples, i.e., not only using the same voltammetry 

parameters and in matrices of the same water chemistry (pH, ionic strength, ionic 

composition, type and concentration of NOM), but also at the same temperature and in 

the same type of container (e.g. glass or plastic). When the NP stock is not dispersed in 

water, the effect of dispersant also needs to be corrected. For examples, some ZnO NPs 

used in Chapter 2 were dispersed in ethanol. To make calibration curves for these ZnO 

NP samples, the same volume of ethanol needs to be added to the dissolved metal 

calibration solution. Application of the ASV method with natural waters is possible, as 

demonstrated in Chapter 2, but the water chemistry needs to be adequately 

characterized, especially the background level of the metal in question. 

One important limitation of the ASV method used in these dissolution 

experiments is the purging of samples prior to measurement, which was required to 

removed interference of dissolved oxygen but may greatly change the pH of samples 

with volatile buffer (e.g. carbonate) system. To overcome this problem, we used non-

volatile organic buffer (i.e., two Good’s buffers, MOPS and POPSO) to stabilize the pH 

of the samples, which is critical for studying the dissolution of ZnO and CuO NPs. The 

buffers did not interfere with our experiments on ZnO and CuO NPs. However, some 

buffers may strongly bind with certain metal ions and cause severe artifacts; for 

example, MOPS forms strong complexation with iron.262 In working with NPs based on 
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these metals, great care needs to be taken in selecting the non-volatile buffer, and the 

ASV method preceded by a N2 purging step may not be suitable for use. 

The ASV instrument equipped with a hanging mercury drop electrode (HMDE) 

can measure a wide range of metals, including Zn, Cd, Pb, Cu, Sb and Bi.207 But the 

HMDE is not suitable for analysis of other metals of environmental concern (e.g. 

mercury), and other electrodes need to be developed and tested for studying 

nanomaterials containing these metals. For example, a bismuth film electrode was 

recently developed for ASV measurement of silver nanoparticle dissolution.304 

In addition to measuring the dissolution of metal-based NPs, ASV and other 

electrochemical techniques have been used to detect metal-based NPs and to analyze 

dissolved metal bioavailability in complex matrices. For example, CuS nanoparticles 

could produce voltammetry signal,218 and gold nanoparticles have been detected by 

using ASV with a graphite-epoxy composite electrode.305 On the other hand, the 

bioavailability of dissolved Zn complexed to strong and weak organic ligands has been 

linked to their electroreactivity, e.g. their reducibility on a HMDE during ASV 

measurement.306 In our study, the ASV parameters were optimized for measurement of 

dissolved metal only, where the detection of corresponding NPs were minimized on 

purpose. However, it would be interesting, though also challenging, to study the 

speciation of metal-based NPs in a single sample, probably by using a combination of 

voltammetry parameters tailored to sequentially determine different metal forms, 
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including undissolved NPs, total dissolved metal, free dissolved metal ion (e.g. by 

AGNES22), and metal-ligand complexes with different degrees of bioavailability. 

5.2.2 Environmental fate and bioavailability of nanomaterials 

The findings of this dissertation work demonstrate that it is necessary to consider 

the quality of dissolved NOM (i.e. the chemical and molecular properties) in addition to 

the quantity (e.g. DOC concentration), in predicting the environmental fate and risks of 

metal-based nanomaterials in NOM-containing natural waters. 

Early studies investigating the effects of NOM on the dissolution, aggregation, 

and biouptake of nanomaterials typically used one model NOM, such as SRHA. Results 

of these studies are very important, which highlighted the key role that NOM plays in 

determining the colloidal stability and mobility of nanomaterials (Section 1.3.1). 

However, in the collection of NOM isolates that were tested in this dissertation, SRHA 

was more effective at stabilizing and dissolving the metal oxide NPs than other NOM 

isolates at the same DOC concentration. In this respect, SRHA is somewhat of an 

extreme case in the spectrum of NOM types in natural waters. This suggests that results 

from early studies using SRHA may be an overestimate of the effects of NOM-enhanced 

NP stabilization and dissolution. Recently, research efforts have been made to assess the 

effects of different NOM isolates on the colloidal stability and toxicity of metal-

containing NPs.44, 68, 144, 146, 148 However, these studies do not quantitatively link particle 

dissolution and metal biouptake. This dissertation contributes to bridging the 
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knowledge gap regarding how NOM characteristics influence the dissolution and 

biouptake kinetics of nanomaterials. 

Another important process that nanomaterials may undergo in natural and 

engineered environments is the transformation into materials of a different chemical 

composition.  The rates of the transformation reactions relative to the rates of other 

processes (e.g. dissolution, aggregation and uptake) are key parameters that control the 

ultimate fate and risks of the materials in realistic environments, which will likely be 

quite different from the original nanomaterials. Considering the ability of NOM to 

interact with both dissolved metal ions and mineral surface, it can be hypothesized that 

NOM will alter the transformation rates of metal-based nanomaterials, and the extent of 

such alteration will likely depend on NOM properties as well as NP characteristics and 

reaction type. 

In addition to the topics explored in this dissertation and by other researchers, 

many more important and interesting questions remain to be answered. The following 

are examples closely related to this dissertation work. First, how will other 

environmental factors influence the results of the experiments? Notably, how will light 

affect the results? The dissolution and biouptake experiments were all performed in the 

absence of light, and this experimental design was made on purpose, considering that 

both NOM and some NPs (e.g. ZnO NPs) are photoactive. However, it would be of great 

interest to test how the presence of light affects the results. 
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Secondly, can the research approach and findings of this dissertation work on 

ZnO and CuO NPs be extrapolated to other metal-containing nanomaterials, such as 

CeO2 NPs and Cd-based quantum dots? ZnO and CuO NPs were selected as model 

nanomaterials with relatively simple reactions (e.g. redox reactions), in order to reach 

conclusions applicable to metal-based nanomaterials in general. However, experimental 

evidence is needed to justify the extrapolation. 

Thirdly, what is the molecular mechanism behind the interactions between 

various NOM and nanomaterials? The interactions of different NOM isolates with ZnO 

NP surface was preliminarily assessed by measuring the adsorption of NOM. Under our 

experimental conditions, the adsorption was minimal and undetectable, partly due to 

the low adsorbent amount used relative to the detection capacity of the characterization 

technique (fluorescence). Future experiments under altered conditions (e.g. at higher yet 

still environmentally-relevant NP concentrations) and with surface-sensitive 

spectroscopy techniques may help to address this important question. 

5.2.3 Predictive model for environmental risks of nanomaterials 

One ultimate goal of all the research efforts on the environmental implications of 

nanotechnology is to develop a model for predicting the environmental risks of 

engineered nanomaterials. This model will need to incorporate information of 

nanomaterials characteristics and also to account for complex influences of 

environmental conditions in a quantitative or semi-quantitative approach. For this 
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purpose, rates of the various processes, in additional to equilibrium constants, are 

necessary model parameters. This dissertation is part of the enormous efforts towards 

building such a model, and represents the first attempt to quantitatively link the 

dissolution rates to the uptake rates of metal oxide nanomaterials under a variety of 

NOM type and concentration conditions. 

Despite the great efforts made by the research community, the model is far from 

being complete. More quantitative research with high measurement accuracy is needed. 

For example, in the course of this dissertation work, we had attempted to incorporate 

the aggregation kinetics (e.g. by DLS measurement) into a mechanistic model for metal 

oxide NP uptake. However, analytical challenges were encountered. This modeling 

approach requires accurate measurement of particle size distribution (PSD), which 

cannot be achieved by DLS measurement. The directly measured intensity-averaged 

PSD by DLS cannot be accurately transformed to number-averaged PSD, although this is 

theoretically possible. Other characterization techniques such as nanoparticle tracking 

analysis (NTA) are also prone to biases or artifacts.307 

Moreover, specific to the uptake experiments performed in this dissertation, 

where the samples containing test organisms (i.e. Gulf killifish embryos) were kept 

static, NP concentration gradients existed along the depth of the sample containers, 

further preventing the accurate measurement of the PSD. A subset of experiments were 

attempted under well mixed conditions (using end-over-end mixers), with the embryos 
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placed in slotted casings (e.g. polypropylene cassettes) to protect the embryos from 

impinging with containers during sample rotation.  However, the mixing partially 

abraded the chorion of the embryos and the alteration of the embryos likely changed 

metal uptake rates. Future work in this respect will need to minimize or account for 

confounding factors. 

The most recent initiative for this predictive modeling effort has been the 

introduction of functional assays (FAs), with surface affinity and dissolution rate 

identified as two critical FAs for predicting environmental behaviors and risks of 

nanomaterials.303 The applicability of surface affinity (such as attachment efficiency, α) 

has been demonstrated for important processes such as hetroaggregation,308 and 

findings of this dissertation work corroborate the selection of dissolution rate as one of 

the critical FAs. Moreover, this dissertation found that the change in CuO NP uptake 

rate constant as affected by NOM followed the same trend as dissolved Cu ion uptake, 

suggesting that the wealth of knowledge on dissolved metal bioavailability and toxicity 

can be more easily incorporated in the predictive model. The utilization of established 

knowledge on dissolved metal will not diminish the importance of this predictive 

model, but will make it more robust, in which nano-specific effects will be presented 

with higher confidence.
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Appendix A: Supporting Information for Chapter 2 

A1. Details of ZnO NP synthesis 

In a typical procedure of synthesizing the Ac-5 ZnO NP, 0.88 g (4 mmol) of zinc 

acetate dihydrate was dissolved in 40 mL of boiling ethanol in a reflux and then cooled 

to ~0 °C in ice bath. To this solution, 0.288 g (7.2 mmol) of NaOH dissolved in 40 mL of 

ethanol was added dropwise under vigorous stirring in an ice bath. The resultant 

colloidal suspension was stirred in the ice bath for an additional 30 min, equally 

distributed to four 60-mL glass centrifuge tubes, and stored at 4 °C for 7 d. In order to 

remove Na+ and excess acetate, the ZnO colloids were washed with hexane. After 40 mL 

of hexane was added to each centrifuge tube, the colorless clear colloidal suspension 

turned white and turbid, indicative of ZnO NP aggregation. The sample was centrifuged 

at 600 rpm (46 g) for 2 min (5804 R, Eppendorf), and the supernatant was decanted. 

Then, the precipitate was rinsed with approximately 20 mL of ethanol and redispersed 

with 20 or 12 mL of ethanol by sonication. The general procedure for synthesizing the 

PVP-4 ZnO NP was similar, except that PVP was present in the zinc precursor solution. 

In this case, the PVP monomer: Zn molar ratio was 3:5. 

For synthesizing the larger ZnO NPs (i.e. PVP-21), the zinc to NaOH molar ratio 

in the recipe was not changed (i.e., 1:1.8), but a higher PVP monomer: Zn molar ratio of 

3:2 was used. NaOH (7.2 mmol) was dissolved in 40 mL of ethanol-water mixture 

(volume ratio of ethanol:water = 4:1). In this case, the zinc precursor solution was not 

cooled to 0 °C before adding NaOH. Instead, the NaOH solution was added dropwise to 
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the boiling zinc precursor solution and then stirred at boiling point for 30 min. Then, the 

heat source was removed and the sample was stirred for another 60 min, during which 

the mixture cooled to room temperature. After 7-d storage at 4 °C, the PVP-21 ZnO NPs 

precipitated to the bottom of the centrifuge tubes, probably because of the high water 

content and ion concentration in the reaction mixture. Therefore, a hexane washing step 

was not needed, and the samples were centrifuged directly at 1800 rpm (415 g) for 3 min. 

The supernatant was decanted, and the precipitate was redispersed with 40 mL of 

ultrapure water containing 10 mg of PVP by sonication. 

A2. Method for measuring dissolved zinc concentration in the ZnO NP 
stock suspensions 

For ZnO NPs dispersed in ethanol (i.e. PVP-4 and Ac-5), 2 mL of stock 

suspension was dispensed in 3-mL thickwall polyallomer centrifuge tubes (Beckman 

Coulter) and centrifuged at 60000 rpm (370000 g) and 25 ºC for 4 or 2 h (for PVP-4 and 

Ac-5 respectively). Then, 100 uL of supernatant was added to 50 mL of mixed acid (2% 

HNO3 and 0.5% HCl) and left overnight prior to ICP-MS analysis. For ZnO NPs 

dispersed in water (i.e. PVP-21 and TES-21), 4 mL of the stock suspension was dispensed 

in Ultra-Clear centrifuge tubes (Beckman Coulter) and centrifuged at 30000 rpm (92500 

g) and 25 ºC for 1 h. Then, the supernatant was diluted in the mixed acid, and zinc 

concentration was analyzed by ICP-MS. 
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A3. Method for calculating the solubility product of the ZnO NPs 

The solubility product (Ksp) of the ZnO NPs was calculated from pH and 

equilibrium dissolved zinc concentration measured by ASV ([Zn]ASV, eq) in Figure 3 and 

Figure 4 (only data from experiments performed without natural organic matter), using 

the following equation: 

 2+

2+ 2
pH

sp WZn

[Zn ]
10

1 M
K K  

where [Zn2+] is the molar concentration of the free zinc ion, which was calculated 

from [Zn]ASV, eq, pH, chloride concentration and stability constants of relevant zinc-ligand 

complexes, using MINEQL+ (Version 4.5); 2+Zn
  is the activity coefficient of the Zn2+ ion, 

and a value of 0.36 was used at 0.1 M ionic strength and 25 ºC, according to the Davies 

equation; KW is the ionic product of water, which is 10-14.0 at 25 ºC. 
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Table A1 Dissolve and total zinc concentration in ZnO NP stock suspensions, 

as quantified by ultracentrifugation/ICP-MS. 

Sample [Zn]dissolved  (μM) 1 [Zn]total (mM) 1 percent 

dissolved (%) mean SD  mean SD  

PVP-4, batch #1 73.5 0.8  25.5 -  0.29 

PVP-4, batch #2 208.9 9.6  53.0 -  0.39 

Ac-5, batch #1 245.6 17.6  36.9 -  0.67 

Ac-5, batch #2 184.6 -  34.2 -  0.54 

Ac-5, batch #3 281.5 9.0  55.4 -  0.51 

Ac-5, batch #4 333.0 -  69.4 -  0.48 

PVP-21 236.9 2.9  22.4 0.4  1.06 

TES-21, batch #1 111.6 0.9  19.2 0.2  0.58 

TES-21, batch #2 121.9 2.0  19.8 0.1  0.62 

TES-21, batch #3 110.4 1.1  20.6 0.4  0.54 

Notes: The values represent mean and standard deviations (SD) of 2 to 3 

measurements. 

 

Table A2 Method detection limit (DL, in μg L-1) and concentrations (in μg L-1 

and μM) of major metal elements (> 0.1 μM) in filtered wetland surface water. 

Element DLa (μg L-1) concentrationb (μg L-1) concentrationb (μM) 

Na 129 5784±83 252±4 

Mg 1.7 1537±24 63±1 

Al 7.5 11±2 0.42±0.05 

K 536 932±4 24±0 

Ca 100 3202±40 80±1 

Mn 1.3 31±1 0.56±0.01 

Fe 3.5 21±0 0.38±0.00 

Sr 0.03 28±4 0.32±0.04 

Ba 0.20 19±3 0.14±0.02 

Notes: a The method DL was calculated as 3 times the instrument DL, because the water 

sample was diluted in a mixed acid (2% HNO3 and 0.5% HCl) by a factor of 3 before 

ICP-MS analysis. b Values are mean and SD of triplicate measurements. 
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Table A3 Method detection limit (DL, in μg L-1) and concentrations (in μg L-1 

and nM) of trace metal/metalloid elements (< 0.1 μM) in filtered wetland surface 

water. 

Element DL (μg L-1) concentration (μg L-1) concentration (nM) 

Be 0.09 < DL < DL 

V 1.2 < DL < DL 

Cr 1.4 < DL < DL 

Co 0.02 0.24±0.01 4.0±0.2 

Ni 0.03 0.96±0.06 16±1 

Cu 1.6 1.9±0.1 29±1 

Zn 1.1 4.4±0.7 68±10 

As 0.08 1.0±0.0 14±0 

Cd 0.12 < DL < DL 

Ce 0.003 0.19±0.03 1.3±0.2 

Pb 0.04 0.08±0.01 0.4±0.0 

U 0.002 0.024±0.003 0.1±0.0 

 

Table A4 Solubility product (Ksp) of ZnO NPs calculated from pH and 

equilibrium dissolved zinc concentration measured by ASV ([Zn]ASV, eq). 

ZnO NP pHa [Zn]ASV, eq 

(μM)b 

[Zn2+]/[Zn]ASV, eq c [Zn2+] 

(μM) 

Ksp d 

PVP-4 8.28±0.02 44.9±2.5 0.753 33.8±1.9 (4.4±0.5) ×10-17 

PVP-4 8.59±0.02 13.7±0.6 0.609 8.3±0.4 (4.5±0.5) ×10-17 

Ac-5 8.29±0.02 44.8±1.2 0.744 33.3±0.9 (4.6±0.4) ×10-17 

Ac-5 8.60±0.02 12.9±0.4 0.603 7.8±0.3 (4.4±0.4) ×10-17 

PVP-21 8.56±0.02 4.6±0.2 0.623 2.9±0.1 (1.4±0.1) ×10-17 

TES-21 8.30±0.02 14.1±0.4 0.743 10.5±0.3 (1.5±0.1) ×10-17 

TES-21 8.58±0.02 3.7±0.1 0.615 2.3±0.1 (1.2±0.1) ×10-17 

TES-21 8.57±0.02 3.4±0.1 0.602 2.1±0.1 (1.0±0.1) ×10-17 

Notes: 
a The pH is reported as measured value (stable reading) ± precision of the pH meter. 
b [Zn]ASV, eq is reported as arithmetic mean ± standard deviation of measured [Zn]ASV in 

the equilibrium sections of the dissolution curves, i.e. after 20 to 60 min. 
c The ratio of free zinc ion concentration ([Zn2+]) to [Zn]ASV, eq was calculated using 

MINEQL+. 
d The Ksp values correspond to this reaction stoichiometry: ZnO(s) + H2O = Zn2+ + 2OH-. 
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Figure A1 TEM images of ZnO NPs: (a) PVP-4, (b) Ac-5, (c) PVP-21 and (d) TES-21. 

Scale bar: (a) 20 nm; (b)-(d) 50 nm. 

(a) 

(c) 

(b) 

(d) 
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Figure A2 X-ray diffraction spectra of ZnO NPs. 

The Miller indices in parentheses correspond to those for ZnO zincite.
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Figure A3 Equilibrium dissolved Zn concentration from (a) PVP-21 and (b) TES-21 

ZnO NPs with or without 20 mg-C L-1 SRFA, measured by ICP-MS after 

ultracentrifugation or by ASV. 
Medium: 82 mM KCl solution buffered with 10 mM POPSO. I = 0.1 M, pH = 8.5-8.6. T = 

25ºC. Nominal total zinc concentration: 75 μM. Total Zn concentration in the suspension 

at the end of the experiments was also measured by ICP-MS after digestion in 2% HNO3 

and 0.5% HCl overnight at room temperature. 

 

0.0

0.5

1.0

1.5

2.0

20

40

60

80

Dissolved zinc

     by ASV

Total zinc

by ICP-MS

Z
in

c
 c

o
n

c
e

n
tr

a
ti
o

n
 (


M
)

Dissolved zinc

  by ICP-MS

 
Figure A4 Equilibrium dissolved Zn concentration from TES-21 ZnO NPs in filtered 

wetland surface water, measured by ICP-MS after ultracentrifugation and by ASV. 
I ≈ 1 mM, pH = 8.9-9.2. T = 25ºC. Nominal total zinc concentration: 75 μM. Total Zn 

concentration in the suspension at the end of the experiments was also measured by 

ICP-MS after digestion in 2% HNO3 and 0.5% HCl overnight at room temperature. Z-

average hydrodynamic diameter measured at dissolution equilibrium (i.e. after 50 min) 

was 83 nm. 

(b) (a) 
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Figure A5 Zinc concentration in dissolved Zn calibration solutions with or without 20 

mg-C L-1 SRFA, measured by ICP-MS before and after ultracentrifugation. 
Medium: 82 mM KCl solution buffered with 10 mM POPSO. I = 0.1 M, pH = 8.4-8.5, T = 

25ºC. 
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Figure A6 Zinc concentration in filtered wetland surface water amended with 

dissolved Zn. 
Zn concentration was measured by ICP-MS before and after ultracentrifugation (UC). I ≈ 

1 mM, pH = 8.9-9.0, T = 25ºC. 



 

131 

 
Figure A7 (a) Z-average hydrodynamic diameter and (b) polydispersity index (PDI) of 

PVP-4 ZnO NP aggregate in KCl solution, as measured by DLS. 
Medium: 80 mM KCl solution buffered with 10 mM POPSO. I = 0.1 M, pH = 8.56, T = 

25ºC. Nominal total zinc concentration: 75 μM. Experiments were performed in 

duplicate. Notes: when PDI is high (e.g. > 0.5), NP aggregate size has broad 

distributions, and Z-average hydrodynamic diameter is not a reliable parameter for 

comparing NP aggregate size. 

 

 
Figure A8 Aggregation kinetics of Ac-5 ZnO NPs with or without 4.6 mg-C L-1 SRFA. 
Medium: 81 mM KCl solution buffered with 20 mM MOPS.  I = 0.1 M, pH = 8.5, T = 25ºC. 

Nominal total zinc concentration: 75 μM. Experiments were performed in duplicate. 

Data points with PDI > 0.65 were excluded.

(a) (b) 
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Figure A9 Dissolution of Ac-5 ZnO NPs at different pH values and with different 

concentrations of SRFA. 
Nominal total zinc concentration and pH: (a) 300 μM, 7.9-8.0; (b) 150 μM, 8.3-8.4. 

Medium: 81-83 mM KCl solution buffered with 20 mM MOPS. I = 0.1 M. T = 25ºC. 
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Figure A10 Dissolved zinc calibration curves in the presence of different 

concentrations of SRFA (0-40 mg-C L-1). 
(a) peak current height, (b) peak area. 

(a) (b) 

(a) (b) 



 

133 

 

 

Appendix B: Supporting Information for Chapter 3 

B1. Determination of carboxyl and phenolic contents of NOM isolates. 

Carboxyl and phenolic contents of 15 NOM isolates (not including OgRHA) were 

measured by potentiometric titration (using a method similar to that used by Ritchie and 

Perdue (2003) 260) under nitrogen (N2) purging as follows: 

(1) A weighed amount of NOM powder was dissolved in ultrapure water so that 

the concentration was 0.43-0.45 g-NOM L-1. Then 8.0 mL of the NOM solution was 

mixed with 2.0 mL of 0.5 M NaCl solution to obtain a total volume of 10 mL of NOM 

solution (0.35-0.36 g-NOM L-1) in 0.1 M NaCl. 

(2) This NOM/NaCl solution was titrated from initial pH value (typically 

between 3.2-3.5) to a final pH of 10.5 in 8-25 min, using 5-9 μL increments of 0.1 M 

NaOH standard solution (Acros) that had been purged with ultra-high purity N2 for 

more than 15 min. All titrations were conducted under N2 purging at room temperature 

(about 23 ºC), and the NOM solutions were purged with N2 for 1 min before titration 

started. Three to four titrations were conducted for each NOM isolate. The pH meter 

(Φ350, Beckman) with an automatic temperature compensation probe (Beckman 

Coulter) was calibrated on a daily basis, using 4.01±0.02, 7.00±0.02, and 10.01±0.02 pH 

standards (Hach). 
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(3) NOM concentration in the solutions was measured after titration using a 

Total Organic Carbon (TOC) Analyzer (TOC-L CPN, Shimadzu, Japan). The change in 

solution volume after titration was less than 3%. 

(4) The carbonyl content of an NOM isolate (in unit of μmol mg-C-1) was 

calculated as the amount of NaOH used to titrate per unit mass of the NOM to pH 8, 

while the phenolic content (in μmol mg-C-1) was calculated as twice the amount of 

NaOH used to titrate per unit mass of the NOM from pH 8 to pH 10. 

B2. Modeling dissolution kinetics of ZnO NPs. 

The dissolution kinetics of ZnO NPs under the conditions of the experiments can 

be modeled as surface-controlled dissolution, and the surface reactions include: proton-

promoted and ligand-promoted dissolution reactions and the precipitation of free zinc 

ion (Zn2+) back to the nanoparticulate (solid) phase (Scheme 1). 
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Scheme 1. Surface reactions in the dissolution of ZnO NPs. 
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The net rate of ZnO NP dissolution can be expressed as: 

  ZnL OHH

H L r

x- 2+ -T
ZnO ZnO ZnO

d Zn
= H L

d
 + - Zn OH

i

i

nn nn

i
i

k k k
t

A A A                            (S1) 

where [Zn]T is total dissolved zinc concentration, in mol/L or M; t is time, in s; kH, 

kLi and kr are the intrinsic rate constants of proton-promoted dissolution, ligand-

promoted dissolution, and Zn2+ precipitation, respectively (units depend on reaction 

order); AZnO is the total surface area of ZnO NPs that is available for 

dissolution/precipitation per unit volume of reaction mixture, in m2/L; [H+], [Lix-], [Zn2+], 

and [OH-] are the molar concentrations of proton (H+), ligands (Lix-), Zn2+, and hydroxide 

anion (OH-), in M; and nH, nLi, nZn and nOH are the partial reaction orders for the 

reactants. 

In addition to the above surface reactions, complexation reactions between Zn2+ 

and the ligands occur in the aqueous phase. The rates of these complexation reactions 

are fast, and equilibrium is assumed to be reached at any time. Thus, total concentration 

of dissolved zinc species ([Zn]T), as measured by ASV, can be related to free zinc ion 

concentration ([Zn2+]) by:  

n
n

2+ x- 2+x-2
,n TT

n 2-n

= Zn Zn 1+ L  =  Zni i
i

 
 



 
             

 
                                         (S2) 

where βi,n is the equilibrium constant for the complexation reactions involving a 

Zn2+ and n ligand molecule/moiety Lix-; γi is the activity coefficient for a dissolved species 
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with electric charge i (i = x-, 2-n, …, 2) at a certain ionic strength; and βT is a lumped 

parameter (Equation (S3)) and is constant if water chemistry parameters (e.g. pH, ligand 

concentration) are constant. 

n
n

x-2 x-
,n

n 2-n

T  = 1+ Li i

i

 



                                                                                            (S3) 

Thus, the dissolution rate expressed in Equation (S1) can be rewritten as: 
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At dissolution equilibrium, 

 Td Zn
0

dt
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or 
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where [Zn]T,eq is the total dissolved zinc concentration measured at equilibrium. 

Therefore, 
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In the buffered KCl solution, [H+], [Lix-], and [OH-] were held constant during the 

dissolution experiments, and Equation (S4) can be rewritten as: 
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The concentration of ZnO NP surface area available for dissolution/precipitation 

(AZnO, in m2/m3) was not constant; instead it decreased as dissolution proceeded. 

At t = 0 s, the initial concentration of ZnO NP surface area available for 

dissolution/precipitation is: 

0 ZnO 0
ZnO,

ZnO
0  = 

ZnO j
j

j
j

A
M

A
V





  



                                                                                  (S8) 

where η0 is a coefficient to account for the reduction of available surface area for 

dissolution due to NP aggregation (0< η0≤1); MZnO is the molar mass of ZnO, which is 

81.4 g mol-1; [ZnO]0 is the initial molar concentration of ZnO NP, which was 75 μM or 

7.5×10-5 M in all experiments; ρZnO is the density of bulk ZnO (5.606×106  g m-3); Aj and Vj 

(j =1, 2, …, 726) are the surface area and volume of individual ZnO NPs in TEM images 

(calculated using sizes measured along the long and short axes and equations for prolate 

spheroids and spheres).  

At t > 0 s, the ZnO NPs dissolved and aggregated, causing a decrease in the 

surface area available for dissolution. AZnO can be related to AZnO,0 and [Zn]T using 

Equation (S9): 

   
 

sn

0 T
ZnO ZnO,

0 0
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ZnO - Zn

ZnO
A A
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where η is a coefficient similar to η0 both in meaning and in value; and ns is a shape 

factor. 

The experiments were performed at an ionic strength value corresponding to 

diffusion-limited aggregation, as shown in a previous study.86 This type of aggregation 

results in dendritic aggregates.272, 273 Thus, we assumed that all the surfaces of ZnO NPs 

were available for dissolution. With this assumption, Equations (S8) and (S9) can be 

further simplified as Equations (S10) and (S11), respectively. 
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                                                                                     (S10) 
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Substituting AZnO in Equation (S7) with Equation (S11) yields Equation (S12): 
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This equation can be rearranged and further simplified as: 
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where kobs is the apparent dissolution rate constant, in mol m-2 s-1, and  

H L

obs H L

x-
 = H L+

i
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n n

i
i

k k k   
                                                                                    (S14) 
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The left side of Equation (S13) is the surface-normalized net dissolution rate of 

ZnO NPs. The second term on the right side of the equation represents the 

thermodynamic driving force for dissolution or deviation from equilibrium. The 

reaction order of Zn2+ precipitation onto ZnO NP, which needs to be determined 

experimentally, is unknown, and the reaction was assumed to be first order with respect 

to Zn2+ (i.e., nZn = 1).309 The third term on the right side is included in the equation to 

account for the change in surface area during dissolution, and ns was assigned a value of 

2/3 for spherical particles, which is roughly the shape of the ZnO NPs according to TEM. 

With these assumptions, Equation (1) can be simplified to:  
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Table B1 Purity and sources of chemicals used in Chapter 3. 

Chemical Purity Source 

concentrated nitric acid trace metal grade, 

67-70% as HNO3 

Fisher Scientific 

concentrated hydrochloric 

acid 

trace metal grade, 

34-37% as HCl 

Fisher Scientific 

sodium hydroxide (NaOH) 99% Mallinckrodt Baker 

NaOH standard solution 0.1 M Acros 

sodium chloride (NaCl) ACS grade Macron Fine Chemicals 

potassium chloride (KCl) ≥99% Sigma-Aldrich 

piperazine-N,N’-bis(2-

hydroxypropanesulfonic acid 

(POPSO) sesquisodium salt 

≥98% Sigma-Aldrich 

Nitrogen (N2) ultra-high purity Airgas National Welders 

water for regents -

cm 

Millipore MilliQ 
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Table B2 Aquatic natural organic matter (NOM) isolates used for ZnO dissolution 

experiments. 

NOM Isolate Abbreviation Location Date of 

Collection 

Coal Creek fulvic acid CCFA Flattops Wilderness Area, 

Colorado 

Jun. 1982 

Laramie Fox-Hills Aquifer 

fulvic acid 

LAFA northern Jefferson County, 

Colorado 

Aug. 1982 

Missouri River fulvic acid MRFA Sioux City, Iowa Aug. 1981 

Ogeechee River humic and 

fulvic acids 

OgRHA, 

OgRFA 

Grange, Georgia May 1982 

Ohio River fulvic acid OhRFA Cincinnati, Ohio Jun. 1981 

Pony Lake fulvic acid PLFA Antarctica Jan. 2006 

Pacific Ocean fulvic acid POFA Hawaii, 170 km offshore Feb. 1986 

Shingobee Lake hydrophobic 

and transphilic acids 

SLHpoA, 

SLTpiA 

central Minnesota Sep. 2013 

Suwannee River humic and 

fulvic acids 

SRHA, 

SRFA 

Fargo, Georgia May-Jun. 2003 

Williams Lake hydrophobic 

and transphilic acids 

WLHpoA, 

WLTpiA 

central Minnesota Sep. 2013 

Yukon River hydrophobic and 

transphilic acids 

YRHpoA, 

YRTpiA 

Pilot Station, Alaska May 2009 
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Table B3 Elemental composition (ash-free), ash content (as weight percentages, wt%), 

and molar ratio of major elements for the 16 NOM isolates used in the study. 

 Wt % Molar Ratio 

NOM C H O N S Ash H/C O/C N/C S/C 

SRHAa 52.6 4.3 42.0 1.2 0.5 1.0 0.97 0.60 0.019 0.0038 

OgRHAb 54.6 4.9 36.8 1.6 1.8 3.9 1.07 0.51 0.025 0.0123 

SRFAa 52.3 4.4 43.0 0.7 0.5 0.6 0.99 0.62 0.011 0.0033 

CCFAb 52.8 4.5 38.4 1.0 0.7 1.2 1.02 0.55 0.015 0.005 

OgRFAb 54.0 4.0 38.5 0.9 1.3 0.4 0.89 0.54 0.015 0.0088 

YRTpiAc 49.1 4.3 44.3 1.5 0.7 4.6 1.04 0.68 0.026 0.0053 

YRHpoAc 52.7 4.6 41.4 0.9 0.3 2.2 1.05 0.59 0.015 0.0021 

OhRFAb 55.5 5.4 35.9 1.5 1.3 0.6 1.16 0.49 0.023 0.0086 

MRFAb 55.4 5.3 35.0 1.3 0.8 0.1 1.14 0.47 0.020 0.0053 

SLTpiAc 49.9 4.6 41.7 2.6 1.1 3.0 1.11 0.63 0.045 0.0084 

SLHpoAc 55.1 5.0 37.2 1.8 0.9 2.2 1.09 0.51 0.027 0.0063 

PLFAa 52.5 5.4 31.4 6.5 3.0 1.3 1.22 0.45 0.106 0.0216 

POFAb 56.2 6.0 36.3 1.1 0.4 0.4 1.27 0.48 0.017 0.0027 

WLTpiAc 50.8 5.2 39.6 3.3 1.1 2.9 1.22 0.58 0.055 0.0083 

WLHpoAc 56.1 5.6 35.7 1.8 0.8 2.4 1.19 0.48 0.028 0.005 

LAFAc 60.1 6.0 32.8 0.5 0.6 13.1 1.20 0.41 0.007 0.0037 

Notes: 

The data were obtained from: 
a the International Humic Substances Society (IHSS).310 
b Waples et al. (2005)166 and references listed therein. 
c measurement for this study.
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Table B4 Carbon functional group composition (in % of total spectrum area) of the 

tested NOM isolates by 13C nuclear magnetic resonance (NMR) spectroscopy 

NOM Aliphatic I Aliphatic II Acetal Aromatic Carboxyl Carbonyl 

 (0–62 

ppm) 

(62–90 

ppm) 

(90–110 

ppm) 

(110–160 

ppm) 

(160–190 

ppm) 

(190–230 

ppm) 

SRHAa 29.0 13.0 7.0 31.0 15.0 6.0 

OgRHAb 24.7 10.4 7.3 40.8 15.1 1.6 

SRFAa 35.0 16.0 6.0 22.0 17.0 5.0 

CCFAb 34.7 8.1 1.6 28.0 23.1 4.5 

OgRFAb 33.0 13.9 6.8 24.7 18.3 3.3 

YRTpiAc,d 26.7 23.4 10.4 16.4 20.5 2.7 

YRHpoAc,d 32.7 16.0 8.1 24.6 16.0 2.8 

OhRFAb 33.6 15.2 5.6 24.3 19.3 1.6 

MRFAb 40.0 11.9 4.5 20.4 18.8 4.4 

SLTpiAc 34.9 21.0 7.8 12.6 21.3 2.3 

SLHpoAc 39.2 14.6 5.8 19.5 18.3 2.6 

PLFAa 61.0 8.4 0.2 12.0 17.0 1.2 

POFAb 56.9 13.4 1.2 7.3 19.5 1.6 

WLTpiAc 40.1 21.9 6.9 9.0 20.8 1.2 

WLHpoAc 47.1 15.5 4.9 13.3 17.4 1.9 

LAFAc 52.7 9.9 3.2 18.9 13.8 1.6 

Notes: 

The data were obtained from: 
a the International Humic Substances Society (IHSS).310 
b Waples et al. (2005)166 and references listed therein. 
c measurement for this study via multiple cross-polarization 13C NMR method. 
d based on similar samples collected from the same site on close dates.
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Table B5 Equilibrium dissolved zinc concentrations measured by ASV ([Zn]T,eq) and 

dissolution rate constants (kobs) of ZnO NPs in the absence or presence of PLFA, 

SRFA, and SRHA at 1-40 mg-C L-1. 

No. pH NOM type [NOM] 

(mg-C L-1) 

[Zn]T,eqb 

(µM) 

kobs 

(×10-7 mol m-2 s-1) 

1a 8.57 n/a 0 2.8±0.1 0.34 

2 a 8.55 n/a 0 3.5±0.1 0.51 

3 8.60 n/a 0 4.0±0.1 0.36 

4 8.62 n/a 0 3.5±0.1 0.40 

5 8.57 n/a 0 3.4±0.1 0.41 

6 a 8.55 PLFA 1 3.4±0.1 0.34 

7 a 8.54 PLFA 5 4.2±0.1 0.45 

8 a 8.54 PLFA 10 5.0±0.1 0.55 

9 a 8.59 PLFA 20 6.2±0.1 0.58 

10 8.55 PLFA 20 6.4±0.2 0.78 

11 8.57 PLFA 20 6.4±0.2 0.59 

12  8.58 PLFA 40 9.7±0.1 0.95 

13 a 8.57 SRFA 1 3.3±0.1 0.38 

14 a 8.57 SRFA 5 4.7±0.1 0.63 

15 a 8.57 SRFA 10 6.3±0.3 1.03 

16 a 8.55 SRFA 20 10.1±0.4 2.01 

17 8.55 SRFA 20 10.6±0.4 1.83 

18  8.55 SRFA 40 19.3±0.3 3.11 

19 8.60 SRHA 1 4.0±0.1 0.42 

20 8.59 SRHA 5 6.5±0.1 0.84 

21 8.59 SRHA 10 9.1±0.2 1.52 

22 8.58 SRHA 20 14.3±0.3 2.66 

23 8.55 SRHA 20 16.1±0.4 3.25 

24 8.57 SRHA 40 25.0±0.3 4.57 

Notes:  a Media for these dissolution experiments were 91 mM KCl solution buffered 

with 5 mM POPSO, pH =8.5-8.6, 0.1 M ionic strength. Media for all other dissolution 

experiments were 82 mM KCl solution buffered with 10 mM POPSO, pH =8.5-8.6, 0.1 M 

ionic strength. b Data presented here are average and standard deviation of multiple 

measurements after 50-70 min of each dissolution experiment. 
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Table B6 Results of the Shapiro-Wilk test of normality. 

Variable Statistic dfa p 

kobs 0.810 16 0.004* 

dh 0.857 16 0.017* 

[Zn]T,eq 0.868 16 0.026* 

zeta potential 0.967 16 0.785 

H/C molar ratio 0.976 16 0.928 

O/C molar ratio 0.975 16 0.914 

N/C molar ratio 0.698 16 0.000* 

S/C molar ratio 0.789 16 0.002* 

aliphatic-C I 0.910 16 0.115 

aliphatic-C II 0.938 16 0.330 

acetal-C 0.953 16 0.543 

aromatic-C 0.964 16 0.736 

carboxyl-C 0.987 16 0.996 

carbonyl-C 0.881 16 0.040* 

SUVA280 0.963 16 0.711 

carboxyl-C (titration) 0.940 15 0.381 

phenolic-C (titration) 0.985 15 0.994 

MW 0.960 10 0.789 

Notes: a degree of freedom. Significant p-values (p < 0.05) are denoted by *; these 

variables do not follow the normal distribution.
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Table B7 Equilibrium dissolved zinc concentrations measured by ASV ([Zn]T,eq) and 

dissolution rate constants (kobs) of ZnO NPs in the presence of NOM isolates other 

than PLFA, SRFA, and SRHA at 20 mg-C L-1. 

No. pH NOM type [Zn]T,eq a 

(µM) 

kobs 

(×10-7 mol m-2 s-1) 

1 8.59 CCFA 9.0±0.3 1.42 

2 8.57 CCFA 9.3±0.1 1.68 

3 8.59 LAFA 4.0±0.1 0.42 

4 8.58 LAFA 4.1±0.1 0.49 

5 8.56 MRFA 5.8±0.2 0.90 

6 8.58 MRFA 5.9±0.1 0.80 

7 8.59 OgRFA 7.6±0.2 0.97 

8 8.56 OgRFA 8.2±0.2 1.09 

9 8.56 OgRHA 10.9±0.3 1.98 

10 8.58 OgRHA 10.5±0.4 1.82 

11 8.58 OhRFA 5.6±0.1 0.86 

12 8.55 OhRFA 6.6±0.2 0.98 

13 8.59 POFA 4.9±0.1 0.51 

14 8.57 POFA 5.1±0.1 0.57 

15 8.55 SLHpoA 6.6±0.2 1.13 

16 8.59 SLHpoA 5.8±0.1 0.51 

17 8.56 SLHpoA 5.7±0.2 0.74 

18 8.59 SLTpiA 6.8±0.1 0.95 

19 8.57 SLTpiA 7.4±0.3 0.75 

20 8.55 SLTpiA 7.0±0.1 0.97 

21 8.60 WLHpoA 5.0±0.1 0.49 

22 8.59 WLHpoA 4.3±0.1 0.42 

23 8.59 WLTpiA 4.8±0.1 0.51 

24 8.58 WLTpiA 4.4±0.1 0.40 

25 8.59 YRHpoA 6.8±0.2 0.96 

26 8.56 YRHpoA 6.3±0.2 0.70 

27 8.59 YRTpiA 7.8±0.2 1.13 

28 8.56 YRTpiA 6.9±0.2 0.83 

Notes:  a Data presented here are average and standard deviation of multiple 

measurements after 50-70 min of each dissolution experiment. 
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Figure B1 TEM image of ZnO NPs from Sigma-Aldrich. 

Average primary particle diameters were 28±11 nm and 21±8 nm (arithmetic mean ± 

standard deviation), respectively, along the long and short axes. 

 

 
Figure B2 Dissolution of ZnO NPs with 20 mg-C L-1 of NOM isolates (LAFA and 

SLTpiA). 

Solid symbols represent experiments in which aliquots of reaction mixture were 

pipetted out every 5 to 20 min for DLS measurements, and open symbols represent 

regular dissolution experiments (and no removal of aliquots). Medium: 82 mM KCl 

solution buffered with 10 mM POPSO. I = 0.1 M, pH = 8.55-8.59. T = 25 ºC. Nominal total 

zinc concentration: 75 μM.
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Figure B3 Calibration curves for adsorption experiments of 75 µM ZnO NPs with (a) 

SRHA, (b) SRFA and (c) PLFA. 

The y-axis is average relative fluorescence units (RFU) between 450 and 460 nm for 

SRHA and SRFA and the average RFU between 445 and 455 nm for PLFA. The 

calibration curves were fitted to polynomial functions of degree 3.

(a) (b) 

(c) 
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Figure B4 Calibration curves for adsorption experiments of 600 µM ZnO NPs with (a) 

SRHA, (b) SRFA and (c) PLFA. 

The y-axis is average relative fluorescence units (RFU) between 450 and 460 nm for 

SRHA and SRFA and the average RFU between 445 and 455 nm for PLFA. The 

calibration curves were fitted to polynomial functions of degree 3.
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Figure B5 Dissolution kinetics of ZnO NPs in KCl buffer with different 

concentrations (0-40 mg-C L-1) of (a) SRFA and (b) PLFA. 

Medium: 82 or 91 mM KCl solution buffered with 10 or 5 mM POPSO. I = 0.1 M, pH = 

8.5-8.6. T = 25 ºC. Nominal total zinc concentration: 75 μM. Modeled dissolution kinetics 

for the first 40 min is also plotted (solid lines of the same color). 
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Figure B6 (a) Modeled dissolution curves of ZnO NP in KCl buffer with or without 20 

mg-C L-1 SRHA. (b)  RMSE between predicted and measured data for ZnO NP 

dissolution in the presence of different NOM isolates. 

Solid lines represent modeled curves with optimal kobs values (calculated by minimizing 

the root-mean-square error, RMSE). The dash and dash-dot lines correspond to a 

sensitivity analysis of the model by increasing or decreasing the kobs value by 40% 

relative to the best fit.  

(a) 
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Figure B7 Measured (open symbols) and modeled (solid lines) dissolution kinetics of 

ZnO NPs in KCl buffer with different NOM isolates at 20 mg-C L-1. 

Medium: 82 mM KCl solution buffered with 10 mM POPSO. I = 0.1 M, pH = 8.5-8.6. T 

= 25 ºC. Nominal total zinc concentration: 75 μM.
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Figure B8 Dissolution kinetics of ZnO NP in KCl solution buffered with 5 or 10 mM 

POPSO, in the presence or absence of 20 mg-C L-1 SRFA or PLFA. 

Dissolution kinetics in KCl solution buffered with 5 or 10 mM POPSO are represented by 

open and solid symbols, respectively.
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Figure B9 Dissolution rate constant (kobs) of ZnO NPs versus carbon functional group 

composition of the NOM isolates measured by 13C NMR. 

(a) aliphatic (type I), (b) aliphatic (type II), (c) acetal, (d) aromatic, (e) carboxyl, and (f) 

carbonyl.
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p < 0.001 

n = 16 
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Figure B10 Dissolution rate constant (kobs) of ZnO NPs versus the number-average 

molecular weight of the NOM isolates. 

 

  
Figure B11 Dissolution rate constant (kobs) of ZnO NPs versus elemental molar ratios 

of the NOM isolates: (a) H/C, (b) O/C, (c) N/C, and (d) S/C.

(a) 
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Figure B12 Carboxyl group content measured by 13C NMR versus that measured by 

potentiometric titration for 15 NOM isolates (not including OgRHA). 

 

 

Figure B13 Dissolution rate constant (kobs) of ZnO NPs versus phenolic content of the 

NOM isolates.

R2 = 0.32 

p = 0.026 

n = 15 

rs = 0.004 

p = 0.99 

n = 15 
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Figure B14 Aggregation of ZnO NPs with different concentrations of (a) SRHA, (b) 

SRFA, and (c) PLFA. The y-axis is z-average hydrodynamic diameters (dh). 

Medium: 80 mM KCl solution buffered with 10 mM POPSO, with or without NOM 

isolates. I = 0.1 M, pH = 8.5-8.6. T = 25 ºC. Nominal total zinc concentration: 75 μM. Insets 

represent data with 1-20 mg-C L-1 NOM.

(a) 

(b) 

(c) 
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Figure B15 Aggregation of ZnO NPs with or without stirring, in the presence of (a) 

LAFA, (b) SLTpiA, (c) SLHpoA, (d) PLFA, (e) YRHpoA and (f) YRTpiA at 20 mg-C L-1. 

 Medium: 82 mM KCl solution buffered with 10 mM POPSO.  I = 0.1 M, pH = 8.55-8.57, T 

= 25ºC. Nominal total zinc concentration: 75 μM. Experiments with stirring were 

performed in the electrochemical cell apparatus, whereas for experiments performed 

without stirring (represented by open symbols), samples were held static in polystyrene 

cuvettes (Sarstedt). 

(c) (d) 

(e) (f) 

(b) (a) 
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Figure B16 Average aggregate size of ZnO NPs in the first 40 min in buffered KCl 

solution with or without different NOM isolates at 20 mg-C L-1, measured without 

stirring. 

Medium: 82 mM KCl solution buffered with 10 mM POPSO.  I = 0.1 M, pH = 8.5-8.6, T = 

25ºC. Nominal total zinc concentration: 75 μM. Error bars represent the standard 

deviation of 2 to 4 replicate samples. 

 

 
Figure B17 Zeta potential of ZnO NPs in buffered KCl solution with or without 

different NOM isolates at 20 mg-C L-1. 

Experimental conditions were the same as aggregate size measurement (Figure B15). 
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Figure B18 Zinc concentration in dissolved Zn ASV calibration solutions with 20 mg-

C L-1 SRHA, SRFA, and PLFA, measured by ICP-MS before and after 

ultracentrifugation. 

ASV calibrations were made for ZnO NP dissolution experiments with nominal total 

zinc concentrations of (a) 75 μM and (b) 600 μM. Medium: 82 mM KCl solution buffered 

with 10 mM POPSO. I = 0.1 M, pH = 8.5-8.6. T = 25 ºC. These control experiments show 

that dissolved zinc removal during ultracentrifugation was minimal. 

 

 

 

 
Figure B19 Fluorescence spectra of ZnO NP in KCl solution without NOM, before and 

after ultracentrifugation (UC). 

Total Zn concentration: (a) 75 µM; (b) 600 µM. The high relative fluorescence units (RFU) 

at 350 to 380 nm before UC may be due to scattering of the excitation beam (wavelength: 

320 nm) by the ZnO NPs, and diminished after UC. 

(a) (b) 

(a) (b) 75 µM total Zn 600 µM total Zn 
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Figure B20 (a) Dissolved NOM concentration in 600 µM ZnO NP suspensions and 8-

20 µM dissolved zinc solutions mixed with 20 mg-C L-1 NOM isolates for 2 h. (b) 

Equilibrium dissolved Zn concentration from ZnO NPs with 20 mg-C L-1 SRHA, 

SRFA, and PLFA. 

Dissolved NOM concentration in part (a) was quantified by fluorescence after 

ultracentrifugation. Equilibrium dissolved zinc concentration in part (b) was measured 

by ICP-MS after ultracentrifugation or by ASV. I = 0.1 M, pH = 8.6. T = 25 ºC. Total Zn 

concentration in the suspension after 2 h of dissolution was also measured by ICP-MS.

(a) (b) 
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Appendix C: Supporting Information for Chapter 4 

C1. Method for making CuO NP stock suspensions 

(1) Approximately 0.054 g of CuO nanopowder (Cat. No.: 544868, Sigma-Aldrich) 

was dispersed in 270 mL of ultrapure water by probe sonication (Qsonica Model Q700) 

at 50% power for 20 min, with 20 s: 3 s pulse-on/off cycles and total energy input of 

~70 kJ. 

(2) 45 mL of the suspension was pipetted into each of six 50-mL polypropylene 

centrifuge tubes (VWR) (with no suspension splashed on caps), and centrifuged 

(Eppendorf 5804 R with an F-34-6-38 fixed-angle rotor) at 1800 rpm (416 g) for 4 min. 

(3) Immediately after centrifugation, 30 mL of supernatant in each centrifuge 

tube was pipetted to another clean 50-mL polypropylene centrifuge tube, and then 

centrifuged (Eppendorf 5804 R) at 6000 rpm (4621 g) for 30 min. 

(4) Immediately after the second centrifugation, 25 mL of supernatant in each 

centrifuge tube was pipetted out for disposal, and 0.1 mL of PVP stock solution (1.24 g-

PVP L-1) and 52 µL of 10 mM MOPS solution (pH=7.5) were added to each centrifuge 

tube. 

(5) The samples were sonicated in an ultrasonic bath (Branson M3800H; 110 W, 

40 kHz) for 15 min to redisperse the CuO NPs that had precipitated on the inner wall of 

the centrifuge tubes during the second centrifugation. 

(6) The redispersed suspensions in all 6 centrifuge tubes were pipetted to a 40-

mL glass vial as the stock suspension (pH 6.6-6.7) and sonicated for another 10 min 
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before dynamic light scattering measurement or storage at 4 °C. Multiple batches were 

combined into larger glass bottles (e.g. 120 mL) in the later period of the study. 

C2. Procedures of the uptake experiments 

All uptake experiments were performed in 5‰ ASW buffered at different pH 

(6.3–7.5) with 2 mM MOPS and filtered through 0.2 µm polycarbonate membrane, in the 

presence or absence of one of the 3 NOM isolates at 0.1–10 mg-C L-1. In each experiment, 

buffered ASW (~37 to 39.9 mL) and NOM stock (0 to 1.2 mL) were pipetted into five 60-

mL flat-bottom polypropylene tubes (SC480-W, Environmental Express) that had been 

washed with ultrapure water >9 times, and then 4 viable embryos at 48±2 hpf were 

placed into each tube, which would sink to the bottom of the tubes. Subsequently, a 

certain volume of CuO NP stock or dissolved Cu(NO3)2 solution (1.0 or 0.1 mM; diluted 

from a concentrated Cu standard, Ricca Chemical, 2305-4) was added, with a total 

sample volume of 40 mL in each tube, mixed end over end twice, and incubated at 27–28 

ºC in the dark for up to 48 h (IsotempTM, Model 6841, Fisher Scientific). Total nominal Cu 

concentration in the samples was 30 µM for CuO NP exposure and 1.0 or 0.4 µM (for 

experiments at pH 7.5) for dissolved Cu exposure. A blank control sample was prepared 

in the same way as described above except that no Cu was added. 

Copper content in the embryos and total Cu concentration in the media were 

measured at different time points after the addition of CuO NP or dissolved Cu 

(designated as time = 0): 2, 4, 8, 24 and 48 h in early experiments and 2, 6, 12, 24 and 48 h 

in later experiments (blank controls were measured only at 48 h). At each time point, an 
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aliquot (0.2 and 1.0 mL for CuO NP and dissolved Cu exposures, respectively) of the 

exposure media was pipetted from above the embryos (i.e., with the point of the pipet 

tip placed to the 5-mL graduation line of the tubes, which is 9 mm above the bottom of 

the tubes) and diluted in a mixed acid (2% HNO3 and 0.5% HCl, v/v) overnight at room 

temperature, to measure total Cu concentration in the media (i.e. [Cu]T) by ICP-MS. For 

CuO NP exposure experiments, another aliquot (1.0 mL) of the media was pipetted from 

above the embryos for measurement of hydrodynamic diameter (dh) and ζ-potential of 

the CuO NPs (Zetasizer Nano-ZS, Malvern). Then the 4 embryos in the sample were 

transferred to 5 mL of 5‰ ASW in a polystyrene petri dish (FalconTM, 353002) and rinsed 

for 2 min. 

After rinsing, the 4 embryos were transferred to a clean 60-mL polypropylene 

tube (SC480-W, Environmental Express) and stored at -20 ºC. In some experiments, the 

embryos were dechorionated mechanically using forceps,282 and the removed chorions 

of the 4 embryos were collected in a 60-mL polypropylene tube for Cu content 

measurement. At the 48 h time point (i.e. 96±2 hpf), the embryos during rinsing were 

examined under a light microscope (AmScope, SE305R-PZ) to make sure that the 

embryos were still viable, as indicated by heart beats.  

The embryos or removed chorions were digested in 2 mL of concentrated nitric 

acid (~70% as HNO3) at 90 ºC for 3 h on a hot block (Environmental Express, SC100). 

Then ultrapure water was filled to the 50-mL line, and the total mass (msample) of digested 

samples was measured. The digested samples were analyzed for Cu concentration by 
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ICP-MS (Agilent 7700x and 7900), and the amount of Cu (in unit of nmol) in each sample 

was calculated as the measured Cu concentration multiplied by msample. Cu content of the 

embryos/chorions ([Cu]org, in unit of nmol Cu per embryo) was calculated by dividing 

the Cu amount in each sample by the number of embryos/chorions in each sample (i.e. 

4). 

 

Table C1 Purity and sources of chemicals used in Chapter 4. 

Chemical Purity Source 

concentrated nitric acid trace metal grade, 

67-70% as HNO3 

Fisher Scientific, A509-P212 

concentrated hydrochloric acid trace metal grade, 

34-37% as HCl 

Fisher Scientific, A508-4 

NaOH standard solution 0.1 M Acros, 12419-0010 

3-(N-morpholino)-

propanesulfonic acid (MOPS) 

>99.5% Sigma-Aldrich, M1254 

MOPS sodium salt >99.5% Sigma-Aldrich, M9381 

polyvinylpyrrolidone (PVP)  Sigma-Aldrich, 856568 

Nitrogen (N2) ultra-high purity Airgas National Welders 

water for regents ultrapure, >18 M-cm Millipore MilliQ 
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Figure C1 TEM characterization of CuO NPs from Sigma-Aldrich. 

(a) Sub-micrometer particles/NP aggregates were present in the commercial CuO 

nanopowder from Sigma-Aldrich. (b) - (c) TEM images of CuO NP in stocks with the 

sub-micrometer particles removed by centrifugation. (d) Particle size distribution of 

CuO NPs in stocks, measured from 14 TEM images (n = 369). Average primary particle 

diameters were 42±17 nm and 32±13 nm (arithmetic mean ± standard deviation), 

respectively, along the long and short axes. Magnification: (a) 14500×, (b) 9600×, 

(c)100000×.

(a) (b) 

(c) (d) 
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Figure C2 ASV calibration curves plotted as peak area versus total dissolved Cu 

concentration in buffered 5‰ ASW with different NOM isolates and at different pH. 

(a) no NOM, pH 7.0; (b) 5 mg-C L-1 WLHpoA, pH 7.0; (c) 1 mg-C L-1 SRHA, pH 7.2; (d) 1 

mg-C L-1 SRHA, pH 7.0; (e) 1 mg-C L-1 SRHA, pH 6.8; (f) 5 mg-C L-1 SRFA, pH 7.0; (g) 5 

mg-C L-1 SRHA, pH 7.0. Samples were incubated at 27–28 ºC in the dark for 1-2 h, 24-25 

h and 48-49 h, respectively, prior to ASV measurement. 
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Figure C3 Comparison of dissolved Cu concentration measured by ASV and by ICP-

MS after ultracentrifugation. 

(a) Dissolved Cu concentration in CuO NP suspensions (nominal total Cu: 30 µM) after 

48 h, measured by ICP-MS after ultracentrifugation (at 184000×g and 28 ºC for 2 h, in 

duplicate) or by ASV (in triplicate). (b) Control samples containing 1 µM Cu2+ show that 

dissolved Cu is not removed from solution during 48-h incubation or during 

ultracentrifugation. Media: buffered 5‰ ASW with and without 5 mg-C L-1 SRFA. Ionic 

strength ~90 mM, pH = 7.0, T = 28 ºC. 
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Figure C4 Dissolved Cu concentration measured by ASV in the presence or absence of 

Gulf killifish embryos. 

Media: buffered 5‰ ASW (a) with no NOM and (b) with 1 mg-C L-1 SRHA. Ionic 

strength ~90 mM, pH = 7.0, T = 28 ºC. 
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Figure C5 Exposure media pH in CuO NP uptake experiments. 

The pH of the media decreased by 0.1 over 48 h for the experiments performed at an 

initial pH of 7.5, and the pH change for the other experiments was ≤0.03. 
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Figure C6 Measured (symbols) and modeled (dash lines) Cu uptake kinetics in Gulf 

killifish embryos exposed to dissolved Cu (added as Cu(NO3)2). 

Exposure media was 5‰ ASW buffered to pH 6.3-7.5 with 2 mM MOPS, with or without 

different NOM isolates (WLHpoA, SRFA and SRHA) at 0.1-10 mg-C L-1. The ASW had 

an ionic strength of ~90 mM. Solid symbols represent Cu content in whole embryos, 

while open symbols represent that in chorions. The Cu contents are averages of 4 

embryos/chorions in each sample. Dark and light blue colors represent the first and 

second replicate experiments under a certain water chemistry condition. 
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Figure C7 Measured (symbols) and modeled (dash lines) Cu uptake kinetics in Gulf 

killifish embryos exposed to CuO NPs (30 µM nominal total Cu) 

Exposure media was 5‰ ASW buffered to pH 6.3-7.5 with 2 mM MOPS, with or without 

different NOM isolates (WLHpoA, SRFA and SRHA) at 0.1-10 mg-C L-1. The ASW had 

an ionic strength of ~90 mM. Solid symbols represent Cu content in whole embryos, 

while open symbols represent that in chorions. The Cu contents are averages of 4 

embryos/chorions in each sample. Dark, medium and light blue colors represent the 

first, second and third replicate experiments under a certain water chemistry condition. 
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Figure C8 Total Cu concentration ([Cu]T) in dissolved Cu uptake experiments. 

Media were 5‰ ASW buffered at different pH (6.3-7.5), with or without different NOM 

isolates (WLHpoA, SRFA and SRHA) at 0.1-10 mg-C L-1. Error bars are standard 

deviation of replicate experiments (N=2-4). [Cu]T was measured by ICP-MS after acid 

digestion of media aliquots sampled with point of the pipet tips placed at ~9 mm (i.e. the 

5-mL line) from the bottom of the 60-mL polyproylene tubes. 
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Figure C9 Total Cu concentration ([Cu]T) in CuO NP uptake and dissolution 

experiments. 

Media were 5‰ ASW buffered at different pH (6.3-7.5), with or without different NOM 

isolates (WLHpoA, SRFA and SRHA) at 0.1-10 mg-C L-1. Solid circle symbols represent 

[Cu]T data measured in CuO NP uptake experiments, while open square symbols 

represent data measured in CuO NP dissolution experiments. Error bars are standard 

deviation of replicate dissolution (N=2-3) or uptake (N=2-6) experiments. [Cu]T was 

measured by ICP-MS after acid digestion of media aliquots sampled with point of the 

pipet tips placed at ~9 mm (i.e. the 5-mL line) from the bottom of the 60-mL 

polyproylene tubes.
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Figure C10 Uptake rate constant of dissolved Cu (ku, d) as a function of (a) dissolved 

NOM concentration ([DOC]) and (b) [DOC] multiplied by specific UV absorbance 

(SUVA280) of the NOM. 

 

(a) (b) 
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Figure C11 Z-average hydrodynamic diameter (dh) of CuO NP in different media. 

Media were 5‰ ASW buffered at different pH (6.3-7.5), with or without different NOM 

isolates (WLHpoA, SRFA and SRHA) at 0.1-10 mg-C L-1. Solid circle symbols represent 

dh data measured in CuO NP uptake experiments, while open square symbols represent 

data measured in CuO NP dissolution experiments. Error bars are standard deviation of 

replicate dissolution (N=2-3) or uptake (N=2-6) experiments. 
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Figure C12 Zeta potential (ζ-potential) of CuO NP in different media. 

Media was 5‰ ASW buffered at different pH (6.3-7.5), with or without different NOM 

isolates (WLHpoA, SRFA and SRHA) at 0.1-10 mg-C L-1. Solid circle symbols represent 

ζ-potential data measured in CuO NP uptake experiments, while open square symbols 

represent data measured in CuO NP dissolution experiments. Error bars are standard 

deviation of replicate dissolution (N=2) or uptake (N=2-5) experiments. 
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Figure C13 Uptake rate constant of nanoparticulate CuO (ku, NP) as a function of 

[DOC]×SUVA280.  
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