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Abstract

Quantifying and characterizing engineered particles in environmental systems is 

key for assessing their risk but remains challenging and requires the distinction between 

natural and engineered particles. The Ph.D. dissertation research described in this thesis 

contributes to the current attempts to improve environmental nanoparticle analysis and 

better understand nanoparticle behavior in natural systems, with the focus being on natural 

streams, and the application of single particle inductively coupled plasma-time of flight-

mass spectrometry (SP-ICP-TOF-MS) for distinguishing and tracing the origins of 

environmental nanoparticles. The objective of this dissertation is to characterize and 

quantify the concentrations of titanium dioxide engineered particles in urban surface water 

during and following rainfall events, establish a time and cost-efficient surrogate measure 

to monitor titanium dioxide engineered particles in urban surface water, evaluate the impact 

of urbanization on the concentrations of titanium dioxide engineered particles, and 

compare urban and rural river basins.  

Four water sampling campaigns were performed to quantify engineered 

nanoparticle (ENP) concentrations in dynamic natural water systems (i.e., urban runoff 

impacted Broad, Congaree, and Saluda River and agricultural runoff-impacted Edisto 

River). The first three campaigns were performed at the discharge event scale in the urban 

Saluda, Broad, and Congaree Rivers. In contrast, the fourth sampling campaign was a long-

term campaign performed between 2017 and 2019 in the Edisto River. The first sampling 

campaign was performed in 2018 following hurricane Florence to investigate the impact 
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of rainfall on the concentrations of TiO2 engineered particles in the Broad River. The 

second sampling campaign was performed in 2019 during a range of hydrologic settings to 

investigate the impact of wet and dry weather on the concentrations of TiO2 engineered 

particles in the Broad River. The third sampling campaign was performed in 2020 to 

determine the impact of urbanization on the concentrations of TiO2 engineered particles in 

the Saluda, Broad, and Congaree Rivers. The fourth sampling campaign was performed by 

collecting water samples on a biweekly basis from the Edisto River to investigate the 

seasonal variability in TiO2 engineered particle concentrations. 

For all field studies, water samples were analyzed for total metal concentrations 

following acid digestion. Bulk elemental ratios (e.g., Ti/Nb, Ce/La) were determined to 

determine whether water samples were contaminated with anthropogenic Ti and Ce. The 

concentrations of anthropogenic Ti and Ce were determined using mass balance 

calculations and shifts in elemental ratios above the natural background ratios. Selected 

samples were analyzed for particle number concentration and elemental composition using 

single particle-inductively coupled plasma-time of flight-mass spectrometer (SP-ICP-

TOF-MS). Agglomerative hierarchical analysis was used to group particles into clusters of 

similar elemental compositions and to compare particles across samples.  

In the urban Rivers (Saluda, Broad and Congaree), the elemental ratios of Ti/Nb 

increased with discharge and with urbanization. In contrast, the elemental ratio of Ti/Nb in 

the rural Edisto River varied seasonally with increases during spring and summer and 

decreases during the fall and winter. The elemental composition of multi-element titanium-

bearing particles at the single particle level were determined by SP-ICP-MS and were 

similar throughout rain events in urban Rivers and seasons in the rural River, and consisted 
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of clusters of FeTiMn, AlSiFe, and TiMnFe, which are typical of naturally occurring iron 

oxide, clay, and titanium oxide particles. The elemental ratio distributions of Ti/Nb, Ti/Fe, 

and Ti/Al, determined on a single particle basis using SP-ICP-TOF-MS, were similar 

between samples during the different rainfall events, indicating that naturally occurring 

particles had the same elemental ratios and origin. Therefore, the changes in Ti/Nb ratios 

in the bulk water samples were attributed to the introduction of titanium dioxide engineered 

particles into the rivers with urban/agricultural runoff during and following rainfall events. 

Water samples were collected from the Broad River during seven discharge events 

in 2018 and 2019. Discharge, bulk elemental concentrations (e.g., Ti, Al, Fe, Nb and Ce), 

bulk elemental ratios (e.g., Ti/Al, Ti/Fe, and Ti/Nb), TiO2 engineered particle 

concentration, and turbidity displayed the same trend of rise and fall as the discharge/runoff 

following storm events. Linear relationships were established between turbidity and TiO2 

engineered particle concentrations in the Broad River for different flow regimes. The 

established correlations between turbidity and TiO2 engineered particle concentrations are 

important as they can be used to translate the continuously monitored turbidity to TiO2 

concentrations. The concentrations of titanium dioxide engineered particles in the Broad 

River varied between 20 and 140 µg TiO2 L
-1 following the rainfall events in 2018. During 

a range of hydrologic settings in 2019, the concentrations of titanium dioxide engineered 

particles in the Broad River varied between 4 and 412 µg TiO2 L
-1. 

This study demonstrates that diffuse urban runoff results in high concentration of 

TiO2 particles in urban surface waters during and following rainfall events which may pose 

increased risks to aquatic organisms during these episodic events. The urbanization 

impacted concentration of anthropogenic TiO2 increased following the order 0 to 24 µg L-
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1 in the Lower Saluda River < 0 to 663 µg L-1 in the Broad River < 43 to 1051 µg L-1 in 

Congaree River at Cayce <58 to 5050 µg L-1 in the Congaree River at Columbia. 

On the other hand, in a rural river basin (Edisto River, < 1% urban land cover) in 

South Carolina, United States, the total concentrations of Ti, Nb, Al, Fe, Ce, and La trended 

higher during spring/summer compared to autumn/winter, indicating agricultural prep and 

growing season related increases in TiO2 engineered particles. Surface water 

concentrations of TiO2 engineered particles varied between 0 to 129 µg L-1 in the rural 

Edisto River. Increases in TiO2 concentrations over the spring/summer were associated 

with increases in phosphorous, orthophosphate, nitrate, ammonia, anthropogenic 

gadolinium, water temperature, suspended sediments, organic carbon, and alkalinity, and 

with decreases in dissolved oxygen. The association between these contaminants together 

with the timing of the increases in their concentrations is consistent with diffuse wastewater 

source, such as reuse application overspray, biosolids fertilization, or leaking sewers or 

septic tanks, as the driver of instream concentrations; however, other diffuse sources cannot 

be ruled out. 

This study provides clear evidence that significant concentrations of TiO2 

engineered nanoparticles enter aquatic systems with urban/agricultural runoff, and that the 

concentration of TiO2 engineered nanoparticles entering surface waters via runoffs are 

expected to increase with the increased applications of TiO2 engineered particles in 

consumer products, which may pose higher risks to urban/rural stream aquatic ecosystems 

during the storm events. Hence, the demonstrated results of this dissertation illustrate the 

importance of monitoring temporal and/or seasonal variations in engineered particles 

concentrations in surface waters for a more representative assessment of ecosystem risk. 
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Chapter 1

Introduction 
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1.1 Nanotechnology, Nanoparticles and Risk 

Nanotechnology is anticipated to be one of the major pillars of the next industrial 

revolution. Nanoparticles (NPs), the building blocks of nanotechnology 1, can be 

categorized into three types: natural, incidental, and engineered. Engineered NPs (ENPs), 

designed with very specific properties are tailor made through certain physicochemical 

processes, including self-assembly (from atoms and molecules) or milling (from their 

macro-scale counterparts). Due to their nanoscale size (1-100 nm), NPs may possess 

unique chemical, biological, and physical properties as compared to larger particles of the 

same material, which gives them an edge in diverse applications 2. Applications of ENPs 

include various consumer products from various industries: electronics, medical, 

environmental, and so on 1. ENPs may be released into the environment primarily through 

industrial and environmental applications 3,4 such as diesel engine exhaust, cigarette smoke, 

indoor pollution, building demolition, cosmetics and other consumer products, 

manufacturing of engineered nanoparticles etc. 5. ENPs may thus enter the natural 

environment (e.g., waters, soils, atmosphere, and sediments) where they may pose risk to 

environmental and human health 6,7. 

Detection and quantification of ENPs in environmental matrices is key for robust 

risk and lifecycle assessment of ENPs. Risk assessment requires an in detailed 

understanding of exposure to ENPs and toxicity of ENPs. Plenty of literatures are available 

on the toxicity of ENPs whereas research on the concentration or exposure assessment of 

ENPs in the environment including surface waters are scarce and mostly model predicted. 

Model predicted concentration comes with inherent uncertainties. To validate model 

prediction several concentration determinations research had been carried out and reported. 
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However, the research on detection and quantification of ENPs in the environmental 

samples is in its infancy. 

 

1.2 Engineered Titanium dioxide nanoparticles application and release in the 

environment 

The global consumption of TiO2 was estimated at 6.1 MMT in 2016 and is projected 

to reach 8.8 MMT by 2025 8,9. A survey of 2012 showed that TiO2 ENPs are the most 

produced ENPs worldwide with production volumes of approximately 10,000 tons 10,11. 

TiO2 is widely used in many applications as pigment and engineered particles. It’s used as 

a white pigment because of its brightness and light reflection capacity. There had been 5.3 

billion liters year-1 paint demand in the United States in 2019, 33% of which (e.g., 1.77 

billion liters year-1) is used for exterior paint 12. The United States road markings demand 

is estimated at 350,000 metric tons year-1 in 2018 13. White road markings contain at least 

10% wt TiO2 pigments, corresponding at least to 35,000 metric tons TiO2 pigments per 

year in 2018. Moreover, road markings demand is projected to be increased to 450,000 

metric tons year-1 in 2025 14. TiO2 pigments for coatings has an optimum particle size 

between 100-300 nm in diameter theoretically, but the sizes range from the nano-range to 

several hundreds of nanometers 15. Consequently, TiO2 ENPs are present in most of the 

TiO2 pigments in a certain fraction 10. TiO2 is used in industrial and architectural paints 

(60%), plastics (28%), paper (5%), printing ink, roofing granules, ceramics, catalysts, 

sunscreen, toothpaste, cosmetics, foods etc 16. TiO2 used in whitening agent in foods, 

cosmetics, toothpaste and sun blocks, are ending up in municipal wastewater 17 -a small 

percentage (e.g., 7% or 0.427 million metric tons) of the global TiO2 use.  TiO2 is used in 
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paint in the indoor environment could be released to indoor dust. TiO2 is also in road 

marking and thus may be released to surface waters with urban runoff. Many studies in 

literature shows the presence of TiO2 ENPs in very low concentration in the surface water 

of Colorado creek and Danube lake ( in the range of 0.4 ng to 27.1 µg per liter range) 17; 

but relatively higher TiO2 ENPs concentration is found in urban runoff (5 to 150 µg per 

liter) 18, sewage spills (up to 100 µg per liter) 17, stormwater green infrastructures (550 to 

1800 mg per kg) 19, and wastewater treatment plants influent (302 to 2057 µg per liter) 20. 

These concentrations are in the same order of magnitude in the lower end to higher as the 

predicted no effect concentration (PNEC) for TiO2 pigments (e.g., 127-184 µg L-1) and is 

higher than the PNEC for TiO2 ENPs to freshwater organisms (e.g., 1-18 µg L-1) 21,22. 

 

1.3 Engineered Cerium dioxide nanoparticles application and release in the 

environment 

Cerium is the most abundant of rare-earth metals found in the Earth’s crust. Several 

Ce-carbonate, -phosphate, -silicate, and -(hydr)oxide minerals have been historically 

mined and processed for pharmaceutical uses and industrial applications. Of all Ce 

minerals, cerium dioxide has received much attention in the global nanotechnology market 

due to their useful applications for catalysts, auto mobile catalytic converter as a censor, 

fuel cells, solar panels and fuel additives 23. CeO2 ENPs are most famously used as a diesel 

fuel additive (Envirox) to reduce particulate matter emissions and increase fuel economy 

24. CeO2 ENPs are released in the urban corridors as a result of the combustion of diesel 

fuel containing the additive Envirox, and hence may be released to surface waters with 

urban runoff. The estimated concentrations of CeO2 NPs in WWTP in the San Francisco 
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Bay area are 10−2 to 1 µg/L in effluent and 1 to 10 µg/kg in dry biosolids 25. In other study 

by Gottschalk et al. (2013) 26, even much lower concentration of CeO2 NPs in WWTP 

effluent and biosolid are reported (0.5 × 10−4 µg/L and 10−6 mg/kg, respectively). While 

there are needs in improving the detection and quantification of CeO2 ENPs in different 

environmental media, it is imminent that organisms in ecosystem will be exposed to these 

low concentrations (micro gram per liter or kilogram) 25. 

 

1.4 Engineered Lanthanum oxide nanoparticles application and release in the 

environment 

Among REE applications, lanthanum oxide nanoparticles (La2O3  ENP) have been 

exploited for use in sensors, electronics, fuel cells, magnetic data storage, antimicrobials, 

catalysis, automobiles, water treatment, phosphate removal and biomedicine 27. La2O3 is 

being used in automobile exhaust gas converter 28 and fluid catalytic cracking for 

petrochemical industries and  therefore may be released to surface waters with urban runoff 

29. Balusamy et al. (2015) reported that there is significant toxicity of La2O3 NP on D. 

magna at concentrations 500 and 1000 mg L-1; and the effective concentration (EC50) and 

lethal dose (LD50) for aquatic organism had been determined to be 500 and 1000 mg L-1 

respectively 25. 

 

1.5 Urban Runoff and Hurricanes 

Urban runoff is surface runoff of rainwater created by urbanization. This runoff is 

a major source of flooding and water pollution in urban communities worldwide. 

Impervious surfaces (roads, parking lots and sidewalks) are constructed from materials 



 
 

6 

such as asphalt and concrete during land development. ENPs (e.g., TiO2 used in paint, 

CeO2 used in fuel additives and La2O3 used in catalytic convertor and in fluid catalytic 

cracking) are likely to be released to the atmosphere, where they deposit on those hard-

impervious surfaces. During rain, hurricanes and other precipitation events, these 

impervious surfaces, along with rooftops get washed with rain/urban runoff and carry 

polluted rainwater to storm drains, instead of allowing the water to percolate through soil 

30. Urban runoff typically washes off urban dust and topsoils, which may transfer high 

concentration of ENPs to receiving surface water 31. Thus, Urban waters receive large 

amounts of pollution, including TiO2 engineered particles, from a variety of sources such 

as industrial discharges, mobile sources (e.g., cars and trucks), residential and commercial 

wastewater, and polluted stormwater runoff from urban landscape which is likely to result 

in high episodic engineered particle concentrations in urban surface waters during and 

following rainfall events. 

In most cases, contaminant, including TiO2 engineered particle, in urban rivers are 

not characterized by a constant concentration, but rather by the episodic or random 

occurrence of rainfall events, snowmelt, and/or return flows and subsequent high river 

flows 32. For instance, a recent environmental fate modeling study suggested that 

stormwater runoff could result in high variability in TiO2 engineered nanoparticle 

concentrations in urban rivers, with high flow events generating a large proportion of the 

total annual TiO2 engineered nanoparticle loads in rivers 33. Variables affecting 

contaminant load in rivers, thus may affect TiO2 engineered particle concentrations, 

include antecedent rainfall, duration of the rainfall event, rainfall intensity of the event, 

succession of rainfall events, time of rise and fall of the hydrograph, runoff duration, peak 
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discharge and total runoff 34. Between rainfall events, contaminants in the catchment, 

including TiO2 engineered particles, tend to build up via dust blown in by wind, tire wear 

residue, paint and road marking wear, etc. Thus, the longer period between the antecedent 

and current rainfall events, the greater the mass of an individual contaminant available for 

wash-off from surfaces in the basin. In response to the changing intensity, duration, and 

frequency of rainfall events, some or all the available contaminants are washed off and 

transported to receiving surface waters 35,36. While the contaminant mass can increase by 

storm events, higher peak flows and discharges may end up displaying lower 

concentrations due to dilution effects.  

Hurricane is a special case of runoff when there is a lot of precipitation, resulting 

in high volume of surface runoff. For example, hurricane Florence (14 to 17 September 

2018) achieved Category 4 status over the open Atlantic Ocean, but the storm weakened 

before it made landfall as a Category 1 with a very large wind circulation. Florence is an 

example of what meteorologists have come to understand: Category at landfall is not 

necessarily related to total rainfall. Florence is the new “flood of record” in North Carolina, 

where 914.4 mm fell in Swansboro, and in South Carolina for tropical storms, where 609.6 

mm fell in Loris. There had been 108.2 mm rainfall in Columbia, SC during this event. 

Recent trends suggest that the number of hurricane events have increased along with the 

event intensity. The resulted enormous urban runoff during hurricane events washes off 

urban corridors and may transport high concentration of ENPs to receiving surface water. 

Pollutants in urban rivers are associated mainly with suspended particles, which act as the 

transport vector to downstream areas 37. Neal et al. (2011) reported dissolved (<0.45µm 

filtered fraction) TiO2 concentration in urban or industrial, agricultural, and rural rivers in 
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the UK ranged in the average of 0.9 to 10.8 µg L-1 (mean 3.5 µg L-1) 38. Peters et al. (2017) 

detected µ-TiO2 of average particle size 300 nm in Meuse and Ijssel river’s surface water 

within concentration 0.2 to 8.2 µg L-1 with an average concentration of 3.1 µg L-1 39. A 

recent environmental fate modelling study by Parker et al. (2019) suggested that nano TiO2 

could be present in the peak concentration range of 619 to 1490 µg L-1 in urban rivers 

impacted by stormwater runoff 33. All of these studies measured the total concentration of 

Ti by elemental analysis; and reported as the concentration of engineered TiO2 by 

identifying the particle size (>150nm, at least) by spICPMS or by scanning electron 

microscopy (SEM) in a given sample; or are based on ENP fate modelling. The presence 

of natural Ti has not been considered quantitively. Therefore, it is evident that none of these 

studies provide measured quantitative concentration of TiO2 engineered particles in the 

river surface waters and the contributions of natural and engineered particles to the total Ti 

concentrations have not been distinguished. Moreover, there have been several studies on 

the engineered particle, such as TiO2 fluxes from municipal wastewater treatment plants, 

urban runoff and sewage spills to urban surface waters, however, these measurements were 

a proof of concept of the analytical approach and did not investigate the temporal 

variability of the measured concentrations; or the relationship between TiO2 engineered 

particle concentrations and environmental parameters such as flow discharge, temperature, 

pH, dissolved oxygen, turbidity, or suspended solids; and the roles of urban areas in 

controlling these fluxes are yet to be evaluated adequately 17,18,40. 

 

 

 



 
 

9 

1.6 Biosolid amended agricultural soils and septic system 

Agriculture land applied biosolids (sewage sludges) are widely recognized as a 

major vector of chemicals, including heavy metals and nutrients, to biosolid amended soils 

and nearby surface waters, and therefore biosolids has been shown to contribute 

significantly to the deterioration of amended soil and surface water quality 41,42. Engineered 

nanoparticles present in the municipal wastewater are concentrated in wastewater treatment 

plants, accumulated in biosolids and eventually ended up in agricultural fields 43–45. In the 

United States, there are 7 million dry tons of biosolids are produced annually, and 55% of 

the produced biosolids (based on 2004 data) are applied for agriculture, silviculture, land 

restoration etc. 46,47. Seventy four percent of the total amount of biosolids applied to soils 

are used for agriculture on farmlands. Treated sludge is usually applied to land as a liquid 

spray or solid cake which contains Ti-, Fe-, Zn-, Sn- and Pb-containing particles 48,49. When 

the rainfall exceeds the infiltration capacity of the soil in an predominantly agricultural 

watershed, the created surface runoff can transport the engineered nanoparticles from 

agricultural fields to the surface water 50. In literature, titanium oxides, iron oxides, and 

silver and zinc sulfides etc. metal containing particles have already been identified in 

sewage sludge and sludge-amended soils 45,49,51–53. A recent modelling study suggested that 

the concentration of nano-TiO2 and nano-silver are 42 µg Kg-1 and 662 ng Kg-1 per year, 

respectively in biosolid treated soils in USA 54. However, these modeled concentrations 

have not been validated by field measurements, therefore suffers from significant 

uncertainties. Yang et al., (2014) identified TiO2 in biosolid amended soils in Texas, USA 

in an average concentration of 2382 ± 422 mg Kg-1 42. Moreover, the available studies 

reported the presence of TiO2 EPs in biosolids, biosolids-amended agricultural soils, and 



 
 

10 

other relevant environmental compartments by measuring the total concentration of Ti 

using elemental analysis accompanied with TiO2 particle identification by electron 

microscopy techniques, without estimating the relative fractions of engineered and natural 

Ti particles 55. Additionally, more than 21 million households in the United States, most 

commonly in rural areas, use septic systems – not a public sewer – to trap and filter toilet 

waste 56. Septic tanks also are widely recognized as an important source of chemicals to 

ground and surface waters 57,58. Although it is well recognized that septic tank and 

agricultural discharges contributes to the loading of contaminants, including TiO2 
26,59,60, 

in river surface water, there are currently no field data on the occurrence and concentrations 

in surface water receiving septic tank and agricultural discharges. 

 

1.7 Challenges for the characterization of engineered nanoparticles 

The detection and quantification of ENPs in the environment is challenging because 

of their small size, low concentration, lack of appropriate methodology and the relatively 

high background level of incidental and naturally occurring NPs (NNPs, ca. 1-1000mg/l in 

fresh waters), often with similar elemental composition 61. However, natural NPs may 

contain natural tracers that could be exploited to differentiate natural from engineered 

particles and to estimate the concentration of ENPs. For instance, natural riverine TiO2 

particles had been shown to be associated with at least one of the following elements Al, 

Fe, Ce, Si, La, Zr, Nb, Pb, Ba, Th, Ta, W and U 62. The elemental ratios of Ti to these 

elements, except for Pb, were in good agreement with those of riverine average elemental 

ratios and average crustal ratios. TiO2 ENPs are manufactured by removing these elemental 

impurities from the parent natural TiO2 minerals by dissolution and reprecipitation as TiO2 
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engineered particles. This process finally results in pure TiO2 engineered particles. Thus, 

the introduction of TiO2 engineered particles into the environment, will result in an increase 

in the elemental ratio of Ti to these natural tracers (e.g., Al, Fe, Nb, Ta, etc.). However, all 

TiO2 ENPs, apart from the food additives, contain 1-15% Al, Si, or Zr as coatings on the 

surface. Thus, elemental ratios of Ti to Al, Ti to Si, and Ti to Zr might result in 

underestimation of TiO2 engineered particle concentrations. Nonetheless, other elements 

such as Nb and Ta have not been reported to be used in TiO2 engineered particles. 

Additionally, natural TiO2 particles such as rutile and ilmenite are major carriers of Nb and 

Ta (90-95%) 63,64. However, the Ta concentration is often found below the limit of 

detection in the natural environmental samples. Therefore, Nb will be used for tracing 

natural Ti-particles and Ti/Nb ratio will be used for the quantification of TiO2 ENP’s total 

concentration 17. 

Engineered cerium oxide (used in diesel fuel additive) and Lanthanum oxide (used 

in fluid catalytic cracking for petrochemical industries) nano-particles (CeO2, La2O3 ENPs) 

are relatively pure 29. The naturally occurring CeO2 contains only trace amounts of other 

rare earth elements (REEs) such as La, Ba, Pr, Nd, Th 65,66. The elemental ratios of Ce and 

La to these elements (Pr, Nd) were in good agreement with those of average crustal ratios. 

Th often fall below the detection limit. Moreover, Salminen et al. (2005) demonstrated that 

cerium (Ce) and lanthanum (La) are present in a stable 2 : 1 ratio in soils and stream 

sediments throughout Europe 67.  Therefore, Ce/La ratio will be used to distinguish CeO2 

and La2O3 ENPs released from anthropogenic activities to surface waters from CeO2 and 

La2O3 NNPs. But if both CeO2 and La2O3 ENPs are released at the same time, the Ce/La 

ratio will be erroneous since proportionally elevated value of both Ce and La can still yield 
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a stable 2:1 ratio! Hence, Ce/REEs and La/REEs ratios will be used to evaluate the presence 

of CeO2 and/or La2O3 engineered particles. 

 

1.8 Approaches for the characterization of engineered nanoparticles 

The overall arching approach to detect and quantify engineered TiO2 particles in 

environmental matrices is based on differentiating natural and engineered particles based 

on differences in their physicochemical properties. Several methods have been proposed 

to differentiate natural from engineered TiO2 particles including 1) elemental ratios of Ti 

to Nb, Ti to Ta, and Ti to Al 17,68; 2) geochemical indices such as enrichment factor, 

contamination factor, and geoaccumulation index 69; 3) particle morphology 70; 4) presence 

of engineered coating 71. But none of these methods are ‘unequivocal’ for the 

characterization of TiO2 EPs. The TiO2 EPs are manufactured by removing all the natural 

impurities from natural parent minerals. Thus, detecting elemental impurities in TiO2 

particles as well as elemental ratio might assist to differentiate between natural and 

engineered TiO2 particles. Nevertheless, the environmental processes could alter the 

elemental associations and ratios by dissolution due to change in pH and redox potential 

(environmental conditions), or during particle extraction 72. Several authors suggested 

geochemical indices to estimate the level of TiO2 contamination, which is a bulk technique 

based on background and sample TiO2 and Fe concentration. Moreover, background 

concentrations of metals in environmental matrices can vary naturally by several orders of 

magnitude, hence the use of geochemical indices technique might be misleading in 

differentiating between the natural and engineered TiO2 particle 73. Transmission electron 

microscopy (TEM) could help in differentiating natural from the engineered TiO2 particles 
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by observing the TiO2 particle morphology (i.e., rough irregular surface for natural nano 

particles vs. regular surface for ENP). However, the presence of high concentration of 

natural particles, poor statistical power due to the viability that limited number of particles 

can be imaged and analyzed within reasonable cost and time frame along with demanding 

operator time hamper the quantification of TiO2 EPs in complex environmental matrices 

17. Other studies suggested, the presence of engineered organic coating for engineered 

particles could differentiate between the TiO2 natural and engineered particles, but the 

organic coatings could be easily desorbed in nature with the water interaction 71. It’s 

feasible in the complex environmental matrices due to the fact that TiO2 EPs with similar 

composition as natural counterpart can follow the exact same transformation pathways, 

thus distinction might be impossible between the TiO2 natural and engineered particles 69. 

On the other hand, sp-ICP-TOF-MS is a promising technique to differentiate ENPs from 

NNPs based on elemental associations and elemental ratios at the single particle level. 

For the metal ENPs, inductively coupled plasma-mass spectrometry (ICP-MS) and 

energy dispersive spectroscopy (EDS) coupled to transmission electron microscopy (TEM) 

are the most widely used methods. Multielement-Single particle inductively coupled 

plasma-mass spectrometry (ME-SP-ICP-MS) are being used to differentiate between 

natural and engineered particles now a days (e.g. CeO2 & TiO2) 
17. These analytical 

techniques are not beyond limitations, but together as a cross checking measure they 

provide data on the occurrence, concentration, and properties of ENPs in environmental 

compartments with adequate level of confidence. The advantages and disadvantages of the 

analytical techniques are summarized in Table 1.1. 
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1.9 Dissertation overview 

The challenges in detection, quantification and characterization of ENPs in 

environmental systems are not fully overcome 7. In particular, the presence of natural 

nanoparticles has not been addressed quantitatively, and the analytical method to 

differentiate between the engineered nanoparticles and natural nano particles has not been 

completely developed. This research is primarily focused on developing analytical 

approaches to overcome the challenges in detecting, quantifying and characterizing ENPs 

in environmental system 7, particularly in surface water, focusing on chemical nature, 

concentration, size and morphology of the nanoparticles and providing a framework to 

monitor ENPs in surface water. Basically, the physicochemical properties (elemental 

composition, ratio, size and morphology) of the ENPs which are distinct in comparison to 

their natural counterparts are characterized and used to distinguish between the ENPs and 

NNPs. This dissertation is organized into six chapters. 

Chapter 1 provides a general overview of NPs in the environment, the possible 

routes of ENPs from anthropogenic application to the environmental systems, and 

characterization. It also includes the overall research goals of this work and overall 

dissertation organization.   

Chapter 2 reports a protocol for the characterization of the elemental composition 

of Ti-containing particles in the Broad River on a single particle basis using SP-ICP-TOF-

MS during and following rainfall events, monitoring the occurrence and concentration of 

TiO2 engineered particles in the Broad River, and determining the possible source(s) of 

TiO2 engineered particles in the Broad River, Columbia, South Carolina, United States.   
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Chapter 3 describes the quantification of the temporal variability in TiO2 

engineered particle concentrations in the Broad River, Columbia, South Carolina, United 

States during dry and wet weather conditions under rainfall events of various 

characteristics, evaluating the impact of rainfall events characteristics on TiO2 engineered 

particle concentrations, and determining the correlation between TiO2 engineered particle 

concentrations, flow discharge, and environmental indicators with particular emphasis on 

turbidity as a surrogate for suspended sediment concentration. 

Chapter 4 investigates the impact of urbanization on the concentrations of TiO2 

engineered particles in urban surface waters. 

Chapter 5 reports the seasonal variability in TiO2 engineered particles 

concentrations and explore the relationship between TiO2 and other contaminant 

concentrations in a rural river basin (Edisto River, South Carolina) with limited urban 

development (< 1%). 

Chapter 6 discusses the overall conclusions of the dissertation, the environmental 

implications of the different studies performed as part of this PhD dissertation, and the 

recommendations for future studies. 
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Table 1.1: Advantages and disadvantages of the analytical techniques 

Method Advantage Disadvantage 

ICP-MS - Provide elemental 

isotopic ratio information 

- It is a bulk technique that does not 

provide information on a single 

particle basis 

ME-SP-ICP-

MS 

- Provide elemental 

composition on a single 

particle basis 

- In cases where the environmental 

matrix includes distinct NNPs 

containing the same element(s) as 

the ENPs (e.g. Ce, Ti, Si, Fe), it 

cannot be used to differentiate 

ENPs from NNPs because both 

particle types are detected as signal 

bursts with high SBRs 74 

FFF-ICP-MS 

Coupled 

- It separates particles, and 

provide elemental 

associations & ratios as a 

function of particle size 

- Particle losses in the channel due to 

particle-membrane interactions. 

TEM - Can detect qualitatively 

ENPs across the entire 

nanoscale range and 

determine particle 

morphology 

- Demanding operator time, the 

presence of high concentrations of 

natural particles, the poor statistical 

power due to limited number of 

particles that can be imaged and 

analyzed within a reasonable time 

and cost frame, hamper the 

quantification of ENPs in complex 

matrices 
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Chapter: 2 

Episodic Surges in Titanium Dioxide Engineered Particle Concentrations in Surface 

Waters Following Rainfall Events
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2.1 Abstract 

Quantifying and characterizing engineered particles in environmental systems is 

key for assessing their risk but remains challenging and requires the distinction between 

natural and engineered particles. The objective of this study was to characterize and 

quantify the concentrations of titanium dioxide engineered particles in the Broad River, 

Columbia, South Carolina, United States during and following rainfall events. The 

elemental ratio distributions of Ti/Nb, Ti/Fe, and Ti/Al, determined on a single particle 

basis using inductively coupled plasma-time of flight-mass spectrometry (SP-ICP-TOF-

MS), were similar between samples during the different rainfall events, indicating that 

naturally occurring particles had the same elemental ratios and origin. Therefore, the 

changes in the Ti/Nb ratios in the bulk water samples were attributed to the introduction of 

titanium dioxide engineered particles into the Broad River with urban runoff during and 

following rainfall events. The total concentrations of Ti, Fe, Al, Nb, Ce, and La in the 

Broad River followed the same trend of rise and fall as the discharge/runoff. The elemental 

ratios of Ti/Nb were higher (e.g., 330 to 565) than the average crustal values (e.g., 320) 

and the natural background elemental ratios in surface waters in Columbia, SC (e.g., 266.4 

± 8.9), suggesting contamination with titanium dioxide engineered particles. The 

concentration of titanium dioxide engineered particles were estimated by mass balance 

calculations using total titanium concentrations and increases in Ti/Nb ratios above the 

natural background ratios. The concentrations of titanium dioxide engineered particles in 

the Broad River varied between 20 and 140 µg TiO2 L
-1 during the campaigns. The source 

of titanium dioxide was attributed to urban runoff due to the absence of sewage 

contamination as indicated by the low size of the gadolinium anomaly. The findings of this 
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study demonstrate that urban runoff is a major source of titanium dioxide engineered 

particles to urban rivers, which results in episodic high concentrations of titanium dioxide 

engineered particles, which may pose environmental risks during and following rainfall 

events. This highlights the significance of determining the temporal variations in 

engineered particle concentrations in surface waters for a more comprehensive risk 

assessment of engineered particles. 

 

2.2 Introduction 

Urban runoff is widely recognized as a major vector of chemicals, including 

engineered particles, to surface waters, and therefore urban runoff has been shown to 

contribute significantly to the deterioration of surface water quality 1. Many studies 

investigated the release of engineered particles from municipal wastewater treatment plants 

2, sewage spills 3, and from sunscreens 4,5 to urban surface waters. However, little attention 

has been given to the contribution of the built urban environment to the fluxes of 

engineered particles in urban surface waters, despite the many uses of engineered particles 

in the urban environment 6. Titanium dioxide (TiO2) engineered particles are widely used 

in the urban environment both as pigments (e.g.,100-300 nm) in paint and nanosized 

particles (e.g.,1-100 nm) in self-cleaning and photocatalytic surfaces 6. These uses of TiO2 

engineered particles results in their release, and deposition on surfaces in the urban 

environment 7-9. During rainfall events, the deposited particles are washed with urban 

runoff to the receiving surface waters, which is likely to result in high episodic engineered 

particle concentrations in urban surface waters during and following rainfall events. For 

instance, a recent environmental fate modelling study suggested that TiO2 engineered 
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nanoparticle concentrations could reach 600 to 1500 µg L-1 in urban rivers impacted by 

stormwater runoff 10. Another study reported high concentrations (5 to 150 µg L-1) of TiO2 

engineered particles in bridge runoff and in urban rivers dominated by urban runoff 11. 

However, these measurements were a proof of concept of the analytical approach and did 

not take into account the temporal variability of the measured concentrations. 

Currently, most available data on engineered particles, including TiO2, 

concentrations in environmental systems are predicted based on mass flow and 

environmental fate modeling 12,13. These models estimated that the concentrations of 

engineered nanoparticles, including TiO2, are likely to be in the ng to low µg L-1 range. 

Nonetheless, a recent modeling study predicted high concentrations (e.g., 619 to 1490 µg 

L-1) of TiO2 engineered nanoparticles in urban rivers impacted by stormwater 10. However, 

these predictions may suffer from significant uncertainties because they are based on 

modeling approaches that have not been validated against field measurements. Few studies 

reported the occurrence and the measured concentrations of TiO2 engineered nanoparticles 

in environmental systems and many of them reported low TiO2 engineered nanoparticles 

concentrations which are in line with the modeled environmental concentrations 4,5,14. Early 

studies reported the occurrence of TiO2 engineered nanoparticles in surface waters by 

measuring the total concentration of Ti using elemental analysis accompanied with TiO2 

particle identification by electron microscopy techniques 15,16. However, these studies did 

not distinguish between the contributions of natural and engineered particles to the total Ti 

concentrations. Titanium is the ninth most abundant element in the Earth’s crust and is 

mainly found in minerals such as rutile, ilmenite, sphene, and/or opaque heavy minerals 

(e.g., titanomagnetite, magnetite, and ilmenite) 17. These minerals always contain trace 
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concentrations of other elements 18. Natural TiO2 minerals, such as rutile and ilmenite, have 

been shown to be the dominant carriers (e.g., > 90-95% of the whole rock content) of Ti, 

Nb, Ta, Sb, and W, as well as, important carriers (5-45% if the whole rock content) of V, 

Cr, Mo, and Sn 19. Natural Ti-containing particles form after weathering of parent rocks, 

and display similar elemental compositions, associations, and ratios as those of the parent 

rocks. For instance, characterization of naturally occurring Ti-containing particles by 

single particle-inductively coupled plasma-mass spectrometer (SP-ICP-TOF-MS) 

demonstrated that natural Ti-particles contain other elements such as Al, Si, Fe, Mn, Ce, 

La, Zr, Nb, Pb, Ba, Th, Ta, W, and U 3,14. These natural elemental impurities are typically 

removed from the natural Ti-containing minerals by dissolution and reprecipitation during 

the manufacturing of TiO2 engineered particles 3. Therefore, mobilization of TiO2 

engineered particles with urban runoff to receiving surface waters will lead to increases in 

the elemental ratios of Ti to the elements naturally associated with Ti-containing minerals. 

This approach has been recently implemented to estimate the concentrations of TiO2 

engineered particles in sewage spills 3 and urban runoff 11, and surface waters 4. 

This study builds on previous advancements in overcoming some of the challenges 

in the detection and quantification of titanium dioxide engineered particles in surface 

waters 3,4,11,14 by evaluating the temporal variability in titanium oxide engineered particle 

concentrations in an urban river during and following rainfall events. The aims of this study 

are to: 1) characterize the elemental composition of Ti-containing particles in the Broad 

River on a single particle basis using SP-ICP-TOF-MS during and following rainfall 

events, 2) monitor the occurrence and concentration of TiO2 engineered particles in the 
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Broad River, and 3) determine the possible source(s) of TiO2 engineered particles in the 

Broad River, Columbia, South Carolina, United States.   

 

2.3 Materials and Methods 

 

2.3.1 Sampling 

Water samples were collected from the Broad River, Columbia, SC 29201 

(34°00'10.4"N 81°03'18.4"W). The Broad River is approximately 240 km long, originates 

in the Blue Ridge Mountains of eastern Buncombe Country, North Carolina, and flows 

generally south-southeastwardly in South Carolina. The total catchment area of the Broad 

River is approximately 14,000 square kilometers. The broad River is a principal tributary 

of the Congaree River, which is a principal tributary of the Santee River, which discharges 

in the Atlantic Ocean. Apart from the forested land (66%) in the headwaters of the Broad 

river basin; the dominant land use throughout the Broad river basin is agricultural (23%); 

urban (9%): commercial and residential; others (2-4%): mining operations, and logging 

operations. There are permitted 14 major wastewater treatment plants (WWTP), 30 minor 

WWTPs, 20 animal operation facilities, 92 general and individual stormwater facilities in 

the Broad river basin 20. 

Water samples were collected from the Broad River during a range of hydrologic 

conditions (Table A.3). The first sampling campaign (C1) was conducted between 

09/14/2018 and 09/21/2018 during and following Hurricane Florence, which formed on 

08/31/2018, dissipated on 09/19/2018, and made landfall near Wrightsville Beach in North 

Carolina on September 14th. The hurricane eye moved westward through North Carolina 
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and the Northern part of South Carolina without any significant impact on Columbia, South 

Carolina. Nonetheless, hurricane Florence generated rainfall in Columbia, SC of a 

maximum total daily rainfall of 42 mm between September 15th to 18th 2018 (Table A.3) 

21. The second sampling campaign (C2) was performed between 10/25/2018 and 

11/02/2018 during which a major rainfall event of a 33 mm occurred on 10/26/2018 (Table 

A.3). The third sampling campaign (C3) was performed between 11/02/2018 and 

11/09/2018 during which low intensity rainfall (0 to 3.5 mm) occurred on nearly daily basis 

except on 11/07/208, where a rainfall with higher intensity (19 mm) occurred. The rainfall 

data was collected from the USGS station number 021695045 (34°00'24"N 81°01'18"W), 

nearly 3.1 km from the sampling location. The discharge data was collected from the USGS 

station number 02162035 (34°02'54"N 81°04'24"W), nearly 5.3 km upstream of the 

sampling location. 

 

2.3.2 Sample collection, digestion and elemental analysis 

Surface water samples were collected from the Broad River in 1 L high density 

polyethylene bottles (Thermo Scientific, Rockwood, TN, United States). Prior to use, 

bottles were acid-washed in 10% nitric acid (Sigma Aldrich, St. Louis, MO, United States) 

for at least 24 hours, and soaked in ultrahigh purity water (PURELAB Option-Q, ELGA, 

High Wycombe, UK) for 24 hours, air dried, and then double-bagged. In the field, the 

sampling bottles were rinsed three times in the surface water and then filled with the water 

sample, samples were individually double-bagged, and returned to the lab the same day 

and were stored in the dark at 4ºC. 
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The bulk river water samples were digested in 15 mL Teflon vessels (Savillex, Eden 

Prairie, MN, United States) on custom-made Teflon covered hotplates placed in a box 

equipped with double-HEPA filtered forced air in a metal-free HEPA filtered air clean lab. 

10 mL water aliquots or 5 mL extracted particle suspensions were placed in the vessel and 

weighed (Mettler Toledo, Excellence Plus, Columbus, OH, United States). Samples were 

dried at 110°C and treated with 1 mL of 30% H2O2 (Fisher Chemical, Fair Lawn, NJ, 

United States) for 2 h at 70°C to remove organic matters. H2O2 was then evaporated and 

the sample was digested with 2 mL of HF:HNO3 (3:1) mixture (ACS grade acids distilled 

in the laboratory, Sigma Aldrich, St. Louis, MO, United States) for 48 h at 110°C. After 

evaporation of the acid mixture at 110°C, the residue was reacted with 1 mL of distilled 

HNO3 to break up insoluble fluoride salt that may have formed during the sample digestion 

and HNO3 was left to evaporate at 110°C. This step was repeated twice before weighing 

the sample and adding 5 mL of 1% HNO3. The sample was sonicated for 10 min in a 

sonication bath (Branson, 2800, 40kHz, Danbury, CT, United States) and warmed for 2 h 

at 50°C for full dissolution. The solution was transferred to 15 mL polypropylene 

centrifuge tubes (Fisher Scientific, San Nicolás de los Garza, Nuevo León, Mexico) and 

stored at 4°C. Samples were centrifuged (Eppendorf, 5810 R, Hamburg, Germany) for 5 

min at 3100 g prior to ICP-MS analysis to remove any undigested minerals. 

The elemental concentrations of the USGS reference materials BHVO-2 Hawaiian 

basalts run as unknowns after digestion following the digestion procedure described above 

demonstrate high recovery (approximately 100%) for most elements. The precision of our 

method was better than 4% for all isotopes except 169Tm and 174Lu (7 and 8%) and the 

accuracy was better than 89% for most elements, including Ti and Nb except 174Lu (86%). 



 
 

30 

Full procedural digestion blanks was < 6.8% for all reported element in this study and < 

2.8% for titanium and niobium of samples’ analyte signal (Table A.4). Therefore, blanks 

are insignificant to the calculations of Ti concentrations or total Ti/Nb elemental ratios.  

 Elemental concentrations in the digested river water samples were determined by Perkin 

Elmer NexION 350D ICP-MS. Standard tuning procedure was performed before analysis 

for instrument maintenance. Dissolved multi-element standards mixture of ICP Complete 

Group Calibration Standard (BDH Chemicals, Radnor, PA, USA) and ICP Refractory 

Element Group Calibration Standard (BDH Chemicals, Radnor, PA, USA) diluted in 1% 

nitric acid (TraceMetal grade, Fisher Chemical, Fair Lawn, NJ, USA) were used for mass 

concentration calibration ranging from 0.01 to 1000 µg L-1. Internal standards (ICP Internal 

Element Group Calibration Standard, BDH Chemicals, Radnor, PA, USA) were monitored 

at the same time for quality control. The isotopes measured were 27Al, 47Ti, 57Fe, 93Nb, 

139La, 140Ce, 141Pr, 142Nd, 152Sm, 153Eu, 158Gd, 159Tb, 164Dy, 165Ho, 166Er, 169Tm, 174Yb, and 

175Lu. All isotopes were analyzed in standard mode. 

 

2.3.3 Particle composition on single particle basis 

The river water samples were shaken well prior extraction to resuspend any settled 

particles and to obtain a representative subsample. 10 mL aliquots were transferred into 

acid-washed 15 mL centrifuge tubes. The transferred samples were bath sonicated for 2 h 

(Branson, Model 2800, 40 kHz, Danbury, CT, United States), then centrifuged at 775 g for 

5 min to remove large particles (> 1000 nm assuming natural particle density,  = 2.5 g 

cm-3) and prevent clogging of the ICP-TOF-MS introduction system. The top 7 mL 

supernatant was decanted and stored at 4°C in the dark till analysis by SP-ICP-TOF-MS. 
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The theoretical size of the extracted fractions corresponds to particles < 1000 nm for natural 

particles ( = 2.5 g cm-3), and < 725 nm for TiO2 particles ( = 4.2 g cm-3). All samples 

were bath sonicated again for 15 min and were diluted by a factor of 100 prior to SP-ICP-

TOF-MS analysis. 

Single particle analysis of the diluted particle extracts was performed using an ICP-

TOF-MS (TOFWERK, Thun, Switzerland) to determine all isotopes within a single 

particle simultaneously 22. Element specific instrument sensitivities were measured with a 

multi-element solution mix prepared from a three multi-element solution (0, 1, 2, 5, and 10 

µgL-1 multi element standard, diluted in 1% HNO3, BDH Chemicals, Radnor, PA, USA) 

as described above. The transport efficiency was calculated using the known size approach 

23 using both Au ENMs with a certified particle size of 60 nm (NIST RM8013 Au, 

Gaithersburg, MD, USA) prepared in UPW and Au standard solutions (0, 1, 2, 5, and 10 

µgL-1, diluted in 1% HCl, BDH Chemicals, West Chester, PA, USA). Using a standard 

tuning solution, the ICP-TOF-MS mass spectra were calibrated using 18H2O
+, 59Co+, 115In+, 

140Ce+, and 238U+ target isotopes in TofDAQ view (TOFWERK) prior analysis or in 

Tofware (TOFWERK) after analysis if mass shifts occurred during analysis. 

Particle/baseline signal separation, particle signal, mass, and number concentration were 

determined from mass-calibrated ICP-TOF-MS spectra using Python script in Tofware as 

described elsewhere 3. The particle detection threshold was calculated for each isotope 

according to Eq. 124. 

Threshold = Mean+(3.29+2.71)                                                    (Eq. 1) 

The data for each isotope were treated separately, but the time stamps were kept 

throughout data processing for every isotope, allowing for identification of isotope 
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correlations in a single particle. For example, an impure particle (e.g., a particle containing 

multiple elements) generates several isotope signals spikes in a given time stamp. An 

“apparently pure” particle generates one isotope signal spike in a given time stamp. The 

term “apparently pure” is used in this study as such particles might contain elements at 

concentrations below the sp-ICP-MS size/mass detection limit. Elemental association and 

elemental ratio distributions were determined using data filtration in Excel.  

 

2.3.4 Estimation of TiO2 engineered particle concentration 

The concentration of TiO2 engineered particles was calculated based on mass 

balance calculations according to Eq. 2  

[𝑇𝑖𝑂2]𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =  
𝑇𝑖𝑂2 𝑀𝑀

𝑇𝑖 𝑀𝑀
[𝑇𝑖𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑁𝑏𝑠𝑎𝑚𝑝𝑙𝑒 . (

𝑇𝑖

𝑁𝑏
)

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
]                 (𝐸𝑞. 2) 

Where, [TiO2] engineered particles is the concentration of TiO2 engineered 

particles, Ti MM and TiO2 MM are the molar masses of Ti and TiO2, Tisample and Nbsample are 

the concentrations of Ti and Nb in a given sample, Ti/Nbbackground is the natural background 

elemental concentration ratio of Ti/Nb. Background Ti/Nb ratio was calculated on eight 

reference samples collected from Lake Katherine and Gills creek in Columbia, SC in the 

absence of rainfall events 3. 

Eq 2 assumes that all Ti occurs in particulate form, engineered Ti occurs as pure 

TiO2 engineered particles, and that the natural background elemental ratio of Ti/Nb is the 

constant through the sampling period. These assumptions are justified for the following 

reasons. Ti occurrence in The Broad River surface water is expected to occur solely in solid 

phases because of the very low solubility of TiO2 
25. While Ti has numerous industrial 

applications, from metal alloying to aerospace applications to biomedical devices, 
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approximately 95% of the mined Ti is refined into nearly pure TiO2 through the treatment 

of Ti-bearing ores with carbon, chlorine, or sulfuric acid 26. Additionally, TiO2 engineered 

particle contain trace amount of Nb, which was below the ICP-MS detection limit (e.g., < 

7 ng L-1) as demonstrated for two commercially available TiO2 engineered particles 11. On 

the other hand, natural TiO2 minerals are the dominant carriers (e.g., > 90-95% of the whole 

rock content) of Ti and Nb 19. The elemental ratio of Ti/Nb, Ti/Fe, and Ti/Al, determined 

by SP-ICP-TOF-MS, in naturally occurring particles in the Broad River waters were found 

to be constant throughout the sampling campaigns (see results and discussion section 

2.4.4). 

 

2.3.5 Hydrographs and separation of base flow and runoff 

The discharge was separated into base flow and direct runoff using tool “WHAT: 

Web-based Hydrograph Analysis Tool” 27. ‘WHAT’ is linked to USGS data base. The base 

flow and direct runoff separation was performed for the USGS station number 02162035, 

and the following method and conditions used: Method: Recursive digital filter, Aquifer 

type: Perennial streams with porous aquifer, Filter parameter: 0.98, BFImax: 0.80, Date 

range: 01.10.1939 to 11.02.2019.   

 

2.4 Results and Discussion 

 

2.4.1 Precipitation, hydrograph, and separation of base flow and runoff 

Precipitation occurred at the beginning of the first two sampling events and during 

the third sampling event (Table A3, Figure A1), which resulted in runoff events in the 
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Broad River. Direct runoff accounted for 30 to 60% of the total discharge during the first 

event, 15 to 70% during the second sampling event, and < 30% of the total discharge in the 

3rd sampling event. It is worth noting that baseline flow (i.e., no urban runoff contribution) 

occurred on 09/21/2018, 10/31/2018, and 11/01/2018. 

 

2.4.2 Elemental pollutographs 

Pollutographs (i.e., graphs of pollutant concentrations vs. time) of Ti, Nb, Ce, and 

La are displayed in Figure 2.1 to illustrate their transport pathways in the Broad River 

during rainfall events. Ti, Nb, Ce, and La exhibited a mobility pattern driven by the 

transport of solids 28. At the start of the hydrographs, during low flows, concentrations were 

rather low, increased with increasing flow (transporting more solids) and then declined 

with diminishing flow and supply of solids on the catchment surfaces (Figure 2.1). This 

suggests that urban runoff contributes a major Ti, Nb, Ce, and La loads to the Broad River. 

During the first sampling campaign (C1), Ti reached a maximum value of 108.4 ± 4.5 µg 

L-1, which coincided with the discharge and runoff peaks, then decreased to 35.8 ± 0.4 µg 

L-1 with decreasing discharge (Figure 2.1a). The lowest Ti concentration coincided with 

the decrease in runoff to zero on 09/21/2018 (Figure A1). During the second sampling 

event (C2), the Ti concentration varied between 52.8 ± 0.5 to 297.7 ± 6.2 µg L-1 (Figure 

2.1). The lowest Ti concentration during C2 was observed prior to the runoff peak as this 

event was preceded by 13 days dry period. The highest Ti concentration during C2 

coincided with the second peak of the discharge. During the third sampling event (C3), the 

lowest Ti concentration was 47.91.4 ± 6.0 µg L-1 and coincided with the lowest discharge 

and lowest runoff (e.g., 14% of the total discharge). Overall, the highest Ti concentration 
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was measured during the second sampling event due to the long antecedent dry period 

which might have resulted in higher contaminant accumulation on impervious surfaces in 

the watershed. Similar increases in the concentrations of particulate matter associated 

contaminants (e.g., metals) with increases in antecedent dry period was observed for road 

runoff 29,30. The maximum Ti concentrations measured in C1 and C3 were lower than that 

measured in C2, possibly due to short antecedent dry period (2days) and dilutional effect 

in C1, and the absence of antecedent dry period in C3. These short antecedent dry periods 

prior to C1 and the absence of antecedent dry period in C3 results in lower contaminant 

accumulation on impervious surfaces in the watershed.  

Unlike other sources of pollutants, such as municipal or industrial wastewaters, 

where the sources of titanium-containing particles are predominantly anthropogenic in 

nature 2 significant quantities of titanium-containing particles occur in urban runoff as a 

result of soil erosion and atmospheric deposition of soil particles on surfaces in the urban 

environment 31. Therefore, the differences in the total Ti concentration in the river stream 

during rainfall events can be attributed to the differences in natural and/or engineered Ti 

concentrations. The differences in the natural Ti concentration can be affected by the 

difference in natural sources of sediments to the river, i.e. erosion of soils, channel banks, 

floodplain deposits; atmospheric dust deposition; landslides and debris flows etc. The 

differences in the engineered Ti concentrations can be impacted by the difference in 

sources of TiO2 to the river, i.e. sunscreens 4,5, urban runoff 11, wastewater treatment plant 

(WWTP) effluent 2, or sanitary sewage overflows 3.   
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2.4.3 Elemental ratio profiles 

All rainfall events resulted in higher Ti/Nb ratios of relative to the average water 

reference samples collected in nearby water bodies (266.4 ± 8.9) and to the average crustal 

value (320) (Figure 2.2) 3. The lowest Ti/Nb ratio of 329.7 ± 4.7 was measured on 

31/10/2018, where the river discharge was mainly baseflow (Figure A.1) and the highest 

Ti/Nb ratio of 565.4 ± 1.3 was measured during C1 on 09/18/2018, on which the direct 

runoff was higher than the baseflow (Figure A.1). The lower Ti/Nb ratios observed during 

C2 might be attributed to the higher proportion of naturally occurring particles compared 

to engineered particles in urban runoff during C2 due to the long antecedent dry period. It 

is expected that higher deposition of natural occurring particles than engineered particles 

on surfaces in urban areas 32. Ti/Nb was generally low during C3, which might be attributed 

to the absence of antecedent dry period and the continuous low intensity rainfall, and thus 

the low input of engineered Ti to the Broad River. In contrast to the variation in Ti/Nb 

ratios, the elemental ratios of Ce/La varied within a narrow range (2.0 ± 0.02 to 2.3 ± 0.01) 

throughout the three sampling events (Figure 2.2b), which is very close to the average 

crustal Ce/La ratio (2.13)  and the average background water Ce/La (2.15 ± 0.01) ratio near 

the sampling sites 3, indicating the absence of Ce and La contamination as well as the 

accuracy of the digestion and analysis procedure used in this study. The nearly constant 

Ce/La ratio and the high concentration of Ce and La in the Broad River water during rainfall 

events indicates a significant introduction of natural particles with the urban runoff to the 

Broad River. 

Given the significant contribution of natural particles to urban runoff as indicated 

by the high Ce and La concentrations, the differences in the Ti/Nb elemental ratios in the 
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bulk water samples can be attributed to 1) variability in the elemental ratios within natural 

occurring Ti-containing particles, or 2) the introduction of TiO2 engineered particles which 

do not contain Nb 33. The strong association between Ti and Nb in titanium minerals 18,19,34 

suggests that these variations are due to TiO2 engineered particles contamination. To 

further confirm this hypothesis the elemental associations and the variability in Ti/tracer in 

Ti-containing particles were investigated by SP-ICP-TOF-MS.   

 

2.4.4 Particle number concentration and elemental composition 

The number concentration of Ti-, Nb-, Ce-, and La-containing particles (Figure 

2.3) followed the same trend as the corresponding total element concentration in the bulk 

water (Figure 2.1). Fourteen major and trace elements were detected in Ti-containing 

particles including Al, Si, V, Mn, Fe, Ni, Zr, Nb, Ba, Ce, La, Pb, and Th. These findings 

are in agreement with elemental associations between Ti and natural tracers observed in 

surface waters 3 and soils (data not published yet) in South Carolina as well as with 

occurrence of these elements in TiO2 natural phases (e.g., rutile, ilmenite, etc.) 18,19,34. 

Natural TiO2 minerals, such as rutile and ilmenite, have been shown to be the dominant 

carrier (e.g., > 90-95% of the whole rock content) for Ti, Nb, Ta, Sb, and W as well as an 

important carrier (e.g., 5-45% of the whole rock content) for V, Cr, Mo, and Sn in TiO2-

bearing metamorphic rocks 19. All the elements detected in Ti-containing particles by SP-

ICP-TOF-MS, except Nb, occurred in association with Ti as well as free of Ti. Nb was the 

only element that occurred only in association with Ti- containing particles, further 

confirming the strong association between Ti and Nb in natural particles. Therefore, Ti/Nb 

in the digested samples was used to differentiate natural from engineered Ti-containing 
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particles and quantify the concentrations of TiO2 engineered particles in the Broad River 

during and following different rainfall events. 

The elemental ratio distributions of Ti/Nb, Ti/Al, and Ti/Fe in Ti-containing 

particles displayed the same trend in all samples (Figure 2.4), indicating that naturally 

occurring Ti-containing particles were not different between the different samples. 

Particles containing Ti and Nb displayed Ti/Nb ratios between 20 and 400, with only a 

small fraction (< 10%) of particles with Ti/Nb ratios > 400 (Figure 2.4a). The mean 

elemental ratio of Ti/Nb varied between 66.4 ± 49.4 to 242.3 ± 247.0 (standard deviation 

here is that of the Ti/Nb distribution), lower than the average crustal values (e.g., 320) and 

the average value measured in reference water samples collected in Columbia, SC (e.g., 

266.4 ± 8.9). The variability in the Ti/Nb elemental ratios between the different samples 

can be attributed to the detection of a small number (4 to 110 particles) of the particles 

containing both Ti and Nb. Only few particles containing both Ti and Nb were detected by 

sp-ICP-TOF-MS because of the mass/size detection limit of SP-ICP-TOF-MS (e.g., 30 to 

35 nm under the current experimental conditions) and the low concentration of Nb in Ti-

containing particles (e.g., 20-400 times lower than Ti, Figure 2.4a). On the other hand, 

significantly higher number of particles containing both Ti and Al (91 to 773) and Ti and 

Fe (325 to 1688) containing particles were detected by SP-ICP-TOF-MS. This is because 

Al and Fe concentrations are higher than Nb in Ti-containing particles. The higher number 

of Ti- and Fe- containing particles compared to Ti- and Al-containing particles is due to 

the lower size detection limit of Fe (e.g., 44-65 nm under the current experimental 

conditions) compared to Al (e.g., 138-170 nm under the current experimental conditions). 

Therefore, a comparison of the elemental ratios of Ti/Al and Ti/Fe among the different 
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samples was used to evaluate if naturally occurring particles were different during the 

sampling events. 

The elemental ratios of Ti/Al display the same distribution in all samples (Figure 

2.4b). These elemental ratios are in good agreement with naturally occurring particles such 

as palygorskite and montmorillonite (Ti/Al = 0.014-0.016); illite (Ti/Al = 0.026); kaolinite 

and hectorite (Ti/Al = 0.06); vermiculite and corrensite (Ti/Al = 0.090-0.093). Similarly, 

the elemental ratios of Ti/Fe display the same distribution in all samples (Figure 2.4c) and 

are in good agreement with natural occurring titanium minerals such as titanomagnetite 

(Fe3-xTixO4, 0 < Ti/Fe < 0.43, 0 < x < 1), ulvöspinel (Fe2TiO4, Ti/Fe = 0.43), 

pseudobrookite (Fe2TiO5, Ti/Fe = 0.43), ilmenite (FeTiO3, Ti/Fe = 0.86), pseudorutile 

(Fe2Ti3O9, Ti/Fe = 1.29), and ilmenorutile and ferropseudobrookite (FeTi2O5, Ti/Fe = 

1.71).   

Collectively these results indicate that the elemental ratios of Ti/Nb, Ti/Al, and 

Ti/Fe in naturally occurring Ti-containing particles were similar between the different 

samples. Therefore, there was no variability in natural occurring particles during the 

sampling period. Thus, any changes in total elemental ratios can be attributed to the 

occurrence of titanium oxide engineered particles in these samples.  

 

2.4.5 TiO2 concentrations and sources 

The calculated TiO2 engineered particle concentrations based on shifts in Ti/Nb 

elemental ratios varied between 21.3 ± 5.0 µg L-1 and 142.9 ± 22.3 µg L-1 and followed the 

same trend of rise and fall as the discharge/direct runoff (Figure 2.5). The highest TiO2 

concentration was found in the second sampling campaign, likely due to the long 
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antecedent dry period (13 days) prior to the sampling campaign in comparison to the other 

sampling campaigns. The occurrence of TiO2 engineered particles in high concentrations 

in Broad River stream is in good agreement with the extensive use of TiO2 engineered 

particles in the urban environment as engineered nanoparticles in self-cleaning and 

photocatalytic surfaces and as pigment in paint and coatings 35,36 which have been shown 

to be released by wear and weathering 9; and the occurrence of TiO2 engineered particles 

in road dust, atmospheric particulate matter 37,38, urban runoff 11, and WWTPs effluent 39. 

The TiO2 concentrations measured in this study are much higher than the predicted TiO2 

engineered particle concentrations in surface waters (0.0002 to 24.5 µg L-1) and the 

measured TiO2 engineered particle concentrations in river waters (0.55 to 6.5 µg L-1) 16,40,41. 

TiO2 engineered particles enter surface waters from different sources such as 

effluent of wastewater treatment plants (WWTP), sanitary sewage overflows, urban runoff, 

industrial discharge, or construction activities. Gadolinium anomaly is widely used to track 

effluent from wastewater treatment plants 42. Gadolinium anomaly sizes > 1.5 has been 

used as an indicator of wastewater treatment effluent in river waters. The size of 

gadolinium anomaly throughout the sampling events was < 1.2 (Figure A.3), indicating 

the absence of WWTP effluent or sewage spills. There were no construction activities near 

the sampling site. There are no industrial discharge sources near the sampling location. 

Furthermore, both industrial and construction activities would result in a continuous 

discharge of TiO2 particles to surface water. However, the observed Ti-contamination in 

this study was correlated/in response to rainfall events, suggesting that the source of TiO2 

particles here is urban runoff.  
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2.5 Analytical and environmental perspectives 

Characterization and quantification of engineered particles in Rivers draining large 

watersheds is challenging. Identifying the natural background of elemental ratio of Ti/Nb 

is quite complicated for large urban rivers such as the Broad River. This is because there 

are many sources of TiO2 engineered particles release to surface waters in large urban rivers 

such as urban runoff, sewage spills, wastewater treatment effluent, and resuspension of 

contaminated sediment 3,28,43. For instance, there are 44 WWTPs upstream of the sampling 

site contributing a total of 144 x 106 L of effluent discharge per day 20 Atmospheric particles 

released within the urban environment can also deposit on the water surface in the Broad 

River. Additionally, engineered particles could be introduced to the Broad River with urban 

runoff upstream of the sampling site due to the large watershed area. Even during a dry day 

within the sampling location in Columbia, a rain event upstream will deliver contaminants, 

including engineered particles, into the sampling location. The continuous introduction of 

TiO2 engineered particles into surface waters result in a shift in the natural elemental ratios 

toward higher values. The lowest elemental ratio of Ti/Nb in the Broad River in the absence 

of direct runoff was 329.7 ± 4.7, which was higher than the reference value (e.g., 266±9) 

measured in smaller creeks in the sampling area and in a rural river in South Carolina 

monitored for the occurrence and concentrations of TiO2 engineered particles over a period 

of two years (data not published yet). The selection of the incorrect background elemental 

ratio (e.g., at the beginning or the end of the event hydrograph) will results in the 

underestimation of TiO2 engineered particles. This requires long term monitoring of the 

site(s) under consideration to achieve the true (lowest) elemental ratio baseline value. 

Furthermore, monitoring the concentration of TiO2 engineered particles in smaller river 
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reaches with fewer potential sources of TiO2 engineered particles might be useful to better 

understand the processes determining the fate and transport of TiO2 engineered particles in 

surface waters.  

Here we report the concentrations of TiO2 engineered particles in the Broad River 

following rainfall events. The TiO2 concentrations varied between 20 and 140 µg L-1 during 

the sampled events. These concentrations are in the same order of magnitude as the 

predicted no effect concentration (PNEC) for TiO2 pigments (e.g., 127-184 µg L-1) and is 

higher than the PNEC for TiO2 ENMs to freshwater organisms (e.g., 1-18 µg L-1) 12,13. 

Transport of TiO2 engineered particles with river water to the ocean could also pose a 

significant risk for coral reefs. TiO2 engineered nanomaterials have been shown to 

bioaccumulate in microflora and induce coral bleaching, which could contribute to an 

overall decrease in coral populations 44. Further research is needed to further understand 

the impact of rainfall characteristics and the hydrogeological factors on the temporal 

variability in TiO2 engineered particle concentrations in urban rivers. 

 

2.6 Conclusion 

This study reports the measurement of TiO2 engineered particle concentrations in 

the Broad River, Columbia, South Carolina, United States following rainfall events. The 

concentration of TiO2 engineered particle were estimated by mass balance calculations 

using total titanium concentrations and increases in Ti/Nb ratios above the natural 

background ratios. The elemental ratios of Ti/Nb (e.g., 330 to 565) were higher than the 

average crustal values (e.g., 320) and the natural background elemental ratios in surface 

waters in Columbia, SC (e.g., 266 ± 9) and followed the same trend of rise and fall as the 
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discharge/runoff, suggesting introduction of TiO2 engineered particle to the Broad River 

water with urban runoff. The concentrations of titanium dioxide engineered particles in the 

Broad River varied between 20 and 140 mg TiO2 L
-1 following rainfall events. Such high 

concentrations of TiO2 engineered particles to urban rivers may pose environmental risks 

during and following rainfall events. This study highlights the importance of determining 

the temporal variations in engineered particle concentrations in surface waters for a more 

comprehensive understanding of the environmental fate, behavior, and risk assessment of 

engineered particles. 
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Figure 2.1 Pollutographs (i.e., graphs of pollutant concentrations vs. time) of (a) Ti, (b) 

Nb, (c) Ce, and (d) La in the Broad River water during the three sampling campaigns. 

 

  

Figure 2.2 Elemental ratios of (a) Ti/Nb and (b) Ce/La in the Broad River bulk water 

samples during the three sampling campaigns. The background Ti/Nb and Ce/La ratios are 

average ratios of eight water samples collected in from water bodies near the sampling site 

in the absence of rainfall events. 
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Figure 2.3 Number concentration of (a) Ti-, (b) Nb-, (c) Ce- and (d) La-containing particles 

in the Broad River water during the three sampling campaigns. 
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Figure 2.4 Elemental ratio distributions of (a) Ti/Nb, (b) Ti/Al, and (c) Ti/Fe in Ti-

containing particles on a single particle basis measured by single particle-inductively 

coupled plasmatime of flight-mass spectrometer (SP-ICP-TOF-MS). For Ti/Nb, only 

samples that contained at least 20 particles containing Ti- and Nb-are presented in panel a. 
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Figure 2.5 The calculated TiO2 concentrations in the Broad River water during the three 

sampling campaigns.  
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Chapter 3

Temporal Variation in TiO2 Engineered Particle Concentrations in the 

Broad River During Dry and Wet Weathers. 
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3.1 Abstract 

Titanium dioxide (TiO2) engineered particles are widely used in the urban 

environment as pigments in paints, and as active ingredients in photocatalytic coatings. 

Consequently, studies are necessary to quantify TiO2 engineered particle concentrations 

and their temporal variability in surface waters to gain better understanding about their 

abundance and environmental fate in order to minimize their potential environmental 

impacts. The objective of this study was to determine the temporal variability in the 

concentration of TiO2 engineered particles in the Broad River, Columbia, South Carolina, 

United States during dry and wet weather conditions and to examine the relationship 

between flow discharge, water quality indicators, and the concentration of TiO2 engineered 

particles. TiO2 engineered particle concentration in the Broad River water was determined 

by mass balance calculation using bulk titanium concentration and the increase in Ti/Nb 

ratio above the natural background ratio. The relative abundance of single metal and multi-

metal Ti-bearing particles was determined by single particle-inductively coupled plasma-

time of flight-mass spectrometer (SP-ICP-TOF-MS). Additionally, the elemental ratios of 

Ti/Nb, Ti/Al, and Ti/Fe within multi-metal Ti-bearing particles were determined at the 

single particle level. Discharge, bulk elemental concentrations (e.g., Ti, Al, Fe, and Nb), 

bulk elemental ratios (e.g., Ti/Al, Ti/Fe, and Ti/Nb), TiO2 engineered particle 

concentration, and turbidity displayed the same trend of rise and fall following storm 

events. Linear relationships were established between turbidity and TiO2 engineered 

particle concentrations in the Broad River for different flow regimes. However, no 

correlation was observed between TiO2 engineered particle concentrations and flow 

discharge, dissolved oxygen, pH, or ionic strength. The established correlations between 
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turbidity and TiO2 engineered particle concentrations are important as they can be used to 

translate the continuously monitored turbidity to TiO2 concentrations.  

 

3.2 Introduction 

Field data on the temporal variability in titanium dioxide (TiO2) engineered particle 

concentrations in urban surface waters during and after storm events remains scarce, 

despite the wide use of TiO2 engineered particles in the urban environment as pigments 

(e.g., 100-300 nm) and as engineered nanoparticles (e.g., 1-100 nm) in self-cleaning 

surfaces 1. For instance, paint, which contain up to 10% TiO2 particles, demand is estimated 

at 5.3 billion liters year-1 in 2019 in the United States, a third of which (e.g., 1.77 billion 

liters) is used for exterior paint 2. These uses of TiO2 engineered particles result in their 

release and deposition on surfaces in the urban environment which later can be washed off 

by rainfall and surface runoff 3. Consequently, several studies identified TiO2 engineered 

particles in urban media such as fine and ultrafine atmospheric particulate matter 4, dust 

dry deposition 5, road dust, sludge from storm drains, and roadside soils 6, bridge runoff 3, 

rain and surface water 7,8, and stormwater green infrastructure 9. Most studies reported the 

occurrence, without providing estimated concentrations, of TiO2 engineered particles in 

environmental samples based on measuring total Ti concentrations and identifying few 

particles in a given sample using transmission electron microscopy (TEM) 4,5. Other studies 

estimated the concentrations of TiO2 engineered particles in environmental samples based 

on environmental fate modeling 10,11. Nonetheless, recent studies reported quantitative 

measured concentrations of TiO2 engineered particles in environmental samples such as 

sewage spills 12, stormwater runoff 3, stormwater green infrastructure 9, and surface water 

7,8,13. These studies focused on developing approaches to detect and quantify TiO2 
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engineered particle concentrations in environmental samples and did not investigate the 

event-scale temporal variability or the relationship between TiO2 engineered particle 

concentrations and environmental parameters such as flow discharge, temperature, pH, 

dissolved oxygen, turbidity, or suspended solids.  

In most cases, contaminant, including TiO2 engineered particle, in urban rivers are 

not characterized by a constant concentration, but rather by the episodic or random 

occurrence of rainfall events, snowmelt, and/or return flows and subsequent high river 

flows 13. For instance, a recent environmental fate modeling study suggested that 

stormwater runoff could result in high variability in TiO2 engineered nanoparticle 

concentrations in urban rivers, with high flow events generating a large proportion of the 

total annual TiO2 engineered nanoparticle loads in rivers 11. Variables affecting 

contaminant load in rivers, thus may affect TiO2 engineered particle concentrations, 

include antecedent rainfall, duration of the rainfall event, rainfall intensity of the event, 

succession of rainfall events, time of rise and fall of the hydrograph, runoff duration, peak 

discharge and total runoff 14. Between rainfall events, contaminants in the catchment, 

including TiO2 engineered particles, tend to build up via dust blown in by wind, tire wear 

residue, paint and road marking wear, etc. Thus, the longer period between the antecedent 

and current rainfall events, the greater the mass of an individual contaminant available for 

wash-off from surfaces in the basin. In response to the changing intensity, duration, and 

frequency of rainfall events, some or all the available contaminants are washed off and 

transported to receiving surface waters 15,16. While the contaminant mass can increase by 

storm events, higher peak flows and discharges may end up displaying lower 

concentrations due to dilution effects.  
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This study aims to (1) quantify the temporal variability in TiO2 engineered particle 

concentrations in the Broad River, Columbia, South Carolina, United States during dry and 

wet weather conditions under rainfall events of various characteristics, (2) evaluate the 

impact of rainfall events characteristics on TiO2 engineered particle concentrations, and (3) 

determine the correlation between TiO2 engineered particle concentrations, flow discharge, 

and environmental indicators with particular emphasis on turbidity as a surrogate for 

suspended sediment concentration.   

 

3.3 Materials and Methods 

 

3.3.1 Sampling 

The Broad River is a principal tributary of the Congaree River, about 240 km long 

in western North Carolina and northern South Carolina in the Unites States. The Broad 

River originates in the Blue Ridge Mountains of eastern Buncombe Country, North 

Carolina, and flows generally south-southeastwardly, through or along the boundaries of 

Rutherford, Polk, and Cleveland Counties in North Carolina, and Cherokee, York, Union, 

Chester, Fairfield, Newberry, and Richland Counties in South Carolina. The broad River 

joins the Saluda River near the City of Columbia in South Carolina to form the Congaree 

River. The total drainage area of the Broad River is approximately 14,035 km2 17. Land use 

throughout the Broad River basin is a mix of commercial and residential properties with 

agricultural (row crops and pasture) and forested land in the headwaters. There are 

permitted 14 major wastewater treatment plants (WWTP), 30 minor WWTPs, 20 animal 
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operation facilities, 92 general and individual stormwater facilities in the Broad river basin 

17. 

Water samples were collected from the Broad River, Columbia, SC 29201 

(34°00'10.4"N 81°03'18.4"W) during a range of hydrologic settings including wet weather 

conditions with different rainfall intensities and during a dry period (Table B.1). The 

period March 2019 to April 2019 experienced typical rain conditions in Columbia, South 

Carolina, United States with average rainfall of approximately 50 to 100 mm per month, 

whereas the period of August to September 2019 experienced dry condition with average 

rainfall of < 25 mm per month, majority of which occurred during the month of September 

18. The precipitation data was collected from the United States Geological Survey (USGS) 

gauge station number 021695045 (34°00'24"N 81°01'18"W), nearly 3.5 km from the water 

sampling location. The flow discharge data also was collected from the USGS, station 

number 02162035 (34°02'54"N 81°04'24"W), which is located nearly 4.5 km upstream of 

the sampling location (Figure B.1). 

 

3.3.2 Sampling site and elemental analysis 

Water samples were collected from the Broad River, Columbia, SC 29201 

(34°00'10.4"N 81°03'18.4"W) in a 1 L high-density polyethylene bottles (Thermo 

Scientific, Rockwood, TN, United States). Prior to use, bottles were soaked in 10% nitric 

acid (Acros Organics, Czech Republic) for at least 24 hours followed by soaking in 

ultrapure water (UPW, PURELAB Option-Q, ELGA, UK) for 24 hours, air dried, and then 

double-bagged. In the field, the sampling bottles were rinsed three times in the surface 

water before filling with the water sample. Samples were individually double-bagged and 
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returned to the lab the same day, where they were stored at 4°C in the dark until further 

analysis. All samples were digested with HF:HNO3 (3:1) mixture (ACS grade acids 

distilled in the laboratory) and analyzed for total elemental concentrations using Perkin 

Elmer NexION 350D ICP-MS according to the protocols described in detail in elsewhere 

13,19. The method limit of detection and quantification are summarized in Table B.2. 

 

3.2.3 Hydrograph separation 

In order to estimate the flow contribution of the storm, first the baseflow (dry flow) 

should be separated from the direct runoff of the storm event. The baseflow in a river is 

often attributed to the gradual snowmelt, groundwater discharge to the river, or urban or 

agricultural return flow to the river. The direct runoff in a river is the portion of the total 

discharge that is produced by rainfall. In this study, we used the Web based Hydrograph 

Analysis Tool (WHAT) 20 to separate the total discharge to direct runoff and baseflow.  

 

3.3.4 Calculation of total TiO2 engineered particle concentration  

The concentration of TiO2 engineered particles in the river water was calculated 

according to Eq. 1 assuming that all Ti occur in particulate form, that Nb occurs only in 

natural Ti-bearing particles with constant Ti/Nb ratio, that anthropogenic Ti occur as pure 

TiO2 particles 13,19,21–23. 

[𝑇𝑖𝑂2]𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =  
𝑇𝑖𝑂2 𝑀𝑀

𝑇𝑖 𝑀𝑀
[𝑇𝑖𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑁𝑏𝑠𝑎𝑚𝑝𝑙𝑒 . (

𝑇𝑖

𝑁𝑏
)

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
]                 (𝐸𝑞. 1) 

Where, [TiO2]engineered particles is the concentration of TiO2 engineered particles, Ti 

MM and TiO2 MM are the molar masses of Ti and TiO2, Tisample and Nbsample are the 

concentrations of Ti and Nb in a given sample, Ti/Nbbackground is the natural background 
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elemental concentration ratio of Ti/Nb. Background Ti/Nb ratio was calculated on eight 

reference samples collected from Lake Katherine and Gills creek in Columbia, SC in the 

absence of rainfall events 19. Elemental ratios (e.g., Ti/Nb) have been recently implemented 

to quantify the total concentration of TiO2 engineered particles in wastewater treatment 

plants 24, urban runoff 3, stormwater green infrastructure 9, surface waters 13,19.  

 

3.3.5 Multi-element single particle analysis 

The water samples were shaken vigorously prior extraction to avoid particle losses 

by sedimentation and to obtain a representative subsample. Ten mL aliquots were 

transferred into acid-washed 15 mL centrifuge tubes (Fisher Scientific, San Nicolás de los 

Garza, Nuevo León, Mexico). The transferred samples were bath sonicated for 2 h 

(Branson, Model 2800, 40 kHz, Danbury, CT, United States), then centrifuged at 775 g for 

5 min (Eppendorf Centrifuge 5810R, Hamburg, Germany) to remove large particles (> 

1000 nm assuming natural particle density,  = 2.5 g cm-3) to prevent clogging of the ICP-

TOF-MS introduction system. The top 7 mL supernatant was decanted and stored at 4°C 

in the dark till analysis by SP-ICP-TOF-MS. The theoretical size of the extracted fractions 

corresponds to particles < 725 nm for TiO2 particles ( = 4.2 g cm-3). All samples were 

bath sonicated again for 15 min immediately prior to SP-ICP-TOF-MS analysis. All 

samples were diluted 100 folds in ultrahigh purity water prior to the analysis. The Ti 

recovery of the particle extraction method was calculated as the total mass of Ti single 

particles to the total mass of Ti in the bulk water samples and varied between 1.6 to 11.2%. 

Single particle analysis was performed using an ICP-TOF-MS (TOFWERK, Thun, 

Switzerland) to determine all isotopes within a single particle simultaneously 25. Element 
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specific instrument sensitivities were measured with a multi-element solution mix prepared 

from a multi-element solution (0, 1, 2, 5, and 10 µgL-1 multi element standard, diluted in 

1% HCl, BDH Chemicals, Radnor, PA, USA). The transport efficiency was calculated via 

the known size approach 26 using both Au ENMs with a certified particle size of 60 nm 

(NIST RM8013 Au, Gaithersburg, MD, USA) and Au standard solutions (0, 1, 2, 5, and 

10 µgL-1, diluted in 1% HCl, BDH Chemicals, West Chester, PA, USA) prepared in UPW. 

Using a standard tuning solution, the ICP-TOF-MS mass spectra were calibrated using 

18H2O
+, 59Co+, 115In+, 140Ce+, and 238U+ target isotopes in TofDAQ view. Particle/baseline 

signal separation, particle signals, particle mass, and particle number concentration were 

determined from mass-calibrated ICP-TOF-MS spectra using Python script in Tofware as 

described elsewhere 19. The data for each isotope were treated separately, but the time 

stamps were kept throughout data processing for every isotope, allowing for identification 

of isotope correlations in a single particle. The elemental mass detection limit for SP-ICP-

TOF-MS analysis is summarized in Table B.2. Procedural blanks were analyzed together 

with the samples. Only 15 Ti spikes were detected in the procedural blanks corresponding 

to a particle number concentration of 3.20 × 104 Ti-bearing particles L-1 and a total particle 

mass concentration of 1.21 × 10-4 μg L-1, which are negligible compared to those measured 

in the river water samples (see results and discussion). 
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3.4 Results and Discussion 

 

3.4.1 Rainfall-runoff characteristics 

Five rainfall events were monitored during the period 03/20/2019 to 04/19/2019 

(Table B.1) in addition to a dry period (09/23/2019 to 09/27/2019). Rainfall intensity 

varied from 0.25 to 28 mm day-1. The antecedent dry days (ADD) varied from 0 to 15 days. 

The two rainfall events between 03/20/2019 and 04/04/2019 were characterized by 

relatively long ADDs (7 and 15 days), whereas the rainfall events between 04/05/2019 and 

04/19/2019 were characterized by short ADDs (0 to 2 days). Among these 5 rainfall events, 

only the last two events lasted for more than a day, while the duration of the rainfalls on 

March 25th, April 2nd and 5th was less than a day. The heaviest rainfall event occurred on 

April 2nd (28.2 mm per day), followed by the rainfall during the first day (April 12th) of the 

last event, and the rainfall event on April 5th event. In general, higher intensity of rainfall 

happens during the less frequent and shorter duration of storm events. 

The events’ hydrograph and time series of river discharge at the Broad River show 

that the river’s flow regime is highly sensitive to the storms and reaches to its peak value 

in a short period during the rainfall events, i.e. the basin’s time of concertation and time of 

peak is relatively small (Figure 3.1). The river’s discharge between 04/07/2019 and 

04/17/2019 was higher than that between 03/20/2019 and 04/06/2019 and during the 

drought period between 09/23/2019 and 09/27/2019. This is because rain events between 

04/05/2019 and 04/19/2019 were preceded by short antecedent dry periods, whereas those 

between 03/20/2019 and 04/04/2019 were preceded by longer antecedent dry periods 

(Table B.1). Antecedent meteorological and hydrogeological conditions determine the 
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hydrological response of a basin, as the smaller ADD means higher soil moisture in the 

basin and less capacity of infiltration during the next storm 14,16. Thus, under dry conditions, 

the water storage capacity of a catchment is higher than under wet conditions when the 

surface and subsurface storage are likely to be saturated. As the pore size fills with water, 

the infiltration capacity of the soil profile decreases. Any additional rainfall occurring after 

soil saturation becomes runoff immediately, even if the rainfall intensity is very small 27. 

Thus, rainfall events of similar magnitudes, but different ADD and soil moisture, can result 

in runoffs of different magnitudes. Moreover, the evapotranspiration rates are lower during 

the wet seasons. These collectively result in higher runoff following rainfall events during 

wet conditions, while rainfall events during dry conditions produce low runoff amounts, or 

may not produce any measurable runoff, unless if the intensity of rainfall is significant 27,28.  

 

3.4.2 Time-flow-concentration trend plots 

The temporal variability in pollutant concentration was observed through time-

flow-concentration graphs (hydro-pollutographs, Figure 3.2). The hydrograph and the 

pollutographs show similar trend of rise and fall of discharge and pollutant concentrations 

following rainfall events. The major water quality change that occurred during wet-weather 

events was the substantial increase in turbidity, the other water quality indicators such as 

temperature, dissolved oxygen, and pH were not sensitive to the changes in flow (Figure 

3.2a, Figure B.2). Turbidity values measured between 04/10/2019 and 04/19/2019 were 

higher than those measured between 03/20/2019 and 04/09/2019 and during the dry period 

09/23/2019 to 09/27/2019. Increased turbidity regularly occurs during rain events when 

rainfall and runoff mobilize particles from the riparian zone, upstream locations in the 
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watershed, and the overall stream network within a basin 29. Water from rain events and 

related runoff increase discharge and flow velocity, which in turn, increase shear stress and 

turbulence, and therefore increase sediment erosion and transport. 

Figure 3.2a shows that equal peaks of discharge may have different magnitude of 

turbidity. For example, the peak on 04/09/2019 (264 m3 sec-1; 40 FNU) and 04/15/2019 

(274 m3 sec-1; 92 FNU), which can be attributed to variability in suspended sediment 

concentration during storm events. Many studies found that turbidity in river waters during 

rainfall events exhibits close positive correlation with suspended sediment concentrations 

30,31, and thus many studies used turbidity as a surrogate of suspended sediment loadings 

in rivers and streams 32–35. 

The increases in Ti concentrations coincided (timewise) with increase in turbidity 

(Figure 3.2b), but not with discharge (Figure 3.2a). All other elements (e.g., Nb, Al, and 

Fe) followed the same trend with slight variations in the concentrations during different 

rain events (Figure B.3). These results suggest that suspending sediments is the key driver 

of metal mobility during rainfall events. Numerous studies reported elemental 

concentrations to estimate pollution loads during runoff events 36,37. However, metals may 

have both natural as well as anthropogenic origins. Metals occur naturally in soils, which 

is one of the primary sources of suspended sediments. Soil particles are also important 

constituent of urban dust, thus they are a significant contributor to metal flow into rivers 

during runoff events. Therefore, elemental concentrations do not allow differentiating 

natural from anthropogenic contributions. 
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3.4.3 Time-flow-elemental ratio trend plots 

The elemental ratios of Ti/Nb, Ti/Al, and Ti/Fe show similar trend of rise and fall 

following rainfall events to each other and to turbidity (Figure 3.3). The elemental ratio of 

Ti/Nb varies between 324.8 ± 39.5 (4/19/2019) and 543.2 ± 22.5 (3/25/2019). The 

elemental ratio of Ti/Al varies between 0.038 ± 0.002 and 0.065 ± 0.003. The elemental 

ratio of Ti/Fe varies between 0.039 ± 0.002 and 0.114 ± 0.005. The lowest Ti/Al and Ti/Fe 

occurred on 9/26/2019 and the highest Ti/Al and Ti/Fe occurred on 4/03/2019. These 

elemental ratios were generally higher than the natural background elemental ratios, 

indicating Ti-particle contamination. For instance, the Ti/Nb, Ti/Al, and Ti/Fe ratios were 

generally higher than the reference ratios (e.g., 267 ± 8.9, 0.049 ± 0.003, and 0.037 ± 0.005, 

respectably) measured in smaller creeks in the sampling area 19, and higher than the average 

crustal ratios (e.g., 320, 0.049, and, 0.1 respectively) 38. The increase in the elemental ratios 

coincided with the increase in the turbidity, suggesting that turbidity (e.g., suspended 

solids) is the key factor driving the increase in elemental ratios due to anthropogenic 

particulate Ti contamination.  

The concentration of TiO2 engineered particles were estimated based on Ti/Nb, 

Ti/Al, and Ti/Fe (Figure 3.4a). The concentration of TiO2 engineered particles follow the 

same trend using the three elemental ratios, suggesting that these three elemental ratios can 

be implemented to estimate of TiO2 engineered particle concentrations in this study. 

However, some differences are observed between the estimated TiO2 engineered particle 

concentrations, which might be attributed to the unique associations and behaviors of these 

elements within natural Ti-bearing particles (see further discussion in section 3.4.5). 

Although Nb, Fe, and Al occur in natural Ti-bearing particles and can be used as tracers 19, 
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Nb is the only element that is exclusively associated with Ti 39. On the other hand, Fe- and 

Al-bearing particles occurred both as single metal particles and as particles associated with 

Ti-bearing particles 39. Thus, Ti/Nb most likely provides the most accurate estimate of TiO2 

engineered particle concentrations.  

 

3.4.4 Turbidity-TiO2 relationship 

In general, increases in turbidity resulted in increases in TiO2 concentration (Figure 

3.4b). However, three different associations can be identified. During the dry season both 

turbidity and TiO2 concentration were low. During the wet season, a strong (R2 of 0.94) 

linear relationship was established between turbidity and TiO2 concentration for rainfall 

events that were preceded with short antecedent dry periods, and a weaker (R2 of 0.47) 

linear relationship was established between turbidity and TiO2 concentration for rainfall 

events that were preceded with long antecedent dry periods. These findings suggest that 

turbidity can be used as a substitute to predict TiO2 concentrations within this watershed. 

However, as shown here, this relationship depends on several factors such as antecedent 

dry periods and is likely to be site specific. It is worth noting that a strong positive 

relationship was observed between total suspended solid concentration and turbidity in 

rivers, which varied for a particular catchment and within a particular period 40–42. This 

variation between turbidity and suspended sediment underpins our observation of the 

variation between turbidity and TiO2, given that TiO2 is typically associated with 

suspended solids. 
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3.4.5 Characterization of Ti-bearing particles by SP-ICP-TOF-MS 

The number concentration of all, single metal, and multi-metal Ti-bearing particles, 

determined by SP-ICP-TOF-MS, display a similar trend of rise and fall following rainfall 

events as the TiO2 engineered particle mass concentrations (Figure 3.5a). Approximately, 

29 to 83%, (Figure 3.5b) of Ti-bearing particles were single metal, that is based on icp-

TOF-MS analysis results that these particles did not contain any natural tracers. This can 

be due to either (1) these single metal Ti-bearing particles are pure TiO2 engineered 

particles, and/or (2) the concentrations of natural tracers in these single metal Ti-bearing 

particles are below the SP-ICP-TOF-MS size detection limit 39. The remaining particles 

(e.g., 17-71%) contained at least one natural tracer such as Fe, Al, Si, Zr, Nb, Th, Ce, Ba, 

Mn, Pb, Ni, Zn, La, V, U, Ta, Cr, and W, indicating that these particles are most likely 

naturally occurring particles. This is in good agreement with elemental association between 

Ti and other elements in natural surface waters and soils in South Carolina, United States 

19,39. This is also in good agreement with the impurities (e.g., Nb, Ta, Sb, W, V, Cr, Mo, 

and Sn, Zr, Fe, U and Pb) detected in natural TiO2 minerals (such as rutile and ilmenite) 

21,23,43.  

The relative abundance of single metal Ti-bearing particles also displays the same 

trend of rise and fall following rainfall events as the TiO2 engineered particle 

concentrations (Figure 3.5b). It is worth noting that Nb always occurred in association 

with Ti-bearing particles, whereas all other natural tracers occurred both in association with 

Ti-bearing particles and in single metal particles form. This is because Ti and Nb occur in 

natural titanium minerals such as rutile, anatase, sphene, and/or opaque heavy minerals 

(e.g., titanomagnetite, magnetite, and ilmenite) 44. Natural TiO2 minerals, such as rutile and 
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ilmenite, have been shown to be the dominant carrier (e.g., > 90-95% of the whole rock 

content) for Ti, Nb, Ta, Sb, and W as well as an important carrier (e.g., 5-45% of the whole 

rock content) for V, Cr, Mo, and Sn in TiO2-bearing metamorphic rocks 21,43. 

The relative abundance of single metal particles was higher during the high runoff 

periods (e.g., 04/11/2019 to 04/19/2019) than those during the low runoff events (e.g., 

03/23/2019 to 04/10/2019) and the drought period (e.g., 09/23/2019 to 09/27/2019). These 

findings indicate the increase in the relative abundance of single metal particles during 

runoff events can be attributed to TiO2 engineered particles in the runoff.  

The elemental ratio of Ti/Al, Ti/Fe, and Ti/Nb, determined on single particle basis, 

display the same trend in all samples. Most particles exhibited Ti/Al ratio within the range 

0 to 0.4 (72 to 98%, Figure 3.6a), Ti/Fe ratio within the range 0 to 2.0 (75 to 95 %, Figure 

3.6b), and Ti/Nb ratio within the range 0 to 400 (97 to 100%, Figure 3.6c). Nonetheless, a 

small fraction of particles exhibited an elemental Ti/Al elemental ratio > 0.4 (2 to 28), 

Ti/Fe > 2.0 (15 to 25 %), and Ti/Nb > 400 (0 to 3%). These elemental ratios are typical of 

natural Ti-bearing minerals. Ti and Fe occur in natural minerals such as: titanomagnetite 

(Fe3-xTixO4, 0 < Ti/Fe < 0.43, 0 < x < 1) which form a complete solid solution series 

between end members of magnetite (Fe3O4, Ti/Fe = 0) ulvöspinel; ulvöspinel (Fe2TiO4, 

Ti/Fe = 0.43); pseudobrookite (Fe2TiO5, Ti/Fe = 0.43); ilmenite (FeTiO3, Ti/Fe = 0.86); 

pseudorutile (Fe2Ti3O9, Ti/Fe = 1.29); and ilmenorutile and ferropseudobrookite (FeTi2O5, 

Ti/Fe = 1.71); and iron-depleted naturally occurring Ti-particles due to weathering (e.g., 

Ti/Fe > 2 to 20) 39,45. Ti and Al occur in natural minerals such as: palygorskite and 

montmorillonite (Ti/Al = 0.014-0.016); illite (Ti/Al = 0.026); kaolinite and hectorite (Ti/Al 

= 0.06); vermiculite and corrensite (Ti/Al = 0.090-0.093) (Figure 3.2).  
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Correlation coefficients between pH and Ti/Fe, probability of Ti/Fe > 2.0, and Ti/Al 

were calculated using Pearson’s correlation method and the p-value for correlation was 

calculated using t-test. The elemental ratio of Ti/Fe (Figure 3.7a) and the fraction of 

particles with Ti/Fe > 2.0 (Figure 3.7b) increased with pH (p < 0.05). This increase in 

Ti/Fe on the single particle level might be attributed to the selective dissolution of Fe within 

Ti-bearing particles due to the increase in pH. It has been shown that Fe-Ti oxides might 

be subject to alteration or weathering (e.g., dissolution) resulting in higher Ti/Fe elemental 

ratios 45. For instance, the alteration of ilmenite is accomplished by the removal of 

structural iron, which results finally in an almost pure TiO2 phase 46. The alteration of 

ilmenite occurs through several intermediate phases, each successively enriched in 

titanium and depleted in iron (increasing Ti/Fe ratio), to an almost pure form of TiO2 
45–48. 

The alteration of ilmenite results in the formation of pseudorutile, fine leucoxene, and 

coarse leucoxene (leucoxene is a polycrystalline aggregate of rutile) 45. Pseudorutile is an 

intermediary alteration product of ilmenite with the chemical composition 

Fe2O3.nTiO2.mH2O (3 < n < 5, 1 < m < 2) 45. The elemental ratio of Ti/Al increased slightly 

with pH (p < 0.05, Figure 3.7b), likely due to the lower dissolution rate of Al oxides 

relative to Fe oxides. The pH dependence of Ti/Fe, and Ti/Al might explain differences in 

estimated TiO2 engineered particle concentrations based on Ti/Al, Ti/Fe, and Ti/Nb. 

 

3.5 Conclusions and Perspectives 

This study provides a comprehensive approach for measuring and monitoring TiO2 

engineered particles in urban rivers. Total TiO2 engineered particle concentrations were 

estimated using mass balance calculations coupled with increases in Ti/Nb, Ti/Al, and 
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Ti/Fe elemental ratios above the natural background ratios. Single particle-inductively 

coupled plasma-time of flight-mass spectrometer (SP-ICP-TOF-MS) was used to 

characterize Ti-bearing particles at the single particle level. Furthermore, this study 

provides the basis for comprehensive investigation of nonpoint TiO2 engineered particle 

release and concentrations in urban rivers during rainfall events. The elemental 

concentrations, TiO2 concentrations, number concentration of the total-, single metal -, and 

multi-metal -Ti-bearing particles, and the relative abundance of single metal particles 

displayed temporal variability and increased with increases in runoff following rainfall 

events. Determining the temporal variability in engineered particle concentrations in 

surface waters during rainfall events is critical in improving the understanding of the 

environmental fate of engineered particles in surface waters and in assessing the 

environmental exposures to engineered particles. Elemental concentrations, ratios, and 

TiO2 engineered particle concentrations correlated with turbidity, but not with discharge. 

A strong linear relationship was established between turbidity and TiO2 engineered particle 

concentration. This relationship is important because it can be used as a substitute for the 

TiO2 engineered particle concentration determination within the catchment area. 

Subsequently, this correlation is important for water resources management studies 

because it enables continuous monitoring of TiO2 engineered particle in situ, which allows 

better understanding of TiO2 engineered particle temporal behavior. Extending these 

findings to other sites will require parameterization of the turbidity-TiO2 linear relationship 

as this correlation is likely to be site specific. Although turbidity measurement is cost 

effective and quicker than TiO2 measurement, there is a need to collect higher time 

resolution data (e.g., minutes to hours) in order to improve the understanding of the 
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turbidity-TiO2 relationship. The findings from this study can be employed to develop 

management strategies to control rainwater pollution at the catchment level.     
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Figure 3.1 Hydrological conditions during the sampling period. March to April was wet 

weather period, whereas, September was drought conditions 
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Figure 3.2 Hydrograph and pollutographs (a) discharge-turbidity relationship, (b) Ti 

concentration-turbidity relationship. FNU: formazin nephelometric units. 
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Figure 3.3 Elemental ratio as a function of time (a) Ti/Nb, (b) Ti/Al, and (c) Ti/Fe. 
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Figure 3.4 (a) TiO2 concentrations estimated based on Ti/Nb, Ti/Al and Ti/Fe elemental 

ratios, and (b) Correlation between TiO2 concentrations estimated based on Ti/Nb and 

turbidity. 
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Figure 3.5 Characterization of titanium-bearing particles by single particle-inductively 

coupled plasma-mass spectrometer (SP-ICP-TOF-MS): (a) number concentration of Ti-

bearing particles, and (b) probability of single metal and multi-metal Ti-bearing particles. 

The term apparently pure indicate all particles detected by SP-ICP-MS that did not contain 

any natural tracers. 
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Figure 3.6 Representative elemental ratio distribution on a single particle basis (a) Ti/Fe, 

(b) Ti/Al, and (c) Ti/Nb 
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Figure 3.7 Elemental ratio on a single particle level as a function of pH. 
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Chapter 4

Urban Runoff Drives Titanium Dioxide Engineered Particle Concentrations in Urban 

Watersheds: Field Measurements 
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4.1 Abstract 

Urban runoff is a significant source of pollutants, including incidental and 

engineered nanoparticles to receiving surface waters. The aim of this study is to investigate 

the impact of urbanization on the concentrations of TiO2 engineered particles in urban 

surface waters. The study area boundaries are limited to the Lower Saluda and Nicholas 

Creek-Broad River from upstream, and outlet of upper Congaree River at Columbia, South 

Carolina, United States from downstream. This sampling area captures a significant 

footprint of the urban area of the City of Columbia. Water samples were collected daily 

from four sites during two rain events. All samples were analyzed for total metal 

concentrations following acid digestion and for particle number concentration and 

elemental composition using single particle-inductively coupled plasma-time of flight-

mass spectrometer (SP-ICP-TOF-MS). Clustering of multi-metal nanoparticles (mmNPs) 

demonstrated that Ti-bearing particles were distributed mainly among three clusters, 

FeTiMn, AlSiFe, and TiMnFe, which are typical of naturally occurring iron oxide, clay, 

and titanium oxide particles. Thus, anthropogenic Ti concentration was attributed to single-

metal nanoparticles, pure TiO2 particles. The total concentration of anthropogenic TiO2 in 

the rivers was determined by mass balance calculation using bulk titanium concentration 

and increases in Ti/Nb above the natural background ratio. The concentration of 

anthropogenic TiO2 increased following the order 0 to 24 µg L-1 in the Lower Saluda River 

< 0 to 663 µg L-1 in the Broad River < 43 to 1051 µg L-1 in Congaree River at Cayce <58 

to 5050 µg L-1 in the Congaree River at Columbia. The concentration of anthropogenic 

TiO2 increased with increases in urban runoff. The source of anthropogenic TiO2 was 

attributed to diffuse urban runoff. This study demonstrates that diffuse urban runoff results 
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in high concentration of TiO2 particles in urban surface waters during and following rainfall 

events which may pose increased risks to aquatic organisms during these episodic events. 

 

4.2 Introduction 

Field Urban runoff is widely recognized as a major vector of pollutants, including 

engineered and incidental nanoparticles (ENPs and INPs), from the urban environment to 

receiving surface waters, contributing to the deterioration of urban surface water quality 1. 

Yet, there is a limited understanding of the impact of urbanization and urban runoff on the 

concentrations of engineered particles in urban surface waters 2. Titanium dioxide (TiO2) 

is the most widely used engineered particles in the urban environment both as pigments 

(e.g., 100-300 nm) in paint and nanosized particles (e.g., 1-100 nm) in self-cleaning 

surfaces as photocatalysts 3. For instance, an estimated 5.3 billion liters year-1 paint were 

used in the United States in 2019, 33% of which (e.g., 1.77 billion liters year-1) was used 

for exterior paint 4. These uses of TiO2 result in their release due to wear and tear into the 

atmosphere and deposition on urban surfaces 5–9. Rainfall washes the atmospheric 

deposited particles and carries them into receiving waterbodies. Thus, TiO2 engineered 

particles are expected to occur at high concentrations in urban surface waters.  

Urban waters receive large amounts of pollution, including TiO2 engineered 

particles, from a variety of sources such as industrial discharges, mobile sources (e.g., cars 

and trucks), residential and commercial wastewater, and polluted stormwater runoff from 

urban landscape. Recent studies reported high concentrations  of TiO2 engineered particles 

in road dust (e.g., 0.4-2.5 g·kg-1) 
10–16, bridge runoff (e.g., 5-150 µg L-1) 

17–19, sanitary sewer 

overflows impacted surface waters (e.g., 1-100 µg L-1) 
20,21, urban runoff impacted surface 

waters (e.g., 20 to 140 µg L-1) 22, and industrial discharge impacted surface waters (e.g., 



 
 

 

83 

133 to 266 µg L-1) 23,24. Additionally, a recent modeling study predicted even higher 

concentrations TiO2 ENPs (e.g., 619 to 1490 µg L-1) in urban rivers following rainfalls 25. 

However, other studies reported much lower concentrations of TiO2 engineered particles 

in surface waters released from sunscreens (e.g., 1.5-42.5 µg L-1) 26–30. These discrepancies 

in the reported TiO2 engineered particle concentrations can be ascribed to differences in 

sampling areas, the targeted source of TiO2 engineered particles, and/or methodological 

differences 2.  

Monitoring engineered particle concentrations in the environment is challenging 

because of the similarities of physicochemical properties – such as composition, size, and 

shape – and the lower abundance of the engineered particles compared to naturally 

occurring counterparts 31,32. For instance, Ti is the ninth most abundant element in the 

Earth’s crust and is mainly found in minerals such as rutile, ilmenite, sphene, and/or opaque 

heavy minerals (e.g., titanomagnetite, magnetite, and ilmenite) 33. These minerals always 

contain trace concentrations of other elements such as Nb, Ta, Sn, Sb, W, V, Cr, Mo, and 

rare earth elements (REEs) 34,35. These natural elemental impurities are typically removed 

from the natural Ti-bearing minerals during the manufacturing of TiO2 engineered particles 

20. Thus, the introduction of TiO2 engineered particles into environmental systems will 

result in increases in the elemental ratios of Ti to those elements naturally occurring in Ti-

bearing minerals, which have been used (e.g., Ti/Nb 20,22,36,37, Ti/Al 27, Ti/REEs 27, and Ti/V 

23) to estimate the concentration TiO2 engineered particles in environmental systems.  

Multi element-single article analysis by single particle-inductively coupled plasma-

time of flight-mass spectrometer (SP-ICP-TOF-MS) is a promising technique in the 

nanometrology toolbox that has been implemented to differentiate ENPs from NNPs based 
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on the subtle differences in their elemental composition 20,38. The premise of ICP-TOF-MS 

is that it detects and quantifies all elements within a single particle at low/trace 

concentrations, and thus, ICP-TOF-MS is the only method that could be implemented to 

differentiate ENPs from NNPs in environmental systems at the single particle level. 

However, the ability of the ICP-TOF-MS to “unequivocally” differentiate ENPs from 

NNPs based on differences in elemental composition at the single particle level is 

challenged by the minimal detectable element mass (MDM), which is element dependent 

39,40. The MDM that can be attained with SP-ICP-MS depends on the instrument or 

elemental sensitivity and the background levels that result from both dissolved analyte and 

instrumental noise (electronic noise and interferences to the monitored isotope) 40.  

The overarching aim of this study is to evaluate the impact of urbanization on the 

concentrations of TiO2 engineered particles in urban surface waters. To do this, we 

collected spatiotemporally resolved water samples from three Rivers within the urban zone 

of the city of Columbia, South Carolina, United States. We then characterized these water 

samples for total elemental concentrations using ICP-TOF-MS, estimated the 

concentrations of anthropogenic TiO2 engineered particles using mass balance calculations 

and shifts in elemental ratios above the natural background ratios, and determined particle 

elemental composition at the single particle level using SP-ICP-TOF-MS.   

 

 

 

 

 



 
 

 

85 

4.3 Materials and Methods 

 

4.3.1 Study area 

The confluence of the Lower Saluda and Broad Rivers forming the Congaree River 

at Columbia, South Carolina was selected as the study area to investigate the impact of 

urbanization on the concentrations of TiO2 engineered particles (Figure 4.1). Water 

samples were collected between 27/4/2020 and 12/5/2020 from four locations within the 

limits of Columbia, South Carolina, United States, including the Lower Saluda River and 

the Broad River upstream of their confluence, and from Congaree River at Columbia and 

Cayce downstream of the Saluda and Broad Rivers’ confluence. The Lower Saluda River 

(S) samples were collected near Hope ferry landing (34°02'45.7"N 81°11'27.3"W), 

approximately 2.7 kms downstream of Lake Murray reservoir dam and 12.9 km upstream 

of the Lower Saluda and Broad Rivers’ confluence. The Broad River (B) water samples 

were collected near Columbia rowing club (34°02'36.9"N 81°04'23.7"W), which is 

approximately 4.5 km upstream of the Saluda and Broad Rivers’ confluence. The Congaree 

River Columbia samples were collected at West Columbia Riverwalk (33°59'35.4"N 

81°03'1.8"W, Co), which is approximately 1.5 km downstream of the Saluda and Broad 

confluence. The Congaree River Cayce samples were collected at Thomas Newman public 

boat landing (33°56'57.3"N 81°01'44.1"W, C), which is approximately 6.8 km downstream 

of the Saluda and Broad Rivers confluence. This sampling area captures a significant 

footprint of the urban area - accounting for approximately 50% - of the city of Columbia, 

South Carolina, United States. A detailed description of the sampling locations including 
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land use, industrial-commercial activities, mining activities, wastewater and storm water 

facilities in the watershed is provided in the supplementary information section C.1. 

Precipitation data for the Broad and Congaree River sampling locations was 

collected from the USGS station number 021695045 (34°00'24"N 81°01'18"W), nearly 6.3 

km from the Broad River sampling location, and nearly 3.1 km from the Congaree River 

Columbia sampling location and 6.4 km from the Congaree River Cayce sampling location. 

Rainfall and discharge data for the Lower Saluda River sampling location were collected 

from USGS station number 02168504 (34°03'03"N 81°12'35"W) immediately after the 

dam and nearly 1.8 km upstream from the Lower Saluda River sampling location. The 

discharge data for the Broad, and Congaree Rivers was collected from the USGS stations’ 

number 02162035 (34°02'54"N 81°04'24"W), and 02169500 (33°59'35"N 81°03'00"W), 

nearly 5.3 km upstream of the Broad River sampling location and 0.05 km upstream from 

the Congaree River Columbia sampling location and 5.3 km upstream from the Congaree 

River Cayce sampling location, respectively.  

 

4.3.2 Sample collection, digestion, and elemental analysis 

Surface water samples were collected from the Broad, Lower Saluda and Congaree 

Rivers in 250-mL high density polyethylene bottles (Thermo Scientific, Rockwood, TN, 

United States). Prior to use, bottles were acid-washed in 10% nitric acid (Sigma Aldrich, 

St. Louis, MO, United States) for at least 24 hours, and soaked in ultrahigh purity water 

(PURELAB Option-Q, ELGA, High Wycombe, UK) for 24 hours, air dried, and then 

double-bagged. In the field, sampling bottles were rinsed three times in the surface water 
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and then filled with the water sample, samples were individually double-bagged, and 

returned to the lab the same day and were stored in the dark at 4ºC. 

The bulk river water samples were digested using an acid mix, including H2O2, 

HNO3, and HF, following the digestion protocol described elsewhere and summarized in 

the Appendix C.2 17,22,37. Elemental concentrations in the digested river water samples were 

determined by ICP-TOFR ICP-TOF-MS (TOFWERK, Switzerland) using TOFPilot 2.8.8 

software. The instrument operating conditions are presented in Table C.3. Mass spectra 

calibration and standard tuning procedure were performed before analysis for instrument 

maintenance. Dissolved multi-element standards were prepared in 1% HNO3 from 

commercially available ICP standards (BDH Chemicals, Radnor, PA, USA), with 

concentrations ranging from 0.001 to 100 g L-1. Internal standards (ICP Internal Element 

Group Calibration Standard, BDH Chemicals, Radnor, PA, USA) were monitored at the 

same time for quality control. The isotopes measured were 27Al, 49Ti, 57Fe, 90Zr, 93Nb, 139La, 

140Ce, 141Pr, 142Nd, 152Sm, 153Eu, 158Gd, 159Tb, 164Dy, 165Ho, 166Er, 169Tm, 174Yb, and 175Lu. 

All isotopes were analyzed in collision/reaction mode. 

The USGS reference material BHVO-2 Hawaiian basalts were digested following 

the same procedure described above. The elemental analysis of the reference material 

demonstrated high recovery (approximately 100%) for most elements. The precision of our 

method was within 8% for all isotopes and within 4% for those isotopes without REEs, and 

the accuracy was better than 89% for most elements, including Ti and Nb. Full procedural 

digestion blanks was < 6.8% samples’ analyte signal for all reported element in this study 

and < 2.8% samples’ analyte signal for titanium and niobium (Table C.4). Therefore, 
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blanks are insignificant to the calculations of Ti concentrations or total Ti/Nb elemental 

ratios.  

 

4.3.3 Particle composition on single particle basis 

The multi-elemental composition of particles of individual particles in a select set 

of water samples (e.g., 30/4/2020, 1/5/2020, 2/5/2020, and 5/5/2020) representing the start, 

rising limp, peak, and end of the first runoff event in the studied river system was 

determined using SP-ICP-TOF-MS. The river water samples were shaken well prior to 

extraction to resuspend any settled particles and to obtain a representative subsample. The 

extraction procedure is the same as that used in previous studies 17,22,37. Briefly, 10 mL 

aliquots of the river water samples were transferred into acid-washed 15 mL centrifuge 

tubes. Then the samples were sonicated and centrifuged to obtain the < 1 m particle size 

fraction (assuming natural particle density of 2.5 g cm-3). The extracted particles were 

stored in fridge at 4 °C before SP-ICP-TOF-MS analysis. The theoretical size of the 

extracted fractions corresponds to particles < 1000 nm for natural particles (r = 2.5 g cm-

3), and < 725 nm for TiO2 particles (r = 4.2 g cm-3). All samples were bath sonicated again 

for 15 min and were diluted by a factor of 100 prior to SP-ICP-TOF-MS analysis.  

Same as total elemental analysis, the instrument was calibrated and tuned daily 

before single particle analysis. Transport efficiency was calculated based on analysis of 

certified Au ENPs (NIST RM8013 Au, Gaithersburg, MD, USA) and ionic Au standards 

41. Other element dissolved calibrations were performed with a series of mixed multi-

element standards (0, 1, 2, 5, and 10 µgL-1, BDH Chemicals, Radnor, PA, USA). Particle 
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signals were separated from baseline using TOFpilot V2.10 and reported in time-elapsed 

format.  

The detected particles were classified into single- and multi-metals (smNPs and 

mmNPs). The smNPs were considered as their own clusters because the particle mass and 

number concentrations are not sufficient to cluster smNPs. The mmNPs were classified 

into clusters of NPs of similar elemental composition using a two stage - intra- and inter- 

sample - agglomerative hierarchical clustering algorithm in MATLAB following the 

method described elsewhere 42. Briefly, intra-sample hierarchical clustering was performed 

- using average correlation distance - on all metal masses in each NP to generate clusters 

that best account for variance in NP metallic composition in each sample. This step 

generates a cluster dendrogram for each sample, which was divided into major clusters 

using a distance cutoff. A cluster representative was determined for each major cluster as 

the mean of metal mass in individual NPs within each cluster taking into account all 

elements that occurred in at least 5 percent of NPs within the cluster. For each major cluster, 

the mass fraction of a given metal in each particle was determined as the mass of that metal 

divided by the sum of masses of all metals in that NP. The inter-sample clustering was 

performed on the major cluster representatives identified in the intra-sample clustering to 

group/cluster the similar NP major clusters identified in the different samples. This step 

generates a cluster dendrogram for intra-sample cluster representatives, which was divided 

into major clusters using a distance cutoff as performed for the intra sample clusters. The 

mean intra-sample cluster composition was determined as the mean of metal mass fraction 

in all NPs in the cluster and was compared across samples. Select elemental ratios were 

determined on a particle-per-particle basis taking into account all particles containing the 
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two elements and the elemental ratio distribution was determined. The number 

concentration (NP g-1) of the total, smNPs, mmNPs, and cluster members were determined 

according to the SP-ICP-MS theory.  

 

4.3.4 Estimation of TiO2 engineered particle concentration 

The concentration of TiO2 engineered particles was calculated based on mass 

balance calculations according to Eq. 1  

[𝑇𝑖𝑂2]𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =  
𝑇𝑖𝑂2 𝑀𝑀

𝑇𝑖 𝑀𝑀
[𝑇𝑖𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑁𝑏𝑠𝑎𝑚𝑝𝑙𝑒 . (

𝑇𝑖

𝑁𝑏
)

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
]                 (𝐸𝑞. 1) 

Where, [TiO2]engineered particles is the concentration of TiO2 engineered particles, Ti MM 

and TiO2 MM are the molar masses of Ti and TiO2, Tisample and Nbsample are the concentrations 

of Ti and Nb in a given sample, Ti/Nbbackground is the natural background elemental 

concentration ratio of Ti/Nb. Background Ti/Nb was calculated on eight reference samples 

collected from Lake Katherine and Gills creek in Columbia, SC in the absence of rainfall 

events 20. Eq 3 assumes that all Ti occurs in particulate form, engineered Ti occurs as pure 

TiO2 engineered particles, and that the natural background Ti/Nb is constant throughout 

the sampling period. These assumptions are justified for the following reasons. Ti 

occurrence in the surface waters is expected to occur solely in solid phases because of the 

very low solubility of TiO2 
43. While Ti has numerous industrial applications, from metal 

alloying to aerospace applications to biomedical devices, approximately 95% of the mined 

Ti is refined into nearly pure TiO2 through the treatment of Ti-bearing ores with carbon, 

chlorine, or sulfuric acid 44. Additionally, TiO2 engineered particle contain trace amount of 

Nb, which was below the ICP-MS detection limit (e.g., < 7 ng L-1) for TiO2 concentration 

upto 10,000 mg L-1 22. On the other hand, natural TiO2 minerals are the dominant carriers 
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(e.g., > 90-95% of the whole rock content) of Ti and Nb. The elemental ratio of Ti/Fe, 

Ti/Al, Ti/Ce, Ti/Zr, and Ti/Nb, determined by SP-ICP-TOF-MS, in naturally occurring 

particles in the Broad, Lower Saluda, and Congaree Rivers were found to be constant 

throughout the sampling campaigns (see discussion below and supplementary 

information). 

 

4.3.5 Discharge hydrographs and baseflow estimation 

The discharge was separated into baseflow and direct runoff using tool “WHAT: 

Web-based Hydrograph Analysis Tool”. ‘WHAT’ is able to connect to the USGS database 

and query and analyze streamflow data based on its USGS gauge number. The baseflow 

and direct runoff separation for the Broad, Lower Saluda and Congaree River was 

performed for the USGS station number 02162035, 02168504 and 02169500, respectively. 

For baseflow separation, recursive digital filter has been used with aquifer type of perennial 

streams with porous aquifer. 

 

4.4 Results and Discussion 

 

4.4.1 Precipitation, discharge, runoff, and water quality 

Five A significant rain event occurred on 30/4/2020 resulting in 16.8 mm, 15.7 mm, 

and 16.8 mm rainfall in the Broad, Lower Saluda, and Congaree River watersheds 

respectively. Smaller rain events of 0.5, 0.5 and 1.0 mm occurred on 29/4/2020, 5/5/2020, 

and 10/5/2020 in the Broad, Lower Saluda, and Congaree River watersheds respectively 

(Table C.5). Moreover, major rainfall events of 40.2 mm and 9.7 mm occurred on 
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29/4/2020 in the upstream region of the Broad River at Ashville, NC and Knoxville, TN 

respectively 45,46; and 54.5 mm and 3.1 mm occurred on 29/4/2020 and 30/4/2020 in the 

upstream region of the Lower Saluda River at Rock reservoir, Cleveland, SC 47. These rain 

events resulted in increases in release from upstream reservoirs and as a result increases in 

the discharge in the Lower Saluda, Broad, and Congaree Rivers (Table C.5; Figure C.1). 

During this period, water level behind the Lake Murray dam was about 109 m above datum, 

which is very close to the top of conservation (flood control level of ~109.1 m) of the dam. 

The discharge in the Lower Saluda River is dominated by regulated releases from the Lake 

Murray reservoir based on the required hydroelectric generation and flood control 

regulations. Thus, the discharge in the Lower Saluda River displayed sharp increases 

between 30/4/2020 and 1/5/2020 and between 4/5/202 and 9/5/2020 due to releases from 

the Lake Murray reservoir in anticipation of the rain events to keep water level behind the 

dam below flood zone level (Table C.5; Figure C.1). Lake Murray is a man-made reservoir 

of approximately 200 km2 in size with a maximum depth of approximately 53 m, an 

average depth of approximately 14 m, and a residence time of approximately 417 days 48,49. 

The majority of the inflow to Lake Murray comes from the releases from upstream dams 

on Saluda River as well as the rainfall over the lake. Local tributaries, which are mostly 

rural basins, contribute minimally to the storage behind the Lake Murray dam. Thus, the 

urban contribution at the sampling point to the total discharge is minimal. 

The discharge in the Broad and the Congaree Rivers displayed typical hydrographs 

of natural river discharges. The Broad River is regulated to some degree by the presence 

of at least 10 hydroelectric facilities and two thermoelectric power plants (Table C.1) 50. 

The upstream of Broad River from sampling point is regulated using the Parr reservoir 
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dam, approximately 40 km upstream of the sampling location, which operates in modified 

run-of-river mode and operates continuously to pass the Broad River flow. These facilities 

allow a natural river flow to downstream 51. The retention time of Parr Reservoir is on 

average about 3 days and varies between 0.8 and 29.3 days based on a maximum and 

minimum monthly flow of 530 and 15 m3 sec-1, respectively 52. The nearest dam to the 

sampling location is the Broad River diversion dam (low head, a constructed barrier in a 

river with a hydraulic height not exceeding 7.6 m), approximately 4 km upstream of the 

Broad River sampling site. This dam diverts the flow (long term average diversion of 

approximately 11.7 m3 sec-1) of the Broad River toward the canal of the Columbia 

Hydroelectric Project. The rainfall resulted in runoff discharges in the Broad and Congaree 

Rivers between 30/4/2020 and 4/5/2020 and between 5/5/2020 and 9/5/2020 with peak 

discharge on 1/5/2020 and 7/5/2020. Direct runoff accounted for < 6%, 9-77%, 8-75% of 

the total discharge in the Lower Saluda, Broad, and Congaree River, respectively. The 

highest runoff contribution (e.g., direct runoff/total discharge) in the Broad and Congaree 

Rivers occurred on 1/5/2020. There has been no urban runoff contribution (i.e., baseline 

flow occurred) on 27/4/2020, 10/5/2020 and 12/5/2020 in the Broad and Congaree Rivers. 

The average annual discharge rates at the Broad River and Congaree River Columbia 

sampling sites are approximately 163.08 m3 sec-1 and 243.86 m3 sec-1. We estimated the 

urban contribution from the city of Columbia between the Broad and Congaree Rivers’ 

sampling sites as the difference between the sum of the discharge at the Congaree River 

sampling location and the water withdrawal at the Broad River diversion dam 

(approximately 255.56 m3 sec-1) and the sum of the discharge at the Broad River and Lower 
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Saluda River sampling locations (approximately 225.68 m3 sec-1). Thus, the average annual 

runoff contribution of the city of Columbia is approximately 29.88 m3 sec-1.  

The pH varied in a narrow range between 6.4 and 7.8 and was similar in all samples 

(Figure C.2a). The conductivity varied between 48 and 119 μs cm-1 with higher values on 

27/4/2020 and 28/4/2020 and relatively stable values of around 55 μs cm-1 between 

29/4/2020 and 12/5/2020 (Figure C.2b). The water temperature in the Lower Saluda River 

water was lower than those in the Broad and Congaree Rivers as the water comes from 

deep in Lake Murray reservoir (Figure C.2c).  

 

4.4.2 Total Ti, Nb, and TiO2 concentrations 

Titanium and Niobium concentrations in the Lower Saluda, Broad, and Congaree 

Rivers during the sampling period are presented in Figure 4.2a and b. Titanium 

concentrations vary randomly within a narrow range in the Lower Saluda River between 

13 and 60 μg L-1 (Figure 4.2a) and does not follow a specific trend in relation to the 

discharge. In contrast, titanium concentrations vary within a broader range in the Broad 

and Congaree Rivers at Columbia and Cayce (8 to 926 μg L-1, 95 to 5976 μg L-1, and 58 to 

1170 μg L-1, respectively). The concentrations of Ti in the Broad River follow the discharge 

trend and continue rising after the second discharge peak. The reason for the increase in Ti 

concentration after the second discharge peak is unknown. The concentrations of Ti in the 

Congaree River at Columbia and Cayce display a bimodal distribution and follow closely 

the rise and fall of the discharge. The highest Ti concentration in the Congaree River at 

Columbia and Cayce was measured on 1/5/2020 and 2/5/2020, respectively. Generally, Ti 

concentrations decrease following the order: Congaree River at Columbia > Congaree 



 
 

 

95 

River at Cayce > Broad River > Lower Saluda River, which is ascribed to differences in Ti 

load into these rivers due to differences in urban runoff contribution to the total discharge. 

The Nb concentration follow the same trend as Ti (Figure 4.2b). Ti and Nb pollutographs 

in the Broad and Congaree Rivers display a mobility pattern driven by the transport of 

solids 53; that is the Ti and Nb concentrations are low during low flows, increase with 

increasing flow due to the transportation of more solids, and then decline with diminishing 

flow and supply of solids on the catchment surfaces (Figure 4.2). 

In the Lower Saluda River, the Ti/Nb ratio vary between 238.8 ± 12.1 and 346.7 ± 

2.4 and does not follow specific trend with the discharge (Figure 4.2c). In the Broad and 

Congaree Rivers, the Ti/Nb display a bimodal distribution and increase with increases in 

the discharge/runoff. The Ti/Nb values increase following the order Lower Saluda River < 

Broad River < Congaree River at Columbia < Congaree River at Cayce. This trend in Ti/Nb 

ratio is attributed to the introduction of anthropogenic pure Ti-bearing particles between 

the sampling sites, which can be ascribed to urban runoff from the City of Columbia. The 

concentration of the anthropogenic Ti-bearing particles was estimated using mass balance 

and assuming that they occurred as pure TiO2 particles. The estimated anthropogenic TiO2 

concentrations vary between 0 and 24 µg L-1 in the Lower Saluda River, 0 and 663 µg L-1 

in Broad River, 58 and 5050 µg L-1 in Congaree River at Columbia, and 43 to 1051 µg L-1 

in the Congaree River at Cayce; and follow the same trend with discharge/direct runoff as 

the total Ti concentration (Figure 4.2d).  
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4.4.3 Particle number concentrations and elemental composition 

The number concentration of Ti-bearing particles is generally higher in the Broad 

and Congaree Rivers compared to those in the Lower Saluda River (Figure 4.3a). The 

relative abundance of smTi-NPs is generally higher during the discharge event than at the 

end of the event (Figure 4.3b). All other elements follow the same trend as Ti-bearing 

particles (Figure C.3). The mass distributions of Ti-bearing particles vary within the same 

range (e.g., 0 to 20 fg) in all samples (Figure 4.4). However, the mass distribution of Ti- 

bearing particles in the Broad and Congaree Rivers display a shift toward larger masses 

compared to those in the Lower Saluda River, with a higher fraction of particles with mass 

> 20 fg. The mass distribution of Ti-bearing particles in the Congaree River at Columbia is 

intermediate between those in the Broad and the Lower Saluda Rivers due to the mixing of 

the two Rivers upstream of this sampling location (Figure 4.4). The mass distribution of 

Ti-bearing particles shifts toward higher mass during high discharge (1/5/2020 and 

2/5/2020) compared to those at low discharge (30/4/2020 and 5/5/2020). 

Clustering analysis of the mmNPs identified 29 mmNP clusters. Six of these 29 

clusters - FeTiMn, AlSiFe, CeLaNd, TiMnFe, MnCeBa, and ZrYTh – occur in all samples 

and account for > 99.4% of the total number of mmNPs in all samples (Figure C.5). The 

elemental composition of these clusters is dominated by one element and contain minor or 

trace concentrations of other elements (Figure 4.5) 54. The Ti containing particles are 

distributed among three clusters: FeTiMn, AlSiFe, and TiMnFe, which account for > 99% 

of all Ti-bearing mmNPs (Figure C.5). The elemental ratio of Ti/Fe, Ti/Al, Ti/Ce, Ti/Zr, 

and Ti/Nb are similar in all samples and are in good agreement with those measured in 

natural soils and surface waters (Figure C.6-8) 20,54,55. The mean Ti/Nb ratio in all Ti and 
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Nb containing particles in all samples vary between (mean ± standard deviation of the 

ratios calculated at the single particle level) 218 ± 195 and 295 ± 280.  

 

4.5 Discussion 

The lowest Ti concentration in the Lower Saluda, Broad, and Congaree (Co) Rivers 

are 13.3 ± 0.2 µg L-1, 8.2 ± 0.1 µg L-1, and 94.8 ± 27.1 µg L-1 respectively and occurred 

during base flow dominated condition when base flow accounted for 90.5%, 100%, and 

68% of the total discharge, respectively (Figure 4.2a). The highest Ti concentration In the 

Lower Saluda, Broad, and Congaree (Co) Rivers are 39.2 ± 6.7 µg L-1, 233.4 ± 8.1 µg L-1 

and 5975.7 ± 88.8 µg L-1 respectively and coincided with the peak discharge during the 

first runoff event on 1/5/2020 (Figure 4.2a). The low concentration of Ti in the Saluda 

River, which is characterized by low urban runoff contribution to the total discharge, and 

the increase in Ti concentration from the Broad River to the Congaree River, which are 

characterized by high urban runoff contribution to the total discharge, suggest that urban 

runoff is the key driver of Ti concentrations in the Broad and Congaree Rivers. The Ti 

concentrations measured in this study are higher than those previously measured in rivers 

(e.g, 0.6 to 1.6 µg L-1) 56, urban runoff (e.g., 10 to 15 µg L-1) following the release of TiO2 

particles from exterior facades 57, and urban wet and dry runoff (e.g., 15 to 200 µg L-1) 17. 

Nonetheless, higher Ti concentrations (e.g., 12.7 mg L-1) were reported in highway runoff 

in Pullman, Washington 19. Additionally, high Ti concentrations (e.g., 150 to1600 mg kg-1) 

were reported in different road-environment samples (e.g., road dust, sludge from storm 

drains, and roadside soil), which were suspected to be of anthropogenic origin such as the 
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use of alkali metal titanates as inorganic fillers for the purpose of stabilizing the friction 

coefficient 58.   

Titanium in urban runoff can be attributed to natural and/or anthropogenic sources. 

Significant quantities of Ti-bearing particles occur in the urban environment due to the soil 

erosion and atmospheric deposition of soil particles on surfaces in the urban environment 

59. On the other hand, TiO2 engineered particles are widely used in many applications in 

the urban environment as pigment in paint and coatings 60,61 and as ENPs in self-cleaning 

surfaces which have been shown to be released by wear and weathering 5–9. Several studies 

reported the occurrence of TiO2 engineered (nano)-particles in road dust, atmospheric 

particulate matter 62,63, and urban runoff 17. Naturally occurring TiO2 minerals are the 

dominant carriers (e.g., > 90-95% of the whole rock content) of Ti and Nb 34. In contrast, 

commercial TiO2 particles are typically refined into nearly pure TiO2 through the treatment 

of Ti-bearing ores using carbon, chlorine, or sulfuric acid 22,64. Thus, the elemental ratio of 

Ti/Nb was used to determine whether the increased Ti concentration is due to natural or 

anthropogenic Ti inputs. The Ti/Nb in most samples i higher than the natural background 

ratio determined in a previous study (Figure 4.2c) 20, suggesting that all sampling locations 

received anthropogenic Ti inputs. The lowest Ti/Nb ratios occurred in the Lower Saluda 

River (239 ± 12) and coincided with the average water background Ti/Nb determined in 

nearby water bodies (266 ± 9) 20. The higher (e.g., 280-346) Ti/Nb values in the Lower 

Saluda River indicate a potential small anthropogenic contribution of TiO2 engineered 

particles, potentially from atmospheric deposition or urban runoff from nearby roads and 

bridges. The lowest Ti/Nb in the Broad and Congaree Rivers (177 ± 36, 408 ± 17, and 435 

± 19, respectively) occurred at the base flow conditions. On the other hand, the highest 
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Ti/Nb ratios (503 ± 5, 596 ± 11, and 688 ± 31) occurred at the peak of the discharge events 

on 1/5/2020 and 7/5 2020, suggesting that the discharge/urban runoff is the driver of the 

increase in Ti/Nb during/following rainfall events. The lower Ti/Nb ratios in the Lower 

Saluda River than in the Broad and Congaree Rivers are ascribed to the smaller urban 

runoff contribution to the Lower Saluda River discharge at the sampling location along 

with sedimentation of anthropogenic Ti-bearing particles in Lake Murray, and thus low 

input of anthropogenic Ti to the Lower Saluda River. 

The anthropogenic Ti-containing particles from urban runoff can occur as smNPs 

such as those used in building paint, road marking, and photocatalytic surfaces or as 

mmNPs as those released from traffic-related emissions such as Ti used as fillers in brake 

pads. Thus, SP-ICP-TOF-MS analysis was used to determine the elemental composition of 

Ti-bearing particles. The SP-ICP-TOF-MS analysis show higher relative abundance of 

smTi-bearing NPs during the runoff event than at the end of the runoff event (Figure 4.3b) 

in all sampling sites, which can be ascribed to the increased contribution of pure TiO2 

particles to the total concentration of Ti-bearing particles during the runoff event. The 

clustering and elemental ratio analysis ahow that > 99% of mm-Ti-bearing particles 

occurred in three clusters (FeTiMn, AlSiFe, TiMnFe), which are typical of naturally 

occurring particles such as titanomagnetite (Ti/Fe =0 to 0.43), ilmenite (Ti/Fe = 0.86), 

pseudorutile (Ti/Fe = 1.29), Ilmenorutile (Ti/Fe = 1.71), or altered pseudorutile (Ti/Fe > 

1.71) (Figure C.6a and C.7a), clays (Ti/Al = 0 to 0.4, Figure C.6a and C.7a), or titanium 

oxide particles containing Al and Fe (Figure C.8). These findings suggest that the majority 

of anthropogenic Ti-bearing particles are pure TiO2 particles. It is worth noting that other 

clusters such as Zn, Cu, Cr, W, Ni, Sn-rich particle clusters were identified more frequently 
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in the Broad and Congaree Rivers than in the Lower Saluda River (Figure C.5). These 

particles are typical of traffic related emissions detected in bridge runoff in Columbia, 

South Carolina 36. However, the number of the detected particles are relatively small and 

thus these clusters are not discussed further. 

Consequently, the total TiO2 engineered particle concentrations were determined 

using mass balance calculations and shifts in Ti/Nb above the natural background values 

(Figure 4.2d). The lower concentrations of TiO2 engineered particles in the Lower Saluda 

River compared to the Broad and Congaree Rivers can be attributed to the removal of 

suspended sediments and anthropogenic TiO2 particles within the Lake Murray reservoir 

by sedimentation given the long water residence time of approximately 417 days 48,49. This 

is consistent with the decreases in turbidity from upstream to downstream Lake Murray 

reservoir 48,49. This is also consistent with the smaller masses of Ti-bearing particles in the 

Lower Saluda River compared to those in the Broad and Congaree Rivers (Figure 4.4). 

Additionally, the low TiO2 concentration in the Lower Saluda River can be attributed to the 

absence or small urban runoff contribution (~ 6%) to the discharge at the Lower Saluda 

River sampling location. In contrast, the Broad River is a natural free flowing river which 

transport a higher sediment load transport into the Broad River sampling location from the 

large upstream Broad River watershed. Additionally, the Broad River sampling site is 

approximately 480 m downstream of a major highway in South Carolina – that is the 

interstate I20 bridge – which discharges directly into the Broad River. Our previous study 

demonstrated that bridge runoff contains high concentrations of anthropogenic TiO2 

particles 65.  
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The increase in TiO2 concentration from the Broad River to the Congaree River for 

most sampling dates suggests that the majority of anthropogenic TiO2 is introduced into 

the Broad and Congaree Rivers at the urban interface area of the city Columbia, SC, and is 

ascribed to urban runoff and associated particulate wash off from impervious surfaces. This 

is consistent with the significant contribution of urban runoff to the total discharge in the 

Broad River (e.g., 9-77%) and the Congaree Rivers (e.g., 8-75%) as well as the high 

concentrations of TiO2 in bridge and urban runoff 17. The Broad River sample was collected 

downstream of the I20 highway, the Congaree River at Columbia sample was collected 

downstream of I176, I126, the Jarvis Klapman Boulevard, and the Gervais Bridge, and the 

Congaree River at Cayce sample was collected downstream of Blossom Street. All these 

Bridges have an AADT > 20,000, which result in a substantial release of TiO2 to the studied 

river system (Table C.2). For instance, the Blossom Street Bridge (AADT = 27,500) runoff 

has been shown to contain up to 101.1 ± 1.4 µg TiO2 L
-1 36. It is expected that Bridges with 

higher traffic density will release higher concentrations of TiO2 to the studied river system. 

The lower TiO2 concentration in the Congaree River than in the Broad River between 

10/5/2020 and 12/5/2020 could be due to dilution effect.  

The higher TiO2 concentrations during the first discharge peak in the Congaree 

River is attributed to the relatively longer antecedent dry period (Table C.5) prior to the 

first rainfall event. Longer antecedent dry periods lead to higher contaminant accumulation 

on impervious surfaces in the watershed. The heavy rain event on the 29/4/2020 and 

30/4/2020 throughout the watershed might have transported the accumulated contaminants 

from the impervious surfaces into the river system. Similar increases in the Ti 

concentrations 22 and particulate matter associated contaminants (e.g., metals) 
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concentrations 66,67 with increases in antecedent dry period were observed for road runoff 

and urban runoff, respectively. 

Although we attributed TiO2 to urban runoff, other sources of TiO2 engineered 

particles into surface waters include recreational activities in the watershed 68, industrial 

discharge 23, or construction activities 69, effluents from wastewater treatment plant 

(WWTP) 70, and sanitary sewer overflows 20. The recreational source (e.g., use of sunscreen 

during bathing) can be ruled out because there was not any recreational activities in the 

three rivers during the sampling period due to ‘coronavirus stay-at-home order’ in South 

Carolina 71,72. The industrial and construction sources also can be ruled out as there was no 

known industrial discharge sources and construction activities near the sampling location 

which would result in a continuous discharge of TiO2 particles to surface water. The human 

waste source is an insignificant source of TiO2 to the river system during the sampling 

period because of the small size (1.1 ± 0.0 to 2.1 ± 0.1) of the gadolinium anomaly (Figure 

C.9). Gadolinium anomaly is widely used to track effluent from wastewater treatment 

plants 73. Previous studies reported gadolinium anomaly sizes between 1.0 and 30.0 (Table 

C.6) in river streams, and an anomaly > 1.5 has been used as an indicator of wastewater 

treatment effluent in river streams. Consequently, the observed TiO2 engineered particles 

contamination in this study is attributed to rainfall events followed by runoff introduction 

in the rivers, suggesting that the source of TiO2 particles here is diffuse urban runoff across 

the Broad and Congaree Rivers’ watersheds.  
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4.6 Conclusion 

The daily monitoring of the total elemental concentrations, bulk elemental ratios, 

the number particle concentration, and the multi-element composition of single particles in 

the Saluda-Broad-Congaree Rivers’ ecosystem highlights the presence, transient nature, 

and transport of anthropogenic TiO2 engineered particle in this urban river ecosystem. The 

concentration of TiO2 engineered particle was lowest (0 to 24 µg L-1) in the Lower Saluda 

River which had the lowest urban footprint. The TiO2 engineered particle concentration 

increased from the Broad River (0 to 663 µg L-1) to the Congaree River (53 to 5050 µg L-

1) indicating a continuous and increased introduction of TiO2 engineered into the Broad 

and Congaree Rivers with urban runoff from the urban area of the city of Columbia, South 

Carolina. Increases in TiO2 concentrations were transient and coincided with rainfall with 

highest concentrations at or near the peak of the discharge. Thus, the urban environment 

represents a major source of TiO2 engineered particle into surface waters. The high TiO2 

concentrations in the Broad-Congaree Rivers may pose environmental risk in this River 

ecosystem, and in other urban rivers, during and following rainfall events, in particular at 

and near peak discharge. Higher concentrations of TiO2 engineered particles, and thus 

higher environmental risks, can be expected in more highly urbanized watersheds than the 

studied urban river ecosystem. The impact of these TiO2 engineered particles on river 

organisms should be further evaluated, including investigating the effect of TiO2 

engineered particles on several organisms in the trophic chain using environmentally 

relevant concentrations and considering frequent pulse vs. chromic exposure. The design 

of this study highlights the importance of selecting sampling sites and monitoring the 

spatiotemporal variations in engineered particle concentrations in surface waters for a more 
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comprehensive understanding of the environmental fate, behavior, and risk assessment of 

engineered particles. To provide even a more detailed understanding of TiO2 engineered 

particle fate and transport in urban ecosystems, future studies could include additional 

sampling sites, collect samples at higher time resolution or over longer sampling periods, 

collect data following storm events with various intensities and antecedent dry periods, 

collect and analyze sediments samples to determine particle sedimentation and deposition 

in the river system.  
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Figure 4.1 Map of the Congaree River, Columbia (Co); Congaree River, Cayce (C); 

Lower Saluda River (S) and Broad River (B) sampling locations.  
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Figure 4.2 Pollutographs of (a and b) the total concentrations of Ti and Nb, (c) Ti/Nb, and 

(d) the estimated anthropogenic TiO2 cocnentrations in the Lower Saluda River (S), the 

Broad River (B), and the Congaree River at Columbia (Co) and Cayce (C) during the 

sampling campaign. DR (S) refers to direct runoff in the Lower Saluda River, DR (B) refers 

to direct runoff in the Broad River, and DR (Co) refers to direct runoff in the Congaree 

River at Columbia. The highest Ti, Nb, and TiO2 cocnentrations in the Congaree River at 

Columbia was 5976 ± 89, 11.5 ± 0.5, 5050 ± 143 µg L-1 on 1/5/2020 and are not displayed 

in the Figure. 
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Figure 4.3 (b) Number concentration of total, single metal (sm) and multi-metal (mm), and 

(b) the relative abundance of sm- and mm- Ti-bearing nanoparticles in the Lower Saluda 

River (S), Broad River (B), Congaree River at Columbia (Co), and Congaree River at 

Cayce (C). The number concentrations were corrected by subtracting the number of 

particles detected in the procedural blanks.   
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Figure 4.4 Mass distribution of Ti-containing particles in the: (a) Lower Saluda River, (b) 

Broad River, (c) Congaree River at Columbia, (d) Congaree River at Cayce. S: Lower 

Saluda River, B: Broad River, Co: Congaree River at Columbia, and C: Congaree River at 

Cayce.  
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Figure 4.5 Elemental composition of the dominant clusters: (a) Fe-, (b) Al-, (c) Si-, (d) Ce-

, (e) Ti-, (f) Mn-, and (g) Zr- rich particle cluster. Standard error was <0.05 for all elements. 

Note that the Al and Si-rich mmNP clusters are two clusters within the AlSiFe cluster. S: 
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Lower Saluda River, B: Broad River, Co: Congaree River at Columbia, and C: Congaree 

River at Cayce. 
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Chapter 5

Temporal Variability in TiO2 Engineered Particle Concentrations in Rural Edisto River
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5.1 Abstract  

Titanium dixoide (TiO2) is the most extensively used engineered nanomaterial 

(ENM) to date, yet its occurrence, concentrations, temporal variability, and fate in natural 

environmental systems are poorly understood. We conducted a three-year field-monitoring 

of the TiO2 concentrations in a rural river basin (Edisto River, < 1% urban land cover) in 

South Carolina, United States. The total concentrations of Ti, Nb, Al, Fe, Ce, and La in the 

Edisto River trended higher during spring/summer compared to autumn/winter. Upward 

trending Ti/Nb in the spring/summer compared to near-background  autumn/winter ratios 

of 266 indicated agricultural prep and growing season related increases in TiO2 engineered 

particles. In contrast, downward trending of the Ti/Al and Ti/Fe in the spring and summer 

compared to the near-background autumn/winter ratios of 0.05 indicated greater 

mobilization of Fe and Al, relative to Ti during spring/summer. Surface-water 

concentrations of TiO2 engineered particles varied between 0 and 128.7 ± 3.9 µg TiO2 L
-1. 

Increases in TiO2 concentrations over the spring/summer were associated with increases in 

phosphorous, orthophosphate, nitrate, ammonia, anthropogenic gadolinium, water 

temperature, suspended sediments, organic carbon, and alkalinity, and with decreases in 

dissolved oxygen. The association between these contaminants together with the timing of 

the increases in their concentrations is consistent with diffuse wastewater source, such as 

reuse application overspray, biosolids fertilization, or leaking sewers or septic tanks, as the 

driver of instream concentrations; however, other diffuse sources cannot be ruled out. The 

findings of this study indicate spatially-distributed (non-point source) releases can result in 

high concentrations of TiO2 ENMs, which may pose higher risks to rural stream aquatic 

ecosystems during the agricultural season. The results illustrate the importance of 
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monitoring seasonal variations in ENM concentrations in surface waters for a more 

representative assessment of ecosystem risk. 

 

5.2 Introduction 

Titanium dixoide (TiO2) is the most extensively used engineered nanomaterial 

(ENM) to date, yet its occurrence, measured concentrations, and fate in natural 

environmental systems are poorly understood 1. The global consumption of TiO2 as 

engineered particles, including engineered nanomaterials (1-100 nm particles) and 

pigments (100-300 nm particles), is projected to reach 8.8 million metric tons by 2025 1. 

The major applications of TiO2 are architectural and industrial paints and coatings (60%), 

plastic (28%), paper (5%), and other applications (7%) such as photocatalyst, food additive, 

cosmetics, and sunblocks 2. These applications result in environmental releases of TiO2 

engineered particles from diverse sources 3–10. Consequently, TiO2 engineered particles are 

widely distributed in the environment 3, 4, 7, 8, 11. Many studies investigated the presence and 

concentrations of ENMs in various technical and environmental compartments such as 

wastewater treatment plants 5, 12, 13, construction and demolition landfills 10, urban runoff 6, 

and biosolids 11. Additionally, fewer studies investigated the release of ENMs from 

localized point sources such as manufacturing facilities 3, painted surfaces 9, municipal 

wastewater treatment plants 5,13, sewage spills 4, and sunscreens 7,8 to surface waters. 

However, studies on the potential contribution of more spatially-distributed (non-point) 

wastewater sources, such as agriculture-applied biosolids and septic tank discharges, to the 

fluxes of ENMs in river surface waters are scarce, despite the demonstrated presence of 

ENMs in raw sewage, sewage sludge, and biosolids-amended soils 12,14,15.  
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In the United States, approximately 7 million dry tons of biosolids are produced 

annually, and 55% of the produced biosolids (based on 2004 data) are used for agriculture, 

silviculture, land restoration, and other land applications 16,17. Seventy-four percent of land-

applied biosolids are used for crop agriculture. Biosolids (sewage sludges) are widely 

recognized as important vectors of chemicals, including heavy metals 18, nutrients 19, as 

well as ENMs 12,15,20 to amended agricultural soils and nearby surface waters 21–23. 

Titanium oxides, iron oxides, silver and zinc sulfides, and other metal containing particles 

have been reported in sewage sludge and sludge-amended soils 18, 24–26. Yang et al., (2014) 

estimated an average TiO2 concentration in biosolid amended soils in Texas, USA of 2382 

± 422 mg kg-1 22. Additionally, more than 21 million households in the United States, most 

commonly in rural areas, use septic systems – not a public sewer – to trap and filter toilet 

waste 27. Septic tanks also are widely recognized as an important source of chemicals to 

ground and surface waters 28,29. Although it is well recognized that septic tank and 

agricultural discharges contributes to the loading of contamiants, including TiO2 
24,30,31, in 

river surface water, there are currently no field data on the occurrence and concentrations 

in surface water receiving agricultural discharges.  

Available studies have documented the presence of TiO2 ENMs in biosolids, 

biosolids-amended agricultural soils, and other environmental compartments based on 

elemental analysis of total Ti combined with electron microscopic identification of TiO2 

particles, without estimating the relative fractions of engineered and natural Ti particles 8. 

Ti, the 9th most abundant element in the Earth’s crust, is mainly found in natural rutile, 

ilmenite minerals, and/or opaque heavy minerals such as titanomagnetite and magnetite 32, 

with trace concentrations of other elements always present 33. More than 90 to 95 percent 
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of the whole rock content of Ti, Nb, Ta, Sb, and W has been attributed to rutile and ilmenite 

minerals, along with 5 to 45 percent of the whole rock content of V, Cr, Mo, and Sn 34. 

Natural Ti-containing particles derived from weathering have similar elemental ratios, 

associations, and compositions to the parent rocks. Elemental impurities inherent in natural 

Ti minerals; such as Al, Si, Fe, Mn, Ce, La, Zr, Nb, Pb, Ba, Th, Ta, W, and U 4,35; are 

removed by dissolution and reprecipitation during manufacturing of TiO2 engineered 

particles. Elevated ratios of Ti to trace elements in Ti-containing minerals have been used 

to estimate concentrations of TiO2 engineered particles in sewage spills 4, urban runoff 6, 

and surface waters 36. However, there is currently no data on the occurrence and seasonal 

variability of TiO2 ENMs in streams receiving discharges from predominantly agricultural 

watersheds with biosolid applications. 

 The aims of this study are to investigates the seasonal variability in TiO2 

ENM concentrations and to explore the relationship between TiO2 and other contaminant 

concentrations in a rural river basin (Edisto River, South Carolina) with limited urban 

development (< 1%). The concentration of TiO2 ENM was monitored biweekly/monthly 

over a period of three years in the Edisto River at the USGS 02175000 Edisto River 

sampling site.  

 

5.3 Materials and Methods 

 

5.3.1 Edisto River watershed 

The Edisto River basin is situated entirely within the state of South Carolina and is 

one of the longest free-flowing (unimpounded) black water rivers in the United States 
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(Figure D.1) 37–39. The Edisto River basin originates in the sandhill region of west central 

South Carolina, encompasses over 8030 km2, flows through the upper and lower coastal 

plain regions, runs into the coastal zone region, and discharges into the Atlantic Ocean. 

The river meanders approximately 250 miles through the coastal plains of South Carolina 

40. The Edisto River basin encompasses more than eight thousand stream km, 44.5 km2 of 

lakes and ponds, and 81 km2 of estuary. The basin is primarily rural in character with 45% 

forested land, 29% agricultural land, 15% forested wetland, 5% barren, 3% water, 2% 

nonforested wetland (saturated marshland), and 1% urban land 40. The urban land 

percentage is comprised chiefly of the City of Orangeburg and a portion of the City of 

Aiken. The city of Orangeburg is 21.5 km2, with a population of 14,000 according to the 

2010 United State census. The city of Orangeburg is located on the North Fork of the Edisto 

River, 68 km upstream of the sampling site. The city of Aiken is 53.9 km2, with a 

population of 29,650 according to the 2010 United State census. The city of Aiken is 

located on the South Fork of the Edisto River, 140 km upstream of the sampling site. There 

are 13 permitted wastewater treatment plants (WWTP) along the Edisto River (Figure 

D.1b), and 24 landfill facilities and 52 mining facilities (mainly sand, clay and limestone) 

in the river basin 40. Approximatly, 40% of homes in South Carolina rely on septic tanks 

for wastewater treatment and this number is expected to be even higher in the Edisto River 

basin given the rural nature of the area 27,41,42. The discharge data and stream samples were 

collected from USGS station 02175000 (33°01'40"N 80°23'30"W) and the rainfall data 

were from the NOAA station ‘Charleston international airport’ (32°53'59"N 80°02'25"W), 

approximately 36 km from the sampling location. 
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5.3.2 Sample collection and analysis 

Water samples from the Edisto River were collected at the USGS 2175000 Edisto 

River sampling site, which is located near Givhans Ferry state park, SC (Latitude: 33º 01' 

40", Longitude: 80º 23' 30"), approximately 3.9 kms downstream of the confluence of 

Edisto River and Four Hole swamp. Edisto river water samples were collected 

approximately monthly between 14/09/2017 and 20/10/2020. Composite depth-integrated 

samples were collected from about 10 different locations from the middle of the river 

channel immediately upstream (e.g., 1-2 m) of the bridge located on Highway 61 with 

average annual daily traffic density of 4300. Water samples were collected in 1 L high-

density polyethylene bottles (HPDE, Thermo Scientific, USA) according to USGS 

guidelines for the water samples collection 43. The bottles were acid washed prior to the 

sample collection by soaking in 10% nitric acid (Acros Organics, Czech Republic) for at 

least 24 hours followed by soaking in ultrapure water (UPW, PURELAB Option-Q, ELGA, 

UK) for 24 hours, air dried, and then double-bagged. Before filling with the water samples 

in the field, the sampling bottles were rinsed three times with surface water. The individual 

samples were double bagged and brought back on ice to the lab on the same day, where 

they were stored at 4°C in the dark until further analysis. The samples were digested in 

HF:HNO3 (3:1) acid mixture (ACS grade acids distilled in the laboratory). The total 

elemental concentration of the digested samples was analyzed using a Perkin Elmer 

NexION 350D ICP-MS according to the protocols described in detail in the supplementary 

information section (section D.1, D.2, and D.3, Table D.2) 4. A selected subset of water 

samples was analyzed using single particle-inductively coupled plasma-time of flight-mass 

spectrometer (SP-ICP-TOF-MS, Table D.1) to determine the elemental ratios of Ti/Nb in 
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natural Ti-containing particles, as described in detail in the supplementary information 

section (section D.4) and elsewhere 36. 

 

5.3.3 Calculation of TiO2 engineered particle concentration 

The concentration of TiO2 engineered particles in the Edisto river surface water 

was calculated based on mass balance according Eq. 1  

[𝑇𝑖𝑂2]𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =  
𝑇𝑖𝑂2 𝑀𝑀

𝑇𝑖 𝑀𝑀
[𝑇𝑖𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑁𝑏𝑠𝑎𝑚𝑝𝑙𝑒 . (

𝑇𝑖

𝑁𝑏
)

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
]                 (𝐸𝑞. 2) 

Where, [TiO2]engineered particles is the concentration of TiO2 engineered particles, Ti 

MM and TiO2 MM are the molar masses of Ti and TiO2, Tisample and Nbsample are the 

concentrations of Ti and Nb in a given sample, Ti/Nbbackground is the natural background 

elemental concentration ratio of Ti/Nb. The background Ti/Nb ratio (255.7 ± 8.9) was 

estimated as that observed during the drought low-flow period of the summer of 2019 

(05/23/2019 no rainfall or surface runoff). We hypothesize that under such conditions the 

contribution of anthropogenic Ti to the suspended sediments in the Edisto River is 

negligible.  

There are three assumptions for Eq 1: 1) all Ti was in particulate form, 2) 

anthropogenic Ti occurred only as pure TiO2 engineered particles, and 3) the natural 

background elemental ratio of Ti/Nb was constant through the sampling period. These 

assumptions are supported by the following. TiO2 has very low solubility and, 

consequently, Ti is expected to occur only in particulate form in the Edisto river surface 

water 44. Mined Ti bearing ores (approx. 95%) are treated to yield nearly pure TiO2 for use 

in numerous industrial applications 45. The concentration of Nb in  commercially available 

TiO2 engineered particles has been shown to be below the ICP-MS detection limit (e.g., < 
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7 ng L-1) for TiO2 concentrations up to 1000 µg L-1 6. On the other hand, natural TiO2 

minerals are the dominant carriers (e.g., > 90-95% of the whole rock content) of Ti and Nb 

46. The elemental ratio of Ti/Nb, Ti/Fe, and Ti/Al in naturally occurring particles in the 

Edisto River waters were found to be constant throughout the sampling campaigns (see 

results and discussion section 5.4.3). 

 

5.3.4 Base flow and runoff separation  

“WHAT: Web-based Hydrograph Analysis Tool” (WHAT), an online based web 

tool, was used to separate the discharge into base flow and direct runoff 47. WHAT is linked 

to the USGS National Water Information System (NWIS 48) database. The USGS station 

number 02175000 was used for the separation of base flow and direct runoff (both overland 

flow and shallow groundwater discharge), and the following method and conditions 

applied: Method: Recursive digital filter, Aquifer type: Perennial streams with porous 

aquifer, Filter parameter: 0.98, BFImax: 0.80, Date range: 16/04/1957 to 20/10/2020.   

 

5.4 Results and Discussion 

 

5.4.1 Precipitation and discharge 

Precipitation was recorded on 362 days during the sampling period from 

14/09/2017 to 20/10/2020, with the highest rainfall (124 mm) observed on 19/5/2018 

within 35.9 kilometers of the Givhans gage (Figure D.2). River discharge varied markedly 

during the sampling period. The maximum discharge was 320.0 m-3 s-1 on 27/02/2020, and 

the minimum discharge was 9.6 m-3 s-1 on 01/10/2019. The discharge was split into base 
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flow and direct runoff using WHAT 47. The maximum base flow was 210.7 m-3 s-1 on 

13/03/2020, and the minimum base flow was 8.2 m-3 s-1 on 13/10/2019. The maximum 

direct runoff was 157.5 m-3 s-1 on 12/02/2020, and the minimum direct runoff was 0 m-3 s-

1 on several dates. Most of the collected samples had a runoff contribution, except those 

collected on 08/05/2018, 12/06/2018, 20/08/2018, 20/03/2019, 29/04/2019, 23/05/2019, 

19/03/2020, and 05/05/2020. South Carolina experienced a drought between 19/03/2019 

and 10/12/2019, resulting in lower discharge in the Edisto River during summer and fall 

2019 (9.6-70.8 m3 sec-1) compared to the same period in 2018 (13.2-184.3 m3 sec-1) and 

2020 (21.1-194.2 m3 sec-1) (Figure D.2) 49.  

 

5.4.2 Water chemistry 

The physicochemical parameters of the Edisto River water exhibited seasonal 

variations throughout the sampling period (Figure D.3). Air and water temperature, nitrate 

and ammonia, phosphorous, organic carbon, alkalinity, and suspended sediments followed 

the same trend with higher values during the spring and summer (April to October) and 

lower values during the fall and winter (November to March, Figure D.3a-f). The air and 

water temperature varied from 6.4 to 32.5 and 7.3 to 29.3 ºC, respectively (Figure D.3a). 

Nitrate and ammonia ranged from 0 to 0.83 mg L-1 and 0 to 0.04 mg L-1, respectively 

(Figure D.3b). Phosphorous and orthophosphate varied from 0.02 to 0.11 mg L-1 and 0.02 

to 0.14 mg L-1, respectively (Figure D.3c). Organic carbon ranged from 3.0 to 20.4 mg L-

1 (Figure D.3d). Alkalinity ranged from 9.3 to 25.9 mg L-1 CaCO3 (Figure D.3e). 

Suspended sediment concentrations ranged from 2.0 to 33.0 mg L-1 (Figure D.3f). 
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Dissolved oxygen varied between 5.0 and 12.1 mg L-1 (63 to 105% saturation) and 

followed the opposite trend with lower values during the spring and summer and higher 

values during the fall and winter (Figure D.3g). This seasonal variation in O2 may be 

attributed to both natural and anthropogenic factors 50. Key natural factors that might 

influence DO concentrations include stream discharge, flow velocity, temperature, channel 

gradient, channel bottom substrate, and degree of channel confinement 51. Anthropogenic 

factors that influence instream DO include organic and nutrient discharges (e.g., from 

wastewater agricultural activities) 52,53. Electrical conductivity varied between 49 and 113 

µs cm-1 (Figure D.3h) and the pH varied between 5.5 and 6.9 (Figure D.3i). Conductivity 

and pH did not exhibit a consistent temporal trend.  

The crustal normalized REE pattern indicates the presence of Gd anomaly 

(Gd/Gd*) in the Edisto River water (Figure D.4a). The size of Gd anomaly varied between 

0.95 and 1.8 (Figure D.4b) with a peak in 2018 and a higher peak in 2020 and no increases 

in 2019. The geogenic ratio of Gd/Gd* should be close to one and any values exceeding at 

least 1.3 represent anthropogenic Gd input 54,55. Despite the small size of the Gd anomaly, 

the manifestation of these anomalies in 2018 and 2020 and their absence during the drought 

period of 2019 are strong indications that these anomalies are true Gd contamination 

signatures. REE distribution patterns of surface water and groundwater from industrialized 

and highly populated areas show anthropogenic gadolinium anomalies as a result of the 

use of Gd compounds as a contrast agent in magnetic resonance imaging 55. The Gd 

compounds enter the surface water mostly via wastewater sources such as wastewater 

treated effluent discharge directly as permitted point sources or indirectly through reuse 

application overspray, sewage spills, leaking sewage pipes, and leaking or improperly 
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designed septic tanks 55,56. These results indicate a possible contribution of wastewater 

sources to the discharge in the Edisto River in the spring/summer of 2018 and 2020. The 

notably higher concentrations of suspended sediment, anthropogenic Gd, and Ti during 

2020 may be due in part to the precedent 2019 dry conditions, with limited runoff and 

associated increased land accumulation of these constituents between 19/03/2019 and 

10/12/2019 and subsequent elevated runoff during 2020. 

The spring/summer timing of the increases in P, N, OC, Alkalinity, SPM, and Gd 

anomaly (e.g., spring and summer) and the concurrent decreases in DO coincides with the 

agriculture season and with the application of biosolids on agricultural fields (Table D.5) 

57, is consistent with agriculture-linked spatially-distributed wastewater sources (e.g., land 

application of biosolids/wastewater effluent reuse overspray) as drivers of these 

contaminants in the Edisto River as discussed in more detail in section 5.4.5. 

 

5.4.3 Elemental concentrations and ratios 

The concentrations of Ti, Nb, Al, Fe, Ce and La followed the same seasonal trend 

of increases during the spring and summer compared to fall and winter (Figure 5.1), 

suggesting a common environmental driver. Elemental ratios (e.g., Ti/Nb, Ti/Al, Ti/Fe, 

and Ce/La), however, exhibited different patterns (Figure 5.2a-d). Except during the 2019 

spring/summer drought, Ti/Nb trended higher between February and August, with lower 

values between September and January (Figure 5.2a). The lowest Ti/Nb ratio (255.7 ± 8.9) 

was observed during the drought period of summer 2019 in the absence of precipitation-

driven surface runoff (Figure 5.2a). This value was consistent with a natural background 

ratio of Ti/Nb (266.4 ± 8.9) in our previous study in the tributaries of the Congaree River 
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4. Thus, 255.7 was used herein as the natural background Ti/Nb ratio to estimate natural 

and anthropogenic Ti concentrations. The Ti/Al and Ti/Fe ratios followed the opposite 

trend compared to that of Ti/Nb (Figure 5.2b and c). This might be due to the co-release 

of Al and Fe with Ti from the same source such as sewage spills, biosolids, or urban runoff 

4–6,36. The Ce/La ratio exhibited limited variability (e.g., 2.0 ± 0.01 to 2.4 ± 0.02), with an 

average observed value (2.2 ± 0.1) consistent with the average crustal Ce/La (2.13) and the 

average background water Ce/La (2.15 ± 0.01) 4. This pattern indicates little anthropogenic 

Ce or La contamination (Figure 5.2d). The near constant Ce/La ratio and the high 

concentration of Ce and La in the Edisto River water during high discharge indicates a 

significant introduction of natural particles during runoff events in the Edisto River. 

Given the significant contribution of natural particles, as indicated by the high Ce 

and La concentrations, and the presence of Nb in natural titanium minerals, observed 

differences in Ti/Nb elemental ratios in Edisto River bulk water samples plausibly may 

result from 1) variability in the elemental ratios within naturally-occurring Ti-containing 

particles, or 2) variability in the introduction of anthropogenic Ti-containing particles 

which do not contain Nb 51. Strong associations between Ti and Nb in titanium minerals 

and no apparent explanation for seasonal changes in Ti and Nb contents of natural mineral 

sources suggest that these variations are due to anthropogenic Ti-contamination. To further 

test this hypothesis, the elemental associations and variability in Ti/tracer ratios in natural 

Ti-containing particles collected within the basin was investigated by SP-ICP-TOF-MS 

(Table D.6). Despite the significant differences in bulk water Ti/Nb ratios (varied between 

243 ± 29 to 417 ± 4) in the selected Edisto River samples, the elemental ratios of Ti/Nb in 

multi-element Ti-bearing particles did not vary substantially (varied between 212 ± 185 
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and 263 ± 183). Thus, the observed variability in Edisto River bulk sample Ti/Nb ratios is 

attributed to seasonal differences in the supply of anthropogenic, Nb-free, Ti-particles to 

the stream. 

 

5.4.4 Concentration and co-occurrence of TiO2 and other contaminants  

The estimated TiO2 engineered particle concentrations based on shifts in Ti/Nb 

elemental ratios varied between 0 µg L-1 and 128.5 ± 3.9 µg L-1 (Figure 5.3a). These TiO2 

concentrations are similar to those measured in other surface waters in South Carolina 

receiving sewage spills, such as Gills Creek and Stoops Creek (1 to 100 µg L-1 ) 4, and 

receiving urban runoff such as the Broad River (20 to 150 µg L-1 ) 36. However, these TiO2 

concentrations are notably higher than those (e.g., 0.55 to 6.5 µg L-1 ) reported in surface 

water from the Dommel River in the Netherlands and Ribble/Wyre and upper Severn rivers 

UK. 58–60. 

The TiO2 pollutograph followed the same trends of rise and fall as those of 

phosphorus, orthophosphate, nitrate, ammonia, anthropogenic Gd, temperature, and SPM 

(Figure 5.3a-e); and the opposite trend as that of organic carbon and DO (Figure 5.3f-g). 

The co-occurrence of TiO2 with phosphorous and nitrogen (Figure 5.3a and b), recognized 

agriculture-related contaminants, suggest that the release of TiO2 is possibly associated 

with agricultural runoff. The concentration of nitrogen in streams draining fields with 

applied sewage sludge has been shown to follow the same trend as those shown here 61. 

The co-occurrence of TiO2 with anthropogenic Gd (Figure 5.3c), a recognized wastewater 

contaminant, suggests that the release of TiO2 is associated with human-waste. Together 

these co-occurrences suggest that the release of TiO2 is associated with human waste 
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disposal, such as discharges to the stream and sewage sludge land application on adjacent 

agricultural fields.  

The rise and fall of TiO2 particles with temperature is likely due to seasonal effect 

such as agricultural land application and associated release of TiO2 during the spring and 

summer seasons. The co-occurrence of TiO2 with SPM (Figure 5.3e) is likely to be due to 

the heteroaggregation of TiO2 particles with the suspended solids. The negative correlation 

between TiO2 and DO (Figure 5.3g) is also consistent with co-release of TiO2 with 

wastewater discharge and/or runoff of biosolids from agricultural fields. Apart from the 

impact on DO, organic matter and discharge (mentioned in section 5.4.2), water 

temperature also influences the size of particles in suspension and their tendency to settle. 

Higher water temperature promotes more breakable flocs (in terms of size reduction) 

formation and, thus, supports suspension of smaller particles, including TiO2-containing 

particles, in the stream water 62.  

 

5.4.5 Potential source of TiO2 in the Edisto River  

Releases of TiO2 into the Edisto River might originate from various sources 

including 1) treated sewage 12,13, 2) sewage spills 4, 3) urban runoff 36, and/or 4) agricultural 

runoff from fields amended with biosolids or irrigated with reuse water. Below we discuss 

the likely contribution of these sources to TiO2 concentrations in the Edisto River.  

Thirteen WWTP were identified along the Edisto River (Table D.8). The effluent 

volume varies from 0.11 to 18.5 x 106 L day-1 (0.0013 to 0.21 m3 sec-1) with a total effluent 

volume of all WWTPs of 32.1 x 106 L day-1 (0.37 m3 sec-1). The largest WWTP along the 

Edisto River is Orangeburg WWTP, with an effluent volume of 18.5 x 106 L day-1 (0.21 
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m3 sec-1) and located at approximately 75 km upstream the sampling site. The total effluent 

volume from all WWTPs is negligible (< 4%) compared to the lowest discharge of 9.6 m3 

sec-1 at the sampling site and would result in significant dilution (e.g., > 25 folds in the 

worst-case scenario) of WWTP effluent. Given the low concentration of TiO2 engineered 

particles in WWTP effluents in the USA (e.g., 1-50 µg L-1) 5,12,13, this would result in TiO2 

concentrations of < 2.0 µg L-1, much lower than the surface-water TiO2 concentrations 

observed in this study. Therefore, WWTP effluent is estimated to be a minor contributor 

to total concentrations of TiO2 in the Edisto River.  

Fifty-three sewage spills were identified in the Edisto River watershed. These 

occurred mainly in Orangeburg and Aiken Counties, the largest urban areas in the Edisto 

River watershed and the closest to the sampling location (Table D.9). The total volumes 

of sewage spills were 81,386, 187,756, and 162,773 L in 2018, 2019, and 2020, 

respectively. The short duration (e.g., 5 minutes to 14 hours) and small volumes (e.g., 1,100 

minutes to 50000 L, Table D.9) of these sewage spills, and their distance from the sampling 

site (e.g., 75 and 140 km for Orangeburg and Aiken, respectively) result in significant 

dilution of any associated TiO2 releases to background level concentrations at the sampling 

site. Therefore, sewage spills occurring in the rural areas of Orangeburg and Aiken cities 

are also unlikely to be significant contributors to TiO2 loads observed at the sampling site 

in the Edisto River. 

Urban land use represents only 1% of the Edisto watershed area and is comprised 

of the City of Orangeburg (21.5 km2) and a portion of the City of Aiken (total area of Aiken 

is 53.9 km2), located at approximately 68 and 140 km, respectively upstream of the 

sampling site. This is likely to result in significant dilution of any TiO2 emitted from Aiken 
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and/or Orangeburg to the background level at the sampling site. Paul et al (2001) reported 

that urban runoff varies between 20 and 55% of total rainfall in the impervious urban 

corridor depending on percentage of infiltration, evapotranspiration and imperviousness 63. 

Consequently, the total urban runoff generated from both cities would vary in the range 

from 23.1 to 63.4 x 106 L day-1 (0.27 to 0.73 m3 sec-1) assuming average annual rainfall of 

47 and 48 inches in Orangeburg and Aiken cities respectively in the same day 64. The total 

urban runoff from both cities is negligible compared to the lowest discharge of 9.6 m3 sec-

1 at the sampling site and would result in significant dilution (e.g., 13 to 35 folds in the 

worst-case scenario) of urban runoff. The concentration of TiO2 engineered particles in 

urban runoff in the USA ranges from 5 to 150 µg L-1 6. Therefore, the resulting TiO2 

concentration would be between 4.3 to 11.5 µg L-1 in the stream water adjacent to the urban 

areas, well below the in-stream TiO2 concentrations observed in this study. Thus, urban 

source is unlikely to account for the total TiO2 load at the sampling site. 

Bridge runoff also could contribute to in-stream TiO2 concentrations 6. One bridge 

(State road 18-19) was identified near (3.4 km) and upstream of the sampling site. The 

average daily traffic in 2019 on this bridge was 250 vehicles per day 65. This average daily 

traffic is much lower (~ 358 times less) than that reported for bridges in a recent study 6 in 

which TiO2 engineered particles in bridge runoff estimated to vary between 5 to 150 µg L-

1. Based on that report, the in-stream TiO2 concentration associated with bridge runoff from 

State road 18-19 was estimated to be < 0.5 µg L-1 (in the worst case scenario) at the bridge 

and to decrease downstream due to dilution. Thus bridge runoff also is unlikely to 

contribute substantially to total TiO2 loads observed at the sampling site. 
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Approximately 33,929 dry U.S. tons of total solids is generated in SC annually, 

with land application estimated at 12,758 dry U.S. tons (e.g., 38% of the total solids) per 

year 16. Therefore, the total solids applied annually on land in South Carolina is estimated 

to be approximately 5.5 x 106 µg solids m-1 of agricultural land. The concentration of TiO2 

in sewage sludge in the United States is estimated at 1.67 to 10.0 kg TiO2 ton-1 dry weight 

(Table D.10) 13. Thus, the estimated TiO2 mass applied annually on land in SC is 

approximatly 21 to 130 tons TiO2 (or 21 x 1012 to 13 x 1013 µg TiO2). Accordingly, the 

estimated TiO2 mass applied annually on land in the Edisto River watershed is estimated 

to be approximately 1,100 to 6,600 µg TiO2 per square meter of agricultural land, a 

substantial potential contributor to TiO2 loads in the Edisto River. Therefore, based on this 

preliminary source apportionment, the seasonal patterns in in-stream TiO2 concentrations 

and elemental ratios and the co-occurrence of TiO2 and agriculture and sewage related 

contaminants (e.g., increased phosphorous, nitrogen, and anthropogenic Gd and decreased 

DO) in the Edisto River are most easily reconciled with seasonally-intensive human-waste 

biosolid applications on agricultural land against a non-seasonal background signal from 

normal-operation and episodic bypass effluent discharges from the limited number of 

upstream WWTP point-sources and numerous spatially-distributed (functionally non-point 

source) upstream residential on-site septic discharges.  

 

5.5 Conclusions 

This study demonstrated seasonal variability in TiO2 concentrations in a rural river 

in South Carolina, United States. This study is the first to characterize and quantify 

engineered particles in a river reach draining a rural watershed with less than 1% urban 
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land cover and concomitantly few WWTP point-source discharges. In this setting, long-

term monitoring of the concentration of TiO2 engineered particles was required to discern 

the temporal variability in surface-water TiO2 ENM and to establish the background natural 

Ti/Nb ratio. Using the elemental ratio approach, the total, natural, and engineered Ti 

concentrations were quantified in Edisto river water. The elemental ratio of Ti/Nb varied 

from 255.7 ± 8.9 to 464.5 ± 2.8. The lowest measured Ti/Nb ratios, observed in the absence 

of runoff and precipitation during the drought 2019, were in good agreement with average 

Ti/Nb ratios in sediments upstream in the Edisto river basin and with previously established 

natural background ratios in tributaries of the Congaree River (e.g., 266.4 ± 8.9) 17. Thus, 

this Ti/Nb elemental ratio (e.g., 255.7±8.9) was employed as the natural background ratio 

to calculate natural and anthropogenic Ti concentrations by mass-balance.  

The Edisto River TiO2 ENM concentration ranged from 0 to 128.7 ± 3.9 µg L-1. 

The concentrations of TiO2 ENMs increased during the spring and summer seasons and 

decreased during the fall and winter seaons, which concided with increases and decreases 

in phosphorous, nitrogen, ammonia, organic carbon, anthropogenic Gd. While the 

source(s) of TiO2 ENM loading to the stream was not specifically identified, seasonal 

patterns in the instream concentrations and elemental ratios are most easily reconciled with 

seasonally-intensive biosolid application on agricultural land against a non-seasonal 

background signal from normal-operation and episodic bypass effluent discharges from the 

limited number of upstream wastewater treatment facility point-sources and numerous 

spatially-distributed (non-point source) upstream residential on-site septic discharges, 

because: 1) WWTP effluent discharge and by-pass sewage spills are small contributors (< 

4%) to the Edisto River discharge at the Givhans gage, 2) no seasonal pattern in effluent 
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discharge and by-pass events was observed during the study period, 3) the increase in TiO2 

concentrations during the spring and summer, coincided with the onset of the growing 

season and the timing of agricultural biosolids application, and 4) TiO2 co-associated with 

other agriculture-runoff and wastewater signatures such as nutrients and anthropogenic 

gadolinium, respectively. 

The instream TiO2 concentrations observed in the current study are higher than the 

PNEC for TiO2 ENMs to freshwater organisms (e.g., 1-18 µg L-1). Further, fluvial transport 

of TiO2 engineered particles from the Edisto River as well as other rivers to the ocean could 

lead to bioaccumulation in estuarine and coastal microflora and induce coral bleaching and 

coral population declines 66,67. Further research is needed on the occurence and temporal 

variability in TiO2 ENM concentrations in streambed sediments to better understand the 

fate, transport, and potential aquatic effects of TiO2 ENM on rural stream ecosystems and 

estuarine and coastal receptors.  
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Figure 5.1 Temporal variation in (a) Ti, (b) Nb, (c) Al, (d) Fe, (e) Ce, and (f) La 

concentration in the Edisto River water at the sampling site. 
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Figure 5.2 Temporal variability of elemental ratios of (a) Ti/Nb, (b) Ti/Al, (c) Ti/Fe, and 

(d) Ce/La in the Edisto River water at the sampling site. 
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Figure 5.3 TiO2 engineered particle concentrations compared to (a) phosphorus, (b) nitrate, 

(c) anthropogenic Gd, (d) water temperature, (e) suspended sediment, (f) organic carbon, 

and (g) dissolved oxygen in the Edisto River water at the sampling site. 
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Chapter 6
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6.1 Conclusion 

The overall aim of this PhD dissertation was to develop analytical approaches to 

overcome the challenges in detecting, quantifying and characterizing ENPs in surface 

waters focusing on chemical nature, concentration, size and morphology of the 

nanoparticles, and monitoring titanium dioxide engineered particles in rural and urban 

surface waters. This overarching goal was achieved by addressing the following specific 

objectives: 1) evaluating the applicability of elemental ratios (e.g., Ti to Nb, Ce to La, Ti 

to Fe and Ti to Al) to quantify ENPs in the surface waters; 2) characterizing the elemental 

composition of Ti-containing particles in the surface waters on a single particle basis using 

SP-ICP-TOF-MS; 3) quantifying and characterizing TiO2 engineered nanoparticles in the 

surface waters; 4) investigating the environmental factors (e.g., rain events, rain intensities, 

total runoff, draught etc.) determining the occurrence and concentrations of TiO2 

engineered particle concentrations in the surface waters;  (5) determining the correlation 

between TiO2 engineered particle concentrations, flow discharge, and environmental 

indicators; (6) evaluating the impact of urbanization on the concentrations of TiO2 

engineered particles in urban surface waters; (7) exploring the relationship between TiO2 

and other contaminant concentrations in a rural river basin with limited urban development 

(< 1%). 

Natural nanoparticles form after weathering of parent rocks, and display similar 

elemental compositions, associations, and ratios as those of the parent rocks. Therefore, 

characterization of naturally occurring Ti-containing particles by single particle-

inductively coupled plasma-mass spectrometer (SP-ICP-TOF-MS) demonstrated that 

natural Ti-particles contain other elements such as Al, Si, Fe, Mn, Ce, La, Zr, Nb, Pb, Ba, 
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Th, Ta, W, and U. These natural elemental impurities are typically removed from the 

natural Ti-containing minerals by dissolution and reprecipitation during the manufacturing 

of TiO2 engineered particles. Therefore, mobilization of TiO2 engineered particles with 

urban runoff to receiving surface waters increased the elemental ratios of Ti to the elements 

naturally associated with Ti-containing minerals. Therefore, the concentrations of TiO2 

engineered particle were estimated by mass balance calculations using total titanium 

concentrations and increases in Ti/Nb ratios above the natural background ratios in the 

surface waters. The overall conclusions of these studies are summarized below: 

 

6.1.1 Summary of findings 

Characterizing and quantifying the concentrations of titanium dioxide engineered 

particles in the Broad River, Columbia, South Carolina, United States during and following 

rainfall events in 2018 and offering a methodological framework for monitoring titanium-

based nanoparticles in complex surface water and environmental matrices: 

1. Identifying the natural background of elemental ratio of Ti/Nb is quite complicated 

for large urban rivers such as the Broad River, because there are many sources of 

TiO2 engineered particles release to surface waters in large urban rivers such as 

urban runoff, sewage spills, wastewater treatment effluent, and resuspension of 

contaminated sediment 

2. The continuous introduction of TiO2 engineered particles into surface waters result 

in a shift in the natural elemental ratios toward higher values. The elemental ratio 

of Ti/Nb in the Broad River ranged from 330 to 565 and followed the same trend 
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of rise and fall as the discharge/runoff, suggesting introduction of TiO2 engineered 

particle to the Broad River water with urban runoff. 

3. The TiO2 engineered particle concentrations varied between 20 and 140 µg L-1 

during the sampled events. which are in the same order of magnitude as the 

predicted no effect concentration (PNEC) for TiO2 pigments (e.g., 127-184 µg L-1) 

and is higher than the PNEC for TiO2 ENPs to freshwater organisms (e.g., 1-18 µg 

L-1). Transport of TiO2 engineered particles with river water to the ocean could also 

pose a significant risk for coral reefs. TiO2 ENPs have been shown to 

bioaccumulate in microflora and induce coral bleaching, which could contribute to 

an overall decrease in coral populations. 

The temporal variability in the concentration of TiO2 engineered particles in the 

Broad River, Columbia, South Carolina, United States during dry and wet weather 

conditions in 2019 and examining the relationship between flow discharge, water quality 

indicators, and the concentration of TiO2 engineered particles: 

1. This study provides the basis for comprehensive investigation of nonpoint TiO2 

engineered particle release and concentrations in urban rivers during rainfall events. 

2. The elemental concentrations, TiO2 engineered particle concentrations, number 

concentration of the total-, single metal -, and multi-metal -Ti-bearing particles, and 

the relative abundance of single metal particles displayed temporal variability and 

increased with increases in runoff following rainfall events 

3. A strong linear relationship was established between turbidity and TiO2 engineered 

particle concentration. This relationship is important because it can be used as a 
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substitute for the TiO2 engineered particle concentration determination within the 

catchment area. 

The impact of urbanization on the concentrations of TiO2 engineered particles in 

urban surface waters in 2020: 

1. The daily monitoring of the total elemental concentrations, bulk elemental ratios, 

the number particle concentration, and the multi-element composition of single 

particles in the Saluda-Broad-Congaree Rivers’ ecosystem highlights the presence, 

transient nature, and transport of anthropogenic TiO2 engineered particle in this 

urban river ecosystem. 

2. The concentration of anthropogenic TiO2 increased following the order 0 to 24 µg 

L-1 in the Lower Saluda River < 0 to 663 µg L-1 in the Broad River < 43 to 1051 µg 

L-1 in Congaree River at Cayce <58 to 5050 µg L-1 in the Congaree River at 

Columbia. The concentration of anthropogenic TiO2 increased with increases in 

urban runoff. The source of anthropogenic TiO2 was attributed to diffuse urban 

runoff. 

3. Clustering of multi-metal nanoparticles (mmNPs) demonstrated that Ti-bearing 

particles were distributed mainly among three clusters, FeTiMn, AlSiFe, and 

TiMnFe, which are typical of naturally occurring iron oxide, clay, and titanium 

oxide particles. Thus, anthropogenic Ti concentration was attributed to single-metal 

nanoparticles, pure TiO2 particles. 

4. The high TiO2 engineered particle concentrations in the Broad-Congaree Rivers 

may pose environmental risk in this River ecosystem, and in other urban rivers, 

during and following rainfall events, in particular at and near peak discharge. 
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Higher concentrations of TiO2 engineered particles, and thus higher environmental 

risks, can be expected in more highly urbanized watersheds than the studied urban 

river ecosystem. 

The seasonal variability in TiO2 engineered particles concentrations between 2017 

and 2020 to explore the relationship between TiO2 and other contaminant concentrations 

in the rural Edisto River in South Carolina, United States with limited urban development 

(< 1%): 

1. This study is the first to characterize and quantify engineered particles in a river 

reach draining a rural watershed with less than 1% urban land cover and 

concomitantly few WWTP point-source discharges. Long term monitoring of the 

concentration of TiO2 engineered particles in rural Edisto River reach with fewer 

potential sources of TiO2 engineered particles is useful to establish the background 

natural Ti to Nb ratio. The elemental ratio of Ti to Nb in the Edisto River varied 

from 256 to 465. Since, the lowest measured elemental ratio of Ti to Nb occurred 

in the absence of runoff and precipitation contribution during the draught period of 

summer 2019, this Ti/Nb elemental ratio (e.g., 256) is established as the natural 

background ratio to calculate natural and anthropogenic Ti concentrations by mass-

balance calculations. 

2. The Edisto River stream TiO2 engineered particle concentration ranged from 0 to 

129 µg L-1. The concentrations of TiO2 engineered particle increased during the 

spring and summer seasons and decreased during the fall and winter seasons, which 

coincided with increases and decreases in phosphorous, nitrogen, ammonia, organic 

carbon, anthropogenic Gd. 
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3. The source of TiO2 load was not specifically identified but is most likely to result 

from biosolid application on agricultural land in the region because: (i) WWTP 

effluent and by-pass sewage spills are likely to be a small contributor to TiO2 

concentrations in the Edisto River i.e., < 4% of the Edisto River discharge, (ii) no 

seasonal pattern in effluent discharge and by-pass events was observed during the 

study period, (iii) the increase in TiO2 concentrations during the spring and 

summer, which coincides with the agriculture season and with the application of 

biosolids on agricultural fields, and (iv) the co-occurrence of TiO2 with agriculture 

runoff and wastewater related contaminants such as nutrients and anthropogenic 

gadolinium, respectively. 

The design of these studies highlights the importance of selecting sampling sites and 

monitoring the spatiotemporal variations in engineered particle concentrations in surface 

waters for a more comprehensive understanding of the environmental fate, behavior, and 

risk assessment of engineered particles. 

 

6.2 Outlook 

The overall outcome of these results suggests that the characterization of ENPs is 

complex and cannot be described by quantifying the elemental bulk concentration of NPs 

in the environmental compartments, that had been the approach adopted in many studies 

in the literature. Rather, ENP should be characterized by identifying and taking into 

account both the bulk and natural NPs concentration in the complex environmental 

matrices including surface waters.   
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There are episodic surges in titanium dioxide engineered particle concentrations in 

surface water during and following rainfall events as discussed above. Additional research 

is needed to further understand the impact of rainfall characteristics and the 

hydrogeological factors on the higher resolution temporal variability in TiO2 engineered 

particle concentrations in surface waters. Further research is needed on the occurrence and 

temporal variability in TiO2 engineered particle concentrations in the riverbed sediments 

to further understand the fate of TiO2 engineered particle concentrations in river stream. 

High frequency sampling could be carried out during recreational activities in a lake to 

evaluate the real time dispersity of TiO2 ENP substances in a dynamic environmental 

system. This could help understanding the representativeness of the grabbed samples for 

NP studies to the system as a whole at a given point of time. Better sampling 

representativeness could be obtained by using sampling schemes that integrate across 

multiple widths and depths of the stream cross section as well. 

Considering the strong linear relationship found between turbidity and TiO2 

engineered particle concentrations in our study, future studies should attempt to extend this 

finding to other sites incorporating required site parameterization of the turbidity-TiO2 

linear relationship as this correlation is likely to be site specific. Although turbidity 

measurement is cost effective and quicker than TiO2 engineered particle measurement, 

there is a need to collect higher time resolution data (e.g., minutes to hours) in order to 

improve the understanding of the turbidity-TiO2 relationship. The findings from this study 

can be employed to develop management strategies to control rainwater pollution at the 

catchment level. 
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Considering the wide range of TiO2 engineered particle concentrations in the 

surface waters, future studies should investigate the impact of these TiO2 engineered 

particles on river organisms, including investigating the effect of TiO2 engineered particles 

on several organisms in the trophic chain using environmentally relevant concentrations 

and considering frequent pulse vs. chromic exposure. To provide even a more detailed 

understanding of TiO2 engineered particle fate and transport in stream water ecosystems, 

future studies could include additional sampling sites, collect samples at higher time 

resolution or over longer sampling periods, collect data following storm events with 

various intensities and antecedent dry periods, collect and analyze sediments samples to 

determine particle sedimentation and deposition in the river system.  

The dissertation research described in this thesis is a valuable contribution to the 

field of environmental TiO2 ENP characterization. SP-ICP-TOF-MS proved to be a 

valuable tool in each of these projects and is expected to continue advancing this area of 

research in future work.   
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Appendix A: Supporting Information for Chapter 2 

 

A.1 Gadolinium anomaly 

There are two major sources of TiO2 into rivers: 1) wastewater in the form of 

effluent or sewage overflows 2 and 2) urban runoff 3. The crust normalized pattern of REEs 

shows flat line for all REEs with a slight increase in Gd in all samples (Figure A3a), 

indicating that all REEs originate from natural sources (e.g., soil erosion or river sediments) 

with a potential presence of anthropogenic Gd. The major anthropogenic source of 

anthropogenic Gd is domestic sewage effluent, widely recognized as the major source of 

Gd in polluted streams. Anomalies in REE patterns are commonly quantified by the ratio 

of the normalized measured concentration of the normalized theoretical concentration 

(determined by interpolation between neighboring elements) for the anomalous element. 

Here, we use neodymium (Nd) and samarium (Sm) to extrapolate the background Gd 

values in the samples, and to quantify Gd anomalies according to Eq. 1 4.  

𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 𝐺𝑑𝑁 10(2𝑙𝑜𝑔𝑆𝑚−𝑙𝑜𝑔𝑁𝑑)⁄                                                        (Eq. 1) 

       A size of 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 1.5 is commonly used as the benchmark to distinguish 

between the natural and anthropogenic Gd anomaly. The size of the Gd anomalies varied 

in the range from 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 1.0±0.01 and 1.21±0.01 (Figure A.3b), suggesting that 

there is minimal or absence of Gd anomaly during the C1, C2 and C3 in the Broad river 

surface water which might be attributed to insignificant (mean: 5.2%) contribution of 

WWTP effluent discharge into the river stream in comparison to the direct runoff.
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Table A.1 Perkin Elmer NexION 350D ICP-MS operating conditions. 

Instrument Parameter Value 

Nebulizer Gas Flow 0.85 to 1 L/min 

Auxiliary Gas Flow 1.02 L/min 

Plasma Gas Flow 16 L/min 

ICP RF Power 1600 W 

Analog Stage Voltage -1600 V 

Pulse Stage Voltage 1600 V 

Discriminator Threshold 12 

Deflector Voltage -9.5 V 

Dwell time 50 ms 

Sample Flow Rate 0.3 mL/min  

 

 

Table A.2 TOFWERK ICP-TOF-MS operating conditions. 

Instrument 

parameter 
Value 

Plasma Power 1550 V 

Nebulizer Gas Flow 1.1 L/min 

Auxiliary Gas Flow 0.8 L/min 

Cooling Gas Flow 14 L/min 

Injector Diameter 2 mm 

Collision Cell Gas 5 mL/min He with 4.5% H2 

CCT Bias -4.34 V 

Notch 

Mass 29 32 36.3 41 

Amplitude 

(V) 
1.6 2.0 2.0 1.2 

TOF Repetition Rate 33 kHz 

Detected Mass Range 14-275 m/Z 

(CeO/Ce) < 2.0% 

Data Acquisition Continuous Mode 

TOF Time Resolution 2 ms 

Sample Flow Rate 0.4 mL/min 
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Table A.3 Total daily precipitation (mm) in Columbia, SC during the three sampling 

campaigns  

C1 C2 C3 

Date Precipitation Date Precipitation Date Precipitation 

9/14/2018 0 10/25/2018 1.0 11/3/2018 0 

9/15/2018 39.1 10/26/2018 33.3 11/4/2018 3.6 

9/16/2018 41.4 10/27/2018 0 11/5/2018 3.0 

9/17/2018 27.7 10/28/2018 0 11/6/2018 1.0 

9/18/2018 0 10/29/2018 0 11/7/2018 19.3 

9/19/2018 0 10/30/2018 0 11/8/2018 0 

9/20/2018 0 10/31/2018 0 11/9/2018 3.6 

9/21/2018 0 11/1/2018 0.3   

  11/2/2018 20.1   



 

 

1
6
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            Table A.4 Elemental analysis of Concentration of the USGS reference materials BHVO-2 Hawaiian basalts 

 

 

                                    Precision (%) = standard deviation/mean * 100 

Error (%) = ǀ(Measured concentration – recommended value)ǀ / recommended value * 100 

                                    Accuracy = 100 –Error (%) 

Concentration 

(ug/kg) 
Mean 

Standard 

Deviation 

Recommended 

values 1 

Precision 

(%) 

Error 

(%) 

Accuracy 

(%) 
27Al 7.55 X 107 3.13 X 106 7.11 X 107 4.15 6.1 93.9 
47Ti 1.52 X 107 5.73 X 105 1.64 X 107 3.78 4.1 95.9 
57Fe 9.43 X 107 3.44 X 106 8.67 X 107 3.65 8.8 91.2 
93Nb 1.57 X 104 1.24 X 102 1.81 X 104 0.79 11.0 89.0 
139La 1.38 X 104 3.98 X 102 1.52 X 104 2.89 2.9 97.1 
140Ce 3.39 X 104 9.29 X 102 3.75 X 104 2.74 4.3 95.7 
141Pr 4.77 X 103 1.20 X 102 5.34 X 103 2.52 4.8 95.2 

142Nd 2.23 X 104 4.01 X 102 2.43 X 104 1.80 2.0 98.0 
152Sm 5.70 X 103 1.24 X 101 6.02 X 103 0.22 5.3 94.7 
153Eu 1.91 X 103 1.77 X 100 2.04 X 103 0.09 6.3 93.7 
158Gd 6.33 X 103 1.96 X 102 6.21 X 103 3.10 1.9 98.1 
159Tb 9.06 X 102 4.12 X 100 9.39 X 102 0.45 3.5 96.5 
164Dy 5.01 X 103 3.66 X 101 5.28 X 103 0.73 5.1 94.9 
165Ho 9.42 X 102 3.15 X 101 9.89 X 102 3.34 4.7 95.3 
166Er 2.44 X 103 4.12 X 100 2.51 X 103 0.17 3 97.0 

169Tm 3.36 X 102 2.38 X 101 3.35 X 102 7.09 0.3 99.7 
174Yb 1.92 X 103 3.20 X 101 1.99 X 103 1.67 3.7 96.3 
175Lu 3.24 X 102 2.61 X 101 2.75 X 102 8.07 14.2 85.8 
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Figure A.1 Precipitation in Columbia, South Carolina and discharge, runoff, and base flow 

in the Broad River during the sampling events. 
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Figure A.2 Elemental ratios of (a) Ti/Nb, (b) Ti/Al, and (b) Ti/Fe in Ti-containing particles 

on a single particle basis measured by ICP-TOF-MS. Error bars represent the standard 

deviation of the elemental ratio distribution.  

 

 

Figure A.3 (a) Crustal normalized rare earth element concentrations and (b) size of gadolinium 

anomaly calculated based on the equation 1.  
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Appendix B: Supporting Information for Chapter 3 

 

Table B.1 Characteristics of rainfall events during the sampling period of March and April 

of 2019. 

Rainfall number Date 
Precipitation 

(mm) 

Antecedent dry 

period (days) 

1 03/25/2019 4.3 15 

2 04/02/2019 28.2 7 

3 04/05/2019 10.4 2 

4 04/07/2019 0.25 1 

 04/08 1.78 0 

 04/09 6.60 0 

5 04/12/2019 13.97 2 

 04/13 0.76 0 

 04/14 1.52 0 
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Table B.2 Method limit of detection (LoD) and limit of quantification (LoQ) for total 

elemental analysis using ICP-MS, and elemental mass detection limit (EMDL) for single 

particle analysis using ICP-TOF-MS for all the isotopes monitored. 

 Elemental concentration analysis Particle analysis 

Isotope LoD (mg/L) LoQ (mg/L) EMDL (g) 
27Al 0.335 1.015 4.94 × 10-15 
47Ti 0.022 0.063 5.05 × 10-16 
57Fe 3.132 7.179 3.57 × 10-16 
93Nb 0.007 0.021 7.50 × 10-17 
139La 0.006 0.017 3.16 × 10-17 
140Ce 0.008 0.023 3.41 × 10-17 
141Pr 0.006 0.020 2.52 × 10-17 
142Nd 0.003 0.009 6.85 × 10-17 
152Sm 0.008 0.026 7.94 × 10-17 
153Eu 0.008 0.026 3.87 × 10-17 
158Gd 0.006 0.020 8.66 × 10-17 
159Tb 0.008 0.026 2.41 × 10-17 
164Dy 0.008 0.028 6.46 × 10-17 
165Ho 0.005 0.016 1.89 × 10-17 
166Er 0.009 0.031 5.63 × 10-17 
169Tm 0.003 0.011 2.15 × 10-17 
174Yb 0.006 0.019 5.55 × 10-17 
175Lu 0.007 0.023 1.67 × 10-17 
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Figure B.1 Map of the Broad River watershed. Samples were collected right before the 

confluence between the Saluda and the Broad Rivers. 

Sampling location 

Columbia, SC 
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Figure B.2 Time-flow-pH, dissolved oxygen (mg L-1), and water temperature (° C) trend 

plot. 
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Figure B.3 Pollutographs of elements-turbidity relationships (a) Nb, (b) Al, and (c) Fe. 

FNU: formazin nephelometric units. 
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Appendix C: Supporting Information for Chapter 4 

 

C.1 Detailed description of the sampling locations 

Saluda River: Water samples were collected from the lower Saluda River, Hope 

ferry landing, Columbia, SC 29072 (34°02'45.7"N 81°11'27.3"W) which is approximately 

2.7 kms downstream from the Lake Murray dam (Figure 4.1). The Lower Saluda River 

flows out of the Lake Murray dam and merges downstream with the Broad River. 

Therefore, lower Saluda River is an engineered river controlled from the Lake Murray dam. 

Lake Murray serves as a retention reservoir for the suspended particulate matters, those 

come with the stream of upstream Saluda River. The Saluda River is approximately 291 

km long, originates in the Blue Ridge Mountains of northwest of Greenville County, South 

Carolina, and flows generally southeastwardly in South Carolina 1. The Saluda River basin 

covers approximately 6535 square kilometers and contains twenty-one (21) watershed 2. 

The dominant land use throughout the Saluda River basin is forested (53.7%); agricultural 

(26.1%); urban (12.9%); water (4.2%) and others (0.1-3.3%): swampland, barren land and 

marshland. There are permitted 9 major wastewater treatment plants (WWTP); 15 minor 

WWTPs; 92 industrial, mining and quarrying facilities, 35 municipal separate stormwater 

facilities in the Saluda River basin 3. The Saluda River is crossed 26 times by many 

highways, and three of those highway’s bridges cross the Saluda River near the sampling 

location. The lake Murray dam (34°03'14.4"N 81°13'9.8"W) on highway 6 between the 

lake Murray and lower Saluda River is situated 2.75km upstream from the sampling 
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location, and had an estimated AADT of 26,700 in 2019 4. The I20 bridge over Saluda 

River (34°01'31.7"N 81°07'42.9"W) is situated 6.2kms downstream from the sampling 

location, and had an estimated AADT of 84,000 in 2019 4. The interstate I26 bridge 

(34°01'25.7"N 81°06'12.6"W) over Saluda River is situated 8.4km downstream from the 

sampling location, and had an estimated AADT of 95,400 in 2019 5. 

Water samples were collected from the Saluda River during a range of hydrologic 

conditions (Table C.4). There had been 20.5 mm rainfall (in total) during the entire 

sampling campaign with a major rainfall event of 15.7 mm occurred on 30/4/2020 near the 

sampling location. Major rainfall events of 54.5 mm and 3.1 mm occurred on 29/4/2020 

and 30/4/2020 in the upstream region of the Saluda River at Rock reservoir, Cleveland, SC 

6. The rainfall and discharge data were collected from the USGS station number 02168504 

(34°03'03"N 81°12'35"W), nearly 1.8 km upstream from the sampling location. 

Broad River: Water samples were collected from the Broad River, Columbia 

rowing club, Columbia, SC 29201 (34°02'36.9"N 81°04'23.7"W) (Figure 4.1). The Broad 

River is approximately 240 km long, originates in the Blue Ridge Mountains of eastern 

Buncombe County, North Carolina, and flows generally south-southeastwardly in South 

Carolina. The total catchment area of the Broad River is approximately 14,000 square 

kilometers. Apart from the forested land (66%) in the headwaters of the Broad River basin; 

the dominant land use throughout the Broad River basin is agricultural (23%); urban (9%): 

commercial and residential; others (2-4%): mining operations, and logging operations. 

There are permitted 14 major wastewater treatment plants (WWTP), 30 minor WWTPs, 20 

animal operation facilities, 92 general and individual stormwater facilities in the Broad 

River basin 77. The Broad River is crossed 22 times by many highways. There are three 
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bridges crossing the Broad River near the sampling location. The interstate I20 bridge 

(34°02'52.5"N 81°04'23.6"W) over Broad River is situated 481m upstream from the 

sampling location, and had an estimated AADT of 119,100 in 2019 5. The Broad River 

bridge on highway 176 (34°01'33.3"N 81°04'9.9"W) is situated 2 kms downstream from 

the sampling location, and had an estimated AADT of 24,400 in 2019 5. The interstate I126 

bridge (34°00'33.7"N 81°03'36.1"W) over Broad River is situated 4km downstream from 

the sampling location, and had an estimated AADT of 71,800 in 2019 5. 

Water samples were collected from the Broad River during a range of hydrologic 

conditions (Table C.4). There had been 18.8 mm rainfall (in total) during the entire 

sampling campaign with a major rainfall event of 16.8 mm occurred on 30/4/2020 near the 

sampling location. Moreover, there were major rainfall events of 40.2 mm and 9.7 mm 

occurred on 29/4/2020 in the upstream region of the Broad River at Ashville, NC and 

Knoxville, TN respectively 8,9. The rainfall data was collected from the USGS station 

number 021695045 (34°00'24"N 81°01'18"W), nearly 3.1 km from the sampling location. 

The discharge data was collected from the USGS station number 02162035 (34°02'54"N 

81°04'24"W), nearly 5.3 km upstream of the sampling location.  

Congaree River: Water samples had been collected from the Congaree River at 

West Columbia Riverwalk, West Columbia, SC 29169 (33°59'35.4"N 81°03'1.8"W) and 

Thomas Newman public boat landing, Cayce, SC 29033 (33°56'57.3"N 81°01'44.1"W) 

(Figure 4.1). Thomas Newman public boat landing sampling location is 5.3 km 

downstream of West Columbia Riverwalk sampling location. The Congaree River basin is 

formed by the confluence of the Saluda and Broad River basins in central South Carolina 

near Columbia. Therefore, the Broad River and Saluda River merge to form the Congaree 
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River, which flows southeasterly for 50 miles and merges with the Wateree River to form 

the Santee River Basin which finally discharges into the Atlantic Ocean. The Congaree 

River basin area is 1785 square kilometers and contains four (04) watersheds. In the 

Congaree River basin, 34.6% is forested land, 26.6% is agricultural land, 19.0% is forested 

wetland (swamp), 17.9% is urban land, 0.3% is barren land, 1.3% is water, and 0.3% is 

non-forested wetland (marsh). There are permitted 2 major wastewater treatment plants 

(WWTP); 4 minor WWTPs; 35 industrial, mining and quarrying facilities; 20 municipal 

separate stormwater facilities in the Congaree River basin 3. The Congaree River is crossed 

7 times by many highways. There are three bridges crossing the Congaree River near the 

sampling locations. The Jarvis Klapman Blvd bridge (33°59'57.2"N 81°03'12.3"W) on 

highway 12 and The Gervais street bridge on highway 1 (33°59'43.8"N 81°03'6.9"W) are 

situated 729 m and 288 m respectively upstream from the Congaree River, Columbia 

sampling location, and had an estimated AADT of 22,700 and 28,000 respectively in 2019 

4. The Blossom street bridge (33°59'17"N 81°02'48"W) on highway 176 over Congaree 

River is situated 674 m downstream from the Congaree River, Columbia sampling location 

and 4.6 km upstream from the Congaree River, Cayce sampling location, and had an 

estimated AADT of 27,500 in 2019 5. 

Congaree River is downstream from the confluence of the Saluda and Broad River, 

therefore, the prevailed diverse climatic or hydrologic conditions on the upstream of the 

Saluda and Broad River during the sampling campaign also affected the Congaree River. 

Moreover, the Congaree River basin’s hydrologic conditions had also been diverse during 

the water samples collection (Table C.4). There had been 18.8 mm rainfall (in total) during 

the entire sampling campaign with a major rainfall event of 16.8 mm occurred on 30/4/2020 



 

181 

near the sampling location. The rainfall data was collected from the USGS station number 

021695045 (34°00'24"N 81°01'18"W), nearly 3.1 km from the West Columbia Riverwalk 

sampling location and 6.4 km from the Thomas Newman public boat landing sampling 

location. The discharge data were collected from the USGS station number 02169500 

(33°59'35"N 81°03'00"W), nearly 0.05 km from the West Columbia Riverwalk sampling 

location and 5.3 km from the Thomas Newman public boat landing sampling location. 

 

C.2 Sample digestion 

The bulk river water samples were digested in 15 mL Teflon vessels (Savillex, Eden 

Prairie, MN, United States) on custom-made Teflon covered hotplates placed in a box 

equipped with double-HEPA filtered forced air in a metal-free HEPA filtered air clean lab. 

10 mL water aliquots or 5 mL extracted particle suspensions were placed in the vessel and 

weighed (Mettler Toledo, Excellence Plus, Columbus, OH, United States). Samples were 

dried at 110°C and treated with 1 mL of 30% H2O2 (Fisher Chemical, Fair Lawn, NJ, 

United States) for 2 h at 70°C to remove organic matters. H2O2 was then evaporated, and 

the sample was digested with 2 mL of HF:HNO3 (3:1) mixture (ACS grade acids distilled 

in the laboratory, Sigma Aldrich, St. Louis, MO, United States) for 48 h at 110°C. After 

evaporation of the acid mixture at 110°C, the residue was reacted with 1 mL of distilled 

HNO3 to break up insoluble fluoride salt that may have formed during the sample digestion 

and HNO3 was left to evaporate at 110°C. This step was repeated twice before weighing 

the sample and adding 5 mL of 1% HNO3. The sample was sonicated for 10 min in a 

sonication bath (Branson, 2800, 40kHz, Danbury, CT, United States) and warmed for 2 h 

at 50°C for full dissolution. The solution was transferred to 15 mL polypropylene 

centrifuge tubes (Fisher Scientific, San Nicolás de los Garza, Nuevo León, Mexico) and 
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stored at 4°C. Samples were centrifuged (Eppendorf, 5810 R, Hamburg, Germany) for 5 

min at 3100 g prior to ICP-MS analysis to remove any undigested minerals. 

 

C.3 Gadolinium anomaly 

The major anthropogenic source of anthropogenic Gd is domestic sewage effluent, 

widely recognized as the major source of Gd in polluted streams. Anomalies in REE 

patterns are commonly quantified by the ratio of the normalized measured concentration 

of the normalized theoretical concentration (determined by interpolation between 

neighboring elements) for the anomalous element. Here, we use neodymium (Nd) and 

samarium (Sm) to extrapolate the background Gd values in the samples, and to quantify 

Gd anomalies according to Eq. 1 11.  

𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 𝐺𝑑𝑁 10(2𝑙𝑜𝑔𝑆𝑚−𝑙𝑜𝑔𝑁𝑑)⁄                                                        (Eq. 1) 

A size of 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 1.5 is commonly used as the benchmark to distinguish 

between the natural and anthropogenic Gd anomaly. The size of the Gd anomalies varied 

in the range from 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 1.1 ± 0.0 and 2.1 ± 0.1 (Figure C.9), suggesting that there 

is minimal or absence of Gd anomaly during the sampling event in the Saluda, Broad and 

Congaree River surface water which might be attributed to insignificant (mean: 5.2%) 

contribution of WWTP effluent discharge into the river stream in comparison to the direct 

runoff.  
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Table C.1 Power plants on the Broad River. 

Power plant GPS 

Coordinates 

Type Distance from 

the sampling site 

Type of 

dam/water control 

Duke Energy -- Cliffside Plant 35°12'47.9"N, 

81°45'39.2"W 

Thermo 145 km  

Broad River energy, Cherokee 35°4'53.4"N, 

81°34'18.9"W 

Thermo 124 km  

Power plant 1, Cherokee 35°3'52.2"N, 

81°32'41.6"W 

Hydro 120 km Gravity-type 

concrete spillway 

Magna Energy Systems 34°59'57.5"N, 

81°56'11.6"W 

Hydro 132 km Low head 

Lower Pacolet Hydro 34°55'11.9"N, 

81°44'16.2"W 

Hydro 115 km Low head 

Lockhart Power Company 34°46'46.3"N, 

81°27'24.9"W 

Hydro 89 km Diversion and 

Low head 

Neal Shoals Hydro, Union 

Hydroelectric project 

34°39'51.8"N, 

81°26'54.8"W 

Hydro 77 km Low head 

SCE&G - Fairfield Pumped 

Storage, Jenkinsville, SC 29065 

34°18'19.7"N, 

81°19'54.8"W 

Hydro 38 km Diversion 

Virgil C. Summer Nuclear 

Station 

34°17'52.5"N, 

81°18'55.9"W 

Thermo 36 km  

Parr hydro 34°15'35.2"N, 

81°19'50.4"W 

Hydro 34 km low head 

Columbia Hydroelectric Project 34°0'8.5"N, 

81°3'14.8"W 

Hydro 4 km low head 

 

Table C.2 The annual average daily traffic (AADT) on the bridges crossing the Broad, 

Saluda and Congaree Rivers near the sampling locations in 2019. 

Name of 

the River 
Highways 

GPS 

coordinates 

Distance from respective 

sampling location 
AADT Ref 

Saluda 

River 

The interstate I26 bridge  
34°01'25.7"N 

81°06'12.6"W 
8.4 km downstream 95,400 5 

The I20 bridge  
34°01'31.7"N 

81°07'42.9"W 
6.2 km downstream 84,000 4 

The lake Murray dam  
34°03'14.4"N 

81°13'9.8"W 
2.75 km upstream 26,700 4  

Broad 

river 

The interstate I126 

bridge 

34°00'33.7"N 

81°03'36.1"W 
4 km downstream 71,800 5 

The Broad River bridge 

on highway 176 

34°01'33.3"N 

81°04'9.9"W 
2 km upstream 24,400 5 

The interstate I20 bridge 
34°02'52.5"N 

81°04'23.6"W 
481 m upstream 119,000 5 

Congaree 

River 

The Jarvis Klapman 

Blvd bridge 

33°59'57.2"N 

81°03'12.3"W 

729 m upstream Columbia 

sampling location 
22,700  4 

The Gervais Street 

bridge on highway 1 

33°59'43.8"N 

81°03'6.9"W 

288 m upstream Columbia 

sampling location 
28,000  4 

The Blossom Street 

bridge 

33°59'17"N 

81°02'48"W 

4.6 km upstream the Cayce 

sampling location 
27,500 5 
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Table C.3 TOFWERK ICP-TOF-MS operating conditions. 

Instrument parameter Value 

Plasma Power 1550 V 

Nebulizer Gas Flow 1.1 L/min 

Auxiliary Gas Flow 0.8 L/min 

Cooling Gas Flow 14 L/min 

Injector Diameter 2.5 mm 

Collision Cell Gas 5 mL/min He with 4.5% H2 

CCT Bias -4.15 V 

Notch 
Mass 29 32 36.3 41 

Amplitude (V) 1.6 2.0 2.0 1.2 

TOF Repetition Rate 33 kHz 

Detected Mass Range 14-275 m/Z 

(CeO/Ce) < 3.0% 

Data Acquisition Continuous Mode 

TOF Time Resolution 
300 ms for elemental concentration,  

2 ms for particle analysis 

Sample Flow Rate 0.4 mL/min 

 

Table C.4 Elemental analysis of the USGS reference materials BHVO-2 Hawaiian basalts.  

Concentration 

(μg/kg) 
Mean 

Standard 

Deviation 

Recommended 

values 10 
Precision (%) 

Error 

(%) 

Accuracy 

(%) 
27Al 7.55 X 107 3.13 X 106 7.11 X 107 4.15 6.1 93.9 
49Ti 1.52 X 107 5.73 X 105 1.64 X 107 3.78 4.1 95.9 
57Fe 9.43 X 107 3.44 X 106 8.67 X 107 3.65 8.8 91.2 
90Zr 1.51 X 105 4.45 X 103 1.71 X 105 2.94 11.7 91.9 

93Nb 1.57 X 104 1.24 X 102 1.81 X 104 0.79 11.0 89.0 
139La 1.38 X 104 3.98 X 102 1.52 X 104 2.89 2.9 97.1 
140Ce 3.39 X 104 9.29 X 102 3.75 X 104 2.74 4.3 95.7 
141Pr 4.77 X 103 1.20 X 102 5.34 X 103 2.52 4.8 95.2 

142Nd 2.23 X 104 4.01 X 102 2.43 X 104 1.80 2.0 98.0 
152Sm 5.70 X 103 1.24 X 101 6.02 X 103 0.22 5.3 94.7 
153Eu 1.91 X 103 1.77 X 100 2.04 X 103 0.09 6.3 93.7 
158Gd 6.33 X 103 1.96 X 102 6.21 X 103 3.10 1.9 98.1 
159Tb 9.06 X 102 4.12 X 100 9.39 X 102 0.45 3.5 96.5 
164Dy 5.01 X 103 3.66 X 101 5.28 X 103 0.73 5.1 94.9 
165Ho 9.42 X 102 3.15 X 101 9.89 X 102 3.34 4.7 95.3 
166Er 2.44 X 103 4.12 X 100 2.51 X 103 0.17 3 97.0 

169Tm 3.36 X 102 2.38 X 101 3.35 X 102 7.09 0.3 99.7 
174Yb 1.92 X 103 3.20 X 101 1.99 X 103 1.67 3.7 96.3 
175Lu 3.24 X 102 2.61 X 101 2.75 X 102 8.07 14.2 85.8 

Precision (%) = standard deviation/mean * 100 

Error (%) = ǀ(Measured concentration – recommended value)ǀ / recommended value *    

                    100 

Accuracy = 100 –Error (%) 
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Table C.5 Total daily precipitation (mm) in the sampling locations, Columbia, SC during 

the sampling campaign. S: Lower Saluda River, B: Broad River, Co: Congaree River at 

Columbia, and C: Congaree River at Cayce, ADP: Antecedent dry period 

Date 
Precipitation 

(B) 

Precipitation 

(Co and C) 

Precipitation 

(S) 

ADP 

(Days) 

   (C and B) 

ADP 

(Days) 

(S) 

27/4/2020 0 0 0   

28/4/2020 0 0 0   

29/4/2020 0.5 0.5 2.5 5 4 

30/4/20020 16.8 16.8 15.7 0 0 

1/5/2020 0 0 0   

2/5/2020 0 0 0   

3/5/2020 0 0 0   

4/5/2020 0 0 0   

5/5/2020 0.5 0.5 0 4  

6/5/2020 0 0 1.5  5 

7/5/2020 0 0 0   

8/5/2020 1.0 1.0 0.8 2 1 

9/5/2020 0 0 0   

10/5/2020 0 0 0   

11/5/2020 0 0 0   

12/5/2020 0 0 0   

 

Table C.6 Gd anomalies across the world. 

SI  Country Location 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄  size Reference 

1 USA River waters in Pennsylvania 1.58 to 4.94 12 

2 Germany Rhine River 4.4 to 21 13 

3 Germany Wupper River, Leverkussen; Others: 

Sieg,  Rhein,  Elbe,  and  Mosel 

River 

9.1 to 30; other 

rivers: 1.5 to 3 

14 

4 Germany Spree, Dahme, Upper Havel River 1.6 to 1.8 15 

5 France Vene River 2.1 to 5.25 16 

6 Czech Republic Berounka, Vltava, Jizera River 1.1 to 11.3  17 

7 Japan Ara, Tama, and Tone River 1.0 to 7.0 18 

8 Luxembourg Alzette River 20 to 30 19 
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Figure C.1 (a) 15-minutes time resolution discharge in the Saluda, Broad, and Congaree 

Rivers and (b) the separated runoff and baseflow in the Broad and Congaree Rivers based 

on daily discharge data together with the precipitation in Columbia, South Carolina near 

the Lower Saluda River (S), Broad and Congaree River (B & Co).  

 

 

 

Figure C.2 Water physicochemical properties at the sampling sites during the sampling 

period (a) pH, (b) conductivity, and (c) temperature. S: Lower Saluda River, B: Broad 

River, Co: Congaree River at Columbia, and C: Congaree River at Cayce. 
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188 

 

Figure C.3 Uncorrected number concentrations of (a) NPs, (b) smNPs and (c) mmNPs in 

procedural blanks and the selected River samples. PB: procedural blanks, S: Lower Saluda 

River, B: Broad River, Co: Congaree River at Columbia, and C: Congaree River at Cayce. 
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Figure C.4 Mass distribution within individual particles in (a) procedural blanks (PB), (b) 

Lower Saluda River (S), (c) Broad River (B), (d) Congaree River at Columbia (Co), and 

(e) Congaree River at Cayce (C). 
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Figure C.5 Number concentrations of the members of mmNP clusters. Clustering 

parameters were: maximum number of first stage clusters = 30, first and second stage 

cutoffs were 0.65 and 0.2. PB: procedural blank, S: Lower Saluda River, B: Broad River, 

Co: Congaree River at Columbia, and C: Congaree River at Cayce. 
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Figure C.6. Elemental ratios of (a) Ti/Fe and (b) Ti/Al, and (c) Ti/Ce, (d) Ti/Zr, and (e) 

Ti/Nb in Fe-rich clusters.  S: Lower Saluda River, B: Broad River, Co: Congaree River at 

Columbia, and C: Congaree River at Cayce. 
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Figure C.7 Elemental ratios of (a) Ti/Fe, (b) Ti/Al, (c) Ti/Ce, (d) Ti/Zr, and (e) Ti/Nb in 

Al-rich clusters. S: Lower Saluda River, B: Broad River, Co: Congaree River at Columbia, 

and C: Congaree River at Cayce. 
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Figure C.8 Elemental ratios of (a) Ti/Fe and (b) Ti/Al, and (c) Ti/Ce, (d) Ti/Zr, and (e) 

Ti/Nb in Ti-rich clusters. S: Lower Saluda River, B: Broad River, Co: Congaree River at 

Columbia, and C: Congaree River at Cayce. 
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Figure C.9 Gadolinium anomaly in Saluda River (S), Broad River (B), Congaree River, 

Columbia (Co), Congaree River, Cayce (C) based on the equation 1.  
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Appendix D: Supporting Information for Chapter 5 

 

D.1 Sample digestion for elemental analysis 

The bulk water samples were digested in 15 mL Teflon vessels (Savillex, Eden 

Prairie, MN, United States) on custom-made Teflon covered hotplates placed in a box 

equipped with double-HEPA filtered forced air in a metal-free HEPA filtered air clean 

laboratory. Water aliquots (10 mL) were placed in the vessel and weighed (Mettler Toledo, 

Excellence Plus, Columbus, OH, United States). Samples were dried at 110°C and treated 

with 1 mL of 30% H2O2 (Fisher Chemical, Fair Lawn, NJ, United States) for 2 h at 70°C 

to remove organic matter. Remaining H2O2 was then evaporated and the sample was 

digested with 2 mL of HF:HNO3 (3:1) mixture (ACS grade acids distilled in the laboratory, 

Sigma Aldrich, St. Louis, MO, United States) for 24 h at 110°C. After evaporation of the 

acid mixture at 110°C, the residue was reacted with 1 mL of distilled HNO3 to break up 

insoluble fluoride salt that may have formed during the sample digestion, and HNO3 was 

left to evaporate at 110°C. This step was repeated twice before weighing the sample and 

adding 5 mL of 1% HNO3. The sample was sonicated for 10 min in a sonication bath 

(Branson, 2800, 40kHz, Danbury, CT, United States) and warmed for 2 h at 50°C for full 

dissolution. The solution was transferred to 15 mL polypropylene centrifuge tubes (Fisher 

Scientific, San Nicolás de los Garza, Nuevo León, Mexico) and stored at 4°C. Samples 

were centrifuged (Eppendorf, 5810 R, Hamburg, Germany) for 5 min at 3100 g prior to 

ICP-MS analysis to for removing any undigested minerals.
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Full procedural digestion blanks were < 6.8% for all reported element in this study 

and < 2.8% for titanium and niobium of samples’ analyte signal 1. Therefore, blanks are 

insignificant to the calculations of Ti concentrations or total Ti/Nb elemental ratios. The 

elemental concentrations of the USGS reference materials BHVO-2 Hawaiian basalts run 

as unknowns after digestion following the digestion procedure described above, 

demonstrate high recovery (approximately 100%) for most elements 1. The precision of 

our method was better than 4% for all isotopes and the accuracy was better than 89% for 

most elements, including Ti and Nb (Table D.1) 1.   

 

D.2 Elemental analysis 

Elemental concentrations in the digested water samples were determined by Perkin 

Elmer NexION 350D ICP-MS (Table D.2). Standard tuning procedure was performed 

before analysis for instrument maintenance. Dissolved multi-element standards mixture of 

ICP Complete Group Calibration Standard (BDH Chemicals, Radnor, PA, USA) and ICP 

Refractory Element Group Calibration Standard (BDH Chemicals, Radnor, PA, USA) 

diluted in 1% nitric acid (TraceMetal grade, Fisher Chemical, Fair Lawn, NJ, USA) were 

used for mass concentration calibration ranging from 0.01 to 1000 µg/L. Internal standards 

(ICP Internal Element Group Calibration Standard, BDH Chemicals, Radnor, PA, USA) 

were monitored at the same time for quality control. The isotopes measured were 27Al, 49Ti, 

57Fe, 93Nb, 139La, 140Ce, 149Sm, 157Gd, and 159Tb. All isotopes were analyzed in the standard 

mode. 

 

 



 

200 

D.3 Nb concentration in TiO2 engineered particles 

Two commercially available TiO2 engineered particles 1) P25 TiO2 ENP with 21 

nm primary particle size (Sigma Aldrich, St Louis, MO, USA) and 2) Tiona 595 Rutile 

titanium dioxide pigment (Glen Burnie, MD, USA) were digested using the same 

procedure described in the supplementary information (SI.1.1). The Ti and Nb 

concentration in the digested samples were determined by ICP-MS for target TiO2 

concentrations covering the range of measured TiO2 concentrations in this study (e.g., 0.01-

1000 µg L-1). The Nb concentration was below the ICP-MS detection limit (e.g., 7 ng L-1) 

for TiO2 concentrations up to 1000 µg L-1. Therefore, the Nb concentration in TiO2 

engineered particles is negligible for the range of TiO2 concentrations measured in this 

study in Edisto River stream water. 

 

D.4 Multi element-single particle analysis 

A selected set of Edisto River water samples was analyzed by icpTOF-MS to 

determine the elemental association and elemental ratios for natural particles and to cross 

validate the background elemental ratios determined based on the minimum elemental ratio 

measured in all sampling events. 

The Edisto River water samples were shaken well prior extraction to resuspend any 

settled particles and to obtain a representative subsample. Aliquots (10 mL) were 

transferred into acid-washed 15 mL centrifuge tubes. The transferred samples were bath 

sonicated for 2 h (Branson, Model 2800, 40 kHz, Danbury, CT, United States), then 

centrifuged at 775 g for 5 min to remove large particles (> 1000 nm assuming natural 

particle density,  = 2.5 g cm-3) and prevent clogging of the ICP-TOF-MS introduction 
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system. The top 7 mL supernatant was decanted and stored at 4°C in the dark till analysis 

by SP-ICP-TOF-MS. The theoretical size of the extracted fractions corresponds to particles 

< 1000 nm for natural particles ( = 2.5 g cm-3), and < 725 nm for TiO2 particles ( = 4.2 

g cm-3). All samples were bath sonicated again for 15 min and were diluted by a factor of 

100 prior to SP-ICP-TOF-MS analysis.  

Single particle analysis of the diluted particle extracts was performed using an ICP-

TOF-MS (TOFWERK, Thun, Switzerland) to determine all isotopes within a single 

particle simultaneously 3. Element specific instrument sensitivities were measured with a 

series of multi-element solutions prepared from a 71-element ICP-MS certified reference 

standard mixture (0, 1, 2, 5, and 10 µg L-1 multi element standard, diluted in 1% HNO3, 

BDH Chemicals, Radnor, PA, USA). The transport efficiency was calculated using the 

known size approach 4 using both Au ENMs with a certified particle size of 60 nm (NIST 

RM8013 Au, Gaithersburg, MD, USA) prepared in UPW and Au standard solutions (0, 1, 

2, 5, and 10 µgL-1, diluted in 1% HCl, BDH Chemicals, West Chester, PA, USA). Using a 

standard tuning solution, the ICP-TOF-MS mass spectra were calibrated using 18H2O
+, 

59Co+, 115In+, 140Ce+, and 238U+ target isotopes in TofDAQ view (TOFWERK) prior to 

analysis or in Tofware (TOFWERK) after analysis if mass shifts occurred during analysis. 

Particle/baseline signal separation, particle signal, mass, and number concentration were 

determined from mass-calibrated ICP-TOF-MS spectra using Python script in Tofware as 

described elsewhere 1. The particle detection threshold was calculated for each isotope 

according to Eq. 1 5.  

Threshold = Mean+(3.29+2.71)                                                    (Eq. 1) 
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The data for each isotope were treated separately, but the time stamps were kept 

throughout data processing for every isotope, allowing for identification of isotope 

correlations in a single particle. For example, an impure particle (e.g., a particle containing 

multiple elements) generates several isotope signals spikes in each time stamp. An 

“apparently pure” particle generates one isotope signal spike in a given time stamp. The 

term “apparently pure” is used in this study as such particles might contain elements at 

concentrations below the sp-ICP-MS size/mass detection limit. Elemental association and 

elemental ratio distributions were determined using data filtration in Excel.  

 

D.5 Gadolinium anomaly 

There are two major sources of TiO2 into rivers: 1) wastewater in the form of 

effluent or sewage overflows 1 and 2) urban runoff 6. The crust normalized pattern of REEs 

shows a flat line for all REEs with a slight increase in Gd in all samples (Figure D.4a), 

indicating that all REEs originate from natural sources (e.g., soil erosion or river sediments) 

with a potential presence of anthropogenic Gd. The major anthropogenic source of Gd is 

domestic sewage effluent, widely recognized as the major source of Gd in polluted streams. 

Anomalies in REE patterns are commonly quantified by the ratio of the normalized 

measured concentration of the normalized theoretical concentration (determined by 

interpolation between neighboring elements) for the anomalous element. Here, we use 

neodymium (Nd) and samarium (Sm) to extrapolate the background Gd values in the 

samples and to quantify Gd anomalies according to Eq. 1 7.  

𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 𝐺𝑑𝑁 10(2𝑙𝑜𝑔𝑆𝑚−𝑙𝑜𝑔𝑁𝑑)⁄                                                        (Eq. 1) 
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A size of 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄ = 1.3 is commonly used as the benchmark to distinguish 

between the natural and anthropogenic Gd anomaly.  

 

D.6 Estimating urban runoff from urban areas in the Edisto River basin 

There are no data available on the urban runoff generation from the city of 

Orangeburg and Aiken; therefore, the urban runoff contribution into the Edisto River 

stream from the city of Orangeburg and Aiken is measured based on the following 

assumptions: 

1. A quarter of the city of Aiken is taken into account due to the fact that only a portion 

of the City of Aiken is situated in the Edisto River basin. 

2. Rainfall affected the entire city of Orangeburg (~21.5 km2) and a quarter of the city 

of Aiken (~53.9/4 = 13.48 km2) at the same time which created the 20-55% runoff 

16 

3. 40 years (from 1971 to 2010) mean yearly precipitation in Orangeburg county is 47 

inches, and mean yearly precipitation in Aiken county is 48 inches 17 

Therefore, the lower limit of total urban runoff generated from both cities = 

{(47/365*25.4/1000*21.5*10^9) + (48/365*25.4/1000*53.9/4*10^9)} * 20% = 

23,065,983.6 L day-1 

And the upper limit of total urban runoff generated from both cities = 

{(47/365*25.4/1000*21.5*10^9) + (48/365*25.4/1000*53.9/4*10^9)} * 55% = 

63,431,454.8 L day-1 
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D.7 Estimation of land-applied biosolids and the associated TiO2 

The Edisto River basin originates in the sandhill region of the west central South 

Carolina and covers 8,030 km2, and 29% of the lands in the basin are used for agricultural 

purposes. The total number of wastewater treatment plants (WWTPs) in SC is 173 with a 

total flow of 462 million gallons per day (MGD) (1.75 x 106 m3 day-1) and total solids used 

and disposed of 37,400 dry U.S. tons. The land applied biosolids in SC is estimated at 

14,063 dry U.S. tons (e.g., 38% of the total generated solids) 18. The concentration of TiO2 

in sewage sludge in the United States is estimated at 1.67 to 10.0 kg TiO2 tons -1 dry weight 

(Table D.8) 19. 

Agricultural land area in South Carolina = 4,800,000 acres = 19,424,928,000 m2 

Agricultural land area in ER watershed = 8,030 km2 * 29% = 8030 * 29% * 10^6 m2 = 

2,328,700,000 m2 

The lower limit of TiO2 mass applied on land in South Carolina = 14,063 * 1.67*9.072 * 

10^11/1000 = 21.3 * 1012 µg TiO2 

The upper limit of TiO2 mass applied on land in South Carolina = 14,063 * 10 * 9.072 * 

10^11/1000 = 12.8 * 1013 µg TiO2 

The lower limit of TiO2 mass applied on land in Edisto River watershed =21.3 * 1012 µg 

TiO2 * 2,328,700,000 / (19,424,928,000 * 2,328,700,000) = 1097.5 µg TiO2 m
-2 

The upper limit of TiO2 mass applied on land in Edisto River watershed =12.8 * 1013 µg 

TiO2 * 2,328,700,000 / (19,424,928,000 * 2,328,700,000) = 6594.4 µg TiO2 m
-2 
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Table D.1 Elemental analysis of concentration (g kg-1) of the USGS reference materials 

BHVO-2 Hawaiian basalts  

Concentration 

(ug/kg) 
Mean 

Standard 

Deviation 

Recommended 

values 2  

Precision 

(%) 

Error 

(%) 

Accuracy 

(%) 
27Al 7.55 X 107 3.13 X 106 7.11 X 107 4.15 6.1 93.9 
47Ti 1.52 X 107 5.73 X 105 1.64 X 107 3.78 4.1 95.9 
57Fe 9.43 X 107 3.44 X 106 8.67 X 107 3.65 8.8 91.2 
93Nb 1.57 X 104 1.24 X 102 1.81 X 104 0.79 11.0 89.0 
139La 1.38 X 104 3.98 X 102 1.52 X 104 2.89 2.9 97.1 
140Ce 3.39 X 104 9.29 X 102 3.75 X 104 2.74 4.3 95.7 
152Sm 5.70 X 103 1.24 X 101 6.02 X 103 0.22 5.3 94.7 
158Gd 6.33 X 103 1.96 X 102 6.21 X 103 3.10 1.9 98.1 
159Tb 9.06 X 102 4.12 X 100 9.39 X 102 0.45 3.5 96.5 

Precision (%) = standard deviation/mean * 100 

Error (%) = ǀ(Measured concentration – recommended value)ǀ / recommended value *     

                    100 

Accuracy = 100 –Error (%) 

 

 

Table D.2 Perkin Elmer NexION 350D ICP-MS operating conditions. 

Instrument Parameter Value 

Nebulizer Gas Flow 0.85 to 1 L/min 

Auxiliary Gas Flow 1.02 L/min 

Plasma Gas Flow 16 L/min 

ICP RF Power 1600 W 

Analog Stage Voltage -1600 V 

Pulse Stage Voltage 1600 V 

Discriminator Threshold 12 

Deflector Voltage -9.5 V 

Dwell time 50 ms 

Sample Flow Rate 0.3 mL/min 

 

 

Table D.3 TOFWERK ICP-TOF-MS operating conditions. 

Instrument parameter Value 

Plasma Power 1550 V 

Nebulizer Gas Flow 1.1 L/min 

Auxiliary Gas Flow 0.8 L/min 

Cooling Gas Flow 14 L/min 

Injector Diameter 2 mm 

Collision Cell Gas 5 mL/min He with 4.5% H2 

CCT Bias -4.34 V 

Notch Mass 29 32 36.3 41 
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Amplitude (V) 1.6 2.0 2.0 1.2 

TOF Repetition Rate 33 kHz 

Detected Mass Range 14-275 m/Z 

(CeO/Ce) < 2.0% 

Data Acquisition Continuous Mode 

TOF Time Resolution 2 ms 

Sample Flow Rate 0.4 mL/min 

Analysis time 10 min 

Transport efficiency  XX % 

 

 

Table D.4 Gd anomalies across the world. 

SI  Country Location 𝐺𝑑𝑁 𝐺𝑑𝑁
∗⁄  size Reference 

1 USA River waters in 

Pennsylvania 

1.58 to 4.94 8 

2 Germany Rhine River 4.4 to 21 9 

3 Germany Wupper River, 

Leverkussen; 

Others: Sieg,  

Rhein,  Elbe,  and  

Mosel River 

9.1 to 30; other 

rivers: 1.5 to 3 

8 

4 Germany Spree, Dahme, 

Upper Havel 

River 

1.6 to 1.8 10 

5 France Vene River 2.1 to 5.25 11 

6 Czech 

Republic 

Berounka, 

Vltava, Jizera 

River 

1.1 to 11.3  12 

7 Japan Ara, Tama, and 

Tone River 

1.0 to 7.0 13 

8 Luxembourg Alzette River 20 to 30 14 

 
 

Table D.5 Typical biosolids application scenarios 15.  

Type of 

site/vegetation 

Schedule Application 

frequency 

Application rate 

Corn April, May, after 

harvest 

Annually 5 to 10 dry tons per 

acre 

Small grains March-June, August, 

fall 

Up to 3 times per year 2 to 5 dry tons per 

acre 

Soybeans April-June, fall Annually 5 to 20 dry tons per 

acre 

Hay After each cutting Up to 3 times per year 2 to 5 dry tons per 

acre 

Forest land Year round Once every 2-5 years 5 to 100 dry tons per 

acre 
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Range land Year round Once every 1-2 years 2 to 60 dry tons per 

acre 

Reclamation sites Year round Once 60 to 100 dry tons per 

acre 

 

 

Table D.6 Elemental ratios in bulk water samples and in multi-element Ti-bearing particles 

in a select set of Edisto River water samples. The elemental composition of single particles 

was determined using SP-ICP-TOF-MS. 

Sampling date 
Bulk water 

Ti/Nb* 
Ti/Nb** Ti/Al** Ti/Fe** Ce/La** 

23/5/18 374 ± 6 230 ± 210 0.15 ± 0.20 1.0 ± 3.1 1.9 ± 1.1 

23/7/18 267 ± 3 248 ± 170  0.24 ± 0.37 1.1 ± 3.6 1.9 ± 1.0 

5/9/18 270 ± 16 263 ± 183 0.16 ± 0.26 1.1 ± 3.2 2.0 ± 1.1 

18/9/18 369 ± 6 226 ± 183 0.18 ± 0.71 0.9 ± 2.4 1.9 ± 0.9 

17/12/18 417 ± 4 225 ± 172 0.13 ± 0.20 1.4 ± 5.0 1.9 ± 1.0  

29/4/19 258 ± 3 250 ± 309  0.16 ± 0.42 0.6 ± 2.1 2.0 ± 1.1 

23/5/19 256 ± 9 235 ± 227 0.20 ± 0.19 0.7 ± 2.4 2.0 ± 1.0 

23/7/19 265 ± 17 229 ± 275 0.18 ± 0.32 0.6 ± 1.6 1.9 ± 1.0 

11/9/19 243 ± 29 212 ± 185 0.16 ± 0.47 0.9 ± 3.6 2.0 ± 1.0 

* Values are reported as mean ± standard deviation of three independent replicates. 

** Values are reported as mean ± standard deviation of the ratios in individual particles. 

 

 

Table D.7-a Pearson correlation between TiO2 and the parameters reported in Figure 5.1 

considering the entire dataset.  

 Pearson r = p- value = significant  

Anthropogenic Gd 0.45 0.001 yes 

Phosphorus 0.42 0.003 yes 

Suspended sediment 0.37 0.010 yes 

Water temperature 0.24 0.099 no 

Total nitrogen 0.018 0.905 no 

Organic carbon -0.04 0.799 no 

Dissolved oxygen -0.26 0.079 no 
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Table D.7-b Pearson correlation between TiO2 and the parameters reported in Figure 5.1, 

excluding the data between 16/10/2018 and 17/12/2019.  

 Pearson r = p- value = significant  

Phosphorus 0.52 0.01 yes 

Anthropogenic Gd 0.45 0.02 yes 

Water temperature 0.38 0.05 Yes 

Suspended sediment 0.33 0.10 no 

Total nitrogen 0.16 0.43 no 

Organic carbon -0.21 0.31 no 

Dissolved oxygen -0.31 0.13 no 

 

 

Table D.8 Wastewater treatment plants along the Edisto River and its tributaries 

CITY Facility Name Approximate distance 
from sampling site (km) 

Average daily flow 
(Ml/d) 

ORANGEBURG ORANGEBURG STP 75 18.50 

BATESBURG BATESBURG STP 162 5.38 

EDGEFIELD ECW&SA-JOHNSTON PLANT #1 178 2.05 

ST GEORGE ST GEORGE WWTP 31 2.04 

BLACKVILLE BLACKVILLE  TOWN OF 96 0.99 

BOWMAN BOWMAN WWS 56 0.89 

Holly Hill HOLLY HILL WWTP 45 0.72 

HARLEYVILLE HARLEYVILLE STP 30 0.45 

WAGENER WAGENER WWTP 128 0.30 

BRANCHVILLE BRANCHVILLE WWTP 53 0.27 

SPRINGFIELD SPRINGFIELD PLANT #1 107 0.23 

SPRINGFIELD SPRINGFIELD PLANT #2 107 0.23 

NORWAY NORWAY WWTP 90 0.11 

Total   32.1 
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Table D.9 Sewage spills in the major urban areas (Aiken and Orangeburg) in the Edisto 

River watershed  

CITY Facility Name Date (dd/mm/yyyy) Approximate 

distance 

from 
sampling 

site (km) 

Sewage 

spill 

duration 
(minutes) 

Sanitary sewer 

overflow 

(l) 

 

 
 

 
 

 

 
 

 

 
 

 

 

 

 

 
ORANGEBURG 

 

 
 

 

 
 

 

 

ORANGEBURG WWTF 11/11/2020 75 5 11356.2 

ORANGEBURG WWTF 11/11/2020 75 5 5678.1 

ORANGEBURG WWTF 24/9/2020 75 165 11356.2 

ORANGEBURG WWTF 17/9/2020 75 30 5678.1 

ORANGEBURG WWTF 17/9/2020 75 60 3785.4 

ORANGEBURG WWTF 17/9/2020 75 30 3785.4 

ORANGEBURG WWTF 18/5/2020 75 240 3785.4 

ORANGEBURG WWTF 5/3/2020 75 60 3785.4 

ORANGEBURG WWTF 5/3/2020 75 30 3785.4 

ORANGEBURG WWTF 5/3/2020 75 30 3785.4 

ORANGEBURG WWTF 25/2/2020 75 480 3785.4 

ORANGEBURG WWTF 25/2/2020 75 105 3785.4 

ORANGEBURG WWTF 25/2/2020 75 120 3785.4 

ORANGEBURG WWTF 25/2/2020 75 60 7570.8 

ORANGEBURG WWTF 20/2/2020 75 60 3785.4 

ORANGEBURG WWTF 19/2/2020 75 75 3785.4 

ORANGEBURG WWTF 19/2/2020 75 90 3785.4 

ORANGEBURG WWTF 19/2/2020 75 15 3785.4 

ORANGEBURG WWTF 23/12/2019 75 120 3785.4 

ORANGEBURG WWTF 23/12/2019 75 60 3785.4 

ORANGEBURG WWTF 23/12/2019 75 60 3785.4 

BOWMAN TOWN 23/12/2019 45 60 3785.4 

ORANGEBURG WWTF 6/12/2019 75 150 3785.4 

ORANGEBURG WWTF 21/2/2019 75 30 20441.2 

ORANGEBURG WWTF 2/2/2019 75 90 41639.5 

ORANGEBURG WWTF 2/2/2019 75 70 49210.3 

ORANGEBURG WWTF 11/10/2018 75 60 3785.4 

ORANGEBURG WWTF 4/9/2018 75 60 3785.4 

ORANGEBURG WWTF 2/8/2018 75 60 3785.4 

ORANGEBURG WWTF 16/7/2018 75 570 30283.3 

ORANGEBURG WWTF 24/5/2018 75 60 1892.7 

ORANGEBURG WWTF 24/5/2018 75 30 1892.7 

ORANGEBURG WWTF 24/5/2018 75 30 1892.7 

ORANGEBURG WWTF 18/5/2018 75 60 3785.4 

ORANGEBURG WWTF 18/5/2018 75 60 3785.4 

ORANGEBURG WWTF 18/5/2018 75 60 3785.4 
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ORANGEBURG WWTF 18/5/2018 75 60 1892.7 

ORANGEBURG WWTF 23/1/2018 75 47 1892.7 

ORANGEBURG WWTF 20/11/2017 75 70 1892.7 

AIKEN 

 

 
 

 
 

 

AIKEN PSA HORSE CREEK WWTF 9/7/2020 150   

AIKEN SEWER SYSTEM 19/5/2020 138 420 37854.1 

WAGENER TOWN WWTF 11/5/2020 114 130 30283.3 

AIKEN SEWER SYSTEM 25/4/2020 138 150 1892.7 

AIKEN SEWER SYSTEM 13/2/2020 138 300 1892.7 

AIKEN SEWER SYSTEM 26/12/2019 138 240 1892.7 

AIKEN SEWER SYSTEM 16/12/2019 138 47 1892.7 

WAGENER TOWN WWTF 11/6/2019 114 840 18927.1 

WAGENER TOWN WWTF 11/6/2019 114 240 30283.3 

AIKEN PSA HORSE CREEK WWTF 6/5/2019 150 250 4542.5 

WAGENER TOWN WWTF 30/5/2018 114 50 18927.1 

SHAW INDUSTRIES SEWER 

COLLECTION SYSTEM 

14/10/2017 138 90 1514.2 

NORTH AUGUSTA CITY  3/10/2017 155 600 1135.6 

AIKEN SEWER SYSTEM 13/9/2017 138 05 1892.7 

TOTAL 

 
   438350.5 

 

 

Table D.10 TiO2 concentration in sewage sludge 

Country C (µg Ti/ g DW) C (g TiO2/ tons DW) Reference 

USA 1000-6000 1,668-10,008 19
 

UK 379-676 632-1,128 20
 

China 971-1,653 1,620-2,757 21
 

Canada 175 292 22
 

DW: dry weight 
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Figure D.1 Sampling location on the Edisto River. Samples were collected at the USGS 

station 02175000 Edisto River near Givhans, South Carolina.  
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Figure D.2 Precipitation, discharge, base flow, and direct runoff in the Edisto River at the 

sampling site, USGS 02175000. 
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Figure D.3 The physicochemical properties of the Edisto River water at the sampling site: 

(a) air and water temperature, (b) ammonia and nitrate, (c) phosphorous and 
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orthophosphate, (d) organic carbon, (e) alkalinity, (f) suspended sediment, (g) dissolved 

oxygen, (h) specific conductance, and (i) pH.   

 

 

 

 

Figure D.4 (a) Crustal normalized REE, and (b) Gadolinium anomaly, and (c) 

anthropogenic Gd concentration. 
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