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� Quantification of TiO2 engineered particles in urban surface waters.
� Ti/Nb ratio was used to estimate TiO2 engineered particle concentrations in river water.
� Rainfall events convey TiO2 engineered particles to the urban surface waters.
� Elemental ratios in natural Ti-containing particles were characterized on a single particle basis.
� Elemental ratios within natural Ti-containing particles were constant during the sampling period.
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a b s t r a c t

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 engi-
neered 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 be-
tween 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 mg TiO2 L�1 following rainfall events. 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 study demonstrate that urban runoff is a major
source of titanium dioxide engineered particles to urban rivers, which results in episodic high concen-
trations of titanium dioxide engineered particles, which may pose environmental risks during and
following rainfall events. This study also highlights the importance of determining the temporal varia-
tions in engineered particle concentrations in surface waters for a more comprehensive risk assessment
of engineered particles.

© 2020 Elsevier Ltd. All rights reserved.
lousha).
1. Introduction

Urban runoff is widely recognized as a major vector of chem-
icals, including engineered particles (e.g., engineered nanoparticles
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and pigments), to surface waters, and therefore urban runoff has
been shown to contribute significantly to the deterioration of sur-
face water quality (Müller et al., 2020). Many studies investigated
the release of engineered particles from municipal wastewater
treatment plants (Kiser et al., 2009), sewage spills (Loosli et al.,
2019), and from sunscreens (Gondikas et al., 2014; Reed et al.,
2017) 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
(Baalousha et al., 2016). Titanium dioxide (TiO2) engineered parti-
cles are widely used in the urban environment both as pigments
(e.g.,100e300 nm) in paint and nanosized particles (e.g.,1e100 nm)
in self-cleaning and photocatalytic surfaces (Baalousha et al., 2016).
These uses of TiO2 engineered particles results in their release, and
deposition on surfaces in the urban environment (Gohler et al.,
2010; Koponen et al., 2011; Nored et al., 2018). 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 modeling study suggested that TiO2 engineered nanoparticle
concentrations could reach 600e1500 mg L�1 in urban rivers
impacted by stormwater runoff (Parker and Keller, 2019). Another
study reported high concentrations (5e150 mg L�1) of TiO2 engi-
neered particles in bridge runoff and in urban rivers dominated by
urban runoff (Wang et al., 2020). However, these measurements
were a proof of concept of the analytical approach and did not take
into account the temporal variability of the measured engineered
particle concentrations.

Currently, most available data on engineered particles, including
TiO2, concentrations in environmental systems are predicted based
on mass flow and environmental fate models (Lützhøft et al., 2015;
Mueller and Nowack, 2008). These models estimated that the
concentrations of engineered nanoparticles, including TiO2, are
likely to be in the ng to low mg L�1 range. Nonetheless, a recent
modeling study predicted high concentrations (e.g.,
619e1490 mg L�1) of TiO2 engineered nanoparticles in urban rivers
impacted by stormwater (Parker and Keller, 2019). 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 nanoparticle concentrations which are in line with the
modeled environmental concentrations (Gondikas et al., 2014,
2018; Reed et al., 2017). 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
(Peters et al., 2018; Neal et al., 2011). 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)
(Barksdale, 1950). These minerals always contain trace concentra-
tions of other elements (Craigie, 2018). Natural TiO2 minerals, such
as rutile and ilmenite, have been shown to be the dominant carriers
(e.g., > 90e95% of thewhole rock content) of Ti, Nb, Ta, Sb, andW, as
well as, important carriers (5e45% if the whole rock content) of V,
Cr, Mo, and Sn (Zack et al., 2002). 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 (Loosli et al., 2019; Gondikas et al.,
2018). These natural elemental impurities are typically removed
from the natural Ti-containing minerals by dissolution and repre-
cipitation during the manufacturing of TiO2 engineered particles
(Loosli et al., 2019). 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 (Loosli et al., 2019), urban
runoff (Wang et al., 2020), and surface waters (Gondikas et al.,
2014).

This study builds on previous advancements in overcoming
some of the challenges in the detection and quantification of tita-
nium dioxide engineered particles in surface waters (Loosli et al.,
2019; Wang et al., 2020; Gondikas et al., 2014, 2018) by evalu-
ating the temporal variability in titanium dioxide engineered par-
ticle 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 engi-
neered particles in the Broad River, and 3) determine the possible
source(s) of TiO2 engineered particles in the Broad River, Columbia,
South Carolina, United States.
2. Materials and methods

2.1. Sampling

Water samples were collected from the Broad River, Columbia,
SC 29201 (34�00010.400N 81�03018.400W, Figure S1). The Broad river
is approximately 240 km long, originates in the Blue Ridge Moun-
tains 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 (2e4%): mining operations, and
logging operations. There are 14 permitted major wastewater
treatment plants (WWTP), 30 minor WWTPs, 20 animal operation
facilities, and 92 general and individual stormwater facilities in the
Broad river basin (NC DEQ, 2009).

Water samples were collected from the Broad River during a
range of hydrologic conditions (Table S1). The first sampling
campaign (C1) was conducted between September 14, 2018 and
September 21, 2018 during and following Hurricane Florence,
which formed on August 31, 2018, dissipated on September 19,
2018, and made landfall near Wrightsville Beach in North Carolina
on September 14th. The hurricane eye moved westward through
North Carolina and the Northern part of South Carolinawithout any
significant impact on Columbia, South Carolina. Nonetheless, hur-
ricane Florence generated rainfall in Columbia, SC of a maximum
total daily rainfall of 42 mm between September 15th to 18th 2018
(Table S1) (Stewart and Berg, 2019). The second sampling campaign
(C2) was performed between October 25, 2018 and November 02,
2018 during which a major rainfall event of a 33 mm occurred on
October 26, 2018 (Table S1). The third sampling campaign (C3) was
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performed between November 05, 2018 and November 09, 2018
during which low intensity rainfall (0e3.5 mm) occurred on nearly
daily basis except on 11/07/208, where a rainfall with higher in-
tensity (19 mm) occurred. The rainfall data was collected from the
USGS station number 021695045 (34�0002400N 81�0101800W), nearly
3.1 km from the sampling location. The discharge data was
collected from the USGS station number 02162035 (34�0205400N
81�0402400W), nearly 5.3 km upstream of the sampling location.
2.2. Sample collection, digestion and elemental analysis

Surfacewater 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 h, and soaked in ultrahigh purity water (PURELAB Option-Q,
ELGA, High Wycombe, UK) for 24 h, 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 4 �C.

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 10min in a sonication bath (Branson, 2800, 40 kHz, 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 Nicol�as de los Garza, Nuevo Le�on, 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 pre-
cision of our method was better than 4% for all isotopes except
169Tm and 174Lu (7 and 8%) and the accuracywas better than 89% for
most elements, including Ti and Nb except 174Lu (86%). Full pro-
cedural digestion blanks was <6.8% for all elements and <2.8% for
titanium and niobium of samples’ analyte signal (Table S2).
Therefore, blanks are insignificant to the calculations of Ti con-
centrations or total Ti/Nb elemental ratios.

Elemental concentrations in the digested river water samples
were determined by PerkinElmer NexION 350D ICP-MS (operating
conditions are summarized in Table S3). Standard tuning procedure
was performed before analysis for instrument maintenance. Dis-
solved 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 mg 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. Particle composition on single particle basis

The Broad river water samples were shaken well prior extrac-
tion to resuspend any settled particles and to obtain a represen-
tative subsample. 10mL aliquots were transferred into acid-washed
15 mL centrifuge tubes. The transferred samples were bath soni-
cated for 2 h (Branson, Model 2800, 40 kHz, Danbury, CT, United
States), then centrifuged at 775 g for 5min to remove large particles
(>1000 nm assuming natural particle density, r ¼ 2.5 g cm�3) in
order 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 suspensions corresponds to particles <1000 nm for nat-
ural particles (r ¼ 2.5 g cm�3), and <725 nm for TiO2 particles
(r ¼ 4.2 g cm�3). All samples were bath sonicated again for 15 min
andwere diluted by a factor of 100 prior to SP-ICP-TOF-MS analysis.

Single particle analysis of the diluted particle extracts was per-
formed using an ICP-TOF-MS (TOFWERK, Thun, Switzerland) to
determine all isotopes within a single particle simultaneously
(operating conditions are summarized in Table S4) (Hendriks et al.,
2017). 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 mgL�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 (Pace et al., 2011) using both Au ENMs with a certified
particle size of 60 nm (NIST RM8013 Au, Gaithersburg, MD, USA)
prepared in UPWand Au standard solutions (0, 1, 2, 5, and 10 mgL�1,
diluted in 1% HCl, BDH Chemicals, West Chester, PA, USA). Using a
standard tuning solution, the ICP-TOF-MS mass spectra were cali-
brated using 18H2Oþ, 59Coþ, 115Inþ, 140Ceþ, and 238Uþ 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 con-
centration were determined from mass-calibrated ICP-TOF-MS
spectra using Python script in Tofware as described elsewhere
(Loosli et al., 2019). The particle detection threshold was calculated
for each isotope according to Eq. (1) (Tanner, 2010).

Threshold ¼Meanþ ð3:29sþ2:71Þ (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 correlations in a single parti-
cle. 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 mass/size detection limit.
Elemental association and elemental ratio distributions were
determined using data filtration in Excel.

2.4. Estimation of TiO2 engineered particle concentration

The concentration of TiO2 engineered particles was calculated
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based on mass balance calculations according Eq. 2

½TiO2�engineered particles ¼
TiO2 MM

Ti MM

�
Tisample � Nbsample:

�
Ti
Nb

�
background

�
(2)

where, [TiO2]engineered particles is the concentration of TiO2 engi-
neered 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 (Loosli et al.,
2019).

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 constant through the sam-
pling period. These assumptions are justified for the following
reasons. Ti is expected to occur solely in solid phases in the Broad
River surface water because of the very low solubility of TiO2
(Antignano and Manning, 2008). 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 (USGS, 2019). Additionally, TiO2
engineered particle contain trace amount of Nb, which is below the
ICP-MS detection limit (e.g., < 7 ng L�1) for TiO2 concentrations up
to 10,000 mg L�1 (Wang et al., 2020). On the other hand, natural
TiO2 minerals are the dominant carriers (e.g., > 90e95% of the
whole rock content) of Ti and Nb (Zack et al., 2002). 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 3.4).

2.5. Hydrographs and separation of base flow and runoff

The discharge was separated into base flow and direct runoff
using “WHAT: Web-based Hydrograph Analysis Tool” (Lim et al.,
2005). The base flow and direct runoff separation was performed
for the USGS station number 02162035 using the followingmethod
and conditions. Method: Recursive digital filter; aquifer type:
perennial streams with porous aquifer; filter parameter: 0.98; and
BFImax: 0.80.

3. Results and discussion

3.1. 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 S1; Figure S2),
which resulted in runoff events in the Broad River. Direct runoff
accounted for 30e60% of the total discharge during the first event,
15e70% 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 September 21,
2018, October 31, 2018, and November 01, 2018.

3.2. Elemental pollutographs

Pollutographs (i.e., graphs of pollutant concentrations vs. time)
of Ti, Nb, Ce, and La are displayed in Fig. 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 (Galfi et al., 2017). At the start of the hydrographs, during low
flows, concentrations were rather low, increased with increasing
flow (transportingmore solids) and then declinedwith diminishing
flow and supply of solids on the catchment surfaces (Fig. 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 amaximumvalue of 108 ± 4.5 mg L�1, which coincidedwith
the discharge and runoff peaks, then decreased to 36 ± 0.4 mg L�1

with decreasing discharge (Fig. 1a). The lowest Ti concentration
coincidedwith the decrease in runoff to zero on September 21, 2018
(Figure S2). During the second sampling event (C2), the Ti con-
centration varied between 53 ± 0.5 to 298 ± 6 mg L�1 (Fig. 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 47.9 ± 6.0 mg L�1 and coincided with the lowest
discharge and lowest runoff (e.g., 14% of the total discharge).
Overall, the highest Ti concentration 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 (Tian et al., 2009; Yuan et al., 2017). 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 indus-
trial wastewaters, where the sources of titanium-containing par-
ticles are predominantly anthropogenic in nature (Kiser et al.,
2009), 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
(Pereira et al., 2007). 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 con-
centrations. 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, and 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
(Gondikas et al., 2014; Reed et al., 2017), urban runoff (Wang et al.,
2020), wastewater treatment plant (WWTP) effluent (Kiser et al.,
2009), or sanitary sewage overflows (Loosli et al., 2019).

3.3. Elemental ratio profiles

All rainfall events resulted in higher Ti/Nb ratios than the
average water reference samples collected in nearby water bodies
(266 ± 9) and to the average crustal value (320) (Fig. 2) (Loosli et al.,
2019). The lowest Ti/Nb ratio of 330 ± 5 was measured on October
31, 2018, where the river discharge was mainly baseflow (Figure S2)
and the highest Ti/Nb ratio of 565 ± 1 was measured during C1 on
September 18, 2018, onwhich the direct runoff was higher than the
baseflow (Figure S2). 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 (Schiff and Tiefenthaler,



Fig. 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.

Fig. 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.
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2001). Ti/Nb was generally low during C3, which might be attrib-
uted 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 campaigns (Fig. 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 sam-
pling sites (Loosli et al., 2019), 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 indicate a significant introduction of natural parti-
cles 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 dif-
ferences in the Ti/Nb elemental ratios in the 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 (Baalousha et al.,
2020). The strong association between Ti and Nb in titanium
minerals (Craigie, 2018; Zack et al., 2002; Jos�e and Wyllie, 1983)
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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 parti-
cles were investigated by SP-ICP-TOF-MS.

3.4. Particle number concentration and elemental composition

The number concentration of Ti-, Nb-, Ce-, and La-containing
particles (Fig. 3) followed the same trend as the corresponding
total element concentration in the bulk water (Fig. 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 (Loosli et al., 2019)
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.) (Craigie, 2018; Zack et al., 2002; Jos�e and Wyllie,
1983). Natural TiO2 minerals, such as rutile and ilmenite, have
been shown to be the dominant carrier (e.g., > 90e95% of thewhole
rock content) for Ti, Nb, Ta, Sb, and W as well as an important
carrier (e.g., 5e45% of the whole rock content) for V, Cr, Mo, and Sn
in TiO2-bearing metamorphic rocks (Zack et al., 2002). All the ele-
ments 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
Fig. 3. Number concentration of (a) Ti-, (b) Nb-, (c) Ce- and (d) La-containing
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
particles and quantify the concentrations of TiO2 engineered par-
ticles 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 (Fig. 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 (Fig. 4a). The
mean elemental ratio of Ti/Nb varied between 66 ± 49 to 242 ± 247
(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 ± 9). The variability in the Ti/Nb elemental ratios between
the different samples can be attributed to the detection of a small
number (4e110 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., 30e35 nm under the current experimental condi-
tions) and the low concentration of Nb in Ti-containing particles
particles in the Broad River water during the three sampling campaigns.



Fig. 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 plasma-
time 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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(e.g., 20e400 times lower than Ti, Fig. 4a). On the other hand,
significantly higher number of particles containing both Ti and Al
(91e773) and Ti and Fe (325e1688) containing particles were
detected by SP-ICP-TOF-MS. This is because Al and Fe concentra-
tions in Ti-containing particles are higher than Nb. 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., 44e65 nm under the current experimental conditions)
compared to Al (e.g., 138e170 nm under the current experimental
conditions). Therefore, a comparison of the elemental ratios of Ti/Al
and Ti/Fe among the different 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 (Fig. 4b). These elemental ratios are in good agreement
with naturally occurring particles such as palygorskite and mont-
morillonite (Ti/Al ¼ 0.014e0.016); illite (Ti/Al ¼ 0.026); kaolinite
and hectorite (Ti/Al ¼ 0.06); vermiculite and corrensite (Ti/
Al ¼ 0.090e0.093). Similarly, the elemental ratios of Ti/Fe display
the same distribution in all samples (Fig. 4c) and are in good
agreement with natural occurring titanium minerals such as tita-
nomagnetite (Fe3-xTixO4, 0 < Ti/Fe < 0.43, 0 < x < 1), ulv€ospinel
(Fe2TiO4, Ti/Fe ¼ 0.43), pseudobrookite (Fe2TiO5, Ti/Fe ¼ 0.43),
ilmenite (FeTiO3, Ti/Fe ¼ 0.86), pseudorutile (Fe2Ti3O9, Ti/
Fe ¼ 1.29), and ilmenorutile and ferropseudobrookite (FeTi2O5, Ti/
Fe ¼ 1.71).
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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.

3.5. TiO2 concentrations and sources

The calculated TiO2 engineered particle concentrations based on
shifts in Ti/Nb elemental ratios varied between 21 ± 5 mg L�1 and
143 ± 22 mg L�1 and followed the same trend of rise and fall as the
discharge/direct runoff (Fig. 5). The highest TiO2 concentration was
found in the second sampling campaign, likely due to the long
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 the Broad River
stream is in good agreement with the extensive use of TiO2 engi-
neered particles in the urban environment as engineered nano-
particles in self-cleaning and photocatalytic surfaces and as
pigment in paint and coatings (Chemours, 2018; Shandilya et al.,
2015) which have been shown to be released by wear and weath-
ering (Nored et al., 2018); and the occurrence of TiO2 engineered
particles in road dust, atmospheric particulate matter (Lee et al.,
2016; Wilczynska-Michalik et al., 2014), urban runoff (Wang
et al., 2020), and WWTPs effluent (Westerhoff et al., 2011). The
TiO2 concentrations measured in this study are much higher than
the predicted TiO2 engineered particle concentrations in surface
waters (0.0002e24.5 mg L�1) and the measured TiO2 engineered
particle concentrations in river waters (0.55e6.5 mg L�1) (Markus
et al., 2018; Donovan et al., 2016; Neal et al., 2011).

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 fromwastewater treatment plants (Verplanck et al., 2010).
Gadolinium anomalies >1.5 has been used as an indicator of
wastewater treatment effluent in river waters. The size of gado-
linium anomaly throughout the sampling events was <1.2
(Figure S4b), indicating the absence of WWTP effluent or sewage
spills. There were no construction activities near the sampling site.
There are no known industrial discharge sources near the sampling
Fig. 5. The calculated TiO2 concentrations in the Broad River water during the three
sampling campaigns.
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.

4. 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 (Loosli et al., 2019; Galfi et al., 2017; Horowitz et al.,
2008). For instance, there are 44 WWTPs upstream of the sam-
pling site contributing a total of 144 � 103 m3 of effluent discharge
per day (NC DEQ, 2009) 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 near the
sampling location, a rainfall event upstream will deliver contami-
nants, including engineered particles, into the sampling location.
The continuous introduction of TiO2 engineered particles into
surface waters result in a shift in the natural background elemental
ratios toward higher values. The lowest elemental ratio of Ti/Nb in
the Broad River in the absence of direct runoff was 330 ± 5, 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 reaches with fewer potential sources of TiO2 engi-
neered particles might be useful to better understand the processes
determining the fate and transport of TiO2 engineered particles in
surface waters.

Here we reported the concentrations of TiO2 engineered parti-
cles in the Broad River following rainfall events. The TiO2 concen-
trations varied between 20 and 140 mg 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.,127e184 mg L�1) and is higher than the PNEC for TiO2 ENMs to
freshwater organisms (e.g., 1e18 mg L�1) (Mueller and Nowack,
2008; Lützhøft et al., 2015). Transport of TiO2 engineered parti-
cles with river water to the ocean could also pose a significant risk
for coral reefs. TiO2 engineered particles have been shown to bio-
accumulate in microflora and induce coral bleaching, which could
contribute to an overall decrease in coral populations (Jovanovic
and Guzman, 2014). Further research is needed to further under-
stand the impact of rainfall characteristics and the hydrogeological
factors on the temporal variability in TiO2 engineered particle
concentrations in urban rivers.

5. 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
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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 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 par-
ticles 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 con-
centrations in surface waters for a more comprehensive under-
standing of the environmental fate, behavior, and risk assessment
of engineered particles.
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