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Several industries manufacture and process large quantities of engineered
nanomaterials, thus increasing the potential for their environmental release during
waste management and disposal. Herein, we quantified the release and spatial
distribution of titanium dioxide nanomaterials (TiO»> NMs) emitted from an industrial
waste stream that flows into a nearby river. Two sampling campaigns were carried out
on the river in fall 2017 and spring 2018 at selected sites upstream and downstream
of the Industrial Effluent and an urban wastewater treatment plant (WWTP). Significant
Ti accumulation was detected in the sediments at the Industrial Effluent and WWTP
sites for both fall and spring samples, with measured Ti concentrations of 75-193 mg
Ti/kg reaching 21-55x that of the local background upstream. X-ray diffraction analysis
confirmed the anatase and rutile mineralogy of the inputs. River surface waters were
filtered on-site to distinguish between particulate (>0.20 um), colloidal (0.02-0.20 um),
and dissolved and/or small nanoparticulate (NP) (<0.02 um) TiO». Up to 133 and 260
g Ti/L were measured in the unfiltered waters for the Industrial Effluent and WWTP
fall samples, respectively, while the spring samples exhibited Ti concentrations similar
to the background concentration. Combining chemical analysis and scanning electron
microscopy revealed that some Ti particles recovered from the Industrial Effluent and
WWTP were clusters of TiO> NMs (~50nm). Furthermore, anthropogenic TiOo was
distinguished apart from natural Ti-containing minerals by comparing the concentration
ratios between Ti and other naturally occurring elements (e.g., V, Al, and Fe). This study
confirmed the release of manufactured TiO» NMs from the Industrial Effluent and the
WWTP into the river, finding that almost all of the TiO> NMs are released in the particulate
fraction (>0.20 um), and that the particles sediment rapidly near the emission source
and accumulate in the sediment.

Keywords: manufactured TiO, nanomaterials, anthropogenic emission, river ecosystem, environmental exposure,
aggregation, sediment accumulation
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INTRODUCTION

As advances in nanotechnology research and development
continue, engineered nanomaterials are being increasingly
manufactured for incorporation into consumer products
destined for cosmetic, textile, coating, and plastic applications
(Piccinno et al., 2012; Vance et al., 2015). Several recent studies
have considered the environmental impacts of nanomaterials
released from these consumer products during their use
phase and end-of-life (Botta et al., 2011; Nowack et al., 2012;
Mitrano et al.,, 2015; Auffan et al., 2018; Scifo et al., 2018),
but another important consideration is the possible release
and local environmental accumulation near nanomaterial
manufacturing sites, especially those close to aquatic ecosystems
such as rivers and lakes. Upon incidental or direct release into
these natural systems, nanomaterial fate, and transport are
governed by the water chemistry, particle aggregation state, and
any transformation processes (e.g., dissolution, photochemical
alteration, oxidation and reduction) (Nowack et al., 2012).

In the case of titanium dioxide nanomaterials (TiO, NMs),
the second most-produced nanomaterial worldwide (Sun et al.,
2014), previous research has already focused on evaluating
their fate and behavior in model river waters, with the aim of
determining their potential risk. Indeed, the aggregation and
sedimentation of two of the most common TiO, NM forms,
anatase and rutile, have been shown to depend on particle
morphology, the point of zero charge, and water conditions
(Liu et al., 2011; Ilina et al, 2017). Besides the physico-
chemical characteristics of the TiO, NMs themselves and the
pH of the aqueous environment, the presence of dissolved
ions, suspended particulate matter (SPM), and natural organic
matter (NOM) can also significantly influence NM stability
through processes such as aggregation and sedimentation or
dispersion and transport (Loosli et al., 2013; Labille et al., 2015;
Slomberg et al., 2019). For example, increased ionic strength
and divalent cation concentrations have been shown to facilitate
TiO, NM homo-aggregate formation (Loosli et al., 2013; Ilina
et al., 2017). However, in natural aqueous environments where
SPM and NOM concentrations (mg/L) are likely much higher
than the predicted TiO, NM concentration (jug/L), hetero-
aggregation is expected to be the more dominant interaction
driving NM fate and behavior (Labille et al., 2015). As such,
Adam et al. evaluated both TiO, NM homo-aggregation and
hetero-aggregation interactions with illite clay and Suwannee
River fulvic acid (SRFA) in filtered river water (pH 8) sampled
nearby the TiO; NM manufacturing site (Adam et al., 2016). In
lower salinity conditions (0.25 mM Ca?*) the 5 nm TiO, particles
(40 mg/L) formed homo-aggregates (~ 550 nm). The addition of
SRFA (5-10 mg/L) slightly enhanced TiO, NM dispersion and
decreased the overall TiO, aggregate size, and in the presence of
illite (25 mg/L) no secondary hetero-aggregation was observed.
Yet, when the river water Ca?* concentration was increased to
3mM, the decrease in TiO, NM homo-aggregate size was no
longer observed in the presence of SRFA and the addition of illite
resulted in hetero-aggregation, thus favoring NM sedimentation.

Multimedia environmental fate models have also been
developed to investigate NM fate and transport in rivers as a

complement to experimental approaches. Any NM inputs into
river surface waters should be detected almost instantaneously,
although their lifetime in the water column may be transient due
to aggregation processes and changes in hydrological conditions.
For NMs that are not stable in the water column, the riverbed
sediment can act as a sink where the NMs will deposit and
potentially accumulate as long as the NM emission continues. For
example, river box models incorporating fixed or varied water
conditions in time and space have examined TiO, NM fate in
surface waters and sediment for two large European rivers, the
Rhine, and the Rhone (Praetorius et al., 2012; Sani-Kast et al.,
2015). In both cases, for a constant, point source TiO; NM
emission of 0.39-1.5 kg/day, predicted TiO, NM concentrations
were in the ng/L range for the water compartment and mg/kg
in the sediment. TiO, NM fate was dependent on the water
conditions near the emission source, with significant aggregation,
sedimentation, and accumulation in the sediment layer occurring
within a few km of NM release. However, these models also
predicted that a fraction of TiO, NMs can remain stable in the
water column, being transported up to ~100 km from the source
depending on river conditions.

While laboratory studies with simulated aquatic systems
and the development of environmental fate models have
allowed researchers to gain insight into TiO, NM transport,
behavior, and fate, field studies to determine NM release and
accumulation in real aqueous environments are still lacking.
This is in part due to the fact that detecting and quantifying
low concentrations of anthropogenic TiO, NMs apart from
the natural background is analytically challenging. Recent
approaches include a combination of size fractionation (e.g.,
filtration, field-flow fractionation) followed by identification
and quantification using elemental analysis (i.e., inductively
coupled plasma-mass spectrometry, ICP-MS) and electron
microscopy coupled with X-ray energy dispersive spectroscopy
(EDS) detection (Von der Kammer et al., 2011, 2012; Westerhoff
et al,, 2011; Labille et al.,, 2019). For example, three different
sampling campaigns that analyzed filtered waters (<0.45 jum)
near a wastewater treatment plant (WWTP) confirmed TiO,
NM presence with electron microscopy and reported Ti values
between 0.7 and 3 pg/L (Johnson et al.,, 2011; de Klein et al,
2016; Markus et al, 2018). Single particle (SP)-ICP-MS was
utilized to target and detect smaller TiO, particles down to
100 nm in river surface waters without the need for filtration
(Peters et al., 2018), and Hadioui et al. (2019) have now detected
TiO, particle sizes down to 19.2nm with the technique. While
progress has been made in detecting low concentrations of TiO,
NMs (ng/L) in complex environmental matrices, these analyses
alone cannot confirm that the particles are anthropogenic. As
such, the determination of elemental ratios between Ti and
other naturally occurring elements such as V, Al, and Fe, or
rare earth elements (Ga, Y, Nb, Eu, Ho, Er, Tm, Yb, Ta) has
been employed to distinguish natural Ti-containing particles
from the anthropogenic load in aquatic systems as well as soils
(Gondikas et al., 2017; Reed et al., 2017; Labille et al., 2019;
Baalousha et al., 2020; Wang et al., 2020). Building upon this
approach, multi-element (ME)-SP-ICP-MS has been used to
perform multi-element analysis of individual TiO, particles in
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FIGURE 1 | Map of river sampling sites near TiO, nanomaterial manufacturing
plant, with distances along the river given relative to the confluence of the
industrial drainage canal and the river at km O.

natural surface waters (Gondikas et al., 2018; Loosli et al., 2019).
By identifying multi-element signatures of natural Ti-containing
particles, anthropogenic TiO, NMs can be further distinguished
apart from the natural background and quantified. Overall, these
studies have demonstrated that TiO, NMs can be quantified
in natural surface waters, while also providing insight as to
their release from WWTPs or other anthropogenic sources. This
knowledge is crucial for evaluating TiO, NM risk to aquatic
ecosystems, yet a comprehensive assessment can only be obtained
by also considering TiO, NM transport and accumulation in the
sediment compartment in future field studies.

The present work reports the first quantification of TiO,
NMs in a river next to a nanomaterial manufacturing plant,
both upstream and downstream of the potential emission source
(i.e., industrial drainage canal). Surface waters, sediments, and
epilithic organisms were collected along the river and industrial
drainage canal at two different time periods (October 2017
and March 2018) to assess any short-term, pulse occurrence
vs. long-term accumulation in the different environmental
compartments. In addition to TiO, quantification, anatase and
rutile inputs into the river were distinguished from the local
background using mineralogical analysis. Several elements (X
=V, Al, and Fe) naturally co-occurring with Ti in suspended
mineral particles were also quantified to determine Ti/X
elemental ratios. Higher elemental ratios compared to the natural
background were used as an indication of Ti of anthropogenic
origin. By sampling the water and sediment compartments at
multiple sites along the river, TiO, NM transport and fate were
determined in a real release scenario.

MATERIALS AND METHODS

Sampling Campaigns
The samples were taken along a 7.4km long transect in a
watershed of about 160 km? at two different time periods, on

October 18th, 2017 and March 22nd, 2018. For these dates,
outflows of 0.98 + 0.01 m>.s~! and 4.89 + 0.01 m3.s~! were
respectively measured in the river at a hydrology station located
~7km upstream from the confluence (http://hydro.eaufrance.
fr/). The river is characterized by an average annual pH of
7.6-8.1, dissolved organic carbon (DOC) concentration of 1.8—
2.3 mg/L, and total suspended sediment (TSS) concentration of
~5 mg/L (Hissler and Probst, 2006; Adam et al., 2016). Eight
sampling stations were selected: 6 along the river, upstream
and downstream of the TiO, nanomaterial manufacturing site,
and 2 along the drainage canal where treated industrial and
urban effluents join the river (Figure 1). The confluence between
the drainage canal and the river was referred to as km 0.
The 6 sampling stations along the river were located at 5.6 km
(km —5.6), 1.6km (km —1.6), and 0.2km (km —0.2) upstream
of the confluence (km 0) as well as 0.9km (km +0.9) and
1.8km (km +1.8) downstream of the confluence. The effluents
from the TiO, NM manufacturing site first flow through an
underground canal (not accessible) for a distance of ~1km
before the outdoor section of the drainage canal begins. The 2
sampling stations along this outdoor drainage canal were located
at the beginning of the outdoor discharge of the manufacturing
site’s treated effluent (230 m upstream of the confluence, station
called “Industrial Effluent”) and at the outflow of the urban waste
water treatment plant’s (WWTP) treated effluent that also flows
into the surface of the water column in the drainage canal (90 m
upstream of the confluence, station called “WWTP”). No natural
water sources are located along this drainage canal and it is
surrounded by steep embankments. The distance between the
drainage canal and the river at the Industrial Effluent sampling
station is ~35m. The water depth was ~20cm in both the
drainage canal and river in October 2017 and March 2018.

On-Site Water and Sediment Collection
Water samples were collected manually in the center of the
riverbed. As soon as water samples are collected, the particle
size distribution can change rapidly. It was therefore decided to
filter on-site to avoid any modification of the size distribution.
Water samples were filtered on-site using both 0.20 and 0.02 pm
inorganic membrane syringe filters [Anodisc (Al,O3), Whatman,
UK]. The raw, unfiltered waters and the 0.20 and 0.02 pm-filtered
waters were then brought back to the laboratory and stored at
4°C for elemental analysis using inductively coupled plasma-
mass spectrometry (ICP-MS). The membrane filters were dried
24 h at room temperature (protected from ambient dust particles)
and stored at 4°C for scanning electron microscopy (SEM)
observation. Water size fractionation was performed to quantify
Ti in the particulate, colloidal, and dissolved fractions. The
particulate and colloidal fractions were separated with 0.20 pm
filters. Ideally, separation of the colloidal and dissolved fractions
requires 1 or 3 K-Dalton membranes. The 0.02 wm inorganic
membranes selected for the current work were therefore unable
to isolate the “true” dissolved fraction, and instead resulted in a
fraction composed of dissolved plus small nanoparticulate (NP)
species. This choice was made due to the operational conditions
needed for a fast separation on-site.
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Surface sediment samples (down to ~2cm depth) were
brought up from the center of the canal/river using a 50 mL
syringe. These sediments were sieved at 1 mm and then 250 wm
to remove larger grains and the fraction <250 um was freeze-
dried and homogenized for X-ray diffraction (XRD) and ICP-
MS analysis. Natural epilithic organisms were also collected to
evaluate TiO, accumulation. Briefly, a few grams of epilithic
organisms were scraped from sedimentary river rocks at 3 sites
along the river (km —5.6, 0, +1.8) (Figure S1). To remove any
loosely adhered, small particles, the epilithic organisms were
first gently rinsed with ultrapure water on a 20 pm sieve, then
freeze-dried and homogenized before analysis with ICP-MS.

Mineralogical Analysis

X-ray diffraction (XRD) was performed on sediment fractions
(<250, 1-250, and <1um) from 4 sites (km —5.6, Industrial
Effluent, WWTP, km +1.8) for samples from October 18,
2017 to evaluate the river’s background mineralogy of Ti-
based phases and any anthropogenic TiO, contributions. The
sediment samples from March 2018 were not included in the
XRD analysis since they exhibited a similar distribution of Ti
concentrations compared to those from October 2017. Based on
previous analysis on the river sediment, we hypothesized that the
<250 pm sediment fraction may contain background minerals
exhibiting strong signals (e.g., quartz and feldspars) that could
make it difficult to distinguish potentially less intense signals
of anatase or rutile TiO, (Hissler and Probst, 2006). Thus, an
additional size separation was performed to remove the larger
background minerals and obtain a finer sediment fraction of
<1 pm.

Briefly, the <1 pm fraction was recovered according to Stokes
law by re-suspending the <250 pm sediment in ultrapure water
(5.56 g/L), sonicating 30 min to break up aggregates, allowing
the sample to settle for 186 min, and then collecting the top
4 cm (quartz density = 2.65 g/cm3 ) (Rubey, 1933). The recovered
<1 pm sediment, along with the remaining 1-250 wm fraction
were freeze-dried and homogenized before XRD analysis.

The three sediment fractions (<250, 1-250, and <1 m)
were ground with a mortar and pestle before depositing them
on XRD low-background silicon plates. The samples were then
analyzed with a PANalytical X-Pert PRO (Limeil-Brevannes,
France) diffractometer equipped with Co Ka radiation (1.79 A)
at 40 kV and 40 mA. Each fraction was spun at 15 rpm and
scanned with a 20 range of 4-75°, step size of 0.033° and time per
step of 4.7 s. Quartz was used as an internal standard to correct
displacement of peak positions.

Elemental Analysis

The fractioned sediment (<250um), surface waters, and
epilithic organisms were subjected to total decomposition using
microwave-assisted acid digestion before elemental analysis with
ICP-MS. Fifty milligrams of the solid samples (i.e., sediments or
epilithic organisms) were digested in an UltraWAVE microwave
system (Milestone Inc.) with 1.5mL HCl, 1 mL HNOs3, and
1 mL HF at 180°C. The raw and filtered surface water samples
(2mL) were digested in the same system with 1 mL HNO3
and 0.5mL HF. The digested residues were then diluted to

10 mL with ultrapure water before analysis for Ti, V, Al, and Fe
concentrations using a PerkinElmer NexION 300X quadrupole
ICP-MS (measured isotopes = 4’Ti, °1V, 27 Al, and *°Fe). A 94
96% Ti recovery was measured for the above protocol using TiO,
NP standards prepared in ultrapure water (0, 10, 50, 100, 500, and
1,000 jLg/L). The concentrations of Nat, K*, Mg?*, and Ca’*
cations were determined by ICP-MS analysis (measured isotopes
= 22Na, ¥K, ?*Mg, and *3Ca) of the 0.20 um-filtered waters.
The raw and filtered (0.20 and 0.02 pum) surface waters collected
were analyzed for Ti concentration to provide insight into the
real-time total, particulate (>0.20 m), colloidal (0.02-0.20 j.m),
and dissolved and/or small nanoparticulate (<0.02pum) Ti
occurrence in the water column. The Ti concentrations in the
particulate (>0.20 wm) fraction were calculated by subtracting
the measured Ti in the 0.20 pm-filtered waters from the
total Ti concentration in the raw surface waters. Likewise, the
Ti concentration in the colloidal fraction (0.02-0.20 um) was
calculated by subtracting the Ti measured in the 0.02 pm-
filtered waters from the Ti concentration measured in the 0.20
pwm-filtered waters.

To distinguish natural and anthropogenic TiO, particles, we
compared the elemental distributions of the collected natural
samples (e.g., sediments and water) to two types of anthropogenic
TiO, nanomaterials (NM1 and NM2) as well as 3 natural
minerals (i.e., feldspar, clay, and quartz). NM1 and NM2 were
provided as powders by the manufacturing plant located next
to the sampled river. The anatase nanomaterials were well-
crystallized and spherical, with a size of approximately 6.5 &+
2.0nm (NM1) and 38.8 & 2.0nm (NM2) from transmission
and scanning electron microscopy (Figure S2). It is also worth
noting that the manufacturer not only produces nanomaterials,
but also larger, submicron-sized pigments. The minerals analyzed
were feldspar (albite and microcline of natural origin), clay
(kaolinite), and quartz (<20 um). The TiO, nanomaterials (i.e.,
NM1 and NM2) and minerals (50 mg) were digested using
the same microwave-assisted procedure as that selected for the
sediments and the resulting residues were diluted and analyzed
with inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, Perkin Elmer 4300 DV) and ICP-MS for Ti, V, Al, and
Fe concentrations.

Imagery and Elemental Detection

A Zeiss Gemini 500 scanning electron microscope (SEM)
equipped with an EDAX Silicon Drift Detector was used to
image and determine the elemental composition of surface
water particles that had been collected on 0.20 pm inorganic
membrane filters (Al,O3) on-site at the Industrial Effluent and
WWTP discharge sites on October 18, 2017. One membrane
filter from each site was attached directly to an aluminum pin
stub with double-sided carbon tape and then analyzed without
further preparation (e.g., sputter coating). In-lens secondary
electron detection was employed for imaging and the microscope
was operated at 1 kV with a working distance of 0.5mm.
Elemental analysis using Energy Dispersive Spectroscopy (EDS)
was performed at 15 kV with a working distance of 12.3 mm to
evaluate the presence of Ti, O, Al Fe, and C.
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FIGURE 2 | Sediment (<250 iwm) Ti concentrations (mg Ti/kg sediment) at
each sampling site for October 2017 and March 2018. Error bars represent
replicate sample digestions of the same sample (n = 3).

RESULTS AND DISCUSSION

Ti Accumulation in Sediment Downstream

of the Manufacturing Plant

The Ti concentrations in the river sediment were determined first
to assess potential TiO, nanomaterial accumulation over time. As
shown in Figure 2, similar trends in sediment Ti concentration
were observed for the samples collected in October 2017 and
March 2018 despite the seasonal differences of the two sampling
campaigns. Upstream of the confluence, at km —5.6, —1.6, and
—0.2, the background Ti concentration in the river sediment
was stable at ~5.4 £ 1.5 mg/kg. However, along the industrial
drainage canal, the Ti concentrations in the sediment were
~21-25x and ~29-55x higher than the background for the
Industrial Effluent and WWTP sites, respectively. Specifically,
concentrations of 124.6 + 12.6 and 75.1 &= 7.9 mg Ti/kg sediment
were measured at the Industrial Effluent site, while 144.5 +
4.6 and 193.6 £+ 25.8 mg Ti/kg sediment were detected at the
WWTP site for October 2017 and March 2018, respectively.
While the measured Ti concentrations in the canal sediments
were higher at the WWTP site compared to the Industrial
Effluent discharge site, there is no indication that this increase
is related to more Ti-containing particles being discharged
from the WWTP effluent. Ti-containing particles discharged
from the Industrial Effluent site may be transported ~90m
downstream before sedimenting at the WWTP site. Furthermore,
although there appear to be significant differences in Ti sediment
concentrations at the same site between October 2017 and March
2018, the presumed seasonal variations could also be due to
difficulties in sampling the exact same sediment during both
sampling campaigns. The two canal sites exhibited significant

Ti accumulation, yet downstream of the confluence (km 0), the
sediment Ti concentrations returned to levels similar to those
observed upstream. For example, in October 2017, some Ti
accumulation (36.1 £ 5.7 mg/kg) was still observed at km 0, but
the sediment Ti concentration at km 40.9 was 6.4 & 1.0 mg/kg,
which was similar to the upstream background of 4.9 £+ 0.3
mg/kg at km —5.6. The sediments collected in March 2018 also
exhibited little evidence of Ti accumulation downstream of the
confluence and in fact, the Ti sediment concentration measured
at km 0 was comparable to that at km —5.6 (4.9 = 0.8 vs. 3.5
+ 0.4mg Ti/kg sediment). However, elemental analysis alone
cannot be used to verify that this increased Ti concentration
in the sediment resulted from the presence of TiO, and not
another Ti-containing mineral. Furthermore, complementary
analyses are required to confirm that the detected Ti results from
anthropogenic TiO5.

Anthropogenic vs. Natural Origin of TiO, in

Sediment

Anatase and rutile were not detected apart from the sediment
background upstream at km —5.6 in the <1 and 1-250 pm
sample fractions from October 2017 (Figure 3A). The presence of
TiO, in the canal sediments at the Industrial Effluent and WWTP
discharge sites was confirmed, with clear signals observed from
both the anatase and rutile main peaks at 29.443 and 31.982
20[°], respectively (Figure 3A) (Swanson et al., 1969). Of note,
the main quartz peak at 31.035 2@ [°] is also shown for reference.
While anatase TiO, was detected in both the <1 and 1-250 um
sediment fractions at the Industrial Effluent site, this form was
only detected in the <1 pm sediment fraction at the WW'TP site.
Similarly, rutile TiO, was detected in both sediment fractions
at the Industrial Effluent site. No significant rutile presence was
observed in the <1 pwm sediment fraction at the WWTP site,
however a strong signal was present in the 1-250 pm fraction.
Downstream at km +1.8, the presence of anatase was observed
in the <1 and 1-250 jum fractions, but rutile was not detectable
(Figure S3). Although anatase and rutile TiO, both accumulated
in the canal sediments at the Industrial Effluent and WWTP
discharge sites, the two forms were concentrated differently
within the two sediment size fractions, implying that the anatase
and rutile TiO; detected at the two sites may not have the same
primary particle size or be distributed within the sediment in
the same way (e.g., aggregate formation). The two TiO, forms
may also exhibit different stability and transport in the river
water, as suggested by the fact that only the anatase form was
detected downstream at km +1.8 (Fazio et al., 2008; Liu et al,,
2011; Iswarya et al., 2015).

To go further in determining the origin of the anatase and
rutile phases identified with XRD, Ti/X molar ratios (with X
=V, Al, and Fe) of manufactured NMs (NM1 and NM2) and
natural minerals (feldspar, clay, and quartz) were compared to
the ratios found in the collected river sediments, as shown in
Figure 3B (Gondikas et al., 2017, 2018; Reed et al., 2017). The
total element concentrations used to calculate these ratios can
be found in Table S2. Such analysis of other naturally occurring
elements in the sediment was essential for determining whether
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these TiO, particles were anthropogenic or of natural origin.
However, it must be considered that the comparison of Ti/X
ratios using bulk elemental analysis measurements is based on
the assumption that the natural background is best represented
by individual, multi-element Ti-containing particles and not
just the presence of numerous different particle compositions
(e.g., FexAlyTi, O, vs. FexOy, TiO,, and AlxOy). NM1 and NM2
exhibited Ti/V, Ti/Al, and Ti/Fe ratios of 428-513, 42-55, and
199-490, respectively, in marked contrast to the ratios of 18-
75, 0.01-0.1, and 0.16-0.81 measured in natural feldspar, clay,
and quartz analogs. The manufactured NMs contain minimal
amounts of V, Al, and Fe compared to Ti, which significantly
increases the Ti/X ratio. In contrast, the feldspar, clay, and quartz
contain naturally present V, Al, and Fe, resulting in a lower Ti/X
ratio. Considering the natural river samples, the canal sediments
at the Industrial Effluent and WWTP discharge sites exhibited
much higher Ti/X ratios compared to the other sites. Specifically,
Ti/V, Ti/Al, and Ti/Fe ratios of 246-389, 3.7-6.5, and 0.87-1.19
were determined for the Industrial Effluent and WWTP sites
whereas at km —5.6 these same ratios were 49, 0.12, and 0.15. The
sediment at km 0 (confluence of the industrial drainage canal and
the river) was also characterized by elevated Ti/X ratios compared
to the other sites. Of the element ratios tested here, Ti/V was the
strongest indicator of anthropogenic Ti origin, due to a lower
and less variable natural background of V compared to Al and
Fe, as well as the possibility of Al and Fe contamination from
the industrial canal sites. In fact, the manufacturing plant uses
ilmenite (FeTiO3) for TiO, NM production and WWTPs are
known to use Al- and Fe-based salts in their treatment processes
(Liu et al, 2013). The elemental analysis results shown here
are for the sediments collected in October 2017, but the same
trends were revealed for the sediments collected in March 2018
(Figure S4).

While the Ti/X ratios for the sediments at the Industrial
Effluent and WWTP discharge sites, and at km 0 were not
as high as those of the pure TiO, NMs, their significantly
elevated values combined with the mineralogy determined by
XRD support the anthropogenic and non-natural origin of
the TiO, in the surface sediment. In order to elucidate the
potential sources (e.g., industrial drainage canal or river) of this
long-term anthropogenic TiO, sediment accumulation, the Ti
concentrations in the surface waters were measured for each site.

Real-Time TiO> Occurrence in the Surface
Waters

The total Ti concentrations measured in the raw surface waters
collected in October 2017 exhibited a similar trend to that
observed in the sediments, with low Ti background levels (3.4
7.0 pg/L) at km —5.6, —1.6, and —0.2, and significant increases
in Ti at both the Industrial Effluent and WWTP sites, up to 133
and 260 pg Ti/L, respectively (Figure 4). Again, due to particle
transport, TiO, particles originating from the Industrial Effluent
likely contributed to increased Ti concentrations at the WWTP
site (Praetorius et al., 2012; Sani-Kast et al., 2015). Downstream
of the drainage canal, Ti concentrations in the water column did
not return to upstream background levels, even at km +1.8 after

the confluence, where the Ti concentration remained elevated
(56.6 £ 8.6 g /L). This finding is in support of river fate model
predictions that have indicated that TiO, NMs can be transported
several kilometers before settling into the sediment.

In March 2018, the Ti concentrations in the surface waters
did not show any evolution along the industrial drainage canal
or the river. At every sampling site, the Ti concentrations were
comparable to that measured upstream at km —5.6 (4.9 + 1.4
ng /L), even at the Industrial Effluent and WWTP discharge
sites, where the measured concentrations were 3.4 4= 2.8 and 1.8
=+ 0.5 pg /L, respectively. The disparate differences in total Ti
detected in the surface waters between the two sampling dates
could be the result of changes in waste management by the
nanomaterial manufacturer (e.g., discharge), variations in canal
flow, or due to seasonal dilution effects (e.g., rain or snowmelt)
(Thompson, 1982; Carling et al., 2015). Indeed, changes in cation
concentrations (Table S1) and the river outflow at km —5.6
between October 2017 and March 2018 suggest some dilution
effects in the river. In October 2017 at km —5.6, the river outflow
was 0.98 £ 0.01 m®s~! and Nat and Ca?" concentrations
were 0.497 and 0.207 mM, respectively, whereas in March 2018,
the river outflow was ~ 5x higher at 4.89 £ 0.01 m’.s™!
and the cation concentrations were lower (0.294 mM NaT and
0.157mM Ca®t). However, the low Ti concentrations detected
in the surface waters at the Industrial Effluent and WWTP
sites in March 2018 were more likely related to industrial waste
management and differences in discharge since Na™ (0.308-
6.26 mM) and Ca** (0.204-0.219 mM) concentrations in March
2018 were either similar or higher than in October 2017 (0.5
2.07mM Na™ and 0.226-0.284 mM Ca?*) and water depth was
comparable between the two seasons.

Similar to the analysis conducted for the sediments, Ti/X
ratios (X = V, Al, Fe) were also calculated for the surface
waters collected in October 2017 to discriminate between an
anthropogenic vs. natural origin of the detected Ti (Figure 5).
The Ti/X ratios were not calculated for the surface waters from
March 2018 since no significant Ti was detected. The total
element concentrations in the surface waters can be found in
Table S3. At the Industrial Effluent, the determined Ti/V, Ti/Al,
and Ti/Fe ratios were ~14x higher (ratios of 149, 1.13, and
1.27, respectively) than the ratios measured for the upstream sites
(5-10, 0.05-0.08, and 0.08-0.09, respectively). Moving along the
industrial drainage canal, Ti/X ratios in the WWTP surface water
also remained elevated (4.5-15%) compared to those upstream.
In contrast to the sediments where Ti/X ratios downstream of
km 0 were similar to those upstream as a result of minimal
anthropogenic Ti accumulation, in the surface waters Ti/V, Ti/Al,
and Ti/Fe ratios remained elevated at km 0, +0.9, and +1.8 (31~
51, 0.14-0.32, and 0.19-0.33). These complementary analyses
of the surface water Ti/X ratios confirm the anthropogenic
Ti emission from the Industrial Effluent and WWTP sites in
October 2017. This demonstrates that the Ti measured in the
surface waters downstream of the confluence resulted from the
transport of anthropogenic material, not just the re-suspension
of natural Ti in the sediment.

Using this data, the contribution of anthropogenic TiO, to
the total Ti in the surface waters collected in October 2017 was
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estimated using Equation (1), as previously detailed in Loosli
et al. (2019) These estimations are based on the assumption
that all Ti measured above the background was in the form of

pure TiO,,
. Ti
|:Tlsample — Vsample (V) i| (1)
background

where [TiO2]anthropogenic 18 the estimated concentration of
anthropogenic TiO,, Tiym and TiOzzpv are the molar masses
(MM) of Ti and TiO;, Tigample and Vgmple are the total mass
concentrations, and Ti/V is the molar mass ratio of Ti to V.
The background Ti/V ratio was calculated using the average
Ti/V ratios measured at the three upstream sampling locations
(i.e., km —5.6, —1.6, —0.2). For the Industrial Effluent and
WWTP sites along the drainage canal, estimated TiOzanthropogenic
concentrations were 209 and 411 pg/L, representing 94 and
95% of the measured total Ti in the surface water, respectively.
As expected, the estimated TiOznthropogenic cOncentrations
downstream at the km 0 and km +1.8 sites were lower at 73 and
71 pg/L, representing 85 and 76% of the measured total Ti in the
surface water, respectively.

Beyond validating the origin of the TiO; release, evaluating
the size of the emitted particles is crucial for predicting their
transport, fate, and potential toxicity. The October 2017
surface waters were filtered to look for the presence of TiO,
in the particulate (>0.20 wm), colloidal (0.02-0.20 um), and

TiOxmm

[TiO2] ic = T
anthropogenic Tivos

dissolved and/or small nanoparticulate (<0.02 wm) fractions.
Filtration and elemental analysis were also performed for
the March 2018 samples, but due to low Ti concentrations
in the raw surface waters, Ti in the filtrates was below 2nM
and not quantifiable (results not shown). As shown in the
Figure4 inset, for the TiO, emitted from the Industrial
Effluent and WWTP and then transported to the confluence
at km 0, the majority of Ti was in the particulate form
(98.6, 99.8, and 94% for the three sites, respectively), with
a small contribution from the colloidal and dissolved
and/or nanoparticulate fractions (0.2-6%). Specifically, Ti
concentrations in the colloidal fraction were calculated to
be 1.8, 0.4, and 3.1 pg/L for the Industrial Effluent, WWTP,
and km O sites, whereas Ti concentrations measured in the
dissolved/nanoparticulate fraction were 1.5, 0.3, and 0.4 ug/L
for the respective sites. However, caution must be taken in
interpreting these results, as previous work has shown that
TiO, NMs can homo- and hetero- aggregate under river water
conditions to form pm-sized aggregates (Loosli et al., 2013;
Labille et al., 2015; Adam et al., 2016). Thus, the elemental
analysis of the filtrates performed here cannot be used to
distinguish between the presence of primary TiO, particles
>0.20um and aggregates containing primary TiO, particles
<0.20 pm.

Scanning electron microscopy (SEM) was used to visualize
potential anthropogenic TiO; particles collected on 0.20 pum filter
membranes from the Industrial Effluent and WWTP surface

Frontiers in Environmental Science | www.frontiersin.org 8

June 2020 | Volume 8 | Article 76


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Slomberg et al.

Manufactured TiO» Fate in River

600
NM2
500
NM1
400 4
>
> 300
|_
200 IE WWTP
100 km-1.6 1km +0.9 K +
Clay® | km-5.6 ikm+1.81km0
Quartz o km -0.2 i
Feldspare
0 T T T T T T T
Natural Upstream Downstream Industrial Manufactured
analogs zone NMs
60 B
55 ° NM2
50
45 ;
40 ¢ NM1
35—
— 154
= IE
—
[

1.0

054 WWTP

. km-5.6 km+1.8, kmO
] Quartz km-1.6 km +0.9 ; i
Feldspar km-0.2 i
Clay ® ]

00 T 1 1 T 1 T 1
Natural Upstream Downstream Industrial Manufactured
analogs zone NMs

600

5004 sNM2

400

300

200 NM1

100

(]
L
b
|_
2
IE
| ]
" km -0.2 -
™ -0.
_QUMZ km-5.6 |km+18i o WWTP
1 Fe\dspar. km-1.6 km +0.9 - &
Clay ® . a
Naturalll Upstrelam DowlnstreamI Indusltrial ! Manuflactured
analogs zone NMs
FIGURE 5 | Elemental analysis of surface waters from October 2017: Ratios
of Ti/X (X =V, Al, and Fe) showing anthropogenic inputs. IE, Industrial Effluent.
Error bars represent replicate sample digestions of the same sample (n = 3).

waters in October 2017. Although such an analysis remains
challenging due to the low amount of Ti and considerable
difficulty in providing statistically relevant data, it provided
information on the primary particle size and morphology.

The resulting SEM images revealed the presence of clusters
of spherical nanomaterials in the waters collected from the
Industrial Effluent and WWTP, with a shape and size consistent
of TiO; synthesized for industrial and commercial applications
(Figure 6) (Westerhoff et al., 2011). For the Industrial Effluent
(Figure 6A), the nanomaterials in the imaged cluster had a
primary particle size of 50 £ 13nm (1 image, n = 11
particles), whereas for the WWTP (Figure 6B), the primary
particle size was larger at 174 £ 43nm (1 image, n = 8
particles). Furthermore, both EDS spectra exhibited Ti K and
O K peaks, confirming that the particles were TiO,. Of note,
the presence of some P and Fe can be attributed to the
surrounding environment, while the large Al signal resulted from
the aluminum oxide membrane filter and the SEM pin stub.
Additional SEM images and EDS spectra of other regions on the
same 0.20 pm filter membranes also showed clusters of spherical
TiO, nanomaterials, with primary particle sizes of ~50-150 nm
(Figures S5-S7).

While Ti elemental analysis of the surface water fractions
suggested that >94% of the emitted TiO, particles were
>0.20 wm, primary TiO, particles observed with SEM were
<0.20pum, and should have passed through the 0.20 um
membrane pores during filtration. These results indicate that the
anthropogenic TiO; in the canal waters likely exists as aggregates
of nanomaterials, at least in the Industrial Effluent. However,
without further investigation it is not possible to discriminate
between aggregates of fused TiO, nanomaterials formed during
manufacturing from individual TiO, nanomaterials incorporated
in homo- or hetero-aggregates formed in the canal waters under
favorable ionic strength conditions (Loosli et al., 2013; Adam
etal,, 2016; Ilina et al., 2017; Slomberg et al., 2019). The formation
of TiO, NM homo-aggregates over hetero-aggregates in the canal
waters would only be probable if the NMs were present at a
far greater concentration compared to that of natural colloids
(Figure S8).

The significant differences in size of the TiO, particles
collected at the Industrial Effluent and WWTP in October 2017
may result from temporal variations in particle manufacturing
(production of nanomaterial and pigment), waste treatment,
and effluent emissions. Furthermore, the disparity between the
particles collected at the Industrial Effluent and the WWTP
is coherent with the fact that the effluents from the NM
manufacturing plant and the urban WWTP are unlikely to have
the same composition. Any NMs present in the industrial effluent
would be presumably composed of a mixture of unaged anatase
and rutile TiO, based on plant production schedules, while
those released in WWTP effluents most likely have a different
origin and come from aged by-products of paints and personal
care products (e.g., toothpaste, cosmetics) (Westerhoff et al.,
2011).

Environmental Exposure Implications: TiO2
Nanomaterial Release and Transport

The aggregation state of engineered nanomaterials in aqueous
environments is a crucial parameter for predicting their residence
time in the water column, their potential accumulation in the
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sediment layer, and determining which organisms are at risk
of exposure. In addition to the TiO, NM clusters observed
with SEM (Figure 6), the distributions of the measured Ti
concentrations in the sediments and surface water fractions
along the industrial drainage canal and river are also in support
of the presence of TiO, NM aggregates that sediment close
to the emission source. As evidenced in Figure 2, the TiO,
NMs accumulate in the canal sediment close to the sources
of the Industrial Effluent and WWTP discharge. Downstream
of the confluence, the measured NM accumulation was not
significant, with the TiO, detected at km +1.8 representing
only ~2% of that detected in the canal sediments near
the two sources. However, due to the non-negligible TiO,
background in the sediments (~5 mg/kg), minor changes in
accumulation can be difficult to verify with elemental analysis.
The presence and accumulation of anatase TiO, in sediments
at km +1.8 were thus confirmed by complementary XRD
analysis (Figure S3), further supporting that there is some
TiO, NM transport downstream even though the majority of
TiO, sedimentation occurs near the emission source. We also
evaluated the potential of epilithic organisms to accumulate Ti
by scraping them from sedimentary river rocks and analyzing
them for Ti concentration. These epilithic organisms (and
possible associated sediment remaining after rinsing) from both
October 2017 and March 2018 showed signs of significant Ti

accumulation near the source, with concentrations of 3.3-5.8,
15.4-53.6, and 9.8-11.8mg Ti/kg (dry weight) at km —5.6,
0, and +1.8. The Ti/V molar ratios of 53-68, 144-224, and
38-61 in the epilithic organisms at km —5.6, 0, and +1.8
also support an accumulation of anthropogenic Ti at km 0.
As primary producers, these epilithic organisms represent the
bottom of the trophic chain in the river ecosystem. Their TiO,
accumulation thus provides a potential exposure pathway for
primary consumers that feed on the sediments and subsequent
entry into the food web.

Here, the canal and river sediments were a strong indicator of
long-term NM accumulation, with similar TiO, concentrations
observed for October 2017 and March 2018 along the various
sites, including the Industrial Effluent, WWTP, and km 0. Yet,
the sediment TiO, concentrations were not sensitive enough to
provide information on real-time occurrence due to the difficulty
in distinguishing small changes from a high background. The
surface waters, having a low Ti background (3.4-7.0 pg Ti/L),
offered a better indication of NM pulse release and transport
mechanisms. As previously detailed, Ti concentrations in surface
waters in October 2017 and March 2018 varied significantly
(Figure 4), suggesting that NM emission in the canal was not
constant and that environmental conditions (e.g., canal and river
flow, seasonal dilution) may also play a role in NM detection.
In October 2017, more significant transport was observed in the
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surface water compared to what was revealed by the sediments.
Downstream of the confluence at km +1.8, 20-40% of the TiO,
detected at the emission sources remained in suspension. Thus,
the processes of NM aggregation, sedimentation, and transport
would likely continue further downstream of km +1.8. Indeed,
TiO, NM fate model predictions have found that significant
downstream transport is possible (Praetorius et al., 2012; Sani-
Kast et al., 2015).

CONCLUSIONS

The thorough characterization of the surface water and sediment
in a river next to a TiO, NM manufacturing plant highlighted
both the presence and transport of anthropogenic TiO, NMs in
the river ecosystem. Overall, the anthropogenic NMs exhibited
rapid sedimentation near the TiO, emission source, but transport
was still detected ~2km downstream. It was also evidenced
that the anthropogenic Ti transport occurred mainly via the
particulate fraction (>0.20pum) as aggregates in the water
column. Emissions into the surface waters were likely transient
due to industria/ WWTP management, but differences in
measured Ti concentrations could also result from contrasting
seasonal conditions in October 2017 and March 2018. Despite
differences in real-time surface water concentrations, long-
term anthropogenic TiO, accumulation was observed in the
sediments near the source of the treated industrial effluents, but
further work is needed to confirm the presence and distribution
of TiO, NMs in these sediments. Future studies should also
include additional sampling sites near the emission sources and
downstream to provide a more detailed and spatially resolved
understanding of the TiO, NM transport and sedimentation.
Sampling over several time periods will also be crucial for
evaluating the transient nature of the TiO, NMs detected in the
surface waters. The influence of these NMs on river organisms
should also be further evaluated, investigating the effects of the
TiO; NMs on several organisms in the trophic chain (primary
producers and consumers) using relevant concentrations and
considering pulse vs. chronic exposures.
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