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a b s t r a c t

Nanoparticulate mineral UV filters, such as titanium dioxide (TiO2) nanocomposites, are being increas-
ingly used in sunscreens as an alternative to organic UV filters. However, there is still a lack of under-
standing regarding their fate and behavior in aquatic environments and potential environmental impacts
after being released from a bather’s skin during recreational activities. In this work, we assessed the
release, fate, and transformation of two commercial nanocomposite TiO2 UV filters, one hydrophobic and
one hydrophilic, in ultrapure water and simulated fresh- and seawater. The hydrophobic TiO2 nano-
composite, T-SA, was coated with a primary Al2O3 photopassivation layer and a secondary stearic acid
layer, while the hydrophilic TiO2 nanocomposite, T-SiO2, was coated with a single SiO2 photopassivation
layer. The influence of the sunscreen formulation was examined by dispersing the TiO2 nanocomposites
in their typical continuous phase (i.e., oil for T-SA and water for T-SiO2) before introduction into the
aqueous system. After 48 h of aqueous aging and 48 h of settling, 88e99% of the hydrophobic T-SA
remained floating on top of the water column in all aqueous systems. On the other hand, 100% of the
hydrophilic T-SiO2 settled out of the water column in the fresh- and seawaters. With respect to the
photopassivation coatings, no loss of the T-SA Al2O3 layer was detected after aqueous aging, but 99e100%
dissolution of the SiO2 layer on the T-SiO2 nanocomposite was observed after 48 h in the fresh- and
seawaters. This dissolution left behind T-SiO2 by-products exhibiting a photocatalytic activity similar to
that of bare rutile TiO2. Overall, the results demonstrated that the TiO2 surface coating and sunscreen
formulation type drive environmental behavior and fate and that loss of the passivation layer can result
in potentially harmful, photoactive by-products. These insights will help guide regulations and assist
manufacturers in developing more environmentally safe sunscreens.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Regulations on sunscreen UV filters continue to evolve, as con-
cerns over potential adverse effects on human and environmental
health are still emerging, especially with regard to organic (e.g.,
oxybenzone, octinoxate) UV filters (Narla and Lim, 2020;
Rodríguez-Romero et al., 2019). Organic UV filters have already
been shown to exhibit endocrine disrupting capabilities (Schlumpf
et al., 2004), and the US Food and Drug Administration (FDA) has
called for additional safety assessments of 12 common organic fil-
ters after recent studies demonstrated their systemic absorption in
the human body following sunscreen application (U.S. Food and
e by Bernd Nowack.
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Drug Administration, 2019; Matta et al., 2019; Matta et al., 2020).
Furthermore, several governments (e.g., US states of Hawaii and
Florida (Key West), US Virgin Islands, Palau, Bonaire, Mexico) have
approved legislation banning the sale of sunscreens containing
oxybenzone and/or octinoxate due to their reported detrimental
effects on aqueous environments and potential for bleaching of
coral reefs (Schneider and Lim, 2019a; Balmer et al., 2005; DiNardo
and Downs, 2018; Gago-Ferrero et al., 2012). Mineral UV filters,
specifically titanium dioxide (TiO2) and zinc oxide (ZnO), offer an
alternative to organic UV filters, with the US FDA and European
Scientific Committee on Consumer Safety (SCCS) authorizing their
use in sunscreens at concentrations of up to 25% when applied to
healthy skin (U.S. EPA, 2010; SCCS, 2012; SCCS, 2014). Both TiO2 and
ZnO are capable of reflecting and absorbing UV radiation, andwhile
ZnO has a broad, flat absorption curve across the UVA-UVB spec-
trum, TiO2 offers better UVB (290e320 nm) protection and a UVA
(320e400 nm) protection that depends on particle size (Smijs and
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Pavel, 2011; Schneider and Lim, 2019b). However, the possible
photocatalytic activity, toxicity, and environmental fate and impact
of these approved mineral UV filters still require further investi-
gation, particularly for the nanoparticulate forms (Labille et al.,
2020a; Hanigan et al., 2018).

Nanoparticulate TiO2 UV filters are already used in many com-
mercial sunscreens due to their improved sun protection and aes-
thetics compared to their micron-sized counterparts. While
effective at UV absorption, TiO2 is also known for its photocatalytic
properties. Under UV radiation, TiO2 can generate reactive oxygen
species (ROS) such as �OH, 1O2, and O2

��, which are capable of
degrading organic molecules and may also damage skin and even
environmental biota (Li et al., 2012; Sendra et al., 2017a; Sendra
et al., 2017b; Kumar and Bansal, 2013). For this reason, the less
photocatalytic rutile TiO2 form is preferred over the highly photo-
catalytic anatase form in cosmetic formulations (Fujishima et al.,
2008). To further prevent unwanted photo-induced reactions and
protect the consumer’s skin, the rutile TiO2 core is commonly
coated with an inert mineral layer (e.g., Al2O3 or SiO2) (Jang et al.,
2016; King et al., 2008). A second coating (e.g., poly-
dimethylsiloxane (PDMS), stearic acid) may also be added to the
TiO2 nanocomposite to enhance the UV filter dispersion in the
sunscreen, depending on the type of formulation (Auffan et al.,
2010; Catalano et al., 2020a). Hydrophilic UV filters are preferen-
tially dispersed in the sunscreen water phase, while those that are
hydrophobic favor the oil phase (Faure et al., 2013; Semenzato et al.,
1994). Moreover, sunscreen manufacturers use either an oil-in-
water or water-in-oil emulsion in order to achieve the desired
texture, feel, and water resistance of the formulation, and it is
reasonable to expect that they may exhibit contrasting environ-
mental fates. Thus, consideration of the sunscreen formulation type
as well as the TiO2 particle coating will be crucial for assessing the
environmental impacts of nanoparticulate UV filters, as the various
sunscreen components (e.g., oils, emulsifying agents, thickeners)
may influence their release, behavior, and fate in aqueous envi-
ronments (Tovar-S�anchez et al., 2019; Catalano et al., 2020b).

Several researchers have already investigated the real-time
occurrence of sunscreen TiO2 UV filters in fresh- and seawaters
during recreational activity (Gondikas et al., 2014; Reed et al., 2017;
Tovar-S�anchez et al., 2013; Labille et al., 2020b; Gondikas et al.,
2018; Rand et al., 2020). Increases in Ti-containing particles in
freshwaters were observed during the summer season, indicating
TiO2 UV filter inputs at mg/L concentrations (Gondikas et al., 2014;
Reed et al., 2017; Gondikas et al., 2018). Overall, these studies
suggest that TiO2 UV filters released into freshwaters have a rather
short residence time (i.e., hours to a few days) in the water column
before agglomerating and sedimenting due to the presence of
cations in the natural waters that reduce electrostatic repulsions
between particles, although TiO2 UV filter behavior will also be
dependent on environmental conditions (e.g., hydrological
changes) (Rand et al., 2020; Botta et al., 2011). On the other hand,
TiO2 UV filters released into seawaters were concentrated in the top
surface layer at 38e900 mg/L Ti (Tovar-S�anchez et al., 2013; Labille
et al., 2020b), likely due to associations with hydrophobic sun-
screen components remaining at the air-water interface. While
recent analytical developments have improved our ability to detect
and differentiate anthropogenic particles from natural colloids in
fresh- and seawaters (Gondikas et al., 2018; Loosli et al., 2019;
Slomberg et al., 2020a), knowledge on the environmental fate and
persistence of nanoparticulate TiO2 UV filters released from sun-
screens during recreational activity is still lacking.

Fundamental questions remain to be addressed regarding the
release of nanoparticulate TiO2 UV filters into natural aqueous
systems, including their residence time in the water column with
2

relation to surface coating and sunscreen formulation type, any
transformation and loss of their photopassivation coating, and how
the aged residuesmay impact environmental biota. In response, the
aims of our study were (1) to evaluate the dispersion of two
different commercial nanoparticulate TiO2 UV filters, one hydro-
phobic and one hydrophilic, into simulated fresh- and seawater; (2)
to determine the stability and fate of these nanoparticles in the
water column; (3) to evaluate the resistance of the corresponding
photopassivation layer to aqueous aging; and (4) to assess the po-
tential for ROS generation from the aged nanoparticulate by-
products. Of note, since a hydrophobic and a hydrophilic UV filter
were compared here, different protocols were adapted based on
their respective behaviors to answer these questions. Through
these investigations, our goal was to further evaluate the potential
environmental impacts of nanoparticulate TiO2 UV filters and their
use as an alternative, and provide key data necessary for guiding
the development of safe(r)-by-design sunscreens and consumer
products (Labille et al., 2020a).
2. Materials and methods

2.1. Preliminary dispersion test of commercial sunscreens

The propensity for a commercial sunscreen to disperse in the
aqueous environment cannot be predicted from the information on
the label, as it does not reflect the type of emulsion. To evaluate the
character of sunscreens containing TiO2 UV filters, we assessed the
dispersion of four commercial sunscreens in both water and
ethanol. Well-known brands currently on the European market
(i.e., Nivea Sun, Mixa, Av�ene, and Acorelle) with high sun protection
factor (SPF) values (SPF �50) were selected for this test. The
experimental details and images of the resulting dispersions are
given in Supplementary Material Experimental S1 and Figure S1,
respectively. We assumed that sunscreens that dispersed well in
water were oil-in-water emulsions, while those that dispersed only
in ethanol were water-in-oil emulsions. Of the four tested sun-
screens, two dispersed only in water and the other two dispersed
only in ethanol. As this test was limited to only four commercial
products, these results cannot be used to provide a statistical rep-
resentation of emulsion types on the market. Nevertheless, it
confirmed that both emulsion types are present on the market and
that their contrasting behaviors must be accounted for when
assessing sunscreen environmental fate.
2.2. Commercial nanoparticulate TiO2 UV filter characterization

Two different nanoparticulate TiO2 UV filters commercially
available from Merck, one hydrophobic and one hydrophilic, were
provided as dry powder samples by themanufacturer for this study.
The hydrophobic filter, Eusolex® T-S, here referred to as T-SA, is
composed of a rutile TiO2 core, coated with a primary Al2O3 pro-
tective layer and a secondary stearic acid layer. The hydrophilic UV
filter, Eusolex® T-AVO, here referred to as T-SiO2, is also composed
of a rutile TiO2 core and is coated with a SiO2 protective layer. These
nanoparticulate TiO2 UV filters were selected based on their
continued presence on the market, their use as reference materials
in several previous studies (Couteau et al., 2008; Lewicka et al.,
2011; Lewicka et al., 2013; Couteau and Coiffard, 2015), and their
similarity to TiO2 UV filters evaluated by the European SCCS (SCCS,
2014).

To verify the elemental compositions of the T-SA and T-SiO2
nanoparticles (NPs), 300 mg of the powder was heated stepwise to
920 �C. The percent composition of organic matter was determined
by loss on ignition. A conventional tetraborate alkaline fusion was
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then performed on the heated residues, followed by analysis with
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, PerkinElmer 4300 DV) to determine Ti (336.121 nm), Al
(396.152 nm), and Si (251.611 nm) concentrations which were then
converted to % TiO2, Al2O3, and SiO2. Details on the loss on ignition
and alkaline fusion procedures can be found in Supplementary
Material Experimental S2.

The rutile mineralogy and crystallite size of the particles were
confirmed by X-ray diffraction (XRD) using a PANalytical X’Pert PRO
(Limeil-Brevannes, France). Size and morphology of the particles
were evaluated with dynamic light scattering (DLS, Zetasizer Nano
ZS, Malvern) and a Hitachi SU 9000 Ultra-high Resolution scanning
electron microscope (SEM). For size evaluation using DLS, the
nanoparticulate UV filters were dispersed in their typical sunscreen
phase (i.e., oil for the hydrophobic T-SA and ultrapure water for the
hydrophilic T-SiO2). The oil phase, a mixture of commercial emol-
lients and an emulsifier (containing an alkylpolyxyloside and
polymer surfactant), consisted of a 2:2:1 ratio of Tegosoft® P
(Evonik), Cetiol® LC (BASF), and Easynov (SEPPIC™), respectively
(Catalano et al., 2020a). The zeta potential of the T-SiO2 particles
was also measured with the Zetasizer Nano ZS in a 1 mM NaCl
solution at pH 7.4.

2.3. Aqueous solutions

All synthetic solutions were prepared with ultrapure water
(Merck-Millipore, Milli-Q® purification system, �18.2 MU-cm,
TOC � 3 ppb, ionic strength < 0.02 mM) unless otherwise noted.
The simulated freshwater and seawater used in this study were the
commercially-available Cristaline® (Source de la Doye, pH 7.5, ionic
strength ~5.8 mM) and Instant Ocean® artificial seawater (pH 8.2,
ionic strength ~575 mM), respectively (Slomberg et al., 2020b). To
evaluate the potential effects of pH and salinity on NP aging, ul-
trapure water was adjusted to pH 8 using 1 mM NaHCO3.

2.4. Aging of nanoparticulate TiO2 UV filters in aqueous solution

Before aqueous aging, the T-SA or T-SiO2 NPs were first
dispersed in their respective oil (i.e., mixture of emollients and
emulsifier previously described) or water sunscreen phase at 50 g/L
to represent a typical sunscreen containing 5% TiO2 and magneti-
cally stirred overnight (500 rpm) (Botta et al., 2011). Of note,
maximum NP dispersion was achieved at 500 rpm, as additional
increases in agitation speed and sonication did not further reduce
the NP size distribution. The aging was then performed by injecting
2 mL of the TiO2 NP suspension into either 248 mL of ultrapure
water, freshwater (Cristaline®), or artificial seawater (Instant
Ocean®) for a NP concentration of 400mg/L in each system. This NP
concentration was selected to represent a maximum localized
release scenario during recreational activity for one bather after
whole-body application of ~16 g of a 5% TiO2 sunscreen (Ficheux
et al., 2016) and ensure sufficient material for analysis based on
previous work (Labille et al., 2010). The suspensions were
magnetically stirred (300 rpm) over 48 h under artificial daylight
(HQI-BT lamp OSRAM, E40, 400 W, irradiance ¼ 0.8 mW/cm2)
(Ramalho et al., 2002). Using this artificial daylight source, the daily
dose of ~69 J/cm2 was similar to the average daily personal expo-
sure (~50 J/cm2) previously reported by Romanhole et al. (2016)
Aqueous aging was also performed in the dark under the same
conditions by covering the reaction flasks with aluminum foil. For
the samples aged under artificial daylight, an appropriate volume of
ultrapure water was added after 6, 24, and 48 h of aging to
compensate for any evaporation. The temperature was monitored
for all samples and remained between 21 and 23 �C over the course
of the experiment. Blank samples (i.e., ultrapure, freshwater, and
3

seawater without added TiO2 NPs) were also aged under the same
conditions.

2.5. Dispersion and fate of nanoparticulate TiO2 UV filters

Samples (10 mL) of each aqueous phase were collected from the
center of the reaction flask while stirring at 30 min, 3 h, 6 h, 24 h,
and 48 h to evaluate the presence of the TiO2 NPs in the aqueous
phase over time via elemental analysis. Additionally, laser diffrac-
tion (Mastersizer 3000, Malvern) measurements were immediately
performed on each T-SiO2 sample to investigate the particle size
distribution over time. Of note, the size distribution of T-SA NPs in
the aqueous phase was not determined using laser diffraction due
to the inability to completely distinguish the NPs apart from
emulsified oil droplets. After 48 h of sample aging, the agitationwas
stopped and the aged TiO2 by-products were allowed to settle for
48 h in the reaction flask.

Once the 48 h settling time was complete, the top oil surface
layer (T-SA samples only), the aqueous (colloidal) phase, and the
sediment were separated to determine the fate of the TiO2 NPs. The
top oil surface layer (~0.25 cm) was gently removed where appli-
cable, followed by the aqueous phase. The aged by-products in the
sediment were then collected via a centrifugation and wash pro-
cedure. The sedimented T-SA particles were separated from other
oil phase components by extraction with hexanes, then washed
twice with absolute ethanol (1 h, 2675g) and dried. The sedimented
T-SiO2 particles were washed twice with absolute ethanol (1 h,
2675g) and dried. All liquid and solid samples were subjected to
total decomposition using microwave-assisted acid digestion
(UltraWAVEmicrowave acid digestion system, Milestone Inc.)
before being analyzed for Ti content by ICP-AES. Details on the acid
digestion procedure can be found in Supplementary Material
Experimental S3. This data was used in combination with the
elemental compositions to calculate the % NP in each compartment
relative to the amount of NP injected. The % T-SA NP remaining in
the top oil surface layer was estimated by subtracting the amount of
T-SA NP in the aqueous phase and sediment from the initial amount
injected.

2.6. Evaluation of coating stability

Degradation of the Al2O3 and SiO2 protective layers of the T-SA
and T-SiO2 NPs, respectively, was monitored by analyzing the
concentration of Al or Si species (<2 nm) released into the waters
during the aging process. Aliquots (4 mL) of the aqueous phase
were recovered at 3 h, 6 h, 24 h, and 48 h and centrifuged with
Amicon® Ultra-410 K centrifugal filter devices (10 000MWCO, size
retention limit ~ 2 nm, Merck-Millipore) at 4000g for 1 h to sepa-
rate the aged TiO2 NPs from the solution. The recovered filtrates
were then analyzed for Al or Si with ICP-AES as an indication of
degradation and loss of the protective photopassivation layer.
Having already shown in Slomberg et al. (2020b) that dissolution of
the SiO2 protective layer on the T-SiO2 particles is possible during
aqueous aging, we sought to further understand the kinetics of the
coating degradation and the effects of pH and ionic strength. Thus,
the concentration of released Si species was also measured in ul-
trapure water with no pH adjustment (pH ~6), ultrapure water
adjusted to pH 8 (1 mM NaHCO3), and freshwater (pH 7.5, ionic
strength ~5.8 mM) over 7 days in the dark, with aliquots taken at 1,
3, 5, and 7 days.

The effects of degradation on particle surface charge were also
investigated by measuring the zeta potential of the T-SiO2 by-
products after aging in ultrapure water, freshwater, and seawater.
The aged T-SiO2 NPs recovered in the aqueous phase or the sedi-
ment after 48 h aging and 48 h settling were re-suspended in 1mM
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NaCl (100 mg/L), the pH was adjusted to pH 2, 4, or 6 with HCl, and
the zeta potential wasmeasured using aMalvern Zetasizer Nano ZS.
Zeta potentials of the pristine T-SiO2 and the TiO2 core (recovered
after complete dissolution of the SiO2 layer at pH 13 for 5 days)
were also evaluated as a reference.

2.7. Photocatalytic activity of aged nanoparticulate T-SiO2

A rhodamine degradation test was performed to provide insight
on the potential for the aged T-SiO2 particles to form ROS upon
exposure to daylight (Aarthi and Madras, 2007). Rhodamine
organic dyes (e.g., rhodamine 6G, rhodamine B) have a high molar
absorptivity in the visible spectrum, however in the presence of
ROS, the rhodamine molecules can be degraded, no longer capable
of absorbing light. Thus, a decrease in rhodamine concentration
(compared to controls) in the presence of TiO2 and under daylight
conditions is associated with ROS generation. Of note, as this test
requires the complete dispersion of the NPs in the aqueous phase,
only the hydrophilic T-SiO2 particles (i.e., pristine and freshwater-
aged) were evaluated. The freshwater-aged T-SiO2 particles tested
here were those recovered after 48 h of aging under daylight and
48 h of settling, followed by washing with ethanol and drying. As a
comparison, rhodamine (Rhodamine 6G, Sigma-Aldrich) degrada-
tion was also analyzed in the presence of two commercial refer-
ences, the highly photocatalytic Evonik P25 TiO2 NPs (80% anatase,
20% rutile, 25 nm) and the less photoreactive 100% rutile Nano-
Amor TiO2 NPs (5e30 nm). Briefly, the TiO2 particles (25 mg/L TiO2)
were first dispersed in ultrapure water with 2.5 mg/L rhodamine
and allowed to equilibrate in the dark for 30 min under stirring
(500 rpm) to account for any rhodamine adsorption to the particle
surface. After this equilibration time, aliquots were removed to
determine the rhodamine present in solution at the 0 min time
point, just before exposing the samples to artificial daylight. To
begin the rhodamine degradation test, the samples were then
stirred (500 rpm) under artificial daylight (HQI-BT lamp OSRAM,
E40, 400W, irradiance¼ 0.8mW/cm2) with aliquots removed at 90,
180, and 240 min. The collected samples were immediately
centrifuged (6000 rpm, 10 min) to separate the TiO2 NPs from the
supernatant and the UVevisible absorbance of the supernatant was
measured from 190 to 600 nm with a JASCO V-650 UVeVis spec-
trophotometer. The rhodamine C/C0 was calculated at each time
point using the rhodamine maximum absorbance peak at 528 nm.

3. Results and discussion

3.1. T-SA and T-SiO2 nanocomposites exhibit contrasting properties

The two nanoparticulate TiO2 UV filters, both produced by the
same manufacturer, were composed of ~80 wt% TiO2, confirmed to
be rutile with XRD (Supplementary Material Fig. S2). In agreement
with the composition reported by the manufacturer, the T-SA pri-
mary protective layer consisted of 7.8 ± 0.4 wt% Al2O3 and the
secondary organic (i.e., stearic acid) layer represented 15.6 ± 0.2 wt
% of the nanocomposite. As expected, the protective layer of the T-
SiO2 NPs was composed of 16.8 ± 0.1 wt% SiO2 (Slomberg et al.,
2020b). However, the loss on ignition analysis also revealed the
presence of organic material (3.6 ± 0.7 wt%) on the T-SiO2 nano-
composite surface, possibly a contamination from manufacturing
processes. With scanning electron microscopy (SEM), the T-SA and
T-SiO2 nanocomposites were shown to be of similar width (i.e.,
15e20 nm), but the T-SA NPs were slightly longer at 60e100 nm
versus 30e80 nm for the T-SiO2 (Supplementary Material Fig. S3).
The crystallite sizes of the T-SA and T-SiO2 NPs determined with
XRD were 11.4 and 19.2 nm, respectively. When dispersed in their
respective sunscreen phase (i.e., oil for T-SA and water for T-SiO2),
4

the NPs exhibited differences in hydrodynamic size and dispersion.
As previously detailed by Catalano et al. (2020a), although the
hydrophobic T-SA was dispersed in an oil phase, the size distribu-
tion was bi-modal with peaks at 282 and 1373 nm, indicating the
presence of aggregates. On the other hand, the T-SiO2 was well-
dispersed in the ultrapure water, with a main peak size of
353 nm. The hydrophilic T-SiO2 nanocomposites had a zeta po-
tential of �38.3 ± 0.5 mV (pH 7.4, 1 mM NaCl), resulting in elec-
trostatic repulsion between the T-SiO2 NPs in the water phase, and
leading to improved dispersion. Indeed, silica surfaces are known to
exhibit a highly negative surface charge due to the presence of
surface silanol groups, with a zeta potential of �35 to �50 mV
between pH 6 and pH 10 (Metin et al., 2011). A summary of these
physico-chemical characterization data can be found in
Supplementary Material Table S1. Overall, the similar rutile TiO2
core composition and comparable sizes of the T-SA and T-SiO2
nanocomposites made it possible to effectively study the influence
of the hydrophobic and hydrophilic surface properties on the
nanocomposite fate and behavior in aqueous environments.
3.2. Hydrophobic and hydrophilic TiO2 UV filters follow different
fate scenarios in water column

Fig. 1A shows the compartmentalization of the T-SA and T-SiO2
NPs between the top oil surface layer (T-SA only), the aqueous
(colloidal) phase, and the sediment after 48 h of aging under
daylight and 48 h of settling in either ultrapure, freshwater, or
seawater. The T-SANPs did not readily enter thewater column, with
91.8, 88.4, and 99.9% remaining in the oil surface layer that formed
on top of the ultrapure, freshwater, and seawater phases, respec-
tively. A small percentage of hydrophobic T-SA (1.4e1.6%) remained
in the aqueous phase in the ultrapure water and freshwater sys-
tems. Furthermore, 6.8 and 10.0% of the injected T-SA NPs were
recovered in the sediments of the ultrapure water and freshwater
systems, respectively, demonstrating that the majority of the T-SA
entering the aqueous phase was unstable. Due to the presence of
emollients and an emulsifier in the sunscreen oil phase, the hy-
drophobic T-SA NPs were able to enter the ultrapure and fresh-
waters through emulsified oil droplets, creating an oil-in-water
emulsion (Marti-Mestres et al., 1997). Once the agitation was
stopped after 48 h of aging and the systems were allowed to settle,
the fate of the emulsified T-SA-containing oil droplets was likely
governed by a combination of coalescence and sedimentation
phenomena. Coalescence of the T-SA containing oil droplets could
result in the transfer of the T-SA NPs back into the top oil layer
(Andr�e et al., 2003). On the other hand, the T-SA containing oil
droplets could also agglomerate and sediment, as a result of charge
neutralization and/or hydrophobic interactions between the
emulsifier components, emollients, and T-SA NPs (Loosli and Stoll,
2017; Skoglund et al., 2013). In the seawater system, minimal T-
SA (<1%) was detected in the aqueous phase and sediment, sug-
gesting that the T-SA NPs were not able to readily enter the
seawater through emulsified oil droplets. Indeed, repulsive elec-
trostatic interactions at the oil-water interface have been shown to
increase with salinity, and the seawater used here had an ionic
strength of ~575 mM, 100� greater than that of the freshwater
(Park et al., 2008).

In contrast, the hydrophilic T-SiO2 NPs completely dispersed
into each of the three aqueous phases (i.e., ultrapure, freshwater,
seawater), yet after the 48 h of aging and 48 h of settling, differ-
ences in dispersion stability were observed depending on thewater
type (Fig. 1A). The Ti elemental analysis results revealed that 43% of
the T-SiO2 NPs were stable in the ultrapure water, while the other
57% had sedimented. The highly negative charge of the silica



Fig. 1. (A) Percent of T-SA and T-SiO2 particles in top oil surface layer, aqueous phase (colloidal), and sediment after 48 h aqueous aging under daylight and 48 h settling in ultrapure
water (UP), freshwater (FW), and seawater (SW). (B) Kinetics of T-SA NP dispersion into aqueous phase over time under daylight conditions.
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surface at the pH of ultrapure water (pH ~ 6) (Metin et al., 2011),
and electrostatic repulsions should have resulted in stability of the
dispersion. However, some T-SiO2 homo-aggregation and sedi-
mentation still occurred, likely due to aggregates present in the
initial suspension. In the freshwater (0.5 mM NaCl, 1.6 mM CaCl2)
and seawater (400 mM NaCl, 8 mM CaCl2), the T-SiO2 NPs were not
stable in the water column, with complete sedimentation observed
after 48 h of settling. As previously demonstrated for both SiO2 and
TiO2 NPs (Praetorius et al., 2014; Keller et al., 2010; Topuz et al.,
2014; Thiagarajan et al., 2019), the cations (e.g., Naþ, Ca2þ) pre-
sent in these abiotic aqueous systems were capable of shielding the
NP negative surface charge, thus reducing electrostatic repulsions
and promoting homo-aggregation and sedimentation. However, it
should be noted that at high NaCl concentrations (e.g.,
200e500 mM), such as those in seawater, the TiO2 NPs can rapidly
form large, but loosely suspended homo-aggregates that may
remain suspended and mobile in the environment for several mi-
nutes (e.g., 45 min) before sedimenting (Hsiung et al., 2016). Alto-
gether, the results shown in Fig. 1A suggest that in natural aqueous
environments (e.g., fresh and seawater) the T-SA NPs will tend to
remain floating on top of the water column, while the T-SiO2 NPs
will sediment. This behavior was not related to the presence of
daylight, as the same trends were observed for the T-SA and T-SiO2
allowed to age and settle in the dark (Supplementary Material
Fig. S4).

To better understand the final fate scenario of the NPs in the
different phases presented in Fig. 1A, the state of T-SA and T-SiO2
NP dispersion in the aqueous phase was investigated over the 48 h
of aging leading up to the 48 h settling period. Although the ma-
jority (88e99%) of the T-SA NPs remained in the top oil layer after
48 h of aging and 48 h of settling, the kinetics of T-SA NP dispersion
into the aqueous phase during aging under daylight conditions was
monitored at 30 min, 3 h, 6 h, 24 h, and 48 h to provide further
insight into T-SA behavior in aqueous environments (Fig. 1B). The
largest amount of T-SA NP transfer into the aqueous phase was
noted for the freshwater system, with 53.6 mg/L T-SA NP detected
after 6 h of aging. This concentration represented 17.4% of the total
T-SA NP amount injected into the system (~309 mg/L) as deter-
mined using elemental analysis. In the ultrapure water, transfer of
the T-SA NPs into the aqueous phase from the top oil layer was
slower and the maximum concentration of ~38.5 mg/L T-SA NP
(12.5% of T-SA injected) was not observed until 48 h of aging. The
transfer of T-SA NPs into the seawater was even lower, as expected
5

based on the results from Fig.1A, with only 0.9% of the injected T-SA
(2.8 mg/L T-SA NP) present in the aqueous phase after 48 h. As
previously stated, the T-SA NPs can enter the ultrapure water and
freshwater through emulsified oil droplets. The faster dispersion
kinetics of the emulsified T-SA containing oil droplets into the
freshwater compared to the ultrapure water seen here is likely
related to oil droplet formation and stability as a function of
salinity. For example, previous studies have demonstrated the
enhanced formation and electrostatic stabilization of polymer-
surfactant complexes (i.e., emulsified oil droplets) in water after
the addition of up to 100 mMmonovalent salts (Andr�e et al., 2003;
Binks et al., 2006; Mya et al., 2003; Fundin et al., 1996). Further-
more, the aqueous phase T-SA NP concentrations at 48 h of aging,
just before the agitationwas stopped, compared to the T-SA NP fate
in the different compartments (i.e., top oil layer, aqueous, sedi-
ment) after 48 h of settling, provided insight as to the tendency of
the T-SA NP containing oil droplets toward coalescence back into
the top oil layer or toward aggregation and sedimentation. After
48 h of aging in the ultrapure water system, 9.6 mg of T-SA were
present in the aqueous phase, however, after 48 h of settling, only
6.2 mg T-SA were recovered in the aqueous phase and the sedi-
ment, suggesting that ~35% of the T-SA coalesced back into the top
oil layer. Conversely, none of the 7.8 mg T-SA present in the
freshwater system at 48 h coalesced back into the top oil layer, with
the majority of the T-SA containing oil droplets aggregating and
sedimenting. In the seawater, 95% of the 0.7mg T-SA present at 48 h
coalesced back into the oil layer after settling. Therefore, these re-
sults demonstrate the crucial role that salinity plays in the disper-
sion as well as final fate of the hydrophobic T-SA NPs. Similar trends
were also observed for T-SA NPs aged in the dark (Supplementary
Material Figure S5).

On the other hand, the hydrophilic T-SiO2 NPs easily and
completely dispersed in all three of the aqueous systems. To gain
further understanding as to the aggregation state of the T-SiO2 NPs,
the volume-based size distribution was measured after 30 min of
aging in the ultrapure water, freshwater, and seawater under
daylight conditions using laser diffraction (Fig. 2). The T-SiO2 size
distributions were multi-modal in all of the aqueous systems, but
freely-dispersed, non-aggregated nanoparticles were only present
in the ultrapure water, as illustrated by the prominent peak
centered around 0.15 mm. A significant contribution of small T-SiO2
aggregates between ~0.2 and 1 mm was also observed. Due to the
presence of cations in the freshwater and seawater and their ability



Fig. 2. T-SiO2 volume-based size distribution in ultrapure (blue), freshwater (red), and
seawater (green) after 30 min under light conditions. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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to screen the NP negative surface charge, the T-SiO2 NPs formed
large (>1 mm) homo-aggregates. No further changes in the T-SiO2
size distributions were observed over the 48 h duration of aging
(data not shown). The presence of both freely-dispersed and
aggregated T-SiO2 NPs in the ultrapure water after aging explains
their contrasting fates in the aqueous phase (43%) versus the
sediment (57%) after the 48 h of settling. The influence of T-SiO2
aggregation state was even more evident in the freshwater and
seawater systems, where the presence of only larger aggregates led
to 100% sedimentation after 48 h of settling. Thus, in natural
aqueous environments, the T-SiO2 NPs will either homo-aggregate
(assuming a high localized concentration) or hetero-aggregate with
natural suspended matter and settle out of the water column.
3.3. Estimated TiO2 mass flow from a single bather can vary with
particle coating

The environmental implications of these contrasting fate sce-
narios were considered by estimating the mass flow of nano-
particulate TiO2 UV filters released into an aqueous environment
from one bather after sunscreen application. Taking into account
the whole-body application of ~16 g of a 5% TiO2 sunscreen, and a
50% skin retention factor, 400 mg of TiO2 would be locally released
per bather (Botta et al., 2011; Ficheux et al., 2016; Danovaro et al.,
2008). Fig. 3 shows how this mass of TiO2 would then be distrib-
uted between the top surface layer, the water column, and the
sediment.

The majority of the hydrophobic T-SA NP UV filters were shown
to remain stable in the sunscreen oil phase, floating at the air-water
interface. As shown in Fig. 3, 42 mg of the 400 mg of hydrophobic
TiO2 NPs leaving the bather’s skin may enter the aqueous phase in
freshwater conditions, but in seawater that mass would only be
4mg due to the increased salinity. Concerning the final fate of these
hydrophobic NPs, 40 mg would be deposited in the freshwater
sediment, but in seawater the original 400 mg would remain
floating in the top surface layer at the air-water interface. This UV
6

filter fate in the water top surface layer also implies a higher local
NP concentration. Indeed, the temporary accumulation of TiO2 UV
filters at the air-water interface has already been observed in field
samples from recreational lakes and seawaters (Labille et al.,
2020b; Gondikas et al., 2018), suggesting that hydrophobic TiO2
NPs may undergo increased transport from their point of release,
depending on environmental conditions (e.g., wind, flow). From an
exposure perspective, the higher environmental concentrations of
UV filters expected to be floating at the surface of recreational
waters could lead to a higher associated risk if they come into
contact with living organisms.

Conversely, the hydrophilic T-SiO2 NPs were shown to imme-
diately disperse in both the fresh- and seawater and were unstable
in the water column, with rapid salt-induced homo-aggregation
and complete sedimentation within 48 h. Thus, the 400 mg of hy-
drophilic TiO2 NPs released from a single bather into freshwater or
seawater would disperse completely and eventually deposit in the
sediment (Fig. 3). In natural aqueous environments, the residence
time of hydrophilic TiO2 NPs in thewater column is likely to be even
shorter due to hetero-aggregation with natural suspended matter
and subsequent sedimentation (Slomberg et al., 2019; Adam et al.,
2016; Labille et al., 2015). The estimated mass flow of hydrophobic
and hydrophilic TiO2 NPs in ultrapure water is also shown in Fig. 3
to represent the possible fate in waters with low salinity. While the
mass flow of the hydrophobic NPs would be minimally impacted,
~172 mg of the hydrophilic NPs could remain stable in the water
column instead of sedimenting, potentially changing the exposure
scenario.

3.4. Aging can impact particle coating integrity

The physical fate of the nanoparticulate UV filters in the water
column is an important consideration for potential exposure, but
the evaluation of aqueous aging of the TiO2 particle coating(s),
especially the photopassivation layer, is also crucial for determining
any potential environmental effects and evaluating risk. While the
stability of the T-SA stearic acid coating during aging was not
explored in this work, 88e99% of the T-SA remained in the oil phase
layer, suggesting that the stearic acid coating was retained. Signif-
icant loss of the stearic acid layer would have exposed the hydro-
philic Al2O3 layer and promoted NP dispersion in the aqueous
phase. In addition, stearic acid has previously been shown to be
stable under UV irradiation in the absence of ROS generated from
non-passivated, photoreactive TiO2 (Mills and Wang, 2006). The
stability of the Al2O3 photopassivation layer on the T-SA NPs was
monitored indirectly by measuring dissolved Al (<2 nm) concen-
trations in the aqueous phase during the 48 h of aging. Since this
coating represents 7.8 wt% of the T-SA NP composition, complete
degradation of the Al2O3 layer and entry into the aqueous phase
would result in a maximum Al concentration of ~12.8 mg/L. If
degradation of the Al2O3 layer was only observed for the T-SA NPs
present in the aqueous phase (~31 and 39 mg/L for the ultrapure
and freshwater, respectively), maximum concentrations of
~1.3e1.6 mg/L Al would be expected after 48 h of aging. Over the
course of the aqueous aging, no Al was detected (data not shown)
under daylight conditions or in the dark in any of the aqueous
systems (i.e., ultrapure water, freshwater, seawater) with ICP-AES
(limit of quantification ~ 0.06 mg/L), signifying that the integrity
of the Al2O3 photopassivation layer was retained.

For the case of T-SiO2, previous work already demonstrated the
significant degradation of the SiO2 passivation layer after 48 h of
aging and 48 h of settling in both freshwater and seawater
(Slomberg et al., 2020b). However, an understanding of the kinetics
of the SiO2 layer dissolution was still lacking. As shown in Fig. 4A,
the increase in dissolved Si (<2 nm) concentration in the aqueous



Fig. 3. Estimated mass flow (mg) of nanoparticulate TiO2 UV filters (hydrophobic or hydrophilic) into ultrapure, freshwater, or seawater after release of 400 mg TiO2 from a single
bather following whole-body application of a 5% TiO2 sunscreen.
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Fig. 4. Release of Si from T-SiO2 coating into various aqueous solutions during aging A) under daylight conditions over 48 h and B) in dark over 7 days.

Fig. 5. Photocatalytic degradation curve of rhodamine solution in the presence of
photoreactive P25 TiO2, rutile NanoAmor TiO2, pristine T-SiO2, and freshwater (FW)-
aged T-SiO2 under daylight conditions.
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phase, indicating the loss of Si from the NP SiO2 coating, was rapid
in both the freshwater and seawater, with 5e6 mg/L Si measured in
the aqueous phase at 3 h, representing a ~16e18% loss of the pro-
tective SiO2 layer. The Si release from the T-SiO2 nanocomposite
into the fresh- and sea-waters continued as the aqueous aging
progressed, with 19e21 mg/L Si (i.e., 61e66% SiO2 coating degra-
dation) present after 24 h. After 48 h of aging, the protective SiO2
layer was almost completely degraded (99e100%), with ~30mg/L Si
measured in both the fresh- and sea-waters. However, in ultrapure
water, the SiO2 coating on the T-SiO2 nanocomposite was stable, as
no dissolved (<2 nm) Si was recovered in the aqueous phase over
the 48 h of aging. These trends in Si release were not related to
daylight exposure since the same trends were observed for T-SiO2
NPs aged in the dark (Supplementary Material Figure S6).

To further examine the relationship between pH, ionic strength,
and the duration of aging, the T-SiO2 NPs were aged in freshwater
(IS ¼ 5.8 mM, pH 7.5), a lower ionic strength solution of 1 mM
NaHCO3 (pH 8), and ultrapure water (pH ~6), out to 7 days in the
dark. As seen in Fig. 4B, after 7 days of aqueous aging in ultrapure
water, some Si release (~1 mg/L) was observed, but this loss still
only represented 3.1% of the SiO2 coating. When the T-SiO2 NPs
were aged in the low ionic strength 1 mMNaHCO3 solution at pH 8,
a pH similar to the freshwater, the Si release was ~10 mg/L after 7
days, representing a coating loss of 32%. This was in contrast to the
almost complete SiO2 coating degradation in the freshwater and
further supports an ionic strength accelerated dissolution mecha-
nism as previously described in Slomberg et al. (2020b)

Zeta potential (ZP) measurements were performed on the
pristine and aged T-SiO2 materials to assess changes in the iso-
electric point (IEP) related to any transformation of the particle
coating (Supplementary Material Table S2). Under the tested pH
conditions (pH 2e6), the pristine T-SiO2 zeta potential remained
negative (�16.5 to �36.6 mV), never reaching 0 mV, and thus
signifying an IEP less than pH 2. In contrast, the IEP of the rutile TiO2
core was between pH 4e6, which was consistent for IEP values
previously determined for SiO2 and rutile TiO2 materials, respec-
tively (Kim and Lawler, 2005; Ilina et al., 2017). The NPs aged in
ultrapure (UP) water and recovered in the aqueous phase or in the
sediment still retained some SiO2 character and an IEP less than pH
2, with ZP values (pH 2) of�1.1 and�7.2 mV, respectively. However
in the fresh- and sea-waters, with the loss of the SiO2 coating, the
NPs had more of the TiO2 surface exposed and the IEP was between
pH 2 and 4. These zeta potential measurements corroborate the
8

degradation and instability of the SiO2 coating revealed via
elemental analysis.
3.5. Loss of coating leaves behind photoactive by-products

During aqueous aging, the T-SA NPAl2O3 photopassivation layer
was retained under all tested conditions. As Al-based coatings (e.g.,
Al(OH)3 and Al2O3) on TiO2 NPs have already been shown to
effectively inhibit ROS generation (Jang et al., 2016; Auffan et al.,
2010), no further investigations on the photoreactivity of the
aged T-SA NP UV filters were carried out. However, with the
removal of the SiO2 photopassivation layer from the T-SiO2 NPs
aged in simulated fresh- and seawater, it is likely that the exposed
TiO2 NP core would lead to photoactive by-products. A rhodamine
degradation test was thus performed to evaluate the potential for
various bare and coated TiO2 NPs to form photoactive species upon
exposure to daylight as shown in Fig. 5. In the absence of TiO2 NPs,
the rhodamine was mostly stable under daylight conditions, with
~14% degradation observed after 240 min. The photoactive, un-
coated P25 TiO2 NPs were used as a positive control, and as ex-
pected, the rhodamine was almost completely degraded within
90 min. In contrast, the uncoated 100% rutile NanoAmor TiO2 NPs
were less photoactive compared to the P25, with ~48% rhodamine
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degradation from TiO2-induced ROS generation after 240 min.
When a SiO2 passivation coating was present on the rutile TiO2, as
was the case for the pristine T-SiO2 NPs, the TiO2-induced photo-
activity was significantly inhibited, with rhodamine degradation
reduced to ~18%. However, after this T-SiO2 NP was aged in simu-
lated freshwater and ~99% of the SiO2 coating was removed, up to
65% of the rhodamine was degraded, with kinetics comparable to
those observed for the bare 100% rutile NanoAmor TiO2. The FW-
aged T-SiO2 even exhibited increased rhodamine degradation
compared to the bare rutile NanoAmor TiO2, likely due to slightly
more ROS generation from the high aspect ratio, rod-shaped T-SiO2
NPs compared to the spherical NanoAmor TiO2 NPs (Dufour et al.,
2015; Yun et al., 2009; Ali Ahmad et al., 2012). These results sug-
gest that T-SiO2 NPs released into fresh- and seawaters will not only
lose their protective SiO2 coating, but will also become photoactive,
capable of generating ROS that may have detrimental impacts on a
variety of biota, including coral reefs (Sendra et al., 2017a; Miller
et al., 2012).
4. Conclusions

This work compared the fate and transformation of two nano-
particulate TiO2 UV filters with different surface coatings (i.e.,
Al2O3/stearic acid or SiO2) dispersed in their respective sunscreen
phase (i.e., oil or water) upon release into ultrapure and simulated
freshwater and seawater. The differences in water column resi-
dence time between the hydrophobic and hydrophilic TiO2 UV fil-
ters suggest that the type of organisms (i.e., surface versus benthic)
exposed may vary based on the TiO2 surface coating and should be
further explored. In addition to exposure considerations, under-
standing the transformation of the UV filter nanocomposite is also
critical for assessing environmental impacts, as it could change the
NP photoreactivity as well as bioavailability (Auffan et al., 2010;
Fouqueray et al., 2012). The primary Al2O3 photopassivation layer
on the T-SA NPs was resistant to aging in abiotic, simulated fresh-
water and seawater, indicating that this coating shows promise for
preventing TiO2 phototoxicity in aqueous environments. However,
future work should confirm the resistance of the Al2O3 layer over a
longer time period (i.e., >48 h) and in natural surface waters, as the
presence of biota, such as microorganisms, may enhance aging. The
resistance of the secondary stearic acid coating to aqueous aging
was not within the scope of this work, but should also be consid-
ered in future studies as its removal would change the NP fate and
bioavailability. In contrast, the SiO2 coating on the T-SiO2 NPs
rapidly dissolved during aqueous aging, leaving behind a photo-
active TiO2 core that could lead to phototoxicity. Furthermore, in
natural aqueous environments, the aged, photoactive T-SiO2 NPs
will readily aggregate and settle, potentially attaching to fragile
organisms such as reefs. Future work should aim to further un-
derstand the toxicity of these aged nanoparticulate UV filters, using
the results to improve material design and develop sunscreens that
are more environmentally safe throughout their entire life-cycle.
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