
Vol.:(0123456789)

SN Applied Sciences (2019) 1:312 | https://doi.org/10.1007/s42452-019-0329-3

Research Article

Characterisation of titanium oxide nanomaterials in sunscreens 
obtained by extraction and release exposure scenarios

Y. B. Nthwane1,2 · Y. Tancu1 · A. Maity2,3 · M. Thwala1,4 

© Springer Nature Switzerland AG 2019

Abstract
The application of titanium oxide engineered nanomaterials (TiO2 ENMs) in products is dominant in sunscreens and 
can be released into water systems with relative ease during sunscreen use. The current study examined the physico-
chemical properties of the TiO2 ENMs extracted from three sunscreens (SUN A, B, and C) and also released during bathing 
into deionised and tap water. The TiO2 ENMs were identified in all the sunscreen extract samples using scanning and 
transmitting electron microscopy (SEM and TEM). The mode length of the ENMs measured with SEM were 67.6, 69.8, and 
51.8 nm for SUN A, B, and C respectively whereas their width were 31.3, 38.7, and 27.7 nm. From TEM analysis the ENMs 
length and width mode sizes respectively were 73.9 and 14.5 nm for SUN A, 81.5 and 16.3 nm for SUN B, and 44.7 and 
14.0 nm for SUN C. The Ti content of the sunscreens was 1.9, 0.6, and 0.5% w/w respectively for SUN A, B, and C. During 
bathing TiO2 ENMs were released into wastewater and were in the size range of 47–218, 102–153, and 92–138 nm for 
SUN A, B, and C respectively in DI wastewater. In tap wastewater they were 100–241, 100–477, and 67–150 nm SUN A, B, 
and C respectively. The determined environmental concentrations for the ENMs in DI wastewater ranged 0.2–1.16 µg/L, 
whereas in tap wastewater it was 0.16–0.17 µg/L. The morphologies of the extracted and released ENMs were a mixture 
of rods, plates, irregular, and near spherical. The released Ti quantity significantly differed between DI and tap wastewater 
for SUN B and C, indicating the influence of wastewater quality in the exposure profile of ENMs in water systems.
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1  Introduction

Advances made in nanotechnology have resulted to the 
enhancement of products using engineered nanoma-
terials (ENMs) based on their nanoscale driven physico-
chemical properties. Such products are generally called 
nano-enabled products (NEPs) and can vary between per-
sonal care, health and fitness, clothing, cleaning, sporting 
products and the popular ENMs used are TiO2, ZnO, Ag, 
and carbon-based ENMs [22, 61, 66]. For instance, conven-
tional TiO2 has been widely used for UV filtration in per-
sonal care products [42, 56], colouring agents in paints and 
plastics [14, 58], however nano TiO2 has gained popularity 

[40] due to enhanced performance on UV filtering [35, 
53], transparency to visible light, antibacterial properties 
[26], photocatalytic properties [3], and is the most highly 
produced ENMs type [41, 60]. For almost a century bulk 
silver has been an effective antibacterial agent [37, 50] 
but nanoscale Ag is amongst the top produced ENMs [60] 
due to enhanced antibacterial activity [28] and is mostly 
applied in personal care products and sunscreens [22, 61, 
66]. The popularity of ENMs is for instance exhibited by the 
rise in nano-enabled products from 54 to 1814 between 
2005 in 2015 [61]. Others have estimated a total of 1432 in 
Singapore [66], 2231 in Europe [22].
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The increasing production and use of NEPs raises the 
likelihood for the environmental release of ENMs across 
the product life-cycle, predominantly during use and 
disposal phases [41]. The unintended release of ENMs is 
estimated to be high in landfills followed by water, soils 
and air in the descending order [27]. The current state of 
knowledge pertaining the potential risks of nanotechnol-
ogy is largely drawn from studies with pristine ENMs and 
as such little information exists with regards to the envi-
ronmental exposure and effects from NEPs’ sources. The 
inadequacy of pristine ENMs as models for risk assessment 
has been argued by release studies and reviews- showing  
that released ENMs are highly embedded within the matrix 
of the product, and thus raise calls for more release and 
aging studies [13, 33, 38, 39, 49, 51, 52].

The released state of ENMs from product usage sce-
narios presents a case that is of high environmental rel-
evance but little information has been generated in such 
studies due to the information paucity surrounding pro-
tocols for releasing ENMs. However, there is a rising call 
for release studies [51] to closely resemble realistic expo-
sure scenarios. Generally global efforts to regulate NEPs 
have had limited success due to the paucity of human and 
environmental health and safety data, lack of robust data 
on sources and exposure estimates, un-readiness of the 
regulatory framework, inconsistent terminology, amongst 
the top challenges [10, 15, 16] where regulations exist they 
are highly specific to commercial sector or product use 
category [31].

Sunscreens, specifically those enabled with TiO2 ENMs 
are proportionally dominant NEPs across global markets 
[47, 54, 61, 66] and are a top priority source of nanopollu-
tion into water systems due to the ease at which they can 
emit ENMs based on the loci of ENMs and their market 
domination [17, 23, 24]. Titanium oxide (TiO2) ENMs are 
amongst the most produced for application in NEPs such 
as cosmetics, sunscreens, and paints [30, 57, 65] and have 
been prioritised for considerable risk to freshwater systems 
[45, 46] as approximately 90% of TiO2 ENMs released into 
freshwater originate from sunscreens [19]. Sunscreens are 
most frequently incorporated with TiO2 ENMs [22, 61, 66] 
as the ENMs are highly effective UV filters thus offering 
enhanced protection against sunlight effects relative to 
bulk counterparts [12]. The amount of TiO2 ENMs in sun-
screens can be as high as 14–90 µg/mg [63] 25% (w/w) 
concentrations [59]. As such TiO2 ENMs are expected to 
be amongst the nanopollutants occurring at high concen-
tration (high ppb to lower ppt) in wastewater and envi-
ronmental water systems [20, 43]. It is in this context that 
sunscreens were selected in the current study as a model 
for NEPs to examine TiO2 ENMs environmental exposure. 
Research efforts pertaining sunscreens and nanopollution 
have largely focussed on extraction protocols for ENMs 

and determination of their physico-chemical properties [6, 
7, 12, 36, 44, 55] and fewer towards release assessment [9, 
18, 64]. Therefore more data is still required with respect to 
the released ENMs and their characteristics in the environ-
ment. The current study examined the physicochemical 
properties of extracted and released TiO2 ENMs from three 
commercial sunscreens, thus was unique in adopting a life 
cycle assessment approach by focusing at the product 
fabrication (extraction of ENMs) and product use (release 
of ENMs) phases. The release assessment was the first of 
its kind in using plastic dolls as a substrate to mimic sun-
screen application on human skin. Herein, doll bathwater 
was referred to as wastewater from which released TiO2 
ENMs were obtained.

2 � Materials and methods

2.1 � Extraction of ENMs

Hexane (95%), hydrogen fluoride anhydrous (HF) (40%), 
hydrogen peroxide (H2O2) (30%) and methanol (99.9%) of 
analytical grade were purchased from Sigma-Aldrich (Pre-
toria, South Africa) and were used without further purifi-
cation. Boric acid (H3BO3) was purchased from Associated 
Chemical Enterprise (South Africa), scandium (Sc) internal 
standard and Ti standard solution were purchased from De 
Bruyn Spectroscopic Solutions (South Africa). Three sun-
screens (SUN A, B, C) all labelled as containing nano-TiO2 
ENMs were purchased over the counter at a retail shop. 
Their sun protection factors (SPF) were 30, 40, and 50 for 
SUN A, SUN B, and SUN C respectively. The extraction pro-
cedure was modified from methods developed elsewhere 
[11, 48]. Briefly; for each sunscreen 10 g was weighed into 
a clean weighing boat and then transferred into a 250 mL 
Schott® bottle containing 50 mL deionised (DI) water. The 
mixture was bath-sonicated at 30 °C for 30 min at 005 
power level followed by addition of 50 mL methanol and 
further sonication for 30 min. Following sonication 50 mL 
hexane was added and the mixture homogenised by hand 
shaking for 30 s, followed by centrifugation at 5310 rpm 
for 20 min. The supernatant was pipetted out and the pel-
let was transferred into a clean centrifuge tube and cen-
trifuged for a further 20 min at 5310 rpm. The supernatant 
was removed and 25 mL hexane added to the pellet fol-
lowed by another centrifugation at 5310 rpm for 20 min, 
and the obtained pellet was transferred into a watch glass 
and dried with nitrogen (N2) gas.

2.2 � Release study

Children plastic dolls (height 38.9–39.6  cm; weight of 
96.6–99.6 g) were purchased from a retail shop in Pretoria, 
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South Africa. Adopted from [27], an amount 2 g per sun-
screen was applied to the dolls to simulate application 
to a human body. Following sunscreen application, the 
dolls were exposed to natural sunlight then re-applied 
sunscreen after 2 h, followed by further sunlight expo-
sure for 2 h 30 min, after which the dolls were washed 
with 500 mL of deionised (DI) water (15 mΩ/cm−1) and tap 
water. The DI water was selected as a negative control due 
to the absence of ions whereas tap water selection was 
on the basis that nanopollutants arising from sunscreens 
application will be released into tap water during bathing. 
The washing water was collected and inhere referred to as 
wastewater from which the physico-chemical properties 
TiO2 ENMs were determined. All the experiments were run 
in triplicate.

2.3 � Characterisation of the ENMs

2.3.1 � Extracted samples

The dried pellet samples obtained from the extraction step 
were transferred into clean centrifuge tubes containing 
50 mL de-ionised water and homogenised by hand shak-
ing for 30 s. For rapid screening of Ti in waste water, the 
samples were analysed with UV/Vis spectrometer (UV/
Vis, lamda 750S). The samples were filtered by 0.45 μm 
syringe filter, transferred into a quartz cuvette with a path 
length of 10 mm, and analysed at wavelength range of 
200 to 500 nm at 1 unit interval. Screening for ENMs was 
performed with the nanoparticle tracking analysis (NTA, 
NS500). The extracted 10 mg pellet sample was mixed with 
5 mL of deionised water in a 15 mL centrifuge tube, soni-
cated at 15 °C for 30 min. The sample was filtered with a 
0.45 μm syringe filter before analysis. For each sample a 
60 s video was captured at a camera level ranging from 4 
to 15, this was triplicated.

The extracted samples were also examined with elec-
tron microscopy viz; scanning electron microscopy (SEM, 
Carl Zeiss, Germany) and Transmission Electron Micros-
copy (HRTEM, JEOL JEM 2100, Japan) both coupled with 
energy dispersed spectroscopy (EDS). For SEM analysis 
the dried extract samples were carbon coated and placed 
in a Turbo carbon evaporator for 5 min at 6 × 10−3 mbar 
vacuum. The samples were analysed at an accelerating 
voltage of 5 kV and EDS used to determine the elemental 
composition of the sample. For analysis with TEM the dry 
powder extract samples were mixed with 500 μL deionised 
water in a 1.5 mL microtube and bath-sonicated for 30 s at 
005 power level. A carbon coated Cu grid was then dipped 
into the solution and left to dry overnight prior analysis. 
The samples were examined at 200 kV and coupled with 
EDS for elemental determination. Multiple images of each 

sample were taken for subsequent particle size analysis 
with the open source Image J software.

Inductively coupled plasma mass spectrometry (ICP-MS, 
Icap Q, Thermo Fisher Scientific, USA) was used to deter-
mine the total Ti concentration in the sunscreens. Sample 
preparation was initiated by microwave acid digestion fol-
lowing the protocol by Contado and Pagnoni [11]. Briefly; 
for each sunscreen 200 mg was transferred into a dry 
100 mL TFM vessel followed by the addition of the follow-
ing solvents: 12 mL HNO3 (70%), 6 mL HF (40%) and 2 mL 
H2O2 (30%). The vessel was sealed and placed in a high-
pressure rotor and the microwave digestion program was 
set at the power of 250–550 W and 120–220 °C for 15 min. 
The samples were allowed to cool at room temperature 
and 300 mg H3BO3 was added to the vessel and micro-
wave digestion was repeated following the programme 
described earlier. Once digestion was complete, the 
samples were allowed to cool at room temperature and 
transferred into 50 mL centrifuge tubes in preparation for 
ICP-MS analysis. A volume 50 μL of the digested samples 
was transferred into a 50 mL centrifuge tube, then 25 μL 
Sc internal standard (500 μg/L) and 385 μL HNO3 (0.5%) 
were added and topped up to 50 mL with deionised water. 
The Ti standard solutions of 0, 5, 25, 50, 100, 250, 500, 750, 
1000 μg/L were prepared for method verification. Total Ti 
in the samples was then determined with ICP-MS.

2.3.2 � Release samples

The presence of TiO2 ENMs was screened with the UV–Vis 
and the NTA. For UV–Vis analysis the released wastewa-
ter samples were diluted tenfolds with DI water, filtered 
with 0.45 μm syringe and 2.5 mL was transferred into a 
3.5 mL quartz cuvette and analysed at 200–500 nm at 1 
unit interval. For analysis with the NTA, the wastewater 
samples were sonicated at 005 power level at 30 °C for 
30 min before analysis. Wastewater samples of 1.5 mL were 
transferred into 1.5 mL tubes and analysed by capturing a 
60 s video at the camera level from 4 to 15.

Samples for SEM analysis were prepared by centrifuging 
the wastewater for 20 min at 5310 rpm, and the pellet was 
dried at room temperature. Samples for SEM analysis were 
carbon coated and placed in a Turbo carbon evaporator 
(EMITECH–K950X) to evaporate the surface of samples for 
5 min at 6 × 10−3 mbar vacuum, then analysed at an accel-
erating voltage of 5 kV. For analysis with TEM the carbon 
coated Cu grids were dipped into wastewater samples and 
left to dry at room temperature. The Cu grids were then 
analysed with TEM examined at 200 kV. Both TEM and SEM 
were coupled with EDS, and minimum of five images were 
captured per sample. The amount of Ti in the wastewater 
samples was determined with ICP-MS following micro-
wave digestion of the samples as earlier described.
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2.4 � Statistical analysis

The JMP Pro 10 software data analysis software, specifically 
the analysis of variance (ANOVA) was used to test differ-
ences between treatments at α = 0.05.

3 � Results and discussion

3.1 � Extraction

The results from the analysis of the extracted pellets sam-
ples suggested successful extraction of TiO2 ENMs. From 
the UV–Vis analysis the sunscreens exhibited a spectra 
with maximum peaks at 332, 319, and 269 nm for SUN A, B, 
and C respectively (Fig. 1). The maximum absorbance peak 
of Ti ranges between 250 and 450 nm depending on irradi-
ation, physico-chemical nature of the sample and surface 
impurities [2, 25, 34]. The spectra of sunscreen extracted 
TiO2 ENMs has not been examined previously but the cur-
rently determined range indicated samples absorptive 
capacity for UVB (290–315 nm) and UVA (315–400 nm) 
radiation, a sought after characteristic of nano TiO2 ena-
bled sunscreens [55]. Analysis with the NTA confirmed 
the presence of ENMs in all samples with hydrodynamic 
sizes (mode) of 81.1, 121.3 and 91.4 nm for SUN A, B, and 
C respectively. The NTA was not used for accurate size 
measurements but rather for screening for the presence 
of ENMs, since the NTA size is derived assuming spherical 
morphology of the ENMs whilst morphologically poly-
dispersed ENMs were anticipated in the samples.

Analysis undertaken with SEM revealed the presence 
of ENMs in the extracts and elemental profiling con-
firmed the identity of TiO2 ENMs (Fig. 2, Table 1). The TiO2 
ENMs were agglomerated and were poly-dispersed in 
size and morphology, and in some instances embedded 
in the organic matrix of the product, thus indicative of 

incomplete extraction efficiency. Elemental analysis sug-
gested that the TiO2 ENMs were coated with silica (Si) and 
aluminium (Al); surface functionalization that improves the 
photostability of TiO2 ENMs [29, 62]. 

The presence of TiO2 ENMs in the three sunscreens was 
further confirmed through high resolution TEM analysis 
(Fig. 3) where they were found to have a combined range 
of 44.4–96.3 and 10.6–25.9 nm in length and width respec-
tively (Table 1). The morphology was similar to observed 
from SEM analysis. In general TiO2 ENMs in sunscreen 
extracts have been reported to be morphologically poly-
dispersed [6, 12, 21, 32, 44, 55]. Overall the current find-
ings were complementary to earlier reports. Total Ti was 
found to be 1.9, 0.6, and 0.5% w/w respectively for SUN 
A, B, and C. Such concentrations were considered to be 
on lower end compared to reports where Ti in sunscreens 
has been estimated below 5% w/w [9, 27] or can be as high 
as 25% w/w [59, 63]. It was interesting to note that Ti con-
centration was inverse to the sunscreen SPF in the exam-
ined sunscreens, a directly related trend was anticipated 
with Ti content being indicative of SPF level. Such requires 
more focussed investigation to establish the relationship 
between sunscreen Ti content and its SPF level.

3.2 � Release

The presence of ENMs (of unknown species) in DI and tap 
wastewaters was indicated by the NTA. In DI wastewater 
particles with mode size of 108.4, 117.3 and 103 nm for 
SUN A, B, and C respectively, and in tap wastewater it was 
85.3, 87.6, and 94 nm for SUN A, B, and C respectively. 
There was a characteristic rise in absorbance across all 
the samples at 270–390 nm (Fig. 4) which was thought to 
reflect UVB (290–315 nm) and UVA (315–400 nm) absorp-
tive capacity as observed from the extract samples (Fig. 1), 
which strongly suggested the presence of UV absorptive 
TiO2 ENMs. It was noteworthy that there was distinct 
change in the absorbance profile of all the sunscreen 
samples between DI and tap wastewater variations. The 
surface properties of TiO2 influence its photo-activity [2, 
25, 34] and in this instance the results demonstrated that 
the behaviour of TiO2 nanopollutants in water resources 
will be influenced by the water quality composition of the 
water. Furthermore, the results suggested that water qual-
ity influence on TiO2 ENMs photo-activity can alter their 
bioactive and toxicity profiles which largely are derived 
from photo generation of reactive oxygen species [8].

Analysis with SEM confirmed the release of TiO2 ENMs 
into both wastewater types (Fig. 5; Table 2). The released 
ENMs were predominantly embedded in the sunscreen 
matrix and not as free entities, similar observations have 
been reported previously [9, 18]. The findings strengthen 
the calls for more release and aging type of studies when 

Fig. 1   The UV–Vis spectra obtained from the analysis of SUN A, B 
and  C extracts
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examining the environmental implications of ENMs from 
NEPs, as experimentally it has been demonstrated that 
the product matrix is often associated with released ENMs 
[1], and data drawn from studies with pristine ENMs is of 
poor value. Results obtained from TEM coupled with EDS 
also indicated the release of TiO2 ENMs in both waste-
water types (Fig. 6). The ENMs’ sizes in DI water ranged 
between 32.1 and 102.8 nm and in Tap water the range 
was 77.6–139.6 nm (Table 2), and thus relatively similar 
in both wastewater types. The ENMs were rod, plate, and 

needle like in morphology; other have also reported simi-
larly shaped TiO2 ENMs from sunscreens [9, 18].

Having achieved a 94–99% (R = 0.9992) recovery rate, 
average total Ti released in DI wastewater was 0.2, 0.8, 
and 1.16 µg/L whereas in tap wastewater it was 0.16, 0.17, 
and 0.7 µg/L from SUN A, B and C respectively (Fig. 7). 
The general trend was that the least Ti was released from 
SUN A and highest from SUN C across wastewater types, 

Fig. 2   The SEM obtained 
images of TiO2 ENMs extracted 
from SUN A, B and C. Scale bar: 
SUN A and C = 50 nm; SUN 
B = 100 nm. Blue arrows point 
to remnants of the sunscreen 
organic matrix

Table 1   Summary findings from SEM and TEM analysis of the sunscreen extracts

The bolding of Ti (Titanium) is to highlight the presence of the element Ti in light of the suncreens being formulated with TiO2 nanomateri-
als

L length, W width, mode in brackets

Sunscreen SEM size (nm) TEM size (nm) ENMs shape EDS detected elements

A L = 50.9–73.9 (67.6)
W = 33.7–35.5 (31.3)

L = 46.5–93.6 (73.9)
W = 13.5–25.9 (14.5)

Near spherical, rod and irregular C, O, Ti, Al, P, K, Si, S

B L = 55.2–90.1 (69.8)
W = 29.6–42.1 (38.7)

L = 48.5–81.7 (81.5)
W = 9.8–16.9 (16.3)

Near spherical, rod and irregular C, O, Ti, Si, Al, P, K

C L = 51.8–79.3 (51.8)
W = 26.6–39.9 (27.7)

L = 44.4–69.2 (44.7)
W = 10.6–14.4 (14.0)

Rod and near spherical C, O, Ti, Al, Na, S, Si, K, P, Ca
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and on average less Ti was released in Tap relative to DI 
water except in the case of SUN A. The results obtained 
from UV–Vis and ICP-MS analysis point to the influence 
of wastewater quality on the release extent of TiO2 ENMs 
into water, in this instance possibly resulting from the 

complexation of the sunscreen contents with minerals pre-
sent in Tap but lacking in DI water; thus inhibiting release 
of the ENMs. It is therefore likely that water hardness plays 
a role in the release rate of TiO2 ENMs from sunscreens, 
the demonstrated influence of inorganic ions (e.g. Ca2+, 
Na+, Mg2+) on the fate and behaviour of metal and metal 
oxide ENMs in water media [4, 5] adds credence to such a 
hypothesis. Furthermore, the observed trend of increas-
ing Ti content with increasing SPF suggested that the TiO2 
were the main UV absorbing agent whose concentration in 
the formulation would have been increased for enhanced 
sun protection properties. It is noteworthy that although 
such a trend was anticipated it was not observed from 
extracted Ti content, possibly resulting from extraction 
efficiency.

4 � Concluding remarks

The TiO2 ENMs were detected in all the sunscreens, 
thus confirming the “nano” claim by the manufactur-
ers. The physico-chemical properties of the ENMs were 

Fig. 3   The TEM obtained 
images of TiO2 ENMs extracted 
from SUN A, B and C. Scale bar: 
SUN A and C = 50 nm; SUN 
B = 100 nm

Fig. 4   The UV–Vis spectra obtained from the analysis of SUN A, B 
release samples in DI and tap wastewater
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comparable. The extraction method was efficient in sepa-
rating the organic and inorganic matter of the sunscreen 
although organics traces were still detected in some 
instances, however this did not cause interfere with sam-
ple analysis. We demonstrated that the value of utilising 
the UV–Vis and NTA as rapid screening tools for the pres-
ence of Ti and ENMs respectively. Generally SEM and TEM 

are time consuming, costly and require specialized skills to 
operate, and are not widely accessible to researchers; thus 
screening for ENMs using cheaper and rapid tools prior 
electron microscopy analysis has an advantage of avoid-
ing false negatives coupled with time and financial cost. 
The use of plastic dolls in the release study was a success-
ful replacement model for human and pig skin options 

Fig. 5   TiO2 ENMs released from sunscreen A, B, C into DI and tap wastewater

Table 2   Summary findings from SEM and TEM analysis of the sunscreen release samples in DI and tap wastewater

The bolding of Ti (Titanium) is to highlight the presence of the element Ti in light of the suncreens being formulated with TiO2 nanomateri-
als

Sunscreen Wastewater SEM size (nm) TEM size (nm) ENMs shape EDS detected elements

A DI 47.4–218.3 (114.4) 32.1–87.8 Near spherical, rod and irregular Ti, C, O, Si, Al
Tap 106.0–241.8 (184.5) 100.4–118.8

B DI 102.6–153.9 (143.8) 50.7–85.3 Near spherical, rod and irregular Ti, C, O, Al, P, Si
Tap 125.8–477.4 (313.6) 100.3–130.2

C DI 92.7–138.5 (102.0) 33.5–102.8 Rod and near spherical Ti, C, O, Na, P, Mg, Si
Tap 67.4–150.8 (88.6) 77.6–139.6
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which require ethical clearance for scientific research pur-
poses. However we recommend that future studies using 
plastic doll models investigate their adsorptive capacity 
in order to establish sunscreen quantities retained by the 
surfaces. We observed significantly different amounts of 
released Ti from sunscreens C and D, indicating the influ-
ence of wastewater chemistry on the release pattern of 
the ENMs from sunscreens; this has environmental implica-
tions and should be explored further to incorporate effects 
assessment.
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