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• Titanium dioxide pigment widely distrib-
uted in plastics at varying concentrations.

• Rutile appears to be most common poly-
morph in non-fibrous plastics.

• Ti concentrations above ~38,000 mg
kg−1 can affect buoyancy of polyolefins.

• Nature of pigment surface modification
significantly impacts photo-oxidation of
plastic.

• On aging, leaching of titania can occur but
bioactivity of particles released unclear.
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Although titanium dioxide (TiO2) is themost widely used pigment in plastics, there is limited quantitative information
available for consumer goods and environmental samples. Moreover, and despite its photocatalytic activity, the poten-
tial impacts of TiO2 on the behaviour and fate of environmental plastics has received little attention. This paper com-
piles measurements of Ti in plastic samples from aquatic environments and in consumer goods that are known tomake
important contributions to environmental pollution. These data, along with a critical evaluation of experimental stud-
ies using TiO2-pigmented plastics, are used to formulate an understanding of how the pigment modifies the properties
and persistence of environmental plastics. Titanium is heterogeneously distributed amongst different categories and
sources of plastic, with concentrations ranging from <1 mg kg−1 in transparent-translucent materials to over
50,000 mg kg−1 in brightly coloured samples. Concentrations towards the higher end are sufficient to change posi-
tively buoyant polyolefins into negatively buoyant plastics, suggesting that environmental fractionation based on Ti
content might occur. Accelerated leaching of TiO2 from aged plastic has been demonstrated empirically, and while
mobilised particles are reportedwithin a size range greater than biotically-active titania nanoparticles, modelling stud-
ies suggest that the latter could be derived from TiO2 pigments in the environment. Although rutile appears to be the
most important polymorph of TiO2 in non-fibrous plastics, the degree and type of engineered surface modification in
consumer and environmental plastics are generally unknown. Surface modification is likely to have a significant im-
pact on the photo-oxidative degradation of plastics and the mobilisation of fine (and, possibly, nano-sized) TiO2 par-
ticles and requires further research.
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1. Introduction

Additives are incorporated intomost plastics in order to ensure efficient
processing of materials and to engender specific properties to the finished
product (Dufton, 1998). Additives are critical for colour, flame retardancy,
flexibility, impact modification and light stabilisation, for example, but
may also remain as residues from catalysis, crosslinking and lubrication
(Pritchard, 1998). The precise chemicals and materials employed as
additives have evolved with consumer requirements, legislation relating
to environmental and health risks, and technical developments, but thou-
sands remain on the global market according to a recent assessment by
Wiesinger et al. (2021).

One of themajor concernswith additives, and especially those known to
be harmful, is their release during the lifetime of the plastic (Kuang et al.,
2018; Schmid and Welle, 2020) or after its disposal by landfill or incinera-
tion (Ranta-Korpi et al., 2014; Kwan and Takada, 2016). In the marine
environment, widely regarded to be one of the most important, ultimate re-
ceptors of plastic waste (Lebreton et al., 2017; Schwarz et al., 2019), atten-
tion has been directed at the slow migration of additives into the aqueous
phase and their enhanced release into the digestive fluids of plastic-
consuming animals (Koelmans et al., 2014; Tanaka et al., 2015; Martin
and Turner, 2019; Smith and Turner, 2020).

Less well studied, however, are the effects that additives may have on
the behaviour of the plastic itself once emitted directly into the environ-
ment. For example, Turner and Filella (2020a, 2020b) addressed the poten-
tial for a dense additive, like BaSO4, to alter the buoyancy of light, marine
plastics (like polypropylene and polyethylene), and lead to their fractiona-
tion (through settlement) based on additive content. In a similar fashion,
the presence and amount of additives designed for protection, including
flame retardancy or photo-oxidative breakdown, might be expected to
have a significant impact on the fate of plastics, including their propensity
to fragment into micro- and nanoplastics (Khaled et al., 2018; Ward et al.,
2019). For instance, food packaging is designed to be single use and imme-
diate waste, whereas building materials must be designed to last for
decades (Wagner and Schlummer, 2020).

Because of its high light scattering efficiency, inertness, thermal stabil-
ity, dispersability and cost-effectiveness, titanium dioxide (TiO2) is the
most widely employed pigment in plastics (Kemp and McIntyre, 2001).
Two polymorphic forms of TiO2 are used: rutile (refractive index = 2.61)
and anatase (refractive index = 2.56). The TiO2 content of pre-consumer
plastics ranges from 10 % (100,000 mg kg−1) or more where strong
white colouration is required, to as low as 0.01% (100mg kg−1) for tinting
a deep shade, but typical concentrations range from0.5 to 5% (Day, 1990).

With semi-conducting properties and a band gap of 370 nm (anatase) or
400 nm (rutile), TiO2 also acts as a photocatalyst in the ultraviolet region
(Worsley and Searle, 2002). This results in reactions at the pigment surface
that may accelerate the degradation (chalking and loss of gloss and flexibil-
ity) of the surrounding polymer (Bolt et al., 2005). Accordingly, and in par-
ticular for plastics for outdoor use, the base crystal is often surface treated
(commonly with silica, alumina or zirconia) to minimise this activity
(IARC, 2010). The form of TiO2, its concentration and its degree of surface
modification are, therefore, critical factors in the manufacture of plastics
designed for different purposes (Day, 1990; Worsley and Searle, 2002).
For example, high durability grades may have coating contents of up to
10 % but this may reduce pigment dispersability and opacity, whereas
most consumer and general purpose plastics employ lightly coated (1–7
%) rutiles; anatase or uncoated rutile are not often used in plastics but are
widely used in rubbers.

Despite the widespread use of TiO2 as a pigment and its significance to
polymer degradation, there exists very little information in the scientific lit-
erature on Ti in consumer or environmental plastics. For example, in an es-
timation of the mass of chemicals associated with ocean plastics, De Frond
et al. (2018) neglect TiO2 but consider other, less commonly usedmetal and
metalloid oxides, while a general overview of additives in plastics by
Hahladakis et al. (2018) only refers to TiO2 amongst a list of inorganic ad-
ditives. In the environment, and to our knowledge, quantitative data for Ti
2

in plastic or a recognition of the potential significance of TiO2 to the fate of
plastic is limited to a handful of papers (Windler et al., 2012; Fries et al.,
2013; Imhof et al., 2016; Turner and Solman, 2016; Bayo et al., 2017;
Prunier et al., 2019; Dong et al., 2020; Walsh et al., 2021; Scott et al.,
2022; Filella et al., 2022; Habib et al., 2022).

The purpose of the present study is to compile a dataset on the Ti con-
tent of consumer and waste/environmental plastics (including rubbers
and expanded-extruded materials but excluding paints). Regarding envi-
ronmental plastics, we focus on the aquatic environment where measure-
ments of chemicals in plastics and microplastics (<5 mm in size) are most
available, while for consumer plastics we focus on products purchased or
sourced elsewhere but that are known to make an important contribution
to the aquatic plastic litter pool. We then explore the potential impacts
that TiO2 has on the behaviour and fate of environmental plastics, including
density-buoyancy and photodegradation, as well as the hypothesis that
pigmented plastics may act as a source of fine particles and nanoparticles.

2. Methodology

Materials in the present study include beached and trawled (suspended)
marine plastics, fishing waste, textiles and lint representative of
microfibres, packaging, expanded and extruded plastics, and rubbers.

The majority of data were obtained from the authors' studies, and
include cases where Ti was (i) reported directly in the literature
(e.g., Turner and Solman, 2016), (ii) measured as part of the analysis but
not reported (e.g., Turner and Filella, 2017; Filella et al., 2021), or (iii) de-
termined specifically for the purposes of the present work. Briefly, all plas-
tics, including films, rubbers and foams, were measured non-destructively
using a Niton energy-dispersive X-ray fluorescence (XRF) spectrometer
(model XL3t 950 He GOLDD+) configured in a laboratory test stand.
Samples were analysed in a plastics mode and with thickness correction
(50 μm to >13 mm) for a period of 30 to 120 s, comprising successive
counting periods at 20 kV/100 μA and 50 kV/40 μA. Concentrations of Ti
were calculated by fundamental parameters and using NDT software from
secondary X-ray peak intensities at 4.51 keV (Kα1) and 4.93 keV (Kβ1).
Limits of detection, defined as three counting errors, varied depending on
sample thickness, porosity and composition but were generally between 4
and 20 mg kg−1.

Other data for Ti in environmental and consumer plastics was derived
from wavelength-dispersive XRF (Bayo et al., 2017), or by inductively
coupled plasma-mass spectrometry following digestion in concentrated
mineral acid (e.g., Imhof et al., 2016; Prunier et al., 2019; Walsh et al.,
2021) or after combustion (Loaeza et al., 2021). In one case, Ti content ap-
pears to have been supplied by the manufacturer (Luo et al., 2020).

Pigments in various Ti-rich consumer and environmental plastics were
examined under a scanning electronmicroscope (SEM) coupledwith an en-
ergy dispersive X-ray (EDX) spectrometer. We employed a JEOL JSM-6610
SEM operated with an accelerating voltage of 15 kV and in a low vacuum
mode outfitted with an Oxford Instruments EDX spectrometer and AZtec
software.

3. Results

3.1. Measured Ti concentrations in plastics

Table 1 provides a description of the type of consumer plastics, includ-
ing packaging, for which Ti concentrations are available in the literature or
within the authors' datasets and that potentially make important contribu-
tions to the plastic litter pool of aquatic systems. Note that the number of
samples analysed (n) in each category does not reflect production figures
but the quantity selected for different research projects. Within the analyt-
ical constraints of the instruments employed, and in particular the XRF, the
frequency of Ti detection and summary statistics for Ti concentrations are
provided for each category. Where determined spectroscopically or noted
from resin codes, polymers included polyamides (mainly nylon), polyesters
(mainly polyethylene terephthalate; PET), polyethylene, polypropylene,



Table 1
Detection frequency and summary statistics for Ti concentrations (in mg kg−1) and, for TiO2, calculated medians, in consumer and general use plastics that make important
contributions to the aquatic litter pool (shown in chronological order of publication). The polymer is indicated where a single material was present. Where an asterisk is
shown by a reference, Ti data were not directly reported but the metal was measured amongst a suite of other elements.

Sample type (no. samples) Polymer Source No.
detected

Min,
Ti

Max,
Ti

Median,
Ti

Median,
TiO2

Reference

Yarn (n = 1) Polyamide Purchased in EU 1 117 197 Windler et al. (2012)
Outdoor clothing (n = 6) Various Purchased in EU 6 2150 8540 5630 9490 von Goetz et al. (2013)
Packaging (n = 17) Various Purchased in EU 17 30.5 14,100 701 1180 Imhof et al. (2016)
Microbeads from facial cleansers (n= 4) Polyethylene Purchased in EU 4 6.0 5430 48.0 80.9 Bayo et al. (2017)
Household waste and post-consumer
plastics (n =82)

Various Purchased in EU 70 <3.9 13,800 1330 2240 Eriksen et al. (2018)

Food packaging (n = 108) Various Purchased in UK 75 3.8 10,300 1064 1790 Turner and Filella (2017)*
Packaging (n = 23) Polyethylene Purchased in EU 23 0.4 850 141 238 Prunier et al. (2019)
Dryer lint microfibres (n = 18) Unknown Plymouth households 18 58.5 2610 732 1230 Turner (2019)*
Clothing textiles (n = 72) Various Purchased in UK 61 14.9 5500 1090 1840 Turner (2019)*
Pre-consumer plastic (n = 1) Polyethylene Sourced in China 1 360,000 600,000 Luo et al. (2020)
Post-consumer plastic (n = 1) Polyethylene

terephthalate
Waste recycling company in EU 1 8690 14,700 Loaeza et al. (2021)

Carrier bags (n = 4) Polyethylene Sourced in USA 4 700 13,000 11,000 18,300 Walsh et al. (2021)
Food packaging (n = 3) Polyethylene Purchased in USA 3 720 13,000 10,700 18,000 Nelson et al. (2021)
Cleaning cloth textiles (n = 81) Various Purchased in EU and UK 78 25.7 12,400 3730 6290 Filella et al. (2022)
Virgin plastic (n = 1) Polyethylene Sourced in EU 1 2.7 5 Núňez et al. (2022)
Post-consumer plastics (n = 5) Polyethylene Sourced in EU 5 19 100 88 148 Núňez et al. (2022)
Rubber consumer products (n = 19) Unknown Purchased in UK and EU 15 22.6 9660 911 1540 Unpublished data
Exterior construction products (n = 18) Various Sourced in EU 18 235 61,200 8710 14,700 Unpublished data
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polystyrene (including extruded and expanded forms), polyvinyl chloride
(PVC) and various rubbers.

Titanium was detected widely across textiles and fibres, packaging,
post-consumer plastics and rubbers, with an overall frequency of about
86 % (401 out of 464 samples). Concentrations also varied widely across
most categories, with a range often spanning about three orders of magni-
tude. Median concentrations were generally greater for polyolefin and
PVC-based exterior plastics and polyethylene packaging sourced from the
USA than various types of polyolefin and PET-based packaging sourced
from Europe; note, however, an exceptionally high Ti content for a single,
pre-consumer polyethylene obtained from China. The lowest concentra-
tions and non-detects were associated with transparent or translucent sam-
ples that were usually (but not always) colourless, while concentrations
above 5000 mg kg−1 were generally encountered in textile fibres, films
Table 2
Detection frequency and summary statistics for Ti concentrations (inmg kg−1) and, for Ti
of publication). Polymer/s are indicatedwhere one or twomaterials were present. Where
was measured amongst a suite of other elements.

Sample type (no. samples) Polymer Location No

Beached plastic fragments (n = 9) Various Lake Garda
Beached plastic foam fragments
(n = 149)

Mainly polystyrene/
polyurethane

SW coast of England 14

Beached fishing waste (n = 68) Various SW coast of England 6
Beached plastic fragments and
objects (n = 144)a

Various SW coast of England 13

Beached plastic fragments and
objects (n = 597)

Various Lake Geneva 54

Beached plastic foam fragments
(n = 53)

Mainly polystyrene/
polyurethane

Lake Geneva 5

Beached rubbers (n = 9) Unknown Lake Geneva
Beached fishing waste (n = 12) Various Lake Geneva 1
Suspended mesofragments (n = 13) Polyethylene North Atlantic Gyre 1
Suspended microfragments (n = 4) Polyethylene North Atlantic Gyre
Beached industrial beads (n = 497) Polyethylene/

polypropylene
coastlines of NW Europe 48

Beached plastics and foams (n = 598) Mainly polystyrene/
polyurethane

various Swiss lakes 52

Beached nurdles and pellets (n = 119) Polyethylene/
polypropylene

SW coast of England 11

Beached rubbers (n = 13) Unknown SW coast of England

Littered cigarette filters (n = 40) Cellulose acetate Plymouth streets 1

a Samples exclude nurdles, pellets and rubbers from original data.
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(<100 μm) and thicker plastics and rubbers that were white or brightly
coloured.

Table 2 categorises environmental plastics by location and characteris-
tics (e.g., plastic fragments, foamed plastics, rubbers) or original use
(e.g., fishing, industry), and provides detection frequencies and summary
statistics for Ti concentrations according to information in the literature
or the authors' datasets. As above, the number of samples analysed (n) in
each category does not reflect environmental abundance but the quantity
selected for different research projects. Polymers identified here include
all of those encompassed by consumer plastics, but with greater proportions
of polyolefins, cellulose acetate (cigarette filters; not included in published
beach surveys) and foamed polyurethane and polystyrene.

Like consumer plastics, Ti was detected widely across each category,
with an overall frequency of about 91 % (2123 out of 2325 samples),
O2, calculatedmedians, in environmental plastics (and shown in chronological order
an asterisk is shown by a reference, Ti data were not directly provided but themetal

. detected Min, Ti Max, Ti Median, Ti Median, TiO2 Reference

9 1050 175,000 3430 5780 Imhof et al. (2016)
3 18 30,400 867 1460 Turner and Solman (2016)

7 16.8 3140 386 651 Turner and Solman (2016)
1 5.6 63,900 382 644 Turner and Solman (2016)*

4 1.5 48,700 587 989 Filella and Turner (2018)*

3 48.4 16,200 1060 1790 Filella and Turner (2018)*

6 5.8 13,100 1120 1890 Filella and Turner (2018)*
0 14.6 55,300 3940 6640 Filella and Turner (2018)*
3 8.8 7350 51.3 86.5 Prunier et al. (2019)
4 497 2010 1040 1750 Prunier et al. (2019)
7 59.0 35,100 4460 7520 Turner (2019)

0 4.9 177,000 799 1350 Filella et al. (2021)

3 3.2 30,700 792 1340 Unpublished data

6 9.1 5028 50.0 84.3 Turner and Solman (2016);
unpublished data

7 22.5 8910 6850 11,500 Unpublished data



Table 3
Embrittlement times, in hours of UV exposure to reach 50% reduction in elongation
at break, for polyethylene sheeting impregnated with different grades and quanti-
ties (in mg kg−1) of TiO2 (Day, 1990).

Pigment 0 20,000 50,000 80,000

Uncoated anatase 225 125 125
Coated anatase 250
Lightly coated fine crystal rutile 800 475 450
Lightly coated rutile 525
Highly durable fine crystal rutile 1100 950 850
Highly durable rutile 1250 875 850
Superdurable rutile 1700 1300 950
Unpigmented >2000
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concentrations varied widely across all categories, with a range spanning
two to four orders of magnitude, and the highest concentrations were asso-
ciated with white or brightly coloured plastics. Overall, there was no signif-
icant difference in the median Ti concentrations of consumer and
environmental plastics (p > 0.05 according to a Mann-Whitney U test per-
formed in Minitab v19).

3.2. Concentration and form of TiO2 in plastics

Also shown in Tables 1 and 2 are the calculated median concentrations
of TiO2 for each sample category, assuming that all Ti is present as the diox-
ide. Median concentrations range from about 80 mg kg−1 to 18,000 mg
kg−1 in consumer plastics (with the exception of a single, pre-consumer
polyethylene) and from about 80 mg kg−1 to 11,500 mg kg−1 in environ-
mental plastics, with individual values (not shown) exhibiting a broader
range and from <1 mg kg−1 to 600,000 mg kg−1 in consumer plastics
and about 2.5 mg kg−1 to 280,000 mg kg−1 for environmental samples.
The TiO2 content of the majority of samples falls within the indicative
range reported by Day (1990) where the pigment is used for tinting
(~100 mg kg−1) and bright white colouration (up to 50,000 mg kg−1).
However, in many cases where TiO2 is present below the lower value, we
suspect its presence may reflect contamination arising from manufacture
(including recycling; Matxinandiarena et al., 2019) or, for environmental
plastics, acquisition of aqueous and particulate forms of Ti from the envi-
ronment (Ashton et al., 2010).

Amongst the studies summarised in Tables 1 and 2, only a limited num-
ber appear to have considered the crystal polymorphs of TiO2. Walsh et al.
(2021) used powder X-ray diffraction to establish that rutile was present in
polyethylene carrier bags. More commonly, however, rutile and anatase
have been identified by Raman spectroscopy and from characteristic
peaks at 241, 445 and 610 nm and 143, 397, 516 and 638 nm, respectively
(Nava et al., 2021). Thus, Imhof et al. (2016) analysed selected beached
microplastics from Lake Garda constructed of polyethylene, polypropylene
and polystyrene (n=12) and found that rutile and anatase were present in
three cases each. More recently, Filella et al. (2022) established that
anatase, but not rutile, was present in various polyester-polyamide
microfibrous cleaning cloths. Lenz et al. (2015) and Luo et al. (2020) also
refer to the presence of TiO2 in an ethylene vinyl acetate microplastic
trawled from the English Channel and a pre-consumer polyethylene, re-
spectively, that exhibited peaks characteristics of rutile.

Rutile is the preferred andmost commonly encountered form of TiO2 in
the majority of polymers because of its greater stability and light scattering
efficiency and a lower propensity to catalyse photodegradation, with
stabilised and surface-treated grades offering particularly good weather
and photochemical stability (Worsley and Searle, 2002; Danish Ministry
of the Environment, 2014). Untreated or surface-treated anatase may
offer high tinting strength, brightness and dispersability and is less abrasive
and costly but is not recommended for outdoor applications unless chalking
is required to mask discoloration of near-whites in sunlight (Day, 1990).
Anatase is, however, preferred in rubber and as a delustrant for syntheticfi-
bres (Puchowicz and Cieslak, 2021). It is clear, therefore, that both forms of
TiO2 are present in environmental plastics (includingmicrofibres), with the
precise form and its concentration in any given sample dependent on the
original or intended function of the plastic.

3.3. Impact of TiO2 on degradation of environmental plastics

In the aquatic setting, the physical breakdown (e.g., embrittlement,
cracking, flaking) and chemical degradation (oxidation or hydrolysis) of
plastics is dependent on a number of factors. These include polymer type
(molecular weight, hydrophobicity, presence of functional groups), sample
thickness, surface area and shape, and environmental conditions, such as
whether material is beached or suspended or is subject to biofouling. In a
critical examination of published experimental data on thermoplastics
in the marine environment, and ranging in thickness from 100 μm to
10 mm, Chamas et al. (2020) report specific surface degradation rates
4

ranging from about 5 to 110 μm year−1 and estimated half-lives from
about 1.4 to >2500 years.

For a given polymer, thickness and geometry, a factor that has been
acknowledged but often overlooked quantitatively in the environmental lit-
erature is the effect of additives, and in particular those like TiO2 that are
photocatalytic, on plastic degradation. Table 3 reproduces data reported
by Day (1990) for the embrittlement times (as hours to 50 % reduction in
elongation break) of 100 μm thick polyethylene films that had been
impregnated with different forms, grades and contents of TiO2 and sub-
sequently exposed to UV light under controlled, experimental condi-
tions. The pigmented plastics failed more quickly than unpigmented
polyethylene and in an order consistent with pigment grade, and degra-
dation increased with increasing pigment content between 20,000 and
80,000 mg kg−1. Overall, embrittlement times vary by more than an
order of magnitude, and while a relatively high concentration of un-
coated or coated anatase or lightly coated rutile accelerates weathering,
a relatively low concentration of “superdurable” (highly coated) rutile
effects greatest polymer stability.

More recently, Walsh et al. (2021) studied the degradation of pieces of
polyethylene carrier bags and pure polyethylene film immersed in Milli-Q
water and subject to simulated solar radiation. Compared with pure poly-
ethylene, the consumer plastics produced dissolved organic carbon more
rapidly and generated a greater number of chemical products. This was at-
tributed to the presence and photocatalytic activity of rutile TiO2 in the car-
rier bags (although no information on surface modification of the pigment
crystal was referred to).

Clearly, the characteristics and content of TiO2 in plastics will play an
important role in the rate and nature of plastic degradation in the environ-
ment. Thus, plastics not intended for outdoor use and pigmented with high
concentrations of anatase or lightly treated rutile for colour, brightness and
opacity are predicted to degrade much more quickly than plastics specifi-
cally designed for outdoor use (Zheng andNowack, 2021). Significantly, re-
cent research in polymer engineering has deliberately aimed to enhance the
photodegradation of plastic waste through the incorporation of customised,
photoactive TiO2 pigments (Colburn et al., 2020; Lee and Li, 2021; Nabi
et al., 2021).

While the analysis of the TiO2 content of plastics, either destructively or
non-destructively, is relatively straightforward, and the determination of its
polymorphic form is possible, albeit more challenging, a critical measure-
ment is the nature and degree of pigment coating or surface modification.
A specific, potential marker of engineered surface modification of TiO2 is
zirconium (for zirconia). This is commonly employed in paints but is also
used in highly durable plastics, including polyolefins and PVC for building
exteriors, agricultural films and outdoor furniture; zirconia is not, however,
employed by all plastic manufacturers (Titan Group Innovative, 2020).

Fig. 1 shows XRF spectra for four samples of polyethylene of broadly
similar (<1 cm) dimensions collected from the strandline of coastal beaches
in southwest England. Titanium is detectable in all samples, with clear sec-
ondary X-ray peaks at 4.51 keV (Kα1) and 4.93 keV (Kβ1) and concentra-
tions annotated. By contrast, the peak for Zr at 15.78 keV (Kα1) is only
evident in two cases (note that the Niton XRF is not calibrated for Zr in
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plastic and concentrations are not calculated). Presumably, therefore, the
polyethylene of the coloured fragments in (a) and (b) was originally em-
ployed for exterior use, while the white production pellet and black indus-
trial biobead in (c) and (d), respectively, were destined for or derived from
polyethylene intended for more general purpose usage. On this basis, and
for equivalent environmental exposures, we would predict the former sam-
ples to be more persistent in the marine environment.

With respect to the samples in Table 2 analysed by energy-dispersive
XRF spectrometry, and where Ti was detected and spectra were available
for inspection, we encountered 18 out of about 350 (or about 5 % in
total) that exhibited a discernible Zr peak. This may, however, represent
an underestimate because of the amount of noise present in this part of
the XRF spectrum for many of the smaller and thinner samples. Neverthe-
less, and where zirconia is used individually or in combination with other
minerals to modify the pigment crystal surface, the concurrent determina-
tion of Ti and Zr in environmental samples has the potential to probe, at
least qualitatively, differences in degradation rates of plastics.

Alumina and silica are also commonly employed in the surface treat-
ment of TiO2 pigment particles. However, and despite the ready determina-
tion of Al and Si, these elements have multiple uses in plastics, including
alumina trihydrate as a flame retardant, aluminium stearate as a lubricant,
aluminium silicate as a filler, and a multitude of siloxanes serving a variety
of functions (Pritchard, 1998). Accordingly, techniques are required that
target the surface of TiO2 pigments. These include examination under a
scanning/transmission electron microscopy (S/TEM) coupledwith elemen-
tal mapping obtained by EDX (where a less powerful and penetrating X-ray
Fig. 1.XRF spectra (counts per second versus energy, keV) for four polyethylene samples
(with Ti concentrations annotated) but Zr is only evident in (a) and (b).
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beam is used than in XRF). S/TEM-EDX applied to road paints is able to
discriminate between silica-coated and untreated crocoite pigments, as
well as estimate the thickness, hence contribution, of the amorphous coat-
ing (Lee et al., 2018; O'Shea et al., 2021), and has potential for the analysis
of pigments in plastics.

We examined various Ti-rich consumer and environmental plastics by
SEM-EDX and images and results are exemplified in Fig. 2. Thus, when
pigment particles in a white, polypropylene yoghurt pot were targeted, Ti
was returned with traces of Ca and sometimes Na. Pigment particles in an
offcut of a PVC house siding, however, returned Ti (and Ca) along with
traces of Al and Si. While these results are only qualitative and lack the spa-
tial resolution required to probe pigment surfacemorphology and structure
(the resolution of the X-ray beamwas about 1 μm), they are consistent with
the chemical makeup of pure or lightly coated rutile versus more highly
coated and durable rutile.

3.4. Impact of TiO2 content on plastic density

The densities of anatase (ρa-TiO2 = 3.90 g cm−3) and rutile (ρr-TiO2 =
4.27 g cm−3) are considerably greater than the densities of common poly-
mers (ρp ~ 0.85 to 1.5 g cm−3). This means that, in theory, the density of a
plastic, ρplast, will increase by increasing the volume fraction of pigment
present, fTiO2:

ρplast ¼ 1 � f TiO2

� �
ρp þ f TiO2

ρTiO2
(1)
collected frombeaches of southwest England. Titaniumpeaks are present in all cases



Fig. 2. SEM images of (a) a polypropylene yoghurt pot and (c) a PVC house siding and examples of EDX spectra that targeted individual TiO2 pigments (b and d). Note that
EDX concentrations are indicative only.

Fig. 3.Calculated density of plastic (ρplast) with increasing Ti concentration (as rutile
TiO2) added to polymers of inherent densities (ρp) ranging from 0.90 g cm−3 to
0.98 g cm−3. Annotated in blue are the densities of freshwater and coastal
seawater. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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On amass basis, and for a concentration of Ti in mg kg−1, Eq. (1) can be
rewritten as follows (Turner and Filella, 2020b):

ρplast ¼ ρpρTiO2
= Ti½ �=5:99� 105

� �
ρp−ρTiO2

� �
þ ρTiO2

� �
ð2Þ

where 5.99 × 105 accounts for both the conversion of mg kg−1 to a mass
fraction and the mass contribution of Ti to TiO2.

Critical in the aquatic environment is the quantity of TiO2 that increases
the density of a polymer sufficiently to alter the sign of its buoyancy. For
light polymers that have a slight inherent positive buoyancy, including
polyolefins (ρp ~ 0.90 to 0.98 g cm−3), negative buoyancymay be effected
in freshwater when density increases to above 1 g cm−3 and in coastal wa-
ters when density increases to above about 1.02 g cm−3. Fig. 3 illustrates
the calculated density for polymers of inherent densities ranging from
0.90 to 0.98 g cm−3 with increasing quantities of Ti, as rutile pigment, up
to 100,000 mg kg−1. Here, values of ρplast of 1 g cm−3 and 1.02 g cm−3

are attained with Ti additions ranging from about 75,000 mg kg−1 and
90,000 mg kg−1 and from 15,000 mg kg−1 to 30,000 mg kg−1, respec-
tively. These concentrations are exceeded for many environmental samples
in Table 2 and for certain construction plastics given in Table 1, suggesting
that polyolefins in the environment may be subject to fractionation (i.e., in
suspension versus settled) and different fates (e.g., exposed to and shielded
from sunlight; available to epipelagic or benthic organisms) according to Ti
content.

In reality, net plastic densities are more complex and calculated values
shown in Fig. 3 are likely underestimates. This is because Ti measurements
neglect the presence of minerals that modify the pigment surface (that is,
the total pigment content is underestimated) and other inorganic functional
additives and fillers. Nevertheless, the presence of high quantities of dense
additives more generally may explain, at least in part, why polyethylene is
often reported in bed sediment (Vianello et al., 2013; Cheang et al., 2018).
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Unfortunately, elemental or compositional analyses of benthic plastics is
lacking but would be required to verify this assertion.

3.5. Plastic pigmented with TiO2 as a source of fine particles and nanoparticles

In a study of additives in plastics sampled from North Sea sediments,
Fries et al. (2013) first addressed the possibility of microplastics acting as
a source of TiO2 nanoparticles in the marine environment. Strictly, nano-
particles are considered as objects with at least one dimension in the
range 1 to 100 nm (Shi et al., 2013). By contrast, to optimise the scattering
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of light in plastics, pigment diameter should be just below one-half of the
wavelength to be scattered. With the eye most sensitive to light of about
0.55 μm in wavelength, typical commercial TiO2 pigments are between
about 0.2 and 0.3 μm in size (Chemours, 2018). Although this size distribu-
tion renders TiO2 pigment particles larger than TiO2 nanoparticles, their ef-
fective sizes may be similar during experimental delivery unless stringent
precautions are undertaken because of aggregation and agglomeration
(IARC, 2008). Nevertheless, from a toxicological standpoint, individual par-
ticle size is critical: fine, pigmented particles are believed to be chemically
inert, whereas nanoparticles are considered bioactive and potentially toxic
because of their higher surface area, greater proportion of atoms localised
at the particle surface, and ability to be taken up by endocytosis and diffu-
sion (Skocaj et al., 2011). Recently, and because of the abundance of parti-
cles in the nano-size range, the European Food Safety Authority considered
TiO2 (as E171) no longer safe as a food additive (EFSA, 2021).

Luo et al. (2020) determined the leaching of rutile TiO2 into deionised
water and tap water from bright white, low-density polyethylene that had
been powdered to <500 μm and subject to accelerated aging for different
periods. After a twelve-hour period of leaching, unaged plastic released
8.8 ± 0.1 mg L−1 and 3.0 ± 0.1 mg L−1 in deionised water and tap
water, respectively. By contrast, plastic aged for six weeks released
139±1.4mgL−1 and 136±7.7mg L−1 in the respectivemedia. On a par-
ticle number basis, unaged and aged polyethylene microplastics released
about 70 × 105 L−1 and 1100 × 105 L−1 into both media, respectively.
Moreover, aged polyethylene tended to release a higher proportion of
larger TiO2 particles (>5 μm) and a lower proportion of smaller particles
(< 5 μm) than unaged polyethylene. The authors suggested that the frag-
mentation and cracking of polyethylene particles on aging creates a larger
contact area for TiO2 with water and facilitates the release of more and
larger particles. Significantly, however, the size distribution reported indi-
cates that TiO2 particle release is restricted to or dominated by chemically
inert fines rather than bioactive nanoparticles.

By contrast, the recent application of a material flow analysis to TiO2 by
Zheng and Nowack (2021) that accounted for particle size and crystalline
forms established that nanosized particles had been released to the environ-
ment from various products, that included plastics, well before the intro-
duction of engineered nanomaterials in 2000. This observation requires
that TiO2 nanoparticles are also derived from conventional titania pigments
and suggests that a complete risk assessment of TiO2 in the environment
should also consider pigmented particles.

Clearly, further experiments using a variety of polymers and grades or
surface modifications of pigment particles are required for a better under-
standing of the mechanisms and kinetics involved in TiO2 leaching and its
subsequent toxicological impacts. Specifically, central questions to be ad-
dressed are how pigment photoactivity affects the release of TiO2 (in addi-
tion to the degradation of the polymer itself), and whether the presence of
other inorganic and organic additives affect this process (Allen et al., 1998;
Gesenhues and Hocken, 2000).

3.6. Summary and perspectives

The compilation of Ti data in consumer and environmental plastics re-
veals a heterogeneous distribution of concentrations amongst each cate-
gory, source or polymer type. However, the highest concentrations are
associated with bright plastics (that are not always white) and the lowest
(trace) concentrations are found in transparent or translucent materials or
samples where external contamination may have arisen.

In addition to Ti content, the results and critical analysis presented here
suggest that the polymorphic form and engineered modification of TiO2

pigment particles have significant impacts on the behaviour and fate of a
range of plastics in the aquatic environment. For instance, light plastics
with quantities of relatively photoactive TiO2 that are insufficient to effect
sinking are predicted to degrade most quickly while in suspension or
beached which, in turn, facilitates the mobilisation of TiO2 pigment parti-
cles. By contrast, plastics containing high quantities of modified TiO2 parti-
clesmay settle out of suspension and becomepartially shaded fromUV light
7

and are, therefore, predicted to be more persistent. Titanium should, there-
fore, be recognised as a critical element in environmental plastics that
merits more widespread monitoring and greater scientific study.

A more general conclusion of this study is that experimental studies
involving pure polymers may not lead to accurate data or inferences
regarding the behaviour, persistence and fate of plastics in the aquatic
environment.
CRediT authorship contribution statement

Andrew Turner: Conceptualization, Methodology, Investigation, For-
mal analysis, Writing – original draft, Writing – review& editing.Montser-
rat Filella: Conceptualization, Investigation, Writing – review & editing.

Data availability

Data will be made available on request.
Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

We thank Glenn Harper, University of Plymouth, for assistance with the
SEM-EDX analysis.

References

Allen, N.S., Edge, M., Corrales, T., Catalina, F., 1998. Stabiliser interactions in the thermal and
photooxidation of titanium dioxide pigmented polypropylene films. Polym. Degrad. Stab.
61, 139–149.

Ashton, K., Holmes, L., Turner, A., 2010. Association of metals with plastic production pellets
in the marine environment. Mar. Pollut. Bull. 60, 2050–2055.

Bayo, J., Martínez, A., Guillén, M., Olmos, S., Roca, M.J., Alcolea, A., 2017. Microbeads in
commercial facial cleansers: threatening the environment. CLEAN Soil Air Water 45,
1600683.

Bolt, J.D., Feng, A.A., Johnson, R.W., 2005. The role of titanium dioxide pigments in durabil-
ity of exterior PVC. The Ninth International PVC Conference. IOM Communications,
London, pp. 547–556.

Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J.H., Abu-Omar, M., Scott, S.L.,
Suh, S., 2020. Degradation of plastics in the environment. Sustain. Chem. Eng. 8,
3494–3511.

Cheang, C.C., Ma, Y., Fok, L., 2018. Occurrence and composition of microplastics in the sea-
bed sediments of the coral communities in proximity of a metropolitan area. Int.
J. Environ. Res. Public Health 15, 2270. https://doi.org/10.3390/ijerph15102270.

Chemours, 2018. Polymers, light and the science of TiO2. https://www.tipure.com/
en/-/media/files/tipure/legacy/polymers-light-science-tio2.pdf?rev=8bfc0b97
d79e45b8be89aad8bbef6dfa.

Colburn, T.W., Toops, T.J., Wereszczak, A.A., 2020. Industrial scalable additives for enhanced
decomposition of plastic waste through photocatalysis. Acad.J.Polym.Sci. 4, 555633.

Danish Ministry of the Environment, 2014. Occurrence and effects of nanosized anatase tita-
nium dioxide in consumer products. Environmental Project No. 1603. Danish Environ-
mental Protection Agency, Copenhagen.

Day, R.E., 1990. The role of titanium dioxide pigments in the degradation and stabilisation of
polymers in the plastics industry. Polym. Degrad. Stab. 29, 73–92.

De Frond, H.L., van Sebille, E., Parnis, J.M., Diamond, M.L., Mallos, N., Kingsbury, T.,
Rochman, C.M., 2018. Estimating the mass of chemicals associated with ocean plastic
pollution to inform mitigation efforts. Integr. Environ. Assess. Manag. 15, 596–606.

Dong, M., Zhang, Q., Xing, X., Chen, W., She, Z., Lou, Z., 2020. Raman spectra and surface
changes of microplastics weathered under natural environments. Sci. Total Environ.
739, 139990.

Dufton, P.W., 1998. Functional Additives for the Plastics Industry. Trends in Use and Technol-
ogy. Rapra Technology, Shrewsbury, UK.

EFSA, 2021. Titanium dioxide: E171 no longer considered safe when used as a food additive.
https://www.efsa.europa.eu/en/news/titanium-dioxide-e171-no-longer-considered-
safe-when-used-food-additive accessed September 2022.

Eriksen, M.K., Pivnenko, K., Olsson, M.E., Astrup, T.F., 2018. Contamination in plastic
recycling: influence of metals on the quality of reprocessed plastic. Waste Manag. 79,
595–606.

Filella, M., Brazard, J., Adachi, T.B.M., Turner, A., 2022. Hazardous chemical elements in
cleaning cloths, a potential source of microfibres. Sci. Total Environ. 846, 157419.

http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350175785
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350175785
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350175785
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350186424
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350186424
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350237046
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350237046
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350237046
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202334114756
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202334114756
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202334114756
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202334234346
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202334234346
https://doi.org/10.3390/ijerph15102270
https://www.tipure.com/en/-/media/files/tipure/legacy/polymers-light-science-tio2.pdf?rev=8bfc0b97d79e45b8be89aad8bbef6dfa
https://www.tipure.com/en/-/media/files/tipure/legacy/polymers-light-science-tio2.pdf?rev=8bfc0b97d79e45b8be89aad8bbef6dfa
https://www.tipure.com/en/-/media/files/tipure/legacy/polymers-light-science-tio2.pdf?rev=8bfc0b97d79e45b8be89aad8bbef6dfa
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202340526107
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202340526107
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202342450403
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202342450403
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202342450403
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350260165
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350260165
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343293719
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343293719
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343316531
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343316531
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343316531
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343453721
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202343453721
https://www.efsa.europa.eu/en/news/titanium-dioxide-e171-no-longer-considered-safe-when-used-food-additive
https://www.efsa.europa.eu/en/news/titanium-dioxide-e171-no-longer-considered-safe-when-used-food-additive
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350279541
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350279541
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350279541
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350383314
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350383314


A. Turner, M. Filella Science of the Total Environment 869 (2023) 161727
Filella, M., Rodríguez-Murillo, J.C., Turner, A., 2021.What the presence of regulated chemical
elements in beached lacustrine plastics can tell us: the case of Swiss lakes. Environ. Monit.
Assess. 193, 693.

Filella, M., Turner, A., 2018. Observational study unveils the extensive presence of hazardous
elements in beached plastics from Lake Geneva. Front.Environ.Sci. 6, 1. https://doi.org/
10.3389/fenvs.2018.00001.

Fries, E., Dekiff, J.H., Willmeyer, J., Nuelle, M.T., Ebert, M., Remy, D., 2013. Identification of
polymer types and additives in marine microplastic particles using pyrolysis-GC/MS and
scanning electron microscopy. Environ. Sci. Processes Impacts 15, 1949.

Gesenhues, U., Hocken, J., 2000. TiO2 pigment structure and kinetics of PVC weathering. J.
Vinyl Addit.Technol. 6, 80–87.

Habib, R.Z., Aldhanhani, J.A.K., Ali, A.H., Ghebremedhin, F., Elkashlan, M., Mesfun, M.,
Kittaneh, W., Al Kindi, R., Thiemann, T., 2022. Trends of microplastic abundance in per-
sonal care products in the United Arab Emirates over the period of 3 years (2018–2020).
Environ. Sci. Pollut. Res. 29, 89614–89624.

Hahladakis, J.N., Velis, C.A., Weber, R., Iacovidou, E., Purnell, P., 2018. An overview of chem-
ical additives present in plastics: migration, release, fate and environmental impact dur-
ing their use, disposal and recycling. J. Hazard. Mater. 344, 179–199.

IARC, 2008. Titanium Dioxide. International Agency for Research on Cancer. Monograph 93,
193–276.

IARC, 2010. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Volume
93: Carbon Black, Titanium Dioxide, and Talc. International Agency for Research on Can-
cer, Lyon 466pp.

Imhof, H.K., Laforsch, C., Wiesheu, A.C., Schmid, J., Anger, P.M., Niessner, R., Ivleva, N.P.,
2016. Pigments and plastic in limnetic ecosystems: a qualitative and quantitative study
on microparticles of different size classes. Water Res. 98, 64–74.

Kemp, T.J., McIntyre, R.A., 2001. Mechanism of action of titanium dioxide pigment in the
photodegradation of poly(vinyl chloride) and other polymers. Prog. React. Kinet. Mech.
26, 337–374.

Khaled, A., Rivaton, A., Richard, C., Jaber, F., Sleiman, M., 2018. Phototransformation of plas-
tic containing brominated flame retardants: enhanced fragmentation and release of pho-
toproducts to water and air. Environ. Sci. Technol. 52, 11123–11131.

Koelmans, A.A., Besseling, E., Foekema, E.M., 2014. Leaching of plastic additives to marine
organisms. Environ. Pollut. 187, 49–54.

Kuang, J., Abdallah, M.A.-E., Harrad, S., 2018. Brominated flame retardants in black plastic
kitchen utensils: concentrations and human exposure implications. Sci. Total Environ.
610–611, 1138–1146.

Kwan, C.S., Takada, H., 2016. Release of additives and monomers from plastic wastes. In:
Takada, H., Karapanagioti, H. (Eds.), Hazardous Chemicals Associated With Plastics in
the Marine Environment. The Handbook of Environmental Chemistryvol. 78. Springer,
Cham. https://doi.org/10.1007/698_2016_122.

Lebreton, L.C.M., van der Zwet, J., Damsteeg, J.-W., Slat, B., Andrady, A., Reisser, J., 2017.
River plastic emissions to the world's oceans. Nat. Commun. 8, 15611.

Lee, P.K., Chang, H.J., Yu, S., Chae, K.H., Bae, J.H., Kang, M.J., Chae, G., 2018. Characteriza-
tion of Cr (VI) - containing solid phase particles in dry dust deposition in Daejeon, South
Korea. Environ. Pollut. 243, 1637–1647.

Lee, Q.Y., Li, H., 2021. Photocatalytic degradation of plastic waste: a mini review.
Micromachines 12, 907.

Lenz, R., Enders, K., Stedmon, C.A., Mackenzie, D.M.A., Nielsen, T.G., 2015. A critical assess-
ment of visual identification of marine microplastic using Raman spectroscopy for analy-
sis improvement. Mar. Pollut. Bull. 100, 82–91.

Loaeza, D., Cailloux, J., Pérez, O.S., Sánchez-Soto, M., Maspoch, M.L., 2021. Impact of tita-
nium dioxide in the mechanical recycling of post-consumer polyethylene terephthalate
bottle waste: tensile and fracture behaviour. Polymers 13, 310.

Luo, H., Xiang, Y., Li, Y., Zhao, Y., Pan, X., 2020. Weathering alters surface characteristic of
TiO2-pigmented microplastics and particle size distribution of TiO2 released into water.
Sci. Total Environ. 729, 139083.

Martin, K., Turner, A., 2019. Mobilization and bioaccessibility of cadmium in coastal sedi-
ment contaminated by microplastics. Mar. Pollut. Bull. 146, 940–944.

Matxinandiarena, E., Múgica, A., Zubitur, M., Yus, C., Sebastián, V., Irusta, S., Loaeza, A.D.,
Santana, O., Maspoch, M.L., Puig, C., Müller, A.J., 2019. The effect of titanium dioxide
surface modification on the dispersion, morphology, and mechanical properties of
recycled PP/PET/TiO2 PBNANOs. Polymers 11, 1692.

Nabi, I., Bacha, A.U.R., Ahmad, F., Zhang, L., 2021. Application of titanium dioxide for the
photocatalytic degradation of macro- and micro-plastics: a review. J. Environ. Chem.
Eng. 9, 105964.

Nava, V., Frezzotti, M.L., Leoni, B., 2021. Raman spectroscopy for the analysis of microplastics
in aquatic systems. Appl. Spectrosc. 75, 1341–1357.

Nelson, T.F., Reddy, C.M., Ward, C.P., 2021. Product formulation controls the impact of bio-
fouling on consumer plastic photochemical fate in the ocean. Environ. Sci. Technol. 55,
8898–8907.
8

Núňez, S.S., Moltó, J., Conesa, J.A., Fullana, A., 2022. Heavy metals, PAHs and POPs in
recycled polyethylene samples of agricultural, post-commercial, post-industrial and
post-consumer origin. Waste Manag. 144, 113–121.

O'Shea, M.J., Vigiliaturo, R., Choi, J.K., McKeon, T.P., Krekeler, M.P.s., Gieré, R., 2021. Alteration
of yellow traffic paint in simulated environmental and biological fluids. Sci. Total Environ.
750, 141202.

Pritchard, G. (Ed.), 1998. Plastic Additives. An A-Z Reference. Springer Science + Business
Media, Dortrecht.

Prunier, J., Maurice, L., Perez, E., Gigault, J., Wickmann, A.C.P., Davranche, M., ter Halle, A.,
2019. Trace metals in polyethylene debris from the North Atlantic subtropical gyre. Envi-
ron. Pollut. 245, 371–379.

Puchowicz, D., Cieslak, M., 2021. Raman spectroscopy in the analysis of textile structures. In:
Pathak, C.S., Kumar, S. (Eds.), Recent Developments in Atomic Force Microscopy and
Raman Spectroscopy for Materials Characterization. Intechopen doi:10.

Ranta-Korpi, M., Vainikka, P., Konttinen, J., Saarimaa, A., Rodriguez, M., 2014. Ash Forming El-
ements in Plastics and Rubbers. VTT Technical Research Centre of Finland, Espoo, Finland.

Schmid, P., Welle, F., 2020. Chemical migration from beverage packaging materials – a re-
view. Beverages 6, 37. https://doi.org/10.3390/beverages6020037.

Schwarz, A.E., Ligthart, T.N., Boukris, E., van Harmelen, T., 2019. Sources, transport, and ac-
cumulation of different types of plastic litter in aquatic environments: a review study.
Mar. Pollut. Bull. 143, 92–100.

Scott, J.W., Turner, A., Prada, A.F., Zhao, L.D., 2022. Heterogeneous weathering of polypro-
pylene in the marine environment. Sci. Total Environ. 812, 152308.

Shi, H., Magaye, R., Castranova, V., Zhao, J., 2013. Titanium dioxide nanoparticles: a review
of current toxicological data. Part.Fibre Toxicol. 10, 15.

Skocaj, M., Filipic, M., Petkovic, J., Novak, S., 2011. Titanium dioxide in our everyday life; is
it safe? Radiol. Oncol. 45, 227–247.

Smith, E.C., Turner, A., 2020. Mobilization kinetics of Br, Cd, Cr, Hg, Pb and Sb in
microplastics exposed to simulated, dietary-adapted digestive conditions of seabirds.
Sci. Total Environ. 733, 138802.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M.A., Watanuki, Y., 2015.
Facilitated leaching of additive-derived PBDEs from plastic by seabirds'stomach oil and
accumulation in tissues. Environ. Sci. Technol. 49, 11799–11807.

Titan Group Innovative, 2020. Comprehensive Dossier of the World’s Titanium Dioxide
Grades and TiO2 Manufacturers. Year 2016. . http://innovativetio2.com/dossier/.
(Accessed September 2022).

Turner, A., 2019. Trace elements in laundry dryer lint: a proxy for household contamination
and discharges to waste water. Sci. Total Environ. 665, 568–573.

Turner, A., Filella, M., 2017. Field-portable-XRF reveals the ubiquity of antimony in plastic
consumer products. Sci. Total Environ. 584–585, 982–989.

Turner, A., Filella, M., 2020a. The influence of additives on the fate of plastics in the marine
environment, exemplified with barium sulphate. Mar. Pollut. Bull. 158, 111352.

Turner, A., Filella, M., 2020. Corrigendum to “The influence of additives on the fate of plastics
in the marine environment, exemplified with barium sulphate” [Mar. Pollut. Bull. 158
(2020) 111352]. Mar. Pollut. Bull. 162, 111787.

Turner, A., Solman, K.R., 2016. Analysis of the elemental composition of marine litter by field-
portable-XRF. Talanta 159, 262–271.

Vianello, A., Boldrin, A., Guerriero, P., Moschino, V., Rella, R., Sturaro, A., Da Ros, I., 2013.
Microplastic particles in sediments of lagoon of Venice, Italy: first observations on occur-
rence, spatial patterns and identification. Estuar. Coast. Shelf Sci. 130, 54–61.

von Goetz, N., Lorenz, C., Windler, L., Nowack, B., Heuberger, M., Hungerbühler, K., 2013. Sweat
under physical stress: experiments and exposure modeling. Environ. Sci. Technol. 47,
9979–9987.

Wagner, S., Schlummer, M., 2020. Legacy additives in a circular economy of plastics: current di-
lemma, policy analysis, and emerging countermeasures. Resour. Conserv. Recycl. 158,
104800.

Walsh, A.N., Reddy, C.M., Niles, S.F., McKenna, A.M., Hansel, C.M., Ward, C.P., 2021. Plastic
formulation is an emerging control of its photochemical fate in the ocean. Environ. Sci.
Technol. 55, 12383–12392.

Ward, C.P., Armstrong, C.J., Walsh, A.N., Jackson, J.H., Reddy, C.M., 2019. Sunlight converts
polystyrene to carbon dioxide and dissolved organic carbon. Environ. Sci. Technol. Lett.
6, 669–674.

Wiesinger, H., Wang, Z., Hellweg, S., 2021. Deep dive into plastic monomers, additives, and
processing aids. Environ. Sci. Technol. 55, 9339–9351.

Windler, L., Lorenz, C., von Goetz, N., Hungerbühler, K., Amberg, M., Heugerber,M., Nowack, B.,
2012. Release of titanium dioxide from textiles during washing. Environ. Sci. Technol. 46,
8181–8188.

Worsley, D.A., Searle, J.R., 2002. Photoactivity test for TiO2 pigment photocatalysed polymer
degradation. Mater. Sci. Technol. 18, 681–684.

Zheng, Y., Nowack, B., 2021. Size-specific, dynamic, probabilistic material flow analysis of ti-
tanium dioxide releases into the environment. Environ. Sci. Technol. 55, 2392–2402.

http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350454378
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350454378
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350454378
https://doi.org/10.3389/fenvs.2018.00001
https://doi.org/10.3389/fenvs.2018.00001
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202344265525
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202344265525
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202344265525
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202344409634
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202344409634
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350486412
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350486412
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350486412
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350510838
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350510838
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350510838
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf1000
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf1000
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345213836
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345213836
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345213836
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350536402
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350536402
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345432590
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345432590
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345432590
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350559485
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350559485
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350559485
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350569858
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350569858
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345465242
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345465242
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202345465242
https://doi.org/10.1007/698_2016_122
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351016094
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346193345
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346193345
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346193345
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351029848
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351029848
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf2000
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf2000
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf2000
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346213493
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346213493
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346213493
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351041094
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351041094
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351041094
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351041094
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351041094
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351051540
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351051540
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351067199
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351067199
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351067199
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351218125
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351218125
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351218125
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351244493
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351244493
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351261881
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351261881
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351261881
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351279073
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351279073
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351279073
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202349203586
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202349203586
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202349203586
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346428184
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346428184
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346461002
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202346461002
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202349363621
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202349363621
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202349363621
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202347323750
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202347323750
https://doi.org/10.3390/beverages6020037
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351306581
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351306581
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351306581
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202347353331
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202347353331
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202347578604
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202347578604
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351319873
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351319873
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351455463
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351455463
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351455463
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351512181
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351512181
http://innovativetio2.com/dossier/
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351534217
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351534217
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348020181
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348020181
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351560322
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351560322
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350162829
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350162829
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202350162829
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351599645
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202351599645
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348050047
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348050047
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352022812
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352022812
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352022812
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348223631
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348223631
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348223631
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352040100
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352040100
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352040100
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352061554
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352061554
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352061554
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352078115
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352078115
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348237459
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348237459
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348250518
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348250518
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202348250518
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352153326
http://refhub.elsevier.com/S0048-9697(23)00342-X/rf202301202352153326

