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Environmental significance

Sub-100 nm nanoplastics: potent carriers of
tributyltin in marine watersy

Jason Raymond,@ Monica Felipe-Sotelo, Rachida Bance-Soualhi, @
Carol Crean ® and Maya Al-Sid-Cheikh @ *

Despite laws prohibiting its usage, butyltin (TBT) is a legacy pollutant and an antifouling agent that is still
prevalent in marine systems and has been shown to have negative effects on the ecosystem. The purpose
of this study is to fill a vacuum in the literature by determining whether nanoplastics (NPs, <1000 nm) can
carry TBT, which might provide a new TBT exposure pathway to marine organisms. Adsorption capacity
was modelled using nanopolystyrene (PS-NP) with three particle sizes spanning the nano-range (40, 485
and 765 nm). Kinetics and thermodynamics of TBT adsorption by PS-NP were explored within natural sea
water (32 psu), brackish water (16 psu), artificial sea water (32 psu), and a sodium monophosphate/
diphosphate buffer (pH 8, 0.1 M). Elemental analysis, following adsorption experiments, was completed by
inductively coupled plasma-mass spectrometry and microwave plasma-atomic emission spectroscopy.
Between 78 and 99% of the total TBT adsorption occurred within the first 0-6 hours of mixing. Freundlich
isotherm models provided the most accurate fit to experimental data for each water and polystyrene
particle matrix (R? values between 0.9086 and 0.9970), suggesting that the system underwent non-ideal or
multilayer adsorption. The greatest capacity for adsorption was observed with the smallest plastic particles
(49.5-85.6% (m/m)) and within the brackish water matrix (40.0-85.6% (m/m)). This suggests that the
adsorption capacity increases with decreasing particle size and salinity, highlighting that nanoplastics have
greater potential to act as a vector for the transportation of TBT over microplastics, and that adsorption is
restricted by the presence of competitive salts. Distribution coefficients (Kp) for TBT adsorption by PS-NP
(between 193 + 9 L g™* and 2853 + 291 L g™}) are consistent with the upper range of literature reported
values for sediment adsorption. This suggests that PS-NPs have similar potential for TBT adsorption to
naturally occurring sediment particles. When considering the differences in specific gravity between NP
and sediment particles, this research highlights a concern of increased TBT mobility when bound to NPs,
and the potential for TBT to become more available to surface-dwelling organisms such as those residing
in tidal zones.

The behaviour of nanoplastics (NPs) and their subsequent interactions with environmental co-contaminants are not fully understood. The types of co-
contaminants and environmental matrices are crucial in estimating their bioaccumulation and bioavailability to organisms, allowing us to predict their
potential impact. Here, we quantify the adsorption capacity of tributyltin (TBT), a former antifoulant remaining in the environment, by nanopolystyrene in

brackish water, artificial and natural seawater, at environmentally realistic concentrations of NP and TBT. This helps to determine whether: i) TBT can be
remobilised by NPs, ii) there is a synergistic effect once adsorbed onto the particles, and iii) TBT is bioavailable once ingested.

Introduction

produced since 1950, with an estimated 7.3 billion tonnes
still existing in some form today." Larger plastic debris in

Over the last 60 years, plastic's accumulation on the Earth
has become one of the most prominent human impacts on
the environment. 8.3 billion tonnes of plastic have been
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the ocean undergoes degradation into smaller particles,
from macro- to microplastics (MPs, <5 mm).> It is predicted
that between 93 and 236 thousand tonnes of MPs have
contaminated the world's oceans.> MPs have been shown to
be utterly ubiquitous; their presence found in seafood,*™®
cow and breast milk,””® airborne dust,’ bottled water'® ">
and plastic teabags."® Studies show that bivalves sold in
Chinese fishery markets can contain 2.1 to 10.5 particles of
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plastic per gram.'* There is now evidence suggesting that
further fragmentation occurs, from MPs to nanoplastics
(NPs, <1000 nm)."> Recently, it has been highlighted that
NPs are the least investigated in the literature, despite them
potentially being the most hazardous."™'® NPs are expected
to be even more widespread and accumulate in seafood.’
Determining the behaviour of MP and NP particles in the
ocean is crucial to assess the risk they exert in the
environment, as well as the multiple human exposure
routes that these particles have.

The capacity of plastic particles to adsorb other toxic
compounds (TCs) present in the environment has become a
cause for concern within the MP debate. Adsorption of TCs
onto the plastic's surface, if occurring, would enable the
plastic particles to vectorise these compounds. Most of the
current studies looking at the adsorption capacity of TCs by
plastic particles focus exclusively on MPs."” Previous research
has shown that MPs sorb hydrophobic organic
contaminants.*®2 It is also apparent that sorption behaviour
between MPs and organic TCs is complex and unclear, due to
the number of mechanisms by which it can occur."®*' For
example, MPs can undergo pore filling, hydrophobic
partitioning, hydrogen bonding, van der Waals, electrostatic
and n-7 interactions.”>** The adsorption of TCs is dependent
on several factors such as the shape, composition, and age of
plastic particles, as well as the type of adsorption mechanism
and environmental conditions such as pH, concentration,
and temperature. In the literature, there is conflicting
evidence for the impact of polymer type, with research
suggesting that the polymer type both does***® and does
not*® have a substantial impact on the adsorption capacity. It
is common for MP research to conduct adsorption
experiments with polystyrene particles,”” likely due to their
absence from blanks and commercial availability. The size of
the plastic particles is shown to have a significant effect on
their adsorption properties,”® as an increased surface to
volume ratio leads to a greater number of available binding
sites. NPs have a larger surface area when compared to MPs
and it is thereby expected that NPs exhibit greater adsorption
capacity than MPs. Very few literature studies report values
for adsorption onto NPs, with maximum adsorption capacity
examples of 8710 pg g~ by 40 nm PS particles with bisphenol
A and ciprofloxacin and 970000 pg ¢' by 150-450 nm PS
particles with Pb.>® The distribution coefficient (Kp) for
polychlorinated biphenyls by 361 nm PS was determined as
10" to 10° L kg™".*°

Tributyltin (TBT) was used extensively in the early 1970s
as an antifouling agent on the underside of marine vessels.
The toxicity of TBT has therefore received large amounts of
interest in the literature due to the global effects on marine
organisms by the poisoning of barnacles, algae, and other
organisms at the bottom of the food chain.*" One of the most
frequently cited impacts of TBT pollution is the induced
imposex within the mollusc population, a condition
characterised by the super-imposition of male genitalia onto
female gastropods. The exact cause of imposex induction is a
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subject of ongoing research, however it is theorised to follow
one of three mechanisms: abnormal release of the
neuropeptide APGWamide,** elevated testosterone levels**?>*
or the displacement of the natural 9-cis retinoic acid by
organotins from the retinoid X receptor (RXR).>> Population
decline of several species has been attributed to organotin
derived imposex, and widespread imposex continues to be
reported.*®*” This highlights that although TBT is considered
a legacy pollutant, its persistence in marine systems and its
ongoing environmental impacts require continued research
and monitoring.*® In addition, TBT itself has been shown to
affect the growth and mortality of molluscs and bivalves.**™**
Larvae and developing bivalves are especially sensitive to TBT
exposure.*" Toxic effects in some species occur for lower than
1 ng TBT per litre of water.”’ Accumulation of TBT within
marine organisms has highlighted concerns for human
exposure, with predicted daily intakes by humans estimated
at 0.25 ug per kg of body weight, per day.** Despite regulation
introduced in the 1980s (UK: 1987, France: 1982 and US:
1988 (ref. 43)) which prevented its use, TBT continues to be
used on military vessels and in some developing countries
with less strict regulations.** TBT-containing biocide
products are also still manufactured and commercially
available.*” The high hydrophobicity of TBT results in strong
affinity to suspended marine particles such as sediments and
plastics.*®**” When bound to these suspended particles, TBT
has a significantly longer half-life (up to 40 years). TBT has
been shown to have an especially strong affinity towards
plastic surfaces, where it has been shown to be removed from
the aqueous phase via adsorption.*® Although TBT has a high
specific gravity and predominantly exists within the benthic
region of the ocean, NPs and MPs are significantly less
dense,* so TBT adsorption onto these particles may cause its
remobilisation, potentially leading to further TBT-caused
environmental fallout.

This research aims to fill the current research gap by
providing understanding of the impact of salinity and
particle both environmental and elevated
concentrations. This will be achieved by completing the
following objectives: (1) to produce and characterise
nanopolystyrene particles (PS-NP) in varying sizes across the
nano-range (between 1 um and 1 nm); (2) conduct adsorption
experiments, using varying salinity, adsorbate concentration
and adsorbent particle size; (3) determine the most
appropriate adsorption isotherm for modelling adsorption
behaviour, and subsequently calculate adsorption capacities
and distribution coefficients for each matrix.

size across

Methodology
Nanopolystyrene particle synthesis

Nanopolystyrene (PS-NP) was prepared and purified
according to Al-Sid-Cheikh et al., 2020.>° Three distinct sizes
of PS-NP were produced: 40 nm (small, 39.5-41.2 nm
diameter), 480 nm (medium, 476-495 nm diameter) and 760
nm (large, 727-823 nm diameter). The concentration of the

This journal is © The Royal Society of Chemistry 2024
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final purified particles was determined by direct weighing of
an aliquot of the reaction suspension, before and after
removal of the solvent by freeze-drying. Concentrations for
small, medium, and large PS-NPs were found to be 120400 +
8990 ug mL ™, 65960 + 9454 pug mL ™" and 56360 + 11292 ug
mL™" respectively. These were also converted to concentration
in the form of particle number per volume,”" giving 3.40 x
10" + 2.54 x 10™ particles per mL, 1.06 x 10" + 1.52 x 10""
particles per mL and 2.29 x 10'" + 4.58 x 10'° particles per
mL for small, medium and large PS-NPs respectively.

Characterisation by dynamic light scattering (DLS),
Brunauer, Emmett and Teller (BET) surface area analysis,
thermogravimetric  analysis (TGA), Fourier-transformed
infrared spectroscopy (FTIR), Raman and scanning electron
microscopy (SEM) was completed to determine the physical
and chemical properties of the produced particles. Samples
for DLS (Zetasizer Nano-S, Malvern Panalytical, UK) were
prepared in disposable cuvettes at 2.0 pg mL™" in Milli-Q
water (18.2 MQ), sonicated, and allowed to equilibrate for
120 seconds and then replicate analysis (10 measurements
and 10 replicates) was completed at room temperature. BET
analysis, TGA, Raman and FTIR all require, or benefitted
from, dry (or semi-dry) samples; therefore, an aliquot of each
PS-NP was freeze-dried under reduced vacuum to complete
the characterisation. For FTIR (Spectrum 2, Perkin Elmer,
UK), samples were placed directly onto an attenuated total
reflection (ATR) crystal for analysis. For Raman (InVia Reflex
Raman Microscope, Renishaw, UK), dry PS-NP powders were
placed on a stage and scanned using 785 nm laser excitation
(near-IR line laser, 100% laser power) and a 50XL objective.
Dry samples for TGA (Q500, TA Instruments, US) were placed
directly onto a platinum sample pan under a nitrogen
atmosphere. Data were obtained between 20 °C and 600 °C at
a ramp rate of 10 °C min™".

In preparation for BET surface area analysis, a gentle
disaggregation of the freeze-dried PS-NP powders (~0.5 g) was
performed by milling in falcon tubes (150 rpm, 5 minutes,
Retsch MM440, Germany) with stainless steel balls (VWR
Grinding Balls, 10 mm), to break apart groups of particles. No
changes in particle structure were observed by SEM. The
disaggregated powders were then placed in a vacuum
desiccator (72 h) to perform a preliminary outgassing at room
temperature. BET tubes were loaded with ~0.2 g of outgassed
PS powder and a further outgassing was performed in the
Quantachrome™ NOVA chamber (72 h, 70 °C). This process
was optimised to be as gentle as possible, without subjecting
the PS-NP particles to temperatures close to the polystyrene
glass transition temperature (99 °C).°> Once outgassed,
adsorption and desorption curves were obtained under
nitrogen between relative pressures (P/Py) of 0.1 and 0.99.

For SEM (Apreo 2, Thermo Fisher Scientific, UK and JSM-
7100F, JEOL, Japan) sample preparation, 20 puL aqueous PS-
NP suspension was placed directly on an aluminium stub,
allowed to settle for 15 minutes, and dried via capillary
action using filter paper, before a 6 nm gold coat was
applied. Analysis was completed using an Everhart-Thornley
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detector (ETD) set within 0.02 to 0.2 nA and 2 to 20 keV,
however this was optimised when required to obtain images
with the desired focus and magnification images.

Kinetics of TBT adsorption onto PS-NP

Adsorption as a function of time was measured to determine
the time taken to reach equilibrium within the TBT/PS-NP
system. Tri-n-butyltin chloride (TBT, 95% tech., Thermo
Scientific Acros, UK) standards (100 ng mL™" TBT,
representative of TBT concentrations within environmental
sediments,® whilst remaining above the instrument
detection limit) were prepared in a pH 8 buffer (0.1 mol
dm™, di- and mono-basic sodium phosphate buffer in Milli-
Q water), natural seawater (NSW) taken from Havant Bay,
Portsmouth (50.834376, -1.036339) and artificial seawater
(ASW). pH 8 was chosen for the buffer solution to mimic the
environmentally occurring pH in open ocean,> and NSW and
ASW were measured at pH 8.1. ASW was prepared via
dilution of artificial sea salt (Ocean Reef Pro Coral Salt,
iQuatics, UK) in Milli-Q water (up to a salinity of 32 psu).
Scoping experiments were conducted to compare spike
recoveries of TBT from plastic (polypropylene, Sarstedt,
Germany) and glass (low potassium borosilicate glass, Dixon
Science, UK) sample vessels (the average TBT recovery in
plastic and glass vessels was found to be 29.2 + 4.0% and
79.9 + 4.5% respectively). Therefore, subsequent adsorption
experiments were conducted in glass (scintillation vials, 20
mL, V0044, Dixon Science, UK) to reduce the loss of TBT to
the walls of the sample vessel. The solutions were spiked
with the appropriate volume of PS-NP to give a concentration
of 2.0 ug mL™" PS (small PS: 5.65 x 10'° particles per mL,
medium PS 3.21 x 10’ particles per mL and large PS 8.11 x
10° particles per mL, chosen to facilitate measurement of Kp,
within the detection capabilities of the instrument) in each
vial and added to an orbital mixer at 125 rpm (PSU-20i orbital
mixer, Grant-bio, UK). Adsorption experiments were
conducted at room temperature, monitored continually by a
temperature probe (18.61-24.35 °C, IBS-TH2, Inkbird, China).
Vials were removed from the mixer at increasing time
intervals in order to measure the amount of TBT remaining
in solution at each time (1 h, 3 h, 5 h, 12 h, 24 h and 48 h,
each with 3 replicates). PS-NP solutions without the presence
of TBT were agitated across the same time period to provide
TBT blanks. The samples were filtered using a method
appropriate to their size and the supernatant was acidified
up to 4% (v/v) nitric acid (trace metal grade, Fisher Chemical,
US). For the two larger particle sizes, it was possible to use
micrometre syringe filters to separate the PS-NP phase (0.22
pm: Millex®-GP, Millipore Express® PES Membrane. 0.45
pm: Millex®HA, Millipore MCE Membrane, Merck, Ireland);
however, for the smallest particles, an ultrafiltration method
was optimised using filtration membranes (30 kDa, DiaFlo®
YM30, Amicon Corporation, US) under a gentle nitrogen
pressure. The loss of TBT to each of the filters was assessed
during spike recovery experiments (Table S1 in the ESIT).
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Thermodynamics of TBT adsorption

Once the time taken to reach equilibrium had been
established, adsorption was measured across 24 hours
within 4 water matrices: pH 8 buffer in Milli-Q water, NSW,
intermediate artificial seawater (BW, salinity of 16 psu) and
ASW. These water matrices were used as a diluent to
produce 3 replicates each of TBT standards (10, 50, 75, 100,
125, 150, 200 ng mL™" TBT) in scintillation vials (20 mL,
V0044, Dixon Science, UK). The concentration range was
limited by the instrument detection limit (between 0.48 and
1.27 ng mL™") after adsorption on the lower end, and by the
TBT solubility limit on the upper end. However, the
standard concentration range was also chosen based on
environmentally occurring concentrations within marine
sediments and open ocean.** To determine whether the
upper limit of adsorption was truly limited by the solubility
limit, additional data points at 0.1, 0.5, and 1.0 ng mL™*
TBT and 2, 5, 10 and 50 ug mL™" TBT were prepared in the
pH 8 phosphate buffer to view the point of saturation. Each
size PS-NP was added up to 2.0 ug mL™" PS into each vial
and the vials were placed on an orbital mixer for 24 hours.
The aliquots of the supernatants were filtered using a
method appropriate to their size and the supernatant was
acidified up to 4% (v/v) nitric acid (trace metal analysis,
Fisher Scientific) and kept refrigerated until analysis.

Elemental analysis

Samples were diluted 1 in 10 prior to analysis with
inductively coupled plasma-mass spectrometry (ICP-MS, 7800
Series, Agilent Technologies, UK); the high matrix option was
also employed.>® For ICP-MS analysis, matrix-matched
calibration standards were prepared between 0.1 and 20.0 ng
mL™" TBT with 4% (v/v) nitric acid in each of the water
matrices. Additionally, two QC (quality control) samples were
prepared in each acidified matrix at 0.25 and 2.5 ng mL™
TBT. A methodology for the quantification of total Sn was
developed using the **°Sn isotope (33% abundance) and **°In
as internal standards. The following plasma conditions (no
collision gas) were used: nebuliser pressure: 289 kPa; IF/BK
pressure: 290 kPa; analyser pressure: 6.75 X 107> Pa; RF
power: 200 V; uptake time: 15 s; rinse time: 60 s; stabilisation
time: 30 s; replicates: 3; sweeps per replicate: 100. The limit
of detection (LOD), limit of quantification (LOQ) and limit of
linearity (LOL) were found to be 0.48, 1.61 and 516 ng mL™"
TBT respectively in the pH 8 phosphate buffer; 0.90, 4.52,
and 499 ng mL™" TBT in ASW; and 1.27, 6.37 and 504 ng
mL™" TBT in NSW. The QC recovery ranged between 82 and
112% throughout the analysis.

For the analysis of samples over the LOL of the ICP-MS
(i.e. >500 ng mL™" TBT), microwave plasma-atomic emission
spectroscopy (MP-AES, 4210 Series, Agilent Technologies, UK)
was used for quantification of TBT. Calibration standards
and QCs were prepared in the same manner as for ICP-MS,
with concentrations between 0.1 and 50.0 pug mL™ TBT for
standards and 2.5 and 25.0 ug mL™* TBT for the two QCs. A
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methodology for the quantification of the total Sn was
developed using the emission line at 283.999 nm, applying
Be 234.861 nm emission as the internal standard. The analyte
emission line was chosen for its emission intensity and
freedom from interferences. The following plasma conditions
were used: plasma temperature: 50 °C; nebuliser pressure:
247 kPa; nebuliser flow: 0.5-0.9 L min™'; gas box supply
voltage: 24.1 V; pump speed: 15-80 rpm; uptake time: 30 s;
rinse time: 60 s; stabilisation time: 15 s; number of
replicates: 3. The limit of detection (LOD), limit of
quantification (LOQ) and limit of linearity (LOL) were found
to be 0.4, 1.6 and 25.0 ug mL™" TBT respectively in the pH 8
phosphate buffer. The QC recovery ranged between 79 and
131% throughout the analysis.

Isotherm modelling

Adsorption behaviour was modelled using the Freundlich
isotherm (eqn (1)).

Qe = KeCe'" 1)

where Q. is the adsorption capacity at equilibrium, Ky and n
are Freundlich constants and C. is the concentration at
equilibrium.

The Freundlich constant (Ky) refers to a product of the
adsorption affinity (K,) and the maximum adsorption
capacity (Qmay). 7 can be used as an indicator of the
adsorption intensity; a lower n value is indicative of a
favourable adsorption. The distribution coefficient (Kp, pg
L") demonstrates the extent of adsorption by each PS-NP in
each matrix at equilibrium, in terms of concentration of TBT
bound to the PS-NP (Cpouna, g g ) and concentration of TBT
in the aqueous phase (Caqueous, Hg L) (eqn (2)).

C
Kp = bound (2)

Caqueous

where Ky, is the distribution coefficient (ug L"l), Chound 1S the
concentration of adsorbate bound to the adsorbent and
Caqueous concentration of adsorbate in the aqueous phase.
This model provides an accurate representation of the
maximum adsorption capacity at the point where the
concentration of TBT is approaching saturation (the TBT
concentration beyond which, the concentration of bound
TBT remains constant, irrespective of increases in the
aqueous TBT concentration). At the point of saturation,
Chound 18 equal to the adsorption capacity and C,qucous 1S
equal to the saturation concentration. Therefore, in the
present study, Kp for TBT adsorption by PS-NP within each
matrix is calculated using the ratio between the maximum
adsorption capacity and the saturation concentration.
Adsorption capacity was approximated as the amount of
TBT bound to the surface of the plastic at the aqueous
solubility limit of TBT (eqn (3)). Here, the aqueous
concentration of TBT at the solubility limit of TBT is denoted
as Cgqe. At this point, the PS particles will have scavenged the

This journal is © The Royal Society of Chemistry 2024
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maximum amount of TBT from the aqueous phase (i.e. where

Qe = Qmax)-
Qsat = Ke(Csae ng mL™)"" (3)

where Qg is the adsorption capacity at the limit of TBT
solubility, Kr and n are Freundlich constants and Cg,, is the
aqueous TBT concentration at the limit of TBT solubility.

The solubility of TBT is dependent on several factors,
including the temperature, media, equilibration time,
presence of other solutes, and amount of agitation. For this
approximation, the solubility limit of TBT was taken from
previous work by Inaba et al., 1995.°> Here, the solubility of
TBT in artificial seawater at room temperature is given as 300
ng mL™" TBT between pH 7 and 8. The experimental
conditions used by Inaba et al. are closely matched to the
conditions used during adsorption experiments within the
present study and can therefore provide the upper limit for
the adsorption isotherm.

Results and discussion
Characterisation of PS-NP

The size of the small, medium, and large PS-NPs was
determined to be 40 (39.6 to 41.2 nm), 484 (476 to 495 nm)
and 770 (727 to 823 nm) respectively by DLS. Instrument
measured diameter ranges obtained during the 10
measurements are given in brackets. The particle size was
then confirmed by visual analysis of SEM images. DLS size
distribution curves are given in Fig. S1 in the ESL} SEM
images at 10000x and 100000x magnification of each
particle size are given in Fig. S2-S4 in the ESIL}

Surface area analysis of the small, medium, and large PS-
NPs approximated the surface areas as 109 + 5, 2.3 = 0.1 and
1.2 + 0.1 m”> g™ respectively. BET adsorption isotherms for
each particle size are given in Fig. S5-S7 in the ESL{ The BET
adsorption isotherms for each particle size (less prominent
with small PS-NP) show a distinctive stepped pattern,
suggesting the formation of multiple adsorption layers on a
uniform, non-porous surface.”® The sharpness of the stepwise
shape is dictated by the adsorbent, adsorbate, and
temperature.’’

The purity of PS-NPs was determined using TGA. TGA
mass and derivatised plots are given in Fig. S8 in the ESL It
was found that the large and medium particles underwent
degradation as single fractions, resulting in a sharp peak at
396 °C for both particles. This indicates that the large and
medium PS-NP particles were close to 100% purity. The small
PS-NP degraded into 3 fractions, at 161, 185 and 375 °C. The
latter is consistent with the initial decomposition
temperature (IDT) for PS particles,”®*® accounting for a purity
of 84.4%. The fractions at 161 and 185 °C accounted for
8.8% and 6.8% respectively. The impure fraction at 185 °C
corresponds to the residual surfactant (sodium dodecyl
sulphate, IDT: 180 °C (ref. 60 and 61)) from the synthesis.
The fraction at 161 °C may correspond to the residual

This journal is © The Royal Society of Chemistry 2024
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initiator (potassium persulphate), although there are no
current literature values to support this. It is undetermined
whether the presence of these impurities influence the
adsorption properties of the small PS-NP particle. SDS is a
large organic molecule, which may cause some steric
hindrances on the surface of the particle, restricting
adsorption. Therefore, further work should investigate the
implications of such impurities.

Raman and FTIR analysis of each PS-NP size were
compared with that of the monomer, styrene, to confirm that
complete polymerisation had occurred, and that polystyrene
had been produced. In FTIR, the C-H alkane absorbance is
not present in styrene, so this was the key factor when
distinguishing between the polymer and monomer. Overlayed
Raman spectra are given in Fig. S9 in the ESI;j and overlayed
FTIR spectra are given in Fig. S10 in the ESL}

Kinetics of TBT adsorption onto PS-NP

Kinetics experiments (Fig. 1) for each particle size in Milli-Q
water, NSW and ASW were used to determine the optimum
time for complete adsorption of TBT for each of the 3 sizes
of PS-NP. It was found that adsorption by both large and
medium PS-NP equilibrated after 3 hours, whilst the small PS
particles had equilibrated after 12 hours (Student's one-tail
t-test, p = 0.05). The slower equilibration time by the smallest
PS-NP may be explained by the greater number of binding
sites to fill, or due to the impurities observed in TBT, which
are only present in the smallest particles. The results suggest
that adsorption of TBT by PS-NP is slower than that by
sediments, as Langston and Pope, 1995 (ref. 47) found that
the majority of TBT adsorption by sediments occurs within
the first hour. Fig. 1B shows that the solution composition
had a significant impact on the adsorption capacity of TBT
by medium PS-NP, this is shown by Caqueous in pH 8 Milli-Q
water plateauing at a concentration 82% lower than ASW. To
ensure the TBT adsorption in the following isotherm
experiments had fully equilibrated, each batch of vials was
left for 24 hours.

Thermodynamics of adsorption

Isotherms for PS-NP in Milli-Q water at pH 8. It was found
that, in all cases, the Freundlich model (eqn (1)) exhibited
adjusted R” values closer to 1 and was therefore considered
the more appropriate fit.

The pH 8 phosphate buffer (in Milli-Q water) was used to
model the adsorption behaviour across a wide range of initial
concentrations. The results show the relationship of a
Freundlich isotherm, where the exponential fitting displayed
the best correlation (Fig. 2A). The exponential relationship
can be explained either by precipitation or substantial multi-
layer adsorption of TBT.®*** Multi-layer adsorption occurs
when the sorbed TBT provides additional binding sites for
adsorption, allowing more TBT to become sorbed in multiple
layers. This multilayer can be formed as a result of physical
adsorption mechanisms such as electrostatic interactions or
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Fig. 1 Kinetics of TBT adsorption by PS-NP, showing the relationship
between aqueous TBT concentration (ng mL™* TBT) and time (h)
during kinetics experiments. A) Large PS-NP, B) medium PS-NP and
C) small PS-NP. Experimental replicates are represented with error
bars (SD, n = 3).

hydrogen bonding.*® Precipitation occurs when the
hydrophobic TBT has reached its limit of solubility, therefore
being removed from the aqueous phase via precipitation
rather than adsorption. TBT has a relatively low aqueous
solubility, ranging from parts per billion (ng mL™") to parts
per million (ug mL™") levels with examples of 1 to 15 ug mL™"
in distilled water®>®>®® and 300 to 800 ng mL™" TBT in salt
water.*®>>®° In this research, the aqueous solubility of TBT in
ASW was taken to be 300 ng mL™" TBT at room temperature.””
Thus, when excluding the data points above 300 ng mL ™" TBT,
the relationship reverts to the standard logarithmic shape of a
Freundlich isotherm (Fig. 2B). This shape represents the
mono-layer adsorption of TBT onto PS-NP. Therefore, Fig. 2
provides evidence that, at concentrations greater than 300 ng
mL™" TBT, the TBT is undergoing precipitation instead of
becoming sorbed onto the PS-NP.
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Fig. 2 Adsorption of TBT by large PS-NP in pH 8 Milli-Q water,
showing Freundlich fitting for TBT adsorption in phosphate pH 8 Milli-
Q buffer across A) an extended concentration range and B) a
concentration range limited by the TBT solubility limit.

Isotherms for PS-NP in artificial and natural seawater. To
avoid any precipitation mechanisms, the adsorption was
performed across a narrower concentration range (10-200 ng
mL™ TBT, Fig. 3). The non-linear Freundlich models are
given in Fig. 3A-C and the linearised Freundlich forms are
given in Fig. 3D-F. Freundlich parameters for each of the
non-linear plots are provided in Table S2 in the ESIf The
values obtained from the isotherm plots can be used to
determine the relative adsorption of the PS-NP within each of
the water matrices.

Fig. 3A and B show that TBT adsorption by large and
medium PS-NP within the ASW and NSW matrices is
approaching saturation within the tested range. In both
cases, the isotherms begin to show signs of plateauing as
they approach 150 ng mL™" TBT. However, adsorption within
the water with intermediate salinity, i.e. brackish water, does
not appear to approach saturation. Instead, the curve
remains linear within the tested range, suggesting more
favourable adsorption due to the greater 1/n value. This is

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Freundlich fitting for TBT adsorption by varying size of polystyrene nanoplastic (large (A), medium (B), small (C)) in natural seawater (red
circle), brackish water (blue triangle), and artificial seawater (green inverted triangle) across an environmentally occurring concentration range.
Shaded regions display the 95% confidence intervals. Linearised Freundlich models for large (D) medium (E) and small (F) particles.

due to there being less competition with other aqueous salt
ions. Because of this, TBT is able to sorb more readily
because it has better access to binding locations on the
plastic particle. In the cases where the Freundlich isotherms
are effectively linear, such as the small PS and brackish water
matrices, it can be inferred that the sorption of TBT onto PS-
NP is directly proportional to the concentration of TBT within
the given concentration range.

This journal is © The Royal Society of Chemistry 2024

Due to the relationship between Ky, Qmax and K,, Ky can
be used as an indicator of adsorption capacity, however, it is
important to consider that n is also a controlling factor. For
example, Ky for each BW isotherm is small; but, due to an n
value of less than 1, the adsorption capacity is significantly
greater than the Ky constant suggests. As a result of this
dependency, the Freundlich isotherm and Ky cannot be used
to calculate the maximum adsorption capacity directly. In
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general, the value of n should not be less than 1. In the
brackish water, n < 1 for both the large and medium
particles. This is due to the steepness of the curve at the
lower concentrations, and suggests that the maximum
adsorption capacity is limited by the aqueous concentration
of TBT rather than the sorption potential of PS-NP. The close
mirroring in adsorption behaviour between the artificial and
natural seawater suggest that artificial seawater can be used
as an alternative to natural seawater in future modelling of
environmental systems, whilst eliminating the need to
account for pollutants of non-interest.

Calculation of adsorption parameters. Freundlich
parameters were calculated using the linearised models
(Fig. 3C-E). Freundlich parameters were substituted into eqn
(3) to obtain the approximated adsorption capacity (Qsa). The
calculated parameters (Qsa and Kp) for the 3 sizes of PS-NP
and all water matrices are presented in Fig. S11 in the ESL}
The percentage (m/m) of adsorption calculated from Qsy
values for 3 sizes of PS-NP and all water matrices are shown
in Fig. 4 (Qsac ¢ % (m/m)).

The approximated adsorption capacities (Qsac) confirm the
current literature hypothesis of NPs having a greater
adsorption potential than MPs, with the smallest PS particle
size exhibiting large Qg values for each of the 3 water
matrices. This is likely due to the significantly larger surface
area of the smallest particles (109 + 5 m* g~ for small PS,
when compared to 2.3 + 0.1 m”> g~ for medium PS and 1.2 +
0.1 m*> g* for large PS), allowing for an increase in available
binding sites for TBT. When normalising the adsorption
capacity to the surface area, smaller PS-NP particles are
shown to sorb less TBT per m> (Table S3, ESIt). However,
because the small PS-NP latex contains more particles per
unit volume, the total surface area and therefore the total
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400 } I

300 §
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1003 g -

Percentage Adsorption at limit of TBT solubility (%)

0.0

Large PS Medium PS Small PS
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Fig. 4 Adsorption capacity (%) of large, medium and small PS particles
in natural seawater (NSW), artificial seawater (ASW) and brackish water
(BW). Key statistical differences are shown, comparing NSW, ASW and
BW, large with medium PS, medium with small PS and large with small
PS. Columns labelled with different letters are significantly different (p
< 0.05), N = 4.
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adsorption capacity is greater. Fig. 4 shows that the PS-NP
size has less of an effect on the adsorption capacity in
brackish water than seawater, with similar Q, values for
large and small PS-NP in BW. Further work may need to be
completed to fully understand the difference in adsorption
capacity for the medium size PS particles in BW.

Kp values for TBT adsorption vary significantly in the
literature, with reported values for TBT adsorption by
sediment particles ranging between 0.1 and 8200 L
g 1, #6:47:67769 Thjg variation is likely caused by a combination
of factors; notably, the composition and size of sediment as
well as physical conditions such as temperature, pH and
salinity. There is a current lack of literature values for the
distribution coefficient of TBT by plastic particles - likely due
to the analytical challenges associated with NPs. The
calculated Ky values from this research lie within the upper
range of the reported values for sediment in the literature,
suggesting that NPs have similar pollutant sorption potential
to naturally occurring particles.

Mechanism of adsorption

To elucidate whether TBT wundergoes chemi- and/or
physisorption, it is possible to gain some understanding of
the extent of each mechanism via the characterisation of the
PS-NP particles pre- and post-adsorption experiments. If the
particles exhibit structural collapse, or changes to their
surface chemistry, then chemisorption is likely to have taken
place. The changes may be viewed using various visualisation
techniques such as SEM/TEM-EDS or surface analysis
techniques such as FTIR or Raman. In previous research,
changes in surface chemistry by copper adsorption,”® and
organic adsorbates on gold substrates’" have been observed.
If the surface structure of the PS-NP remains unchanged,
then this could indicate that the adsorption was exclusively
physisorption, or that the technique does not have adequate
sensitivity’> to detect changes in the PS-NP surface caused by
chemisorption.

In this research, Raman was used to characterise the PS-
NP particles at varying points during the adsorption
experiments. Spectra were taken of the monomer, crude
polymer, purified polymer, and polymer after exposure to
TBT during adsorption experiments. Raman spectra are
provided in Fig. S12-S14 in the ESL{ The spectra show that
there is no appreciable peak shift between the spectra taken
prior and post adsorption. Therefore, it is undetermined
whether the adsorption behaviour follows a chemi- or
physisorption mechanism due to the sensitivity of the
instrument.

It is speculated that the mechanism of TBT adsorption on
PS-NP follows a combination of both chemi- and
physisorption. The equilibrium between TBT® and TBTOH”?
allows for electrostatic interactions between negatively
charged oxylated groups on the surface of the plastic particle,
as well as hydrogen bonding via the hydroxy group of
TBTOH.”* In addition, the long, non-polar alkyl chains

This journal is © The Royal Society of Chemistry 2024
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interact physically with the surface of the organic polymer. It
is perhaps due to this combination of sorption mechanisms
that TBT can undergo multi-layer adsorption as described by
the Freundlich model.

Conclusion

Polystyrene particles were produced in 3 distinct size classes
spanning  the  nanoplastic = range. Kinetics and
thermodynamics of TBT adsorption by nanopolystyrene were
investigated. Kinetic modelling showed that the adsorption
was very quick to progress, with the majority of adsorption
taking place within the first 3-12 hours (Fig. 1).
Thermodynamic experimental data were most closely
modelled using the Freundlich isotherm (Fig. 3), suggesting
that TBT underwent multi-layer adsorption. Experiments
utilising Raman did not provide indication whether
chemisorption took place. It was speculated that the binding
mechanism was likely a combination of physical and
chemical interactions, such as hydrogen bonding,
electrostatic attraction, and van der Waals.

Freundlich parameters Ky and n were derived from each
isotherm. These parameters can be used as relative indicators of
adsorption behaviour, however Freundlich was unable to
definitively assign physical significance to them.*® Alternatively,
the adsorption capacity was approximated using the maximum
aqueous solubility limit of TBT (taken as 300 ng mL ™" TBT). The
approximated adsorption capacity Qg gave an indication of the
absolute maximum mass of TBT to be adsorbed onto the surface
of the plastic particles, limited by the aqueous concentration of
TBT. Qsac Was also used to determine the partition coefficient Ky,
of TBT between the solid and aqueous phases.

Despite its legislative ban, TBT remains persistent in the
marine environment, reports of imposex within gastropods
are still common,*® and TBT products are still available in
the market.*> This highlights the importance of continuing
to monitor and model TBT behaviour and environmental
impacts due to the risk of TBT remobilisation and the
underestimation of NPs within the ocean. Kj values
calculated in this research aligned with some of the larger
reported values in the literature for TBT adsorption by
sediment, demonstrating that the pollution of NPs into the
ocean has provided another vector for the remobilisation of
TBT into the water column. It was found that sorption was
greatest on the smallest PS-NP size. The increased mobility of
NPs versus sediment particles may also suggest that TBT
bound to NPs could be more available to marine organisms
closer to the surface (i.e., those living in tidal zones) than
TBT bound to sediment particles. Therefore, further work
should be completed to determine the availability of sorbed
TBT to these organisms, so that the hazards NPs pose in
combination with TBT are fully understood.
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