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This study investigated microplastic polyester fibres representative of those shed during laundering as
sorbents for metal ions. During sewage distribution and treatment, microplastics are exposed to elevated
concentrations of metal ions, typically for several days. Cryogenic milling was used to generate
polyethylene terephthalate (PET) fibres. Characterisation using optical microscopy and Raman
spectroscopy revealed that milling did not cause significant chemical alteration to the fibres. Milled fibres
were subsequently assessed in screening tests for their capacity to retain 12 metal ions—Sb(i), As(),
Cd(), Crvi), Cu(n), Coln), Pb(i), Hgli), Mo(vi), Ni(i), V(v) and Zn(1)—at pH 8. All metal ions were sorbed onto
PET fibres. The highest distribution coefficient (Kq) was observed for Pb?* (939 mL g7?), followed by Cd?*
(898 mL g1, Cu?* (507 mL g7%), Hg?* (403 mL g%, and Zn?* (235 mL g™%). The extent of sorption is
largely explicable by electrostatic interactions between the PET surface (1.95 point of zero net charge)
and the predicted metal ion species. The sorption behaviour of Cd?* and Hg?* was examined in more
detail since both showed high sorption capacity and are highly toxic. Kinetic experiments revealed that
the sorption of both elements was relatively fast, with a steady state reached within six hours.
Experimental data from isotherm tests fitted well to the Langmuir sorption model and demonstrated that
PET fibres had a much greater sorption capacity for Hg>" (17.3-23.1 ug g~3) than for Cd®* (4.3-5.3 pg
g~ 1. Overall, the results indicate that retention of metal ions onto PET fibres originating from laundry is

Received 25th June 2024
Accepted 3rd November 2024

DOI: 10.1039/d4em00373] expected during full-scale sewage treatment, which facilitates the subsequent transfer of metals into the

rsc.li/espi terrestrial environment, given that sewage sludge is commonly applied to agricultural land.

Environmental significance

During sewage treatment, microplastics are exposed to metal ions. Around 80% of microplastics are retained in sewage sludge, which is commonly applied to
agricultural land. Polyethylene terephthalate (PET) microfibres derived from laundering synthetic clothes are an important fraction of microplastics entering the
environment. After application to soils, metal ions are potentially accumulated by terrestrial organisms. This study aimed to determine whether microplastic
fibres generated during laundering act as vectors for metals. Twelve metal ions were used for screening tests, all of which sorbed onto PET fibres. Maximum
levels of adsorption for cadmium and mercury were reached within six hours. Overall, this study indicates that accumulation of metal ions on microplastic fibres
is expected during sewage treatment.

1. Introduction volume ratio, wide environmental distribution, and general
resistance to degradation have raised concerns because of their
Microplastics are a type of environmental contaminant that potential to sorb and transport co-pollutants in the environ-
encompass a range of sizes (1-5 mm in diameter), shapes, and ment, particularly through the food chain.*”® Polyethylene
chemical compositions.'? Their small size, large surface area-to- terephthalate (PET), alternatively known as polyester, is the
most widely produced synthetic fibre, representing 54% of the
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the solid fraction, known as sewage sludge, which accumulates
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ions in wastewater has raised concerns owing to the potential
for metal ion sorption onto PET surfaces, which, in turn, enter
the terrestrial environment when sewage sludge is added to
agricultural land as a soil enhancer.>'>* It is relevant to note
here that across Europe and North America, around 50% of
sewage sludge is processed for agricultural use." PET micro-
plastic fibres are among the most common microplastics re-
ported in wastewater and sewage sludge, representing up to
90% of all microplastics.”**> Corradini et al.*® found that the
mass of microplastics in agricultural soils increased with
successive biosolid application, from 1.37 to 4.38 mg kg™ ' in
soils that had received 1 and 5 biosolid applications, respec-
tively. PET fibres are therefore thought to represent a large and
important fraction of microplastics that enter agricultural soils
through sewage sludge application.

Much attention has been paid to the sorption of organic
contaminants, such as phthalates, polycyclic aromatic hydro-
carbons (PAHs) and antibiotics, to microplastics.*'”*® Interest
in the capacity of microplastics to sorb inorganic pollutants
such as metal ions has also grown considerably in recent
years.>*'>?> Microplastics have been described as having an
unexpectedly high affinity for heavy metals.”® For example,
pristine polystyrene microplastics have been reported to sorb
up to 655, and 1348 pg g~ ' of cadmium (Cd>"), and lead (Pb*"),
respectively.” The sorption of metal ions onto microplastic
surfaces is strongly influenced by the chemical properties of the
metal ions and the physicochemical properties of the micro-
plastic in question.>**->°

Relatively few studies have quantified the sorption of metal
ions onto polyethylene terephthalate (PET) microplastics.'>***
The sorption of some metal ions such as Cd*", Pb**, and Cr*"/
CrO,>” onto PET is reported in the literature (note that the
oxidation state of Cr is not always indicated),">**** with
maximum sorption capacities ranging from 0.385 pg g~ for
Cr’*,2' to 4930 pg g~ ' for Pb>".*? Limited studies have compared
the relative sorption of different metal ions onto PET micro-
plastics however,* and sorption data for key pollutants such as
arsenic, cadmium, and mercury are either absent or extremely
scarce. These represent important knowledge gaps because,
upon application to soils, metal ions may potentially desorb
and be accumulated by terrestrial organisms such as
earthworms.**

Due to the limited information about the sorption of metal
ions onto PET, this study aimed to fill key knowledge gaps
surrounding this topic. Its overall aim was to determine
whether microplastic fibres generated during laundering can
act as vectors for metal ions into the terrestrial environment
through sorption.® Specific objectives were to (i) generate
a reproducible source of PET fibres representative of those shed
from fabrics during laundering, (ii) characterise their physico-
chemical properties, (iii) undertake screening tests to quantify
sorption of 12 metal ions onto PET fibres and (iv) investigate the
sorption behaviour of selected metal ions in more detail
through kinetic and equilibrium tests. Combined, this infor-
mation will allow an assessment of whether metal ion sorption
onto PET fibres during sewage treatment facilitates their
subsequent transfer into the terrestrial environment.
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2. Materials and methods
2.1 Generation of PET fibres

For the experiment, 100% polyethylene terephthalate (PET)
fabric (Mariella — microfibre nature-ecru) was supplied by Active
Fabrics (Quakenbriick, Germany). Laundering was initially
considered for generating PET fibres. However, conventional
and accelerated laundering methods only produced 7-1507 mg
fibres per kg of fabric***® and, therefore, can release large
quantities of fibres into domestic wastewater, but this approach
was deemed impractical for providing sufficient PET fibres for
sorption experiments. Fibres were instead produced by grinding
PET fabric in a cryogenic mill (6875 Freezer/Mill High Capacity
Cryogenic Chamber, SPEX SamplePrep). Fabric (3.5 + 0.1 g) was
rinsed in water (solid-to-liquid ratio: 1/100) on an orbital shaker
for 24 hours at 150 rpm, dried at room temperature and then cut
into approximately 2 x 2 cm squares using scissors. The milling
cycle lasted 45 minutes in total, consisting of 20 minutes pre-
cooling, followed by three grinding cycles of seven minutes at
10 cps, with a cooling time of 2 minutes between each. Milled
fibres were stored in a clean polypropylene container.

2.2 Characterisation of PET microfibres

The surface morphology, chemical functionality, dimensions,
and zeta potential of the microplastic fibres were characterised
by SEM imaging (Apreo SEM, ThermoFisher Scientific), Raman
spectroscopy (DXR3 Raman microscope, ThermoScientific; U-
TV0.5XC-3 microscope, Olympus), optical microscopy
(Olympus DSX500 microscope), and electrophoretic methods
(Zetamaster, Malvern Instruments, UK) respectively. Specific
surface area was estimated from the fibre length and width
data. Full details of the material characterisation methods are
provided in the paper's ESL.{

2.3 Sorption screening tests

All sorption experiments were carried out at 20 (£1) °C, in
60 mL polytetrafluoroethylene (PTFE) screw-cap containers
(Fisher Scientific UK). Prior to use, containers were soaked in
5% v/v HNO; (PrimarPlus — Trace Analysis Grade Nitric Acid,
>68%; Fisher Scientific) for 6 hours and then deionised water
(18 mQ ecm™") for 24 hours, before drying at room temperature
in a fume hood. PET fibres (0.2 £ 0.005 g) were suspended in
40 mL of solution containing 200 ug L~ " of one of the following
12 metal ions: antimony (Sb™0,7), arsenic (As™0,%7),
cadmium (Cd*"), chromium (Cr*'0,>"), copper (Cu**), cobalt
(Co™), lead (Pb**), mercury (Hg?"), molybdenum (Mo"'0,>7),
nickel (Ni*"), vanadium (VY0,*") or zinc (Zn>"), which were
prepared from commercial stock solutions (1000 pg mL ™%,
PlasmaCAL). The final solid-to-liquid ratio was 1/200, with the
initial pH adjusted to 8 + 0.1, using 0.01 M NaOH or 0.01 M HCI
solutions.

Suspensions were placed on an orbital shaker at 200 rpm for
24 hours. Subsequently, 5 mL of each sample was filtered
through a 0.45 um filter (Millex 33 mm diameter mixed cellulose
ester sterile membrane filter; Merck Millipore, Ireland). Sample
filtrates were acidified to a final w/w concentration of 1% using

This journal is © The Royal Society of Chemistry 2024
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HNO;, and refrigerated prior to analysis by inductively coupled
plasma-mass spectrometry (ICP-MS) (Agilent 7800 ICP-MS). All
sorption experiments were repeated 5 times.

The sorption of each metal ion to the PET fibres was calcu-
lated using eqn (1), where Cj is the concentration of the analyte
adsorbed to the solid (ng g "), [Ci] is the initial analyte
concentration in the solution (ug L™, [Caq] is the equilibrium
analyte concentration in the solution (ug L"), V is the solution
volume (L), and S,, is the mass of the PET fibres (adsorbent) (g).
Control experiments, which contained no fibres, were prepared
for each metal ion. These were used to calculate the distribution
factor Dqy as in eqn (2), where [Cic] is the total metal
concentration added, and [C,qc] is the final concentration in
the controls, as determined by ICP-MS. This distribution factor
Dgy, was used to correct [C,q] in eqn (1), to account for any
losses of the metal ions in the solution due to retention onto the
walls of the containers. Distribution coefficients (Kg) (mL g ),
quantifying the partitioning behaviour of metal ions between
sorbed and aqueous phases, were calculated as a ratio of the
sorbed metal ion concentration ({Cs}) to the aqueous phase
metal ion concentration ([Caq]) (eqn (3)).>*>*

(IC] = [Caq) (1 + Daw)) x V

G = S (1)

_ [CLOL.C] - [Caq,C}
Por=""lend Q
Kim & (3)

2.4 Sorption kinetics for Cd>* and Hg”"

Materials are given in detail in 2.3, with the exception that the
experiments were undertaken in 0.1 mol L™ phosphate buffer
at pH 7 (Table SI-31), containing 200 pg L™ of either Cd>" or
Hg2+. Experiments were conducted in triplicate, and controls,
which contained metals but no fibres, were completed in
duplicate to determine available metal concentrations, as dis-
cussed in section 2.3. Suspensions were placed on an orbital
shaker at 200 rpm for time intervals of 5, 10, 20, 30, 60, 180, and
360 minutes. Subsequently, 5 mL of each sample were filtered
(section 2.3) and the Cd*" filtrates were then acidified using 2%
v/v HNO; prior to ICP-MS analysis. Meanwhile, Hg>" filtrates
were acidified using 1% v/v HCI (Trace Analysis Grade Hydro-
chloric Acid, 1 M; Fisher Scientific UK) and spiked with gold
(Au) to a final concentration of 200 pug L™'. HCI and Au inhibit
the reduction of Hg** into Hg®, the presence of which can lead
to substantial carryover.®® All filtrates were refrigerated prior to
analysis. The sorption of Cd*>* and Hg>" to the PET fibres was
evaluated using eqn (1)-(3).

2.5 Sorption equilibrium isotherms for Cd** and Hg**

For the isotherm experiments, 0.2 + 0.003 g of fibres were
suspended in 40 mL of solution containing either Hg** or Cd*".
For Hg”", initial concentrations were 5, 25, 50, 100, 200, 300 and
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500 pug L', and for Cd*", initial concentrations were 5, 25, 50,
75, 100, 150 and 200 pg L~'. Experiments were conducted in
triplicate and controls, which contained metals but no fibres,
were completed in duplicate. Experiments were performed at
pH 6, 7, and 8, using 0.1 mol L™ phosphate buffers (Table SI-
37). These pH conditions have been selected in order to mimic
typical operational ranges of wastewater treatment plants.****
Suspensions were placed on an orbital shaker at 200 rpm for 6
hours. Subsequently, samples were filtered and acidified as
described above. Residual suspensions were also filtered using
filter paper (Whatman no. 1), to obtain fibres for character-
isation by Raman spectroscopy. The sorption of each metal ion
onto the PET fibres (C;) was calculated using eqn (1).

2.6 Quantification of metal ions using ICP-MS

The signals of the isotopes >'V, >’Cr, >°Co, *°Ni, ®*Cu, ®°Zn, 7°As,
95 111 121 201 208

Mo, ~Cd, "“'Sb, “"'Hg, and “""Pb, were measured for the
determination of each respective element, by inductively
coupled plasma mass spectrometry (ICP-MS). Further details of
the methodology used, including the instrumental limit of
detection (LOD) and limit of quantification (LOQ), are given in
the ESL{

2.7 Kinetics and isotherm modelling

From the kinetics data, the rate of sorption and equilibrium
sorption capacity of the PET fibres for Cd** and Hg>" were
calculated using the pseudo-first-order (eqn (4)) and pseudo-
second-order (eqn (5)) kinetic models, where g, is the sorption
capacity at any given time (ug g~ "), g. is the equilibrium sorp-
tion capacity (ug g '), t is the time (min), k, is the pseudo-first-
order rate constant (min~*), and k, is the pseudo-second-order
rate constant (g ug~" min).

4r = g1 — ") 4)
_ quezt
e ©

Equilibrium isotherm data were described using the Lang-
muir (eqn (6)) and Freundlich (eqn (7)) equations. The Lang-
muir model assumes that only monolayer sorption will occur
and that there are no interactions between sorbate particles.*>*
The Freundlich model assumes that multi-layer sorption
occurs, sorption sites have unequal affinities for the sorbent,
and sites with the highest sorbent affinities are occupied
first.*>*

In eqn (6) and (7), Cs is the sorption of each metal at equi-
librium (ug g "), Csm is the maximum monolayer sorption
capacity of the sorbent (ug g '), b is the binding constant (L
ng "), [Caql is the aqueous concentration of metal at equilib-

rium (ug L"), K¢ is the Freundlich coefficient (ug' " L" g™ "), and
n is the Freundlich exponent.
 CoubCig
. = fhre ©
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Origin 2020 Academic (OriginLab Corporation; Massachu-
setts, USA) was used to model the experimental data, as shown
in Table SI-4.7 For the isotherm models, confidence bands were
fitted showing the 95% confidence intervals.

2.8 Theoretical speciation modelling

The HYDRA (Hidra-Hydrochemical Database) and MEDUSA
(Make Equilibrium Diagrams Using Sophisticated Algorithms)
programmes** were used to construct Pourbaix (pH vs. Egpg)
diagrams and speciation graphs for cadmium and mercury. For
each metal, the phosphate (PO,>”) concentration was set to
0.1 M, the temperature was set to 20 °C, and the ionic strength
was fixed at 0.1 M. The concentrations for cadmium and
mercury were set to 1.78 uM (200 pg L") and 2.49 uM (500 pg
L"), respectively, to match experimental conditions.

3. Results and discussion
3.1 Characterisation of PET microfibres

Fibres were imaged to visually assess the effect of cryo-milling
on their surface topography (Fig. 1). A single fibre with an
approximate length of 225 um is shown in Fig. 1a. At higher
magnifications, fibre surfaces appeared to be far more irregular
than those imaged before cryo-milling (Fig. 1b and c). Cryo-
milled fibre surfaces were rougher, more undulating, and
often cracked, indicating physical damage caused by the milling
procedure. Laundering experiments conducted by Pusi¢ et al.*®
reported similar but more limited damage, indicative of abra-
sion, after 25 washing cycles, with some indentations and
cracks appearing. The fibres produced in our experiment
probably experienced higher magnitude compressive and
abrasive forces during cryo-milling than those exerted during
home laundering. Fibre ends were typically irregular, with
cracks and folds, suggesting that breakage was caused by
fatigue failure, an important mechanism of fibre breakage
during home laundering.*® Preliminary work verified that the 24
hours rinsing procedure was effective for removing residual
particulates from the fabric surfaces (Fig. SI-11). Before milling,
PET fibres were uniform in width and shape, although their
surface topography appeared to be rough and dimpled at higher
magnifications (Fig. SI-27).

Normalised Raman spectra for the PET fabric and fibres
show minimal fluorescence and noise, and well-resolved peaks
(Fig. SI-3 and SI-4f). The fabric material was verified as PET,
with a >94% match to known laboratory and environmental PET
samples from a database search (see ESI} for details). Although
SEM imaging indicated minor topographical differences
between the PET fabric and cryo-milled fibres (Fig. 1, SI-1 and
SI-27), their Raman spectra were very similar (Fig. SI-3 and SI-
4t), indicating that no significant chemical changes occurred as
a result of cryo-milling.*”

The average cryo-milled fibre length, estimated using optical
microscopy, was 174 £ 132 pm (Table 1). Approximately 30% of
fibres were 120-180 pm in length, with ~90% of fibres below

2312 | Environ. Sci.: Processes Impacts, 2024, 26, 2309-2319

View Article Online

Paper

o HV d

- 2.00 kv 0.

: HV curr de ) mag HFW
2 2.00 kV 0.20 nA ETD SE OptiPlan 10.0 mm 8 000 x 25.9 ym

Fig. 1 SEM images of the surface morphology of the PET fibres
produced by cryo-milling the PET fabric. A whole fibre (a), fibre surface
(b), and a broken fibre end (c) are shown. Magnifications are 800x (a),
10 000x (b) and 8000x.

300 um in length (Fig. SI-51). Conventional laundering experi-
ments by Hernandez et al. (2017),* using two kinds of polyester
fabrics, revealed that the majority of shed fibres were 100 to 800
pum in length. Vassilenko and co-workers*” conducted conven-
tional laundering experiments using 37 different fabrics
(mainly polyester) and found that the most frequent size range
of shed fibres was 163-283 pm in length, which is in good
agreement with the results obtained here. Accelerated laun-
dering experiments have also generated shed fibres of a similar

This journal is © The Royal Society of Chemistry 2024
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Table1 Physicochemical properties of PET fibres created using cryo-
milling. Values in brackets indicate the standard deviation of the data

PET fibre property Value

Average length? (um) 174.1 (£131.8)

Average width® (um) 20.3 (£2.4)
Estimated SSA® (m’g ") 0.156 (£0.007)
PHpzc” 1.95%-3.7°

“ Data from optical microscopy. b Zeta potential vs. pH analysis. ¢ pH-
drift analysis.

size. Palacios-Marin et al.*® laundered various polyester, cotton,
and polycotton blend fabrics using an accelerated laundering
laboratory apparatus (Gyrowash), and found that 91% of shed
fibres were less than 1000 um in length, with most being 200~
400 pm. Therefore, the length of cryo-milled fibres was broadly
similar to the lengths of fibres shed during laundering.

The width of the cryo-milled fibres was highly uniform, with
a small standard deviation (+2.4 um). Approximately 75% of
fibres had a width of 16-22 pm (Fig. SI-5t). This is typical of
synthetic fibres such as polyester/PET, with fibre widths outside
this range likely due to the compression of the fibres during
cryo-milling.*”

The average length and width data were collected using
fibres from three separate milling cycles, and the means were
compared with a one-way ANOVA. The mean fibre length and
width were not significantly different (e = 0.5) between different
milling cycles, showing that cryo-milling has good repeatability,
yielding a consistent size distribution among milled fibres.
Overall, length and width distributions of cryo-milled fibres are
representative of those shed during both conventional and
accelerated laundering experiments.

The specific surface area (SSA) of the fibres was calculated
from the average length and width data, and the average density
of PET (1.365 g cm®)* was 0.156 + 0.007 m” g~ *. It is important
to note that this value is probably an underestimate because the
method of calculation assumed that fibres are perfectly cylin-
drical, fibre ends are circular, and fibre surfaces are smooth.
SSA calculations also did not account for porosity, although PET
microplastics have been reported to have a lower total pore
volume than other microplastics.”” Nonetheless, the calculated
SSA of 0.156 m* g~ " in this study is comparable with measured
SSA values of PET microplastics published previously. Guo and
Wang** performed sorption experiments with irregular PET
fragments that were smaller than those of this study (100-150
um diameter), and reported an SSA of 0.162 m> g~ *. The SSA of
virgin and aged PET fibres, approximately 2000-3000 pm in
length, were reported to be 0.194 and 0.306 m®> g '
respectively.®

Zeta potential experiments revealed that the PET fibres had
a negative zeta potential over a pH range of 3-11 (Fig. SI-67). The
zeta potential remained constant as the pH decreased from 11
to 7, after which it steadily became less negative. An approxi-
mate point of zero charge (pHpyc) of 1.95 was derived from the
intersection point on the pH axis when the zeta potential of the
fibres in suspension was 0 mV. Below this pH, the zeta potential

This journal is © The Royal Society of Chemistry 2024
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became positive. Using the pH drift method, the approximate
PHpzc was determined to be 3.7 (Fig. SI-6f). Both pHpyc
measurements are much lower than the typical pH of fresh-
water (6.5-7.1), seawater (7.5-8.4), and sewage sludge (5.0-
8.0).>>*»% The PET fibre surfaces are therefore expected to be
negatively charged under the pH conditions of all sorption tests
(pH 6-8), and therefore, under typical pH conditions of envi-
ronmental water and sludge samples.>***

The pHpzc value of microplastics depends on their surface
chemistry and are generally reported to be between 2 and 5.*>>*
A pHpyc value of 1.95 for the PET fibres obtained from the zeta
potential experiment (Table 1) is in good agreement with that of
Grancaric and co-workers,* who estimated the pHp,c value of
PET textiles fibres to be <2.5. The zeta potential steadily became
less negative, as the pH decreased below approximately pH 6,>*
again in good agreement with the data shown in Fig. SI-6.T The
PHpzc value of 3.7, obtained from the pH drift experiment
(Fig. SI-6T), matching with the results of Shih et al.,** who re-
ported a pHpyc value of 4.03 for virgin PET microplastics.

3.2 Sorption screening tests for twelve metal ions

The sorption of 12 metal ions onto PET microfibres at pH 8 and
an initial concentration of 200 pg L™ ranged from 3.3 to 28.4 pg
g ' (Fig. 2). Cu® sorption was highest (28.4 + 1.5 ug g™ ), fol-
lowed by Pb** (26.0 + 5.6 ng g~ '), Cd>* (24.8 + 6.1 pg g~ '), Hg*"
(24.0 £ 3.8 ug g '), and Zn>" (19.4 + 3.2 ug g~ ). The net surface
charge is likely to have influenced the relative sorption affinities
of the metal ions investigated. Thus, the lowest sorption was
observed for As(m) (3.2 pg g "), V(v) (3.6 ng ¢ ), and Sb(m) (4.3
pg g '). The low sorption of As(m) may be explained by elec-
trostatic repulsion between the hydrogen arsenate (HAsO,*")
oxyanion that predominates at pH 8, and the negatively charged
surfaces of the PET fibres. The oxyanionic speciation of Sb(ur)
(SbO,7) and V(v) (VO,*7) at an experimental pH of 8 may also
explain their low sorption of 4.3 and 3.6 ug g~ ', respectively.

When comparing these results with previous reports of
sorption of metal ions onto microplastics, Turner and Holmes?
found the sorption of a range of metal ions including Cd*",
Cu”", Co®" and Pb>* onto virgin polyethylene (PE) microplastics
to be two to three orders of magnitude lower than those re-
ported here, ranging from 0.01 ug g~ for Cd*", t0 0.19 ug g~ * for
Pb*>*. The differences observed between different plastic poly-
mers (PE vs. PET) can be partially attributed to the presence of
electronegative, oxygen-containing functional groups on the
PET, which presents two ester groups in each monomer, and the
subsequent increase in the relative strength of sorbent-sorbate
electrostatic interactions.***”*¢ Other experimental factors that
may also contribute to the differences observed with the work by
Turner and Holmes? could be their lower initial concentrations
(220 pg L™1), compared with 200 pg L™ " in this work, since this
would have subsequently resulted in a lower concentration
gradient between the aqueous and sorbed phases. Furthermore,
the microplastics used by Turner and Holmes® were much
larger (~4 mm diameter) than the PET fibres used in this study
(174 + 132 pm length), implying that the surface area would
likely have been much lower.>?”
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The higher sorption observed in PET compared with other
plastics agrees with the observations of Han et al,*® who
investigated the sorption of Cu®>", Pb*>", and Cr’* onto poly-
propylene (PP), PE and PET microplastics and observed
consistently higher sorption for PET. The sorption of Cu®" onto
PP and PET was 0.278 and 0.488 ug g, respectively, and the
sorption of Pb>* onto PP and PET was 0.370 and 1.04 ug g,
respectively.*® It must be noted that in their study, Han and co-
workers® used an initial concentration of Cu** and Pb>* of 5000
ug L', much higher than that in the present study (200 pug L")
and used ground plastic pellets of bigger size (<0.9 mm to 5
mm), which would partially justify their lower sorption.

The sorption capacities reported by Ungureanu et al.>” and
Ciobanu et al.*® for PET fibres and flakes are two to three orders

2314 | Environ. Sci.; Processes Impacts, 2024, 26, 2309-2319

of magnitude higher than any of the values found in the present
study or previous reports by Han and co-workers.** Ciobanu
et al.’® reported that the sorption for Pb** onto PET fibres and
flakes was 8.64 and 4.38 mg g~ ' respectively, while Ungureano
et al.¥ observed a sorption of 2.48 mg g ' for Cu®>" onto
unmodified PET flakes. Those studies were completed at lower
pH values (pK = 6.5° and pH = 2-6 **) and at higher concen-
trations of metal ions (177.90 mg L™"*” and 40-500 mg L~ "),
but most importantly neither of the two studies reported the
completion of any control experiment in order to estimate the
losses of metal ions by retention onto containers, which may
have resulted in the overestimation of the sorption to PET.
Alongside absolute sorption (Cj), the distribution coefficient,
Ky, values are useful in comparing sorption between metal ions,

This journal is © The Royal Society of Chemistry 2024
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as they quantify the sorbed-aqueous phase partitioning behav-
iour. A higher K4 value indicates a higher propensity of the
metal ions to sorb onto the PET fibre surface, as opposed to
remaining in the aqueous phase. The highest Ky values were
recorded for Pb** (939.4 mL g~ "), followed by Cd>* (898 mL g™ "),
Cu** (507 mL g '), Hg®" (403 mL g~ '), and Zn** (235 mL g %).
These Ky values are generally in good agreement with the
literature values for other microplastics.>***”*” On the basis of
the results of the sorption screening tests, Cd** and Hg”" were
selected to have their sorption kinetic and equilibrium behav-
iour studied in more detail. Both elements showed high sorp-
tion capacities and distribution coefficients, have very high
toxicity compared to other metals, and there is a lack of data for
their sorption onto PET microplastics. A similar argument
could be made for including Pb>", but Pourbaix speciation
modelling predicted that insoluble lead phosphate species
would predominate under selected experimental conditions
(i.e., in the presence of phosphate buffer used during kinetic
and equilibrium tests), so it was uncertain what proportion of
Pb removal would be due to sorption to microplastics, and what
proportion would be due to co-precipitation with phosphate.

3.3 Sorption kinetics for Cd>* and Hg”"

Both Cd** and Hg”* sorption kinetics were characterised by
arapid initial period of sorption, which occurred within the first
approximately 60 minutes of contact, followed by a much slower
increase in sorption, reaching a plateau between 180 and 360
minutes (Fig. 3). For both metals, under all pH conditions, the
sorption equilibrium was reached within 6 hours. The
maximum experimental sorption capacities (Cs) of the PET
fibres for Cd** and Hg”" (after 6 hours) were 4.13 + 0.28 pg g,
and 16.26 + 1.33 pg g~ respectively.

Table 2 summarises the adjusted parameters for the pseudo-
first-order and pseudo-second-order kinetic models, con-
structed for Cd** and Hg”*. For both metal ions, the sorption
kinetics data were better described by the pseudo-second-order
model than the pseudo-first-order model. The pseudo-second-
order model gave a higher coefficient of determination (%),
and modelled equilibrium sorption capacities (g¢). This finding
is consistent with most studies reported in the literature
investigating the kinetics of metal sorption onto micro-
plastics.?%?%3031:33,43,56 While some researchers have concluded
that the higher 7* value from the pseudo-second-order model
suggests that the rate-limiting step is chemisorption, rather
than physisorption,**** it is important to note that these
kinetics models are empirical, and conclusions on the type of
sorption mechanism should not be drawn purely from the
goodness of model fit.** The applicability of the pseudo-first-
order and pseudo-second-order models is dependent not only
on the sorption mechanism, but also on the relative initial
sorbate concentration, the distribution and availability of active
sites, and the stage of sorption, all of which have been shown to
influence the r* value.®*2

This journal is © The Royal Society of Chemistry 2024
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3.4 Sorption equilibrium isotherms for Cd** and Hg>*

For both Cd*" and Hg”*, under all pH conditions, sorption
isotherms were characterised by greater sorption as [Caq]
increased, followed by proportionally less sorption at higher
[Caq] concentrations (Fig. 4). Langmuir and Freundlich models
were fitted to the experimental data, with the Langmuir model
consistently having a higher coefficient of determination () for
all metals under all pH conditions, hence only Langmuir
models are shown in Fig. 4.

The maximum Langmuir sorption capacities (Cgyy) for Cd**
and Hg”" ranged from 4.3 to 5.3 ug g ', and from 17.3 to 23.1 pg
g~ ', respectively (Fig. 4). These values lie within the range re-
ported in the available literature,>**** although it should be
noted that previous data are from studies that used a wide range
of microplastics types and sizes, and experimental conditions.
The sorption capacities of Cd*>" and Hg** (Fig. 4) were approx-
imately 1-5 orders of magnitude higher than that reported by
Holmes et al.,® and Turner and Holmes.” This may be partly
explained by the much lower initial concentration gradient of 0-
20 pg L " used in these studies, than ours (0-200 ug L~ for Cd**
and 0-500 pg L™ for Hg?"), leading to a shallower concentration
gradient between the aqueous phase and sorbed phase metals,
and the larger size of the microplastics used in earlier work.>*

Although data on the sorption of metal ions onto PET
microplastics are scarce, our results are comparable with those
reported in the available literature. Qiu and co-workers®
investigated the sorption of Hg>" onto PET microplastics at pH
6.8 in the range from 1 to 50 pg L' Hg>", reporting Langmuir
Csm values of 6.6 and 35 pg g~ ' for virgin and aged PET,
respectively. Although size and surface area details were not
presented by Qiu et al.,* these values are in close agreement
with our Hg>" sorption data (17.3-23.1 pg g '; Fig. 4). Data on
the sorption of Cd** to PET microplastics are very scarce.
However, the values reported in the literature for other micro-
plastic types range greatly from 0.0004 pg g~ " for polyethylene
in filtered seawater to 7485 ug g~ for chlorinated polyethylene
(CPE) in the pH range between 3 and 6.%

The experimental pH had a significant effect on the sorption
of each metal ion (Fig. 4). For Hg”", sorption followed the order
pH 8 > pH 7 > pH 6, whereas for Cd>", sorption followed the
order pH 7 > pH 8 > pH 6. For Hg>", sorption at pH 8 and 7 was
significantly higher than that at pH 6 (p =< 0.05). For Cd*",
sorption at pH 7 was significantly higher than at pH 6, but
sorption at pH 8 was not significantly different (p < 0.05). For all
metal ions, the order of the Langmuir Csy values (Fig. 4)
matched the order of the experimental maximum Cy values
(Fig. 4). Data are generally consistent with those reported in the
literature in showing that the sorption of cationic metals onto
microplastics increases as the experimental pH increases.***"%”
This relationship can be attributed to several pH-dependent
phenomena. First, as the solution pH increases, the concen-
tration of hydronium ions (H;O") decreases, leading to less
competition between H;O" and metal ions for sorption sites.?

Second, above the pHpyc value of approximately 1.95, the
zeta potential of the PET microplastics became increasingly
negative as the pH increased (Fig. SI-61). The zeta potential of
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Table 2 Parameter of the kinetic models obtained for Cd®* and Hg®*
sorption on PET fibres

Kinetic model Parameter cd* Hg>"

Pseudo-first order Geoxp (MEE ) 4.13 £+ 0.28 16.26 + 1.33
Gecale (R g D) 3.09+0.41  14.51 + 1.45
ki (min~Y) 0.122 + 0.066 0.58 & 0.020
s 0.7441 0.8281

Pseudo-second Gecate (Rg g ") 3.34 £ 0.49 15.75 4+ 1.35

order K, (g pg ' min)  0.049 4 0.041  0.006 + 0.002
r 0.7607 0.9025

the PET microplastics decreased from approximately —55 mV at
pH 6 to —60 mV at pH 7, and —65 mV at pH 8 (Fig. SI-61). For
Hg>*, the sorption capacity increased as the zeta potential
decreased, suggesting the potential involvement of phys-
isorption in the sorption mechanism.® Tang et al.** found that
the sorption capacity of polyamide microplastics for Pb**
increased as the pH increased (pH range 2.5-6). This was
ascribed, in part, to the PA surface becoming more negative as
the pH increased and the subsequent increase in the relative
strength of the electrostatic interactions between the PA and the
Pb**.?? In the same study, the lowest sorption capacity was
observed at the lowest pH of 2.5, which was close to the
measured pHp,c value of 2.42. At this pH, it was suggested that
the circumneutral net charge of the PA microplastic surfaces

2316 | Environ. Sci.. Processes Impacts, 2024, 26, 2309-2319

resulted in weaker electrostatic interactions with the Pb®>" ions
in solution, and therefore, less sorption.

Third, the aqueous metal speciation is influenced by solu-
tion pH (Fig. SI-71), which may determine the type and relative
strength of sorbent-sorbate interaction.>** Cd(i) sorption was
not influenced by pH in the same way as Hg(u), which may be
partly explained by its speciation in the phosphate buffer
(Fig. SI-71). The maximum C; values at pH 7 (4.7 + 0.6 pg g )
and 8 (4.5 & 0.5 ug g~ ') were similar, but both higher than that
at pH 6 (3.4 + 0.2 pug g ). According to the speciation model-
ling, at pH 6, the neutral CAHPO, species predominates, yet as
the pH increases from 6 to 8, the anionic Cd(HPO,),>~ species
becomes increasingly predominant (Fig. SI-7t). Wang and co-
workers* investigated the sorption of Cd(u) onto pristine poly-
styrene microplastics, over a pH range of 2-8, finding the
highest sorption at pH 6. In that study, where no phosphate
buffer was used, Cd*>" was expected to dominate at pH < 6. As
the pH increased further from pH 6 to 8, sorption decreased
slightly but not significantly. This was attributed to the less
electrostatically favourable interactions between the micro-
plastic surfaces and Cd(u), as Cd(OH)" predominates above pH
6.°" In our study, the optimum pH for sorption was 7, however,
indicating that speciation is not the only factor influencing
sorption. While the exact mechanism is unclear, as the pH
increases from 6 to 8, there may be two antagonistic effects
occurring simultaneously: (a) the increasing predominance of

This journal is © The Royal Society of Chemistry 2024
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the anionic Cd(HPO,),>” species making electrostatic interac-
tions weaker,?*! and (b) the decrease in H;O" ions, reducing
competition for sorption.*®

The sorption of Hg>* onto the PET microplastics was
approximately four times higher than that of Cd*" (Fig. 4). Data
on the sorption of Hg>" onto microplastics are scarce in the
literature,>*® though our results are consistent with previous
work that found a higher sorption affinity for Hg*" than for
Cd>*.%%” One explanation for the relatively high sorption of
Hg>" is based on the classification of the metal ions according to
the concept of hard and soft Lewis acids and bases. According to
this criterion, Hg”" would behave as a soft acid and would
present a higher affinity for soft base groups in the PET struc-
ture, such as the aromatic rings.

3.5 Environmental relevance

Mercury and cadmium are both present in wastewater from
various sources, including textile dyes.*® Our data indicate that
sorption equilibrium occurs rapidly (within 6 hours) for both

This journal is © The Royal Society of Chemistry 2024

metals, under all pH conditions. The environmental signifi-
cance of this finding is that microplastics, especially PET fibres,
and metal ions such as Cd*>" and Hg>" coexist in wastewater
distribution networks, during wastewater treatment, and
subsequent sludge treatment, typically for several days.®® It is
therefore intuitive to conclude that the accumulation of metal
ions by microplastic fibres is kinetically favourable and ex-
pected during full-scale sewage treatment.

4. Conclusions

This study investigated the sorption of 12 metal ions onto PET
microplastic fibres. Fibres were generated using cryogenic
milling; characterisation confirmed that their dimensions and
chemical functionality were representative of those generated
during home laundering. The sorption distribution coefficients
(Kq) for 12 metal ions at pH 8 showed that the highest levels of
sorption were for Pb>* (939 mL g ), followed by Cd** (898 mL
g "), Cu® (507 mL g~ "), Hg>" (403 mL g™ '), and Zn** (235 mL
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2™ '). These data are largely explained by differences in their
chemical speciation and charge at the experimental pH. Kinetic
studies undertaken for Hg>" and Cd>" at pH 7 demonstrated
that sorption was rapid, with the equilibration reached within 6
hours. Equilibrium isotherm data for Hg>* and Cd*" fitted well
to the Langmuir model. The sorption of Hg>* was approximately
four times higher than that for Cd*>*, which can be explained by
the soft Lewis acid behaviour of Hg>". Overall, this study indi-
cates that the saturation of microplastic fibres by metals is ex-
pected during full-scale sewage treatment. In turn, this
represents an important route for their transfer, as part of
sewage sludge, into agricultural soils.
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