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ABSTRACT ARTICLE HISTORY
Microplastics act as a vector for toxic trace metals and their surface Received 9 September 2022
complexation mechanisms under different environmental condi- Accepted 15 December 2022

tions are poorly understood. The present study evaluates the inter- KEYWORDS
action mechanisms of pristine and aged polyethylene (PE) Polyethylene microplastics;
microplastics with Pb?* in water environments in the presence of toxic trace metals; humic
NaNOs and humic acid (HA). The influence of pH, contact time, and acid; ionic species;
concentration of Pb?" on the sorption performances of PE micro- desorption
plastics have also been examined at different ionic strengths

(0.001-0.1 M NaNOs3), pH (2-9), reaction time (48 h), Pb** loading

concentrations (1-25 mg L™"), and HA concentrations (0.5-2.5 mg

L™"). The Pb>" adsorption onto both pristine and aged microplastic

showed a gradual increase with increasing pH, reaching maximum

adsorption at around pH 5-6. Adsorption of Pb?* onto both PE

microplastics decreased at higher ionic strengths and increased at

higher HA concentrations suggesting the possible hydrophobic and

electrostatic interactions between microplastics and Pb?" ions.

Adsorption kinetic data for pristine PE microplastics were well

described by fractional power model indicating time-dependent

adsorption, whereas aged PE showed rate-limiting chemisorption

by fitting with a pseudo-second-order kinetic model. Isotherm

equilibrium data for pristine PE microplastics fitted well for the

Freundlich model implying favourable physisorption on the hetero-

geneous surfaces. Both Hill and Freundlich models were the best-

fitted models for aged PE microplastics suggesting the involvement

of cooperative multilayer physisorption. Desorption of PE micro-

plastics-bound Pb?* was greatly influenced by the solution pH. The

ascertaininjq facts elucidated the vector potential of PE microplas-

tics for Pb**, impacting their migration and destination in water

systems where the adsorption could be influenced by the pH, ionic

strength, and dissolved organic matter of the water system.
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1. Introduction

The presence of microplastics in aquatic environments has become a global concern as
plastic production, use, especially single-use plastics, and disposal are rising daily [1,2].
Due to the COVID-19 pandemic, plastic usage and haphazard disposal have largely
increased and ended up as sources for secondary microplastic formation [3,4]. Chemical
(UV radiation and oxidation), physical, and biological processes degrade plastics into
microplastics [5]. Primary microplastics are discharged into the environment through
the extensive use of personal care products, and accidents such as the X-Press Pearl
maritime disaster [6,7].

The high volume-to-surface area ratio and the hydrophobic nature cooperatively
support microplastics to act as a vector for various pollutants influencing their migration
and destination in water [8,9]. Recent studies have demonstrated the greater affinity of
microplastics to both inorganic and organic contaminants [10,11]. Further, it is extensively
reported that microplastics have remarkable binding affinities to toxic trace metals such
as Cr, Pb, Cd, Cu, Hg, and Ag which ubiquitously exist in the environment due to the direct
disposal of domestic, industrial, and municipal waste to the water resources in urban
areas [12-14]. Electrostatic interactions, hydrophobic interactions, and surface complexa-
tion reactions facilitate the binding of toxic trace metals to microplastic surfaces at
different environmental conditions [8,15].

Environmental factors such as pH, dissolved organic matter (DOM), different ion
species, temperature, and some features of microplastics (i.e. particle size, number of
pores and folds, microplastic type, and degree of ageing) can influence the vector
transport ability of microplastics [16,17]. As most toxic trace metals are bound to the
surface of microplastics through physisorption, microplastics have a greater chance to
release those with a slight change in the environment. Apart from that, microplastics-
bound toxic trace metals can be directly ingested by the organisms via food and water
[18,19]. Thereafter, the combined effect of toxic trace metals and microplastics may
negatively influence both humans and animals [20,21].

With large-scale manufacturing of a wide variety of Pb containing products such as
paints, batteries, cosmetics, and ceramics, Pb®* is ubiquitous in aquatic environments
[22,23]. Hence, the long-time persistence of Pb** and microplastics in aquatic systems
may promote the interactions between them and thereafter microplastic-bound vector
transport. Several studies have focused on the adsorption of Pb®* to different types of
microplastics (nylon, polystyrene, polypropylene, and polymethylmethacrylate) and
found that they have a higher affinity to bind through electrostatic interactions and
surface complexation [24-26].

Lead adsorption onto polyethylene (PE) microplastics has relatively less investigated
though PE microplastics are the most found in aquatic environments [27]. Hence, exam-
ining the adsorption process of Pb”* onto PE microplastics is timely important. Further,
mechanisms of Pb?* adsorption onto aged microplastics are scarce. Especially, in-depth
studies focusing on Pb®* adsorption of both pristine and aged microplastics from the
same polymer are not available in the literature. Therefore, parallel assessment of both
adsorption and desorption possibilities of PE microplastics would be an added advantage
to fill the existing knowledge gap. The objectives of the present study were to (a)
determine the adsorption capacities of pristine and aged PE microplastics for Pb**
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adsorption in the presence of various environmental factors such as pH, dissolved organic
matter, and competitive ions; (b) postulate sorption mechanisms of Pb%* and PE micro-
plastics; and (c) study the desorption dynamics of microplastic-bound Pb%* in relation
to pH.

2. Materials and methods
2.1. Materials and chemicals

Pristine PE microplastics (size ~100 um Microscrub®) were purchased from MicroPowders,
Inc. Tarrytown, New York, USA. Aged PE microplastic debris was obtained by exposing
a PE film to sunlight for a month. The weathered film was first cleaned with deionised
water and then ground. Finally, ground particles were sieved through stainless steel sieve
with a 250 pum mesh screen to collect <250 um microplastics. The solution pH was
adjusted by using 0.1 M nitric acid and 0.1 M sodium hydroxide. All chemicals are
analytical grade. Sodium nitrate (NaNOs) and humic acid (HA) were obtained from Sigma-
Aldrich, USA. Lead nitrate (PbNOs) was purchased from Riedel-de Haén, Seelze, Germany.
A stock solution of Pb%* (1000 mg L") was made by initially dissolving the solid in de-
ionised water. The sodium salt of HA was used to prepare a 1000 mg L™" of stock solution
in ultrapure water. Additionally, a 5 M NaNOj; stock solution was prepared to maintain
different ionic strengths.

2.2. Microplastics characterisation

Solution pH at point of zero charges (pH,,c) of the PE microplastic surfaces was calculated
by a surface titration with 0.05 M HNO; and 0.1 M NaOH for 1 g L™ of PE microplastics
dosage at different ionic strengths (0.1, 0.01, and 0.001 M NaNOs). The surface morphology
of PE microplastics was determined by Field Emission Scanning Electron Microscopy (FE-
SEM) at 15 kV (Hitachi SU6600, Japan). The surface functional group identification of PE
microplastics and Pb?* adsorbed microplastics (dried samples) was conducted by Fourier
Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) spectroscopy analysis (BRUKER,

ALPHA II, Germany) in the range 500-4000 cm™" with 32 scans and resolutions of 4 cm™".

2.3. Batch sorption experiments

2.3.1. Effect of pH, ionic strength, and DOM on Pb** adsorption to PE microplastics
A weight of 0.01 g pristine PE microplastics was separately taken into 30 mL glass vials.
After spiking with an initial concentration of 5 mg L™' of Pb?* into a glass bottle contain-
ing ultrapure water, the pH was adjusted to a range of 2-8 using 0.1 M HNO; or 0.1 M
NaOH [25]. At each pH, 10 mL of the suspension was dispensed into glass vials to maintain
a 1 g L™ microplastics dosage and kept in a shaking water bath (GEMMYCO VCW-012S,
Taiwan) for 48 h at a speed of 150 rpm at 25°C. The final pH was recorded, and the samples
were filtered through 0.22 pm PTFE filters. The amount of remaining Pb** was determined
by analysing the filtrate by the Agilent 4210 Microwave Plasma Atomic Emission
Spectroscopy (MP-AES) at the wavelength of 363.9 nm. The control experiment was
conducted without microplastics. The effect of ionic strength and the effect of DOM on
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Pb?* adsorption were examined by repeating the pH edge experiment at the same pH
range. The ionic strength experiments were performed with 0.001, 0.01, and 0.1 M
concentrations of NaNO;_ Different HA concentrations (0.5, 1.5, and 2.5 mg L") were
used to study the effect of DOM. The same pH edge experiments (i.e:)were repeated for
the aged PE microplastics.

2.3.2. Kinetic experiments

Adsorption kinetic experiments were conducted with an initial Pb>* concentration of
5 mg L' at the optimum pH range derived from the pH edge experiment (pH 5-6) and
the optimum ionic strength (0.001 M). A dosage of 1 g L™" of pristine PE microplastics was
maintained, and samples were shaken at the speed of 150 rpm at 25°C. Samples (10 mL)
were withdrawn at the time intervals of 10-2880 min and filtered through 0.22 um PTFE
filters. The same kinetic experiment was repeated for aged PE microplastics.

2.3.3. Isotherm experiments

Adsorption isotherm experiments were carried out with Pb®* concentrations ranging from
1to 25 mg L™" at 0.001 M NaNOj; ionic strength in glass vials. A 1 g L™' of pristine PE
microplastics dosage was used and the solution pH was maintained at pH 5-6. All the vials
were placed in a horizontal shaker for 48 h of equilibrium time as per the observations
determined by the kinetic experiment. The isotherm experiment was repeated with HA
2.5 mg L™" to analyse the influence of DOM. The same procedure was performed for the
aged PE microplastics. The kinetic and isotherm data were modelled, and the parameters
were determined using Origin statistical computer software (version 8.0).

2.4. Desorption experiment

Desorption studies were conducted using both pristine and aged PE microplastics that
were used in the kinetic experiments (i.e. PE microplastics retained in 5 mg L™' of Pb?* for
48 h at pH 5-6). The PE microplastics were filtered through glass microfiber filters and
dried overnight. The remaining Pb®* concentrations of the samples were determined by
analysing the filtrates. The dried Pb?* adsorbed PE microplastics (0.05 g) were added to 50
mL of deionised water at three different pH conditions; 3, 5, and 7 [25]. Then, the samples
were horizontally shaken at the speed of 150 rpm at 25°C for 2 h. The same desorption
experiment was repeated to assess desorption after 24 h. To maintain the quality and
accuracy of the experimental data, each experiment was conducted with control samples
for three times.

3. Results and discussion
3.1. Surface characterisation of PE microplastics

3.1.1. Surface morphology, surface area and degree of crystallinity

Surface morphology, surface area, and degree of crystallinity of microplastics are the most
significant inherent factors that can correlate with adsorption capacity [28,29]. The charge
of the microplastic surface can influence metal ion adsorption. The pHp, for pristine and
aged PE microplastics was determined as pH 4.42 and pH 3.82, respectively (Figure S1).
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Therefore, throughout the experimental conditions above pH 4.42, the surface of both
pristine and aged microplastics can be expected to show a net negative charge and vice
versa [25]. According to Figure 1(a), pristine PE microplastics were in different shapes and
sizes while the surface likely consisted of more pore spaces and cavities due to the
different irregular folds on the surface. Besides, as shown in Figures 1(b), differently
sized and shaped pores could be observed on the aged microplastic surface. Thus, both
pristine and aged microplastics seem to be rough and coarse (Figure 1(a,b)). Although
both surfaces of pristine and aged consist of pores, aged PE microplastics appeared to be
coarser than pristine because of the well-distributed pores on their surfaces. However, all
pores and voids on the surface of PE microplastics collectively facilitate the adsorption
providing broaden surface area to the adsorbates [9]. Low degree of crystallinity of PE
microplastics acts vital a role in metal adsorption facilitating the mobilisation of metal ions
into the loosely arranged polymer chain [30,31]. Further, the presence of a higher amor-
phous region rather than the other types of microplastics (PVC and PS) provides an
extended binding ability to the PE polymer structure through Van der Waals interactions.

3.1.2. FTIR-ATR analysis of PE microplastics

FTIR spectra of pristine and aged PE microplastics are shown in Figure 1(c) and they were
well recognised with the characteristic bands at 2916 cm™ for -CH, asymmetric stretch-
ing, 2846 cm™' for -CH, symmetric stretching, 1465 and 1419 cm™' for -CH, bending
deformation and 717 cm™' for C-H rocking deformation [32]. Aged PE microplastics
exhibited two new absorption bands at 1712 and 1087 cm™' assigned to C=0 and
C-O-C stretching vibrations, respectively [33,34]. The stretching vibrations of C=0 and
C-O-C indicate the surface oxidation of the aged PE polymer chain during the natural
ageing process and the formation of aldehydes and ketone intermediates [25,35].
Moreover, a new absorption band appeared at 1080 cm™' and an intensified band at
1087 cm™" in Pb?* loaded pristine and aged PE microplastics respectively attribute to
C-O stretching vibrations (Figure S2). They likely indicate that some interactions between
the C-O and Pb?* have occurred via surface complexation [25]. Thus, the weak absorption
band of C-H bending at 846 cm™ in the spectrum of pristine PE microplastics was shifted
to 871 cm™ after loading Pb®* ions (Figure S2a). This indicates the decrease of C-H bond
length during the adsorption process likely showing the surface complexation of Pb?*
ions on the PE chain at the C-H position [36]. In the present study, Pb** adsorption onto PE
microplastics was confirmed by the shifted and intensity-increased absorption bands.
Accordingly, the overall adsorption of Pb?* ions on PE microplastics is likely determined
by surface complexation.

3.2. Effect of solution pH

The behaviour of Pb** adsorption on both pristine and aged PE microplastics was remark-
ably varied with the increase of pH from 2 to 8 showing a maximum adsorption capacity
around the pH range of 5 to 6 (Figures 2 and 3). Precipitation of Pb(OH); (ks, = 1.43 X 10729
occurred at higher pH values (above pH 6). The prominent dependency of Pb?* adsorption
on pH may be due to either surface potential change or different speciation of Pb at
different pH levels. As the determined pH,,. for both pristine and aged PE microplastics
were around pH 4.0, PE microplastics exhibited a net negative surface charge above pH 4.0
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Figure 1. SEM images of the PE microplastics, (a) magnification of 500 for pristine PE microplastics, (b)
magnification of 1000x for aged PE microplastics, and (c) FTIR-ATR spectra of the pristine PE micro-

plastics, aged PE microplastics, and Pb** adsorbed pristine and aged PE microplastics from 500 to 4000
cm™" wavenumber.

for Pb?* adsorption during the experiment. Throughout the experimental conditions (pH 2—-
8), Pb predominantly appears in the solution as Pb?* and slightly as Pb(OH)* [37]. Therefore,
the noticeable increase in Pb** adsorption might facilitate by electrostatic interactions
between positively charged Pb ions and negatively charged surface of PE microplastics.
Several studies have stated that higher Pb?* adsorption at high solution pH might be
ascribed to the electrostatic attractions and the surface complexation [37-39]. In the
present study, when Pb%* and PE surface has electrostatic repulsive forces to each other,
no considerable adsorption appeared in the absence of NaNOs and HA, thereby indicating
electrostatic interaction may be the main factor determining the overall sorption. Even so,
a slight increase of the adsorption at pH conditions, <pH 4.42 in the presence of NaNO;
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Figure 2. Pb?* adsorption variation of (a) pristine PE (b) aged PE in the presence of 0.001, 0.01, and 0.1
M NaNO; (c) pristine PE (d) aged PE in the presence of 0.5, 1.5, and 2.5 mg L™" of humic acid (HA) in pH
2-8.
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Figure 3. Pb** adsorption variation onto (a) Pristine PE (b) aged PE in the presence of ultrapure water,
0.001 M NaNOs, and 2.5 mg L™" humic acid (HA) in pH 2-8.

and HA might attribute to surface complexation between Pb** and PE microplastics.
Accordingly, pH performs a vital role in the Pb®* uptake process onto PE microplastics
influencing surface charge and speciation of Pb.
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3.3. Effect of ionic strength

The dissolved salt ions in the natural water have a higher tendency to influence the metal
ion adsorption to the microplastics. Adsorption of Pb?* exhibited a decreased trend with
an increase in NaNO3 concentration from 0.001 M to 0.1 M, reaching maximum adsorption
at 0.001 M NaNOs concentration at pH 5-6 (Figure 2). When NaNOs concentration was
increased from 0.001, 0.01, and 0.1 M, adsorption capacities for pristine PE microplastics
were reduced from 0.90 mg g~ to 0.86, 0.68, and 0.54 mg g~ ', respectively. Adsorption
capacities for aged PE microplastics were dropped down from 0.73 mg g~' to 0.30, 0.44,
and 0.59 mg g~. Similarly, in previous studies, the adsorption performance of PE pellets
for toxic trace metals (Co, Pb, Cu, Cd, Cr, and Ni) significantly decreased in seawater than
in river water [40,41].

3.4. Effect of the DOM concentration

The overall Pb?* adsorption to both pristine and aged microplastics was remarkably
enhanced with the treatment of HA reaching maximum adsorption in the presence of
2.5 mg L™" of HA concentration at pH 5.5. When HA concentration was increased from 0.5,
1.5, and 2.5 mg L™', Pb®* adsorption capacities were increased from 0.90 mg g~ to 1.06,
1.61, and 2.61 mg g~ ', respectively (Figure 2(c,d)). In addition, the maximum Pb?*
adsorption capacities for aged PE microplastics were enhanced from 0.73 mg g~ to
0.95, 1.04, and 1.62 mg g‘1, respectively in the presence of 0.5, 1.5, and 2.5 mg L' of
HA concentrations. Similarly, few studies have observed an enhanced Pb%* and Cd**
adsorption to microplastics with the increase in HA concentrations [15,42]. The gradual
increase in adsorption capacities even at low HA concentrations than in the absence of HA
likely indicates that HA might promote the adsorption interacting with either PE micro-
plastics or Pb®* ions.

3.5. Effect of the components in the sorption medium and possible sorption
mechanism

The comparison of Pb?* adsorption on PE microplastics at optimum ionic strength (0.001 M)
and HA concentration (2.5 mg L™") likely indicates that changing the components present in
the sorption medium greatly affected the Pb?" adsorption than plain ultrapure medium
(Figure 3). Polyethylene microplastics exhibited enhanced Pb** adsorption performance in
the presence of either different ionic species (NO;~ and Na*) or dissolved organic matter (HA)
than alone with ultrapure water. Pristine PE microplastics showed remarkable adsorption in
the presence of different ionic species when compared to HA (Figure 3(a)). Aged PE micro-
plastics showed a different behaviour from pristine PE microplastics as they preferentially
absorbed Pb** onto their surfaces when the sorption medium was rich with organic matter
(Figure 3(b)). Consequently, either pristine or aged PE microplastics in water systems polluted
from various organic matters and ionic species can boost the ability to support the vector
transport of Pb*".

Increasing the ionic strength may have reduced the activated binding sites of PE micro-
plastics as cations (Na™) in the sorption medium start to electrostatically interact with the
negatively charged surface by occupying them. Therefore, the dropped-down charge
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equilibrium of the PE surface directly influences the Pb?* adsorption. The reduced Pb**
adsorption with the induction of competing ions likely indicates that electrostatic interactions
are the predominant way of binding Pb?* to the negatively charged PE surface [43]. Further,
the negativity of the PE surface is further confirmed by the reduction of sorption capacities of
Pb?* at higher ionic strengths. It has already been proven that Pb?* adsorption can compen-
sate as PE microplastics start to agglomerate in the water system face to face or side to side
blocking the available adsorption sites [44]. With the increase of ionic strengths, Na* and NO3~
ions commence penetrating the electrical double layer aggregating close to the PE micro-
plastic surface, thereby reducing electrostatic potential and dropping down the metal adsorp-
tion [25]. Further, Na* and NOs~ ions may interrupt Pb%* adsorption by acting as an
electrostatic screen between the PE surface and the Pb”* ions [45,46]. However, Holmes,
Turner and Thompson observed a slightly increased chromium adsorption for PE microplas-
tics, in the presence of higher ionic strengths [41]. Therefore, when considering the overall
effect in current and previous studies, the influence of ionic strength on the metal ions
adsorption behaviour may depend on the type of microplastics, toxic trace metal, and
competitive ionic species in the sorption medium.

The sorption mechanism of Pb?* onto PE microplastics in the presence of HA can be
postulated based on the surface charge of the microplastics and the speciation of Pb** and
HA at the optimum pH range (pH 5-6). Phenolic and carboxylic groups present in HA begin
to dissociate when increasing the solution pH [47]. Accordingly, as illustrated in Figure 4, the
anionic ends of those groups would attract positively charged Pb** via electrostatic interac-
tions at pH 5-6 [48,49]. Hydrophobic regions of HA have a greater affinity to interact with
microplastics through hydrophobic interactions increasing their surface hydrophobicity. If
HA predominately interacts with the microplastic surface through hydrophobic interactions,
Pb®* adsorption onto microplastic surfaces through electrostatic interactions would start to
drop down due to the complexation between HA and microplastics and thereby form
a hindrance between metal ions and surface [25,50]. Accordingly, the enhanced adsorption
at higher HA concentrations in the current study might be governed by the combined
effects of both HA-PE microplastics and HA-Pb®" complexes offering a more hydrophobic
surface for adsorption and redistributing Pb?* ions in the solution, respectively. However, the
extent of Pb®* adsorption depends on the concentration of HA in the sorption medium.

3.6. Adsorption kinetics

The adsorption kinetic behaviour of the two types of PE microplastics was entirely
different from each other (Figure 5(a)). Without reaching an equilibrium sorption capacity
within 32 h, Pb?* adsorption for pristine PE microplastics gradually increased with time.
Lead ion adsorption onto aged PE microplastics approached nearly 1.2 mg g~ equili-
brium adsorption capacity within 2 h showing an increasing trend at the beginning of the
adsorption. By applying different kinetics models for the adsorption process, the parti-
tioning governing factors such as type of diffusion (internal, external, or pore diffusion),
surface sorption, and mass transfer chemical reaction can be elucidated [51]. Accordingly,
Pb?* adsorption behaviour for pristine PE microplastics was best fitted with the fractional
power kinetic model with R? of 0.983 ascribing a time-dependent adsorption [52,53]
(Table 1). However, the fractional power model does not deeply describe the sorption
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Figure 4. Postulated adsorption interactions between Pb**, PE microplastics, and humic acid at pH 5-6.
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Figure 5. (a) Pseudo-second-order and fractional power kinetic models for Pb®>* adsorption on pristine
and aged PE microplastics at an initial concentration of 5 mg L™ at pH range 5-6 in the presence of
0.001 M NaNO; and the solid lines represent the calculated results using.

process for pristine PE microplastics. Therefore, contact time would be the rate-limiting
factor for Pb?* adsorption onto pristine PE microplastics.

Moreover, Pb?* adsorption onto aged PE microplastics could be well described by the
pseudo-second-order kinetic model with R? of 0.944. Pseudo-second-order kinetic model
assumes that surface adsorption is the rate-limiting process that involves chemisorption
[54,55]. In addition, instead of adsorbate concentration, here adsorption rate is dependent
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Table 1. Comparison of different kinetic models and correlation coefficients (R%) for Pb>* adsorption.

Pseudo-second-order Fractional power
q = (k*t*qe2)/(1+(k *qe*t)) q= K*tY
Non-linear kinetic model ki (@ mg™" min™") de (Mg g™ R? K(mgg™) v(h™ R?
Pristine PE + NaNO; 2.850 1.239 0.944 _ _ _
Aged PE + NaNO; _ _ _ 0.488 0.218 0.983

Note: k; is the pseudo-second-order rate constant, ge is the equilibrium adsorption capacity, K is the fractional power
constant, and v is the rate constant.

on the respective adsorption capacity. Consequently, the removal of Pb?* from water is
due to physiochemical interactions between the aqueous phase and PE microplastics.
Nevertheless, adsorption efficiency has rapidly increased and then become stable with
time as all active binding sites are occupied with Pb*.

3.7. Adsorption isotherm

The characteristics nature of Pb®* adsorption behaviour on both pristine and aged with
increasing the adsorbate concentration was non-linear with the introduction of ionic
and organic species (Figure 6). The resultant adsorption parameters are shown in
Table 2. Aged PE microplastics performed significantly reduced adsorption than pris-
tine PE microplastics. According to the adsorption data modelling, Pb?* binding onto
pristine PE microplastics with the introduction of both NaNO3; and HA was well
described by the non-linear Freundlich isotherm model (Figure 6). However, as
shown in Figure 6, Pb?* adsorption onto aged PE microplastics was best fitted with
non-linear Hill and Freundlich isotherm models in the presence of NaNOs; and HA,
correspondingly. A few studies have found that non-linear adsorption is powered by
the uneven distribution of adsorption sites on the adsorbents and the pore-filling
mechanism [13,56].

Hill isotherm model discusses a cooperative adsorption process on a homogeneous
microplastic surface where the adsorption capacity of adsorbate at a particular binding
site leads to the influence Pb?* binding capacity of remaining sites [51]. Additionally,
when Hill cooperative coefficient, ny is > 1 and <1, it attributes positive and negative
cooperativity in binding respectively while ny = 1 indicates a non-cooperative or hyper-
bolic binding process [57]. Consequently, the resultant ny of 1.364 for Pb*>* adsorption
onto aged PE treated with NaNOs indicates a positively cooperative binding behaviour
and multi-molecule adsorption where each binding site was engaged with more than one
Pb?* ion. Moreover, experimentally calculated positive ky also provides an excellent
indication of intermolecular interactions between the surface of microplastics and Pb**
ions [58]. Therefore, it evidences the involvement of Van der Waals interactions for the Pb?
* binding to aged PE microplastics.

Freundlich isotherm model is generally used to describe the multilayer adsorption by
forming interactions with adsorbed molecules for the heterogeneous surface energy
systems [59]. The resultant adsorption curves for Pb?* adsorption for pristine and aged
PE microplastics displayed an upward concave shape where the measure of the intensity
of adsorption, n was >1. The Freundlich model assumes that when n > 1, the adsorbates
favourably bind to the heterogeneous surface while n < 1 and = 1 attribute to
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Figure 6. (a) Freundlich and Hill isotherm models for Pb>* adsorption on pristine and aged PE
microplastics at an initial concentration of 5 mg L™" at pH range 5-6 in the presence of 0.001 M
NaNOj; (b) Freundlich isotherm models for Pb?* adsorption on pristine and aged PE microplastics at an
initial concentration of 5 mg L™" at pH range 5-6 in the presence of 2.5 mg L™" HA and the solid lines
represent the calculated results using non-linear curve fitting.

Table 2. Adsorption isotherm parameters derived from the best fitted isotherm models.
Freundlich

Qe: kFC1/n kF ((mg 9—1)“— 9—1) 1/n) n R2
Pristine PE + NaNO; 0.562 1.583 0.979
Pristine PE + HA 0.510 1.233 0.958
Aged PE + HA 0.803 3.019 0.949
Hill Qy(mgg™) ky (Lmg™") ny R?
Qe= (QuknCe)"u)/(14+(knCe)"w)

Aged PE + NaNO, 1.260 0.189 1.364 0.996

Note: Qy is the Hill isotherm saturation capacity, ky is the Hill constant, ny is the Hill cooperativity coefficient of the
binding interactions, k is the Freundlich constant, and n is an arbitrary constant

unfavourable and partitioning adsorbate binding [60]. In addition, when n > 1, the
sorption is predominately facilitated through physisorption [61]. Accordingly, it can be
elucidated that when increasing initial Pb>* concentration, Pb?* adsorption onto pristine
PE microplastics in the presence of NaNOs and onto both pristine and aged PE micro-
plastics in the presence of HA were favourably induced through multilayer physisorption.
Further, several adsorption energy levels might facilitate the adsorption of Pb®* onto
different sites [62]. Similarly, a study has found that Pb adsorption on PP, PE, PES, PVC, and
nylon microplastics was following the Freundlich model, and thereby multilayer physi-
sorption was identified as the sorption mechanism [63]. Contrastingly, Pb** adsorption
onto nylon microplastics perfectly followed Langmuir model [25]. Nevertheless, physically
adsorbed toxic trace metal ions have a higher tendency to release from the microplastic
surfaces.

3.8. Desorption behaviour of PE microplastics-bound Pb**

As Pb®* ions were attached to PE microplastics through weak bonds, they have a higher
probability to give up the surface of microplastics at a slight change of the
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environmental conditions. Therefore, it is necessary to assess their desorption efficien-
cies by changing the specific parameters of the desorption medium. Solution pH is
a critical factor that changes depending on the environment and crucially affects toxic
trace metal adsorption. As illustrated in Figure 5(b), both pristine and aged microplas-
tics-bound Pb?* ions showed remarkable desorption performances when they were
added to water at different pH conditions (pH 3, 5, and 7). Thus, desorption efficiency
increased with increasing contact time.

Enhanced desorption efficiency of pristine microplastics-bound Pb** ions at pH 3 after
2 h (67.45%) than that of aged PE microplastics (59.12%) might be powered by more weak
bonds formed during the physisorption. Also, even around the adsorption facilitating pH
(i.e. pH 5), there is a considerable tendency to happen desorption. Desorption efficiency at
pH 7 after 24 h (0.92%) was very low compared with others (68.13% and 6.52% at pH 7 and
5, respectively). Nevertheless, it is substantial evidence that indicates the ability of pristine
PE microplastics-bound Pb?* ions to desorb without depending on the pH. Microplastics
can be ingested mainly by humans through food, water, and air [64]. As different systems
and organs in the human body consist of different pH conditions, metal contaminants
bound to ingested microplastics can be readily released inside the human body posing
various health risks [25]. However, the results demonstrated that PE microplastics may act
as vectors for Pb?* ions through different water systems.

4. Conclusion

The present study highlights that pH, ionic species, and DOM in the sorption medium
influence the ability of microplastics to adsorb and desorb co-occurring Pb?*. Both PE
microplastics were excellent vectors for Pb®* in organic matter-rich water at pH 5-6 while
ionic constituents remarkably inhibited the adsorption. The equilibrium kinetic data
revealed that Pb®* adsorption on pristine and aged PE microplastics was through time-
dependent and rate-controlling chemisorption processes, respectively. Multilayer physi-
sorption processes revealed by sorption isotherm data suggested that the surface com-
plexation of Pb®* onto both pristine and aged PE microplastics with the introduction of
HA. The postulated possible interaction mechanism for physisorption in optimum envir-
onmental conditions was the cooperative involvement of the hydrophobic and electro-
static interactions. Physisorbed Pb?* ions released the surfaces of PE microplastics at slight
pH changes. All these findings imply the role of PE microplastics as vectors for the
transport of Pb?* through aquatic environments and risk on their co-existence. More
studies focused on individual toxic trace metals that are necessary to clarify the trace
metal adsorption and desorption abilities of PE microplastics with the change of different
environmental conditions in aquatic environments.
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