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Macro- and microplastics and trace metals are significant pollutants in the marine
environment and have been reported in all ecosystems around the world. The
process of sorption/desorption of trace metals by macro- and microplastics is
influenced by various factors, including the morphological characteristics of
macro- and microplastics, their adsorption capacity, and environmental
conditions. This research provides and discusses laboratory experimental
findings on the sorption of trace metals cadmium (Cd), copper (Cu), lead (Pb),
and zinc (Zn) by macro- and microplastics of polyethylene terephthalate (PETE)
and high-density polyethylene (HDPE) within two contrasting marine intertidal
sedimentary environments with high and low organic matter content under
conditions of constant temperatures (T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C).
Our aim is to determine the effect of temperature on trace metal sorption onto
macro- and microplastics. Temperature alters the metals’ sorption by plastic by
altering the rate of reaching equilibrium and equilibrium concentration, whereas
constant temperature had only a minor influence on the partitioning of trace
metals. Sediment organic matter influences sorption dynamics at all three
temperatures T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C. This study enhances our
understanding of how temperature can effect trace metals-plastic particle
interactions in the marine intertidal sedimentary environment providing insight
as to conditions that will create the greatest threat to higher trophic levels by
providing an additional vector of Cd, Cu, Pb, and Zn exposure into benthic
food webs.
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1 Introduction

Plastics pollution is one of the fastest growing environmental
challenges of our time. Plastic debris has accumulated in increasing
amounts with time at a global scale. This is due to the wide-spread
consumer use and over-consumption of polymeric materials, their
continuing degradation, and high persistence in the environment
(Bakir et al.,, 2020; Baztan et al., 2024; Khalid et al., 2021;
Performance Evaluation, 2007; Thompson et al., 2024). The first
type of the modern synthetic plastic,’bakelite”, appeared in 1907
(Leo Baekeland invented “bakelite”) and is now considered across
disciplines as a key signature of the “plastic age” (William, 2008).
The term “plastic” is used to define the class of materials called
“polymers” (GESAMP, 2015). Plastics are made from a variety of
polymeric materials, with the most common being: polyamides/
nylons (PA), polyester (PES), low-density polyethylene (LDPE),
high-density polyethylene (HDPE), polyethylene terephthalate
(PETE), polyvinyl chloride (PVC), polypropylene (PP),
polystyrene (PS), polyurethanes (PU), and acrylic (AC). The mass
global production of plastic materials has increased significantly
from around 5 million tons per year during the 1950s to over 460
million metric tons produced only in 2019, reaching an estimated
cumulative plastic production of 10,000 to 20,000 million metric
tons worldwide by 2020 and 2040, respectively (Baztan et al., 2024).

Plastic materials enter the environment through land-based
sources such as anthropogenic debris emissions from rivers,
littering and waste mismanagement in urban environments and
industrial sectors in coastal cities and through ocean-based sources
such as littering at sea, fishing, and shipping industries (Jambeck
etal., 2015; GESAMP, 2015; Lebreton et al., 2017; Meijer et al., 2021;
UNEP, 2021). The environmental factors (e.g., water, sediments,
temperature, bacterial community), polymer properties (size,
density, composition), and physical, chemical, and microbial
processes results in a continual breakdown (e.g., deterioration,
fragmentation) of large plastic items into smaller plastic
fragments and particles commonly known as macroplastics (>5
mm in size), microplastics (1gum to <5 mm in size), and nanoplastics
(0.001 pm to < 1 um in size) (Andrady, 2011; Arthur et al., 2009;
Frias and Nash, 2019; Gigault et al., 2018; Hartmann et al., 2017).

Plastic waste became a concern to the global community in the
1960s (Napper and Thompson, 2020; Ryan, 2015; Thompson et al.,
2024). Nowadays, macro- and microplastic particles are ubiquitous
in almost all matrices of the surrounding multi-media environment
(e.g., ocean bottom, seas, beaches, estuaries, sediments, rivers, lakes,
soils, and air) and have been reported in all ecosystems on the
planet (Kolda et al., 2024; Thompson et al., 2024; Rochman, 2018).
A recent work by Eriksen et al. (2023) estimated that 82-358 trillion
plastic particles, equivalent to 1.1-4.9 million tons by weight, float
on the surface of the oceans. The COVID-19 pandemic also
contributed to the single-use-plastic footprint via the massive use
of personal protection equipment (PPE) waste, with an average of
8.4 million tons of COVID-19 pandemic-associated plastic emitted
from 193 countries, from which close to 26,000 tons were
discharged into the marine environment (Peng et al., 2019; Silva
et al, 2021). This eventually lead to plastics being reported as the

Frontiers in Marine Science

10.3389/fmars.2025.1570114

main fraction of marine and beach litter accounting from 60 to 95%
of the total amount of all debris worldwide (Andrady, 2011; Cole
etal,, 2011; Derraik, 2002; Ryan et al., 2009; Thompson et al., 2024).
Thus, plastics pollution in the coastal and marine environments is
one of the greatest environmental problems of our time.

Microplastics are ubiquitous and pervasive in the sediments of
marine intertidal/coastal area and estuaries (Hidalgo-Ruz et al,
2012; Lusher, 2015; Van Cauwenberghe et al.,, 2015a, 2015b;
Wahyuningsih et al., 2018).The highest concentrations of
microplastic detected on shorelines and beaches were 50,000
particles/kg dw on the East Frisian Islands (Liebezeit and
Dubaish, 2012) and 285,673 particles/m> on a beach in South
Korea (Kim et al,, 2015) with higher number/m? found to be in
surficial sediments (Martin et al., 2017; Moore, 2008). In coastal
regions, 60- 90% of land-based macro- and microplastics influenced
by hydrodynamic forces such as wind, waves and tidal movements
may be washed ashore or deposited on beaches and intertidal zones.
After entering the ocean, these plastics can either become buried in
seafloor sediments or be transported further inland to the backshore
(Ho and Not, 2019). Thus, most of the plastic debris accumulates in
the sediment, particularly in the coastal zones (Harris, 2020;
Harrison et al., 2014; Kazmiruk et al., 2018, 2024; Peng et al,
2017; Peng et al., 2018; Wahyuningsih et al., 2018). Hence coastal
sediments and especially sediments of the intertidal zones can be
seen as temporal sinks of macro- and microplastics in the marine
environment (Browne et al., 2011; Peng et al., 2019).

A growing concern is that recent studies have reported that
synthetic plastic materials both macro- and microparticles can bind
to a wide range of pollutants including trace metals, polycyclic
aromatic hydrocarbons (PAHs), dichlorodiphenyltrichloroethane
(DDT), and polychlorinated biphenyls (PCBs). Due to the small size
of macro- and microplastics and their high surface area-volume
ratio, contaminants were shown to readily sorb to their surfaces
(Boucher et al., 2016; Cole et al.,, 2011; Holmes et al., 2014;
Kazmiruk et al., 2018, 2024; Munier and Bendell, 2018; Rochman
et al.,, 2014; CCME (Canadian Council of Ministers of the
Environment), 2007). It is well known that certain trace metals,
when present in high enough concentrations, can be toxic to aquatic
life. For example, copper (Cu) is highly toxic for fish and other
aquatic species in the water column (Porter et al., 2023). Mercury is
very toxic and bioaccumulative, and can biomagnify in aquatic food
web (Lavoie et al,, 2013; UNEP, 2013). In addition, six metals
including nickel (Ni), cadmium (Cd), lead (Pb), mercury (Hg), Cu,
and zinc (Zn) are listed as priority pollutants by US Environmental
Protection Agency (USEPA, 2012). It is well known that plastic
materials contain a wide range of chemical compounds and mix of
substances (>16,000 chemicals, Wagner et al., 2024), including
chemical additives such as organic compounds (Per- and
polyfluoroalkyl substances [PFASs], and Polybrominated diphenyl
ether (PBDEs) flame retardants), catalysts, solvents, antimicrobial
agents, and pigments (Salih et al., 2013; United Nations
Environment Programme, Secretariat of the Basel, Rotterdam,
and Stockholm Conventions, 2023; Wagner et al., 2024;
Wiesinger et al., 2021). These chemicals have been shown to
leach from the polymeric materials and at least 4200 of them are
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of concern as hazardous substances for human and environmental
health due their persistence, bioaccumulation capacity, mobile and/
or toxic nature (Wagner et al., 2024) that can subsequently
accumulate within food webs (Alava et al,, 2023; Brander et al,,
2024). In addition to the potential physical impacts of ingesting
plastic particles, toxicological risks to marine organisms could also
arise from the leaching constituent contaminants and plastic
additives or organic and inorganic pollutants absorbed to the
macro- and microplastics (Holmes et al., 2014; Liu et al, 2021;
Rochman et al.,, 2014).

The use of plastic materials is a reality of our economic culture
and, therefore, a better understanding of their behavior and
interaction with other pollutants in the surrounding environment
is necessary. Recently, the combined pollution of macro- and
microplastic particles and trace metals has been brought into
scientific and public attention (Cao et al., 2021; Khalid et al,
2021; Vrinda et al, 2023; Weis and Alava, 2023). At present,
macro- and microplastic pollution and their interaction with trace
metal have gained global concern (Brennecke et al., 2016; Guo and
Wang, 2021), but their interaction mechanisms and combined
effects are still not well understood. Only a few studies have
addressed the ability of microplastics to interact with
contaminants such as trace metals, and sorb them from aquatic
and sedimentary environments. These studies have indicated that
trace metals such as Cd, Cu, Pb, and Zn can sorb onto and
accumulate on plastic particles to a high degree due to their
hydrophobic potential, small size, and large surface area (Ashton
et al., 2010; Barboza et al., 2018; Bouwmeester et al., 2015; Holmes
et al., 2014; Kazmiruk et al., 2024; Marsic-Ludic et al., 2018 2018;
Rochman et al., 2014). Notably, some contaminants have a greater
affinity for plastic matrix (up to one million times higher) than
surrounding seawater and sediments (Bouwmeester et al., 2015;
Kazmiruk et al., 2024).

Several physicochemical factors that are associated with
properties of plastic macro- and microparticles (e. g., type, shape,
size, polymeric materials) and characteristics of the marine
environmental compartments (e. g., pH, temperature, salinity,
hydrodynamic conditions, presence of organic matter, sediment
quality parameters) have been shown to affect the sorption/
desorption of different contaminants, including trace metals (Cao
et al,, 2021; Guo and Wang, 2019; Guo and Wang, 2021; Holms
et al., 2012; Holms, 2013; Holms et al., 2014; Li et al., 2020;
Performance Evaluation, 2007; Rochman et al., 2013, 2014; Wang
et al, 2018). However, our understanding on how these factors
influence the process of sorption/desorption of different
contaminants by plastic macro- and microparticles within marine
environmental compartments is still largely limited. Despite plastic
pollution being a significant marine environmental concern, the
impact of the temperature and temperature cycling (i.e., daily and
seasonal temperature changes) on the sorption/desorption of trace
metals by polymeric macro- and microparticles remains unknown.
Temperature is a crucial parameter in the sorption/desorption
process of trace metals to macro- and microplastics in many very
important applications (Bakir et al., 2014; Engler, 2012; Holms
et al,, 2014; Rochman et al., 2014; Turner and Holmes, 2015; Wang
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et al, 2018). In general, according to the adsorption theory,
adsorption decreases with increase in temperature and molecules
adsorbed earlier on a surface tend to desorb from the surface at
elevated temperatures (Aksu and Kutsal, 1991). It seems to be that
the sorption/desorption of trace metals by polymeric macro- and
microparticles under condition of different temperatures is an
exothermic reaction and is dominated by reversible (physical)
mechanisms as per Le Chatelier’s principle (i.e., LCP states that
“changes in the temperature, pressure, volume, or concentration of a
system will result in predictable and opposing changes in the system
in order to achieve a new equilibrium state”) (Wang et al., 2018).

To date the study of the sorption of trace metals by macro- and
microplastics have been conducted as field experiments in the
aquatic environments, with a little attention given to the
temperature as a factor influencing the sorption behavior of the
polymeric particles (Holms et al., 2012, 2014; Oz et al, 2019;
Rochman et al., 2013, 2014; Wang et al., 2018). Usually the
studies on the process of sorption/desorption macro- and
microplastics particles to trace metals are conducted as laboratory
experiments under temperature conditions of 20°C -25°C (Holms,
2013; Li et al, 2019). Only a few studies have addressed how
temperature may affect the sorption characteristics of trace metals
by plastic particles and the results of these studies are contradictory.
For example, in the study conducted by Li et al. (2019), the process
of sorption on polystyrene (PS) microparticles was investigated as a
function of temperature, pH, and ionic strength of trace metals (Cu
(I) and Zn(II)) concentrations through batch (aqua) incubation
experiments. Results show that sorption on PS microparticles was
pH-dependent, while temperature and ionic strength are having no
significant influence on trace metals sorption. In contrast,
temperature-dependent behavior of plastic nanoparticles has been
reported for a typical range of groundwater temperatures (4.0°C -
20.0°C) (Alimi et al., 2020).

Liu et al. (2022) investigated the adsorption mechanisms of
three different types of microplastics such as PP, PS, and PVC with
similar particle sizes, in relation to trace metals of Pb, Cu, Cr, and
Cd under different temperature and salinity conditions of the
aquatic environments. The results of this study demonstrated that
an increase in temperature and decrease in salinity were favorable to
improve the affinity of plastic microparticles toward trace metals
through the process of adsorption. Some published studies on
dependence of trace metals sorption on temperature in the
terrestrial environments (soil) have reported an increase in
loading capacities of trace elements onto plastic surfaces with
increasing temperature (Gomez and Bosecker, 1999). In addition
to this, temperature significantly influences all of the physical
characteristics of polymeric materials and through this has impact
on their sorption/desorption behavior which can be defined as
temperature-dependent (He et al., 2023; Alimi et al., 2020; Reis et al,
2013). For example, temperatures can greatly influence the abiotic
and biotic aging process of macro- and microplastic particles,
thereby controlling the dynamics of various physical processes
and chemical reactions (He et al., 2023). It is necessary to note
that low temperatures (0°C) make plastic particles more brittle and
easier to break (surface breakage) and higher temperatures form
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large pits and cavities causing damage to the surface and reducing
the resistance of the microplastic to the microbial degradation (He
etal., 2023; Reis et al, 2013). Thus, environmental transformation of
plastic particles (e.g., aging, changes of physical characteristics)
under influence of temperature regime has an impact on their
sorption/desorption towards trace metals.

To date the partitioning of trace metals (Cd, Cu, Pb, and Zn)
between plastic materials in the form of macro- and microparticles
and parts of marine intertidal sedimentary environments (e.g., see
water, sediments, pore water) and the sorption capacities of macro-
and microplastic for different trace elements have not been
investigated in the marine intertidal sedimentary environmental
conditions. Further, at this time, there are no long-term laboratory
studies available on the sorption of trace metals such as Cd, Cu, Pb,
and Zn by macro- and microplastic under condition of the
intertidal sedimentary environments. Given this lack of research
on the role of temperature on influencing the sorption
characteristics of metals onto micro- and macroplastic, the
objectives of this study were two-fold: 1) determine the role of
environmentally realistic temperature conditions on the sorption of
trace metals onto plastic macro- and microparticles (PETE and
HDPE) under controlled laboratory conditions; and, 2) through
such experiments, extrapolate our findings to intertidal sedimentary
environments under field conditions. Such extrapolations will
provide some insight as to how temperature may affect trace
metals -plastic particles interactions under conditions of marine
intertidal sedimentary environments. To our knowledge, this is the
first study to assess the interactions between trace metals and plastic
macro- and microparticles in the intertidal sediments subject to
conditions of different constant temperature regime. In addition,
these results will help our understanding the impact of
environmental factors on sorption/desorption of contaminants to
different plastic materials serving as a useful baseline for further
studies, especially of their reversible (physical) mechanisms. Our
results can be applied for the risk assessment of trace metals and
polymeric macro- and microparticles in the sedimentary
environments. In addition, because of the bioavailability and
toxicity associated with trace metals and plastic particles, their
interaction may also be temperature-dependent and have
implications for marine environmental fate, transport and
ultimately, the ecological risks posed by these contaminants in
marine ecosystems.

2 Materials and methods

2.1 Sedimentary environments selected for
the study

Surface layers of sediments (~20.0 cm in depth from the
surface) from the Burrard Inlet (British Columbia, Canada)
intertidal area were sampled for the long-term laboratory study.
Sediments were sampled at the same two sites where the long-term
(up to 38 months) field experiments were performed previously
(Kazmiruk et al., 2024). Two contrasting sediments with high and
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low organic matter (OM) content were used for the controlled
laboratory-based experiments: A) Horseshoe Bay (HB) (gravel,
sand, OM = 5-15%) and B) Maplewood Flats Conservation Area
(MWFCA) (sand, mud, OM = 15-50%). Sediments from HB were
more coarse, 0.25 to 2.00 mm (average 44.2% of volume) and >2.00
mm (average 35.0% of volume) as compared to sediments collected
from MWEFCA study site which were finer, 0.063 to 0.25 mm
(average 41.4% of volume) and < 0.063 mm (average 36.5% of
volume). The average total OM concentration of intertidal
sediments taken at HB study site was 2.8% and 15.8% at
MWECA. The detailed description of grain size distribution, OM
concentrations, and characteristics of the intertidal sediments is
given in the Supplementary Materials (Supplementary Table S1).

2.2 Trace metals selected for the study

In the intertidal area of Burrard Inlet trace metals such as Cd,
Cu, Pb, and Zn are of concern because of the high levels and the
wide variety of sources from which they are discharged into the inlet
(BIAP, 2016). Importantly, the concentrations of Cd, Cu, Pb, and
Zn exceeded long-term environmental quality objectives for water
and sediments at most of sites in the Burrard Inlet and could have
negative effects on aquatic organisms (Bull and Freyman, 2013;
Johannessen et al, 2005). Based on the analysis of the level of
contamination in the marine water column and sediments at the
Burrard Inlet (British Columbia, Canada) intertidal area, trace
metals of primary concern such as cadmium (Cd), copper (Cu),
lead (Pb), and zinc (Zn) were selected for the controlled long-term
laboratory-based study (BIAP, 2011, 2016).

2.3 Selection and preparation of macro-
and microplastic particles

Two types of macroplastic polyethylene chips of HDPE (macro-
HDPE) (Supplementary Figure S1A) and textile fabric of PETE
(macro-PETE) (Supplementary Figure SIB) and 2 types of
microplastic (primary) microbeads (micro-HDPE) (Supplementary
Figure S1C) and fibers (micro-PETE) (Supplementary Figure S1D)
were selected for the laboratory study. The types of polymeric
materials and shapes of polymeric particles are the same that were
used in the long-term (38 months) field experiments reported by
Kazmiruk et al. (2024) with the aim to analyze comparable data
obtained from the field and laboratory experiments (Kazmiruk,
2023). An overview (i.e., microscopic images, photos and FTIR
spectrums) of the polymeric materials and macro- and
microparticles selected for the laboratory-based study is provided
in the Supplementary Material (Supplementary Figure S1).

2.4 Laboratory experiments

To increase environmental relevance, the temperature
conditions were chosen on the basis of the analysis of
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temperature amplitude and annual temperature range relevant to
the intertidal area of Burrard Inlet (British Columbia, Canada) were
sediments were sampled for the long-term laboratory study. To
simulate different scenarios for the sorption of trace metals (Cd, Cu,
Pb, and Zn) by a particular type of plastic macro- and
microparticles under conditions of different temperature, long-
term (up to 28 months) controlled laboratory-based experiments
with constant temperature of T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C
were performed.

All laboratory-based experiments were performed in 6 (3
constant temperatures x 2 types of sediment) containers (plastic
boxes 45 cm x 25 cm x 25 cm) with glass-covered sides
(Supplementary Figures S2A, B). Containers were filled with sea
water and sediments (18-20 cm layer) taken from the surface layer
(20 cm) of the intertidal sediments at Horseshoe Bay (HB) and
Maplewood Flats Conservation Area (MWFCA) of Burrard Inlet
(British Columbia, Canada). At each container, triplicate mesh bags
(0.063 um) (Supplementary Figure S2C), which contained macro-
HDPE (Supplementary Figure S2D), macro- PETE (Supplementary
Figure S2C), micro- PETE (Supplementary Figure S2E), and micro-
HDPE (Supplementary Figure S2F) were buried into the upper 10
cm layer of the intertidal sediment at each experimental unit
(Supplementary Figures S2A, B). All sorption experiments were
undertaken in three replicates, and the average values are
reported here.

2.5 Sampling methodology

Sample collection. The experiment was designed to observe
sorption of trace metals by plastic macro- and microparticles under
condition of different constant temperatures. Samples of the water,
the sediments and the macro- and microplastic were collected at the
beginning of the experiment, just after deployment of plastic
materials into sediments, and then at the time of residence t = 1,
2,3, 8,12, and 21 months respectively. Samples of water, sediments,
and plastic macro- and microparticles were collected in triplicate
and at the same time in order to receive comparable data.

Water samples. Water samples were collected in triplicated
from each experimental unit. Water was sampled from the surface
layer using syringe cores (diameter: 2.6 cm). Water samples were
filtered immediately after sampling through 0.45 ym Whatman
cellulose nitrate filters using a vacuum filter unit and filtrates were
frozen (T= -5.0°C) and stored in the dark until further analysis.

Sediment samples. During the laboratory experiments
sediment samples were collected in triplicated from each
experimental container. Sediments were sampled from the surface
layer using syringe cores (diameter: 2.6 cm). Collected sediment
samples were placed into plastic zip lock bags and then were frozen
(T=-15.0°C) and stored in the dark until further analysis.

Samples of plastic macro- and microparticles. At each
experimental container triplicate mesh bags (textile fabric, PETE)
with samples of plastic macroparticles (polyethylene chips, HDPE)
and microparticles (microbeads, HDPE; fibers PETE) were
collected. Samples were taken according to the general
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methodology of laboratory sampling with some our modifications
to the existing protocols (Kazmiruk et al., 2023).

2.6 Laboratory analysis

2.6.1 Sediment quality parameter

Sediment samples were analyzed for general sediment quality
parameters including grain size distribution (GS) and OM content
(Batley and Simpson, 2016; Kazmiruk et al., 2018, 2024; and
Mudroch et al., 1997).

Analysis for grain size distribution. Wet and dry sieving
techniques were used to determine GS distribution of sediment
samples (Batley and Simpson, 2016; Mudroch et al., 1997;
Wentworth, 1922). Sediment particles were separated into four
different size factions: gravel (GS >2 mm), coarse sand (2 mm > GS
> 0.25 mm), fine sand (0.25 mm > GS > 0.063 mm), and mud or
fines (silt, clay) (GS < 0.063 mm). Wet sieving was achieved by using
de-ionized water (dH,O) to wash the wet sediment subsamples
three times through 2000 pm (2 mm), 250 pm (0.25 mm) and 63 um
(0.063 mm) sieves.

Analysis for organic matter content. The concentration of OM
in the sediment samples was determined by “loss-on-ignition”
(LOI) method (ASTM, 2000a, 2000, 2000; Kazmiruk et al., 2024;
Mudroch et al., 1997; Parker, 1983; Schumacher, 2002). The dried
sediment subsamples weighing approximately 1.0 g - 3.0 g were
burned at temperature of 400°C — 440°C (to avoid the destruction of
any inorganic carbonates in the sediments) for 5-10 hours. The OM
content was determined as the difference between the initial and
final (ashed) subsample weights.

2.6.2 Analysis of trace metals (Cd, Cu, Pb, and Zn)
Trace metal analysis was carried out by Atomic Absorption
Spectroscopy (AAS, PinAAcle 500, Perkin Elmer) for Cd, Cu, Pb,
and Zn. Water samples were aspirated directly after methods of
ASTM (2000a) and PinAAcle 500 FlameAAS (Perkin Elmer). The
determination of the trace metals (Cd, Cu, Pb, and Zn) in the
sediment samples and experimental samples of macro- and
microplastics were performed on the base of digested subsamples.
Sediment subsamples (2.0 g) were digested by Aqua Regia as
hydrochloric acid (HCl) and nitric acid (HNO;) mixture (3:1
volume to volume) and solutions analyzed for total trace metal
concentrations (Simpson et al., 2005; USEPA 30508, 1996).
Experimental samples of micro-PETE (fiber), micro-HDPE
(microbeads), macro-PETE (textile fabric), and macro-HDPE
(polyethylene chips) were dried at room temperature (fume
hood). Dried subsamples of macro- and microplastic (0.5 g - 0.7
g) were placed into a 50 mL Falcon tube for acid digestion on the
base of Aqua Regia, prepared daily as 375 mL of HCl and 125 mL of
HNO; (Ashton et al.,, 2010). To each Falcon tube, 10 mL of Aqua
Regia was added and subsamples were left overnight (20-28 hours)
on a slow shaker to allow for the extraction of the trace metals from
macro- and microplastics. A 1-5 mL aliquot was then removed,
diluted with ultra-pure water and analyzed for Cu, Cd, Pb, and Zn
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concentration. These experimental conditions were used
throughout all of the analyses.

The main controlling factors of quality samples analysis by AAS
were statistical characteristics of measurements: standard deviation
(SD), relative standard deviation (RSD <5.0%), and the standard
error of replicate runs. Low variability RSD (not greater than 5.0%)
in repeated measures indicates a high precision of analysis.
Accuracy as indicated by standards was always within 5% and
precision as indicated by the residual standard deviations (RSD) of
repeated measures was 3%. Before instrumental analysis of
subsample extracts, calibration standard was analyzed regularly to
check the stability of the instrument response that is the quality
control of measurements. Blanks and standards were run with the
samples to ensure quality assurance and control.

2.6.3 FTIR analysis

Subsamples of the experimental macro- and microplastic
particles from the laboratory experiments were analyzed using a
Fourier-Transform Infrared Spectrometer (FTIR) with attenuated
total reflectance (ATR) accessory (Perkin Elmer Inc. Spectrum
FTIR). The infrared spectra of samples were recorded on a
PerkinElmer FTIR spectrometer in the wavenumber range from
4000 cm™" to 400 cm™. The FTIR spectroscopy analysis was applied
to (1) identification of polymer materials, (2) characterization and
identification of microplastic particles, (3) estimation of weathering
and aging macro- and microplastics particles. The Perkin-Elmer
ATR of Polymers Library and Atlas of Plastics Additives Analysis by
Spectrometric Methods (Hummel, 2002) were used for
identification of microplastics’ chemical composition and
polymeric materials of macro- and microplastics particles.

2.7 Quality assurance/quality control
procedures

During the long-term (21 months) laboratory experiments at
each time of the sampling a paired background contamination
control was used. At each sampling time, prepared clean Petri Dish
and three empty glass beakers were placed beside the experimental
unit and opened during sample collection (water, sediments, and
macro- and microplastic particles) and closed simultaneously with
the sample zip lock bags.

For analysis/measurements of trace metals (Cd, Cu, Pb, and Zn)
concentration the protocol for QA/QC was maintained by the
analysis of reference sediment MESS-3 (National Research
Council of Canada) and reagent blanks, as well as sediment
sample replicates used as controls. Marine sediment reference
materials (MESS-3) were used for measurements of Cd, Cu, Pb,
and Zn (Cd = 0.24 + 0.01 mg/kg; Cu = 33.9 + 1.6 mg/kg; Pb =21.1 +
0.7 mg/kg; Zn = 159 + 8 mg/kg). The recovery rates for the trace
metals in the standard reference material were between 78.9% and
101.0%: Cd (79.8%), Cu (95.2%), Pb (78.9%) and Zn (101.0%).
Procedures for QA/QC were maintained by the analysis of reference
sediment MESS-3 (National Research Council of Canada) and
reagent blanks, as well as sample replicates were used as controls.
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2.8 Statistical data analysis and data
evaluation

2.8.1 Data analysis

After laboratory sampling and measurements, 120 variables ((4
plastic particle types + sediments) x 4 trace metals x 3 temperatures
x 2 sediment types = 120) were created for analyses. For the
temporal and absolute comparison of trace metals contents in
water, sediments and plastic macro- and microparticles, the
concentration of trace metals was calculated as unit ym per g
water, sediment, and plastic particles dry weight (um/g). Basic
statistical analysis (means, t-test, ANOVA, correlation, regression)
of the data were performed using Statistical Package software “IBM
SPSS Statistics” (IBM SPSS Statistics 19.0, IBM, Amonk, NY), R (R
Core Team, 2021), and RStudio (RStudio Inc.; MA, USA).

Sediment data (grain size, OM, Cd, Cu, Pb, and Zn) was first
tested for normal distribution (test of normality, Shapiro-Wilk test)
and equal variances (homoscedasticity test) prior to the application
of a two-way ANOVA with sediments/temperature and time as the
two factors (Garson, 2012; Shapiro and Wilk, 1965). Macro- and
microplastic data (Cd, Cu, Pb, and Zn) was first tested for normal
distribution (test of normality, Shapiro-Wilk test) and equal
variances (homoscedasticity test) prior to the application of a
two-way ANOVA for each of 2 plastic microparticles (HDPE and
PETE) and 2 plastic macroparticles (HDPE and PETE) with
sediments/temperature and time as the two factors. A further 2-
way ANOVA was also applied to determine if within each
sediments, sorption of trace metals by plastic macro- and
microparticles were dependent on plastic type, temperature, and
time. Data were generally normally distributed with equal variances
(Shapiro Wilk test), so data was not transformed for statistical
analysis. Statistical analysis was performed using Sigma Plot 12 ©
and significance of all tests was set at p-value <0.05.

Data visualization, tests for normal distribution (Shapiro-Wilk
normality test), linear regression analyses, Spearman correlation
analyses, and variance analyses (ANOVA) were conducted with the
standard R-packages as well. Histograms and boxplots (represent
the distribution of the data) were used to estimate the normality of
the data distribution. Differences in sorption characteristics (trace
metals concentrations, partitioning coefficients) among type of
sediments and temperatures versus plastic macro and
microparticles and time were tested with linear models (Im) (p <
0.05) using R (R Core Team, 2021). We used linear regression
models (Im) with sediments, temperature, and polymeric type as
fixed factors to test for temporal variations in concentration of trace
metals (Cd, Cu, Pb, and Zn) in sediment samples and experimental
samples of plastic macro- and microparticles (HDPE and PETE).
Significances were tested on the level of confidence interval 95%.
We interpreted the results of statistical analysis to be signficant
when p-value < 0.05 (Supplementary Table S2).

2.8.2 Data evaluation

To improve our ability to detect changes over time, data from
time 0, 1, and 2 months, 3 and 8 months, and 12 and 21 months
were pooled to represent three time periods: “short-term”(0-2
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months), “mid-term” (3-8 months) and “long-term” (12-
21months). This approach of data analysis was applied in
previous field experiments (Kazmiruk et al., 2024) in order to
compare data from field and laboratory studies. A linear
regression model (Im) (R Core Team, 2021) was applied to test
for variations in trace elements concentrations in sediment samples
and experimental samples of plastic macro- and microparticles
(PETE and HDPE) for three time periods of sampling and
measurements (i.e., “short -term”(0-2 months), “mid-term” (3-8
months), and “long-term” (12-21 months)) in each of two types of
sediments containing different organic matter (OM) fractions (i.e.,
OM=2.8% and OM=15.8%) and under conditions of three
temperatures (T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C).

To provide an effective analysis of interaction between trace
metals (Cd, Cu, Pb, and Zn) and plastic macro- and microparticles
in intertidal sediments under temperature conditions of T=- 4.0°C,
T=+ 4.0°C, and T=+18.0°C the relative concentration (Cgar),C;)
were applied and calculated as follows:

Crttean/ Ci (1)

where C; = Cgr-o) (Ug/g) is the initial concentration of trace
metal at the beginning of the experiments at residence time t = 0;
and, Cyeap (Ug/g) is concentration of trace metal at residence time
t=0, 1, 2,...21 months. By using the relative concentration we can
compare the concentration of trace metals at some residence time
(i.e., time after deploying of plastic particles in sediments), initial
concentration (i.e., concentration at the beginning of the
experiments, before deploying of plastic particles in sediments),
and equilibrium concentration (C,). By estimating the value of the
relative equilibrium concentration as the ratio of equilibrium
concentration (C,) to the initial concentration (C;), the trace
metals-plastic particles interaction can be defined as follows:

(C,/C;) > lorlog(C,/C;)) > 0

===> sorption process (increase concentration) )
(C,/C) < 1orlog(C,/C) <0
===> desorption process (decrease concentration)  (3)

The relative concentration is widely applied in sorption study
such as sorption behavior of contaminants on microplastics (Chen
et al., 2022).

To assess the potential distribution and re-distribution of trace
metals concentration between the intertidal sediments with macro-
and microplastics content under temperature conditions of T=-4.0°
C, T=+4.0°C, and T=+18.0°C the partition (distribution) coefficient
(K4) were used. According to the definition, a partition coefficient is
the ratio of the concentration of a substance in one medium or
phase (C,) to the concentration in a second phase (C,) when the
two concentrations are at equilibrium. In this study the equation for
the partition (distribution) coefficient derived from the linear model
(Kg) is as follows (Bakir et al.,, 2014; Wang et al., 2018):

Ky = [‘Je]/[ce} (4)
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where q. (l1g/g) is the amount of contaminant sorbed onto solid
phase at equilibrium; and C. (ug/mL) is the contaminant
concentration in the aqueous phase at equilibrium. According to
the Equation 4, the sediments-sea water partitioning coefficient
(Kged-sw) is defined as:

Ksed—sw = [Me}sed/[Me}sw (5)

where [Me].q (Hg/g) is the concentration of trace metals
adsorbed to solid phase (sediments); [Me]s,, (ug/mL) is the
aqueous (sea water) trace metals concentration. Likewise, the
sediments-pore water partitioning coefficient (Kgeq.yp) is as follows:

K:edpr = [Me]sed/[Me]wp (6)

where [Me]q (Ug/g) is the concentration of trace metals
adsorbed to solid phase (sediments); [Mely, (Uug/mL) is the
aqueous (pore water) trace metals concentration. The plastic
materials (macro- and microparticles)-pore water partitioning
coefficient (K,p) is defined as follows:

Kotwp = [Me]pl/[Me}wp (7)

where [Me],,; (Lg/g) is the concentration of trace metals adsorbed
to solid phase (plastic materials); [Me],,,, (ug/mL) is the aqueous (pore
water) trace metals concentration. By dividing sediments-pore water
partitioning coefficient (Kyeq.wp) (Equation 6) and plastic materials
(macro- and microparticles)-pore water (Kj.p) partitioning
coefficient (Equation 7) we will exclude the concentration of trace
metals in pore water of sediments from the final equation:

Ksed—wp/Kpl—Wp = ([Me}sed/[Me}wp)/([Me]pl/[Me]wp) ®)

The ratio of sediments-pore water partitioning coefficient (Keq-vp)
to the plastic materials-pore water partitioning coefficient (Kp.,y,) is as
follows:

Ksed—w/Kpl—wp = [Me]sed/[Me}pl ©)

Linear regression model (Imm) was used to test for variations in
ratio between partition coefficients [log (Ked-wp/Kprwp)] of trace
metals (Cu, Cd, Pb, and Zn) among two type of sediments
(OM=2.8% and OM=15.8%) and three temperature conditions
(T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C). Significances were tested
on the level of confidence interval 95%. We interpreted the results of
statistical analysis to be significant when reaching a p-value < 0.05.

3 Results

3.1 Polymer composition and aging of
macro- and microplastics in the intertidal
sediments under constant temperature
conditions (T=- 4.0°C, T=+4.0°C,

and T=+18.0°C)

The FTIR spectra of the initial macro- and microparticles of
HDPE and PETE exhibit characteristic bands at wavenumbers typical
of these plastic material types (Supplementary Figure S1) (Gulmine
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et al., 2002; Hummel, 2002). For example, as seen in Figure 1 A at the
beginning of the laboratory experiments (t=0) the FTIR spectrums of
initial macro-HDPE samples exhibit characteristics bands at wave
number 2914.46 cm™' (CH2 asymmetric stretching) and 2846.49
cm™' (CH2 symmetric stretching), 1472.21 cm ™' and 1461.72 cm ™’
(bending deformation), 1367.57 cm ™' (wagging deformation), 730.33
cm ' and 718.79 cm™ (rocking deformation) that are seen for HDPE
(Charles and Ramkumaar, 2009; Gulmine et al., 2002; Hummel, 2002;
Pages, 2008).

10.3389/fmars.2025.1570114

For macro-HDPE (polyethylene chips) after 21 months of
deploying in sediments with OM = 15.8% and at constant T=-4.0°
C, the FTIR spectrums have occurrence changes as follows: (1) the
peak at 2914.46 cm ™' (CH2 asymmetric stretching) is intensified and
shifted to 2915.00 cm™; (2) the peak at 2846.49 cm™' (CH2 symmetric
stretching) is shifted to 2748.25 cm™; (3) the peak at 1615.25 cm s
intensified and shifted to 1622.25 cm™; (4) the peak at 1646.00 cmis
intensified and shifted to 1644.75 cm™; (5) formation of new
functional groups is at 1052.25 cm™ " and 1047.25 cm ™" (Figure 1B).
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FIGURE 1

The microscopic images of the surface morphology and FTIR spectrum of macro-HDPE (chips) in the intertidal sediments (OM = 15.8%) under
conditions of constant temperature of T=- 4.0°C (B), T= +4.0°C (C), and T= +18.0°C (D) at residence time of t=0 months (A) and t=21 months
(B-D). The red spectra are standard spectra of the polymer material (ATR Polymer Introductory Library); blue spectra are spectra of analyzed sample;
numbers in red color are values of the spectra (wave number, cm™) of new functional group. The peak at 1622.25 cm™ (intensified and shifted to
1615.50 cm™) and the peak at 1644.75 cm™ (intensified and shifted to 1640.00 cm™) are found on the upper blue line of the spectra.
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For macro-HDPE (polyethylene chips) after 21 months of
deploying in sediments (OM = 15.8%) at constant T=+4.0°C, the
FTIR spectrums have occurrence changes as following: (1) the peak
at 2914.46 cm '(CH2 asymmetric stretching) is intensified and
shifted to 2914.75 cm™'; (2) the peak at 2846.49 cm™' (CH2
symmetric stretching) is shifted to 2847.25 cm™'; (3) the peak at
161525 cm™! is shifted to 1615.50cm™; (4) the peak at 1646.00
cm™! is shifted to 1640.00cm™; (5) formation of new functional
groups is at 1082.50 cm ™" and 1077.25 and 864.25 (Figure 1C).

For macro-HDPE (polyethylene chips) after 21 months of
deploying in the intertidal sediments (OM = 15.8%) at constant T=
+18.0°C, the FTIR spectrums have occurrence changes as following:
(1) the peak at 2914.46 cm™' (CH2 asymmetric stretching) is shifted
to 2914.75 cm™'; (2) the peak at 2846.49 cm™' (CH2 symmetric
stretching) is shifted to 2847.00 cm % (3) the peak at 1615.25 cm ™ is
shifted to 1622.25 cm™; (4) the peak at 1646.00 cm”lis shifted to
1635.00cm™%; (5) formation of new functional groups is at 1082.50
cm™' and 1077.25 cm™" and 870.50 cm™" revealing peaks that are
intensified and shifted (Figure 1D).

In general, the FTIR spectra of HDPE and PETE samples after
deployment in the intertidal sediments with low and high OM
concentration and under three constant temperature regimes
exhibited shifted and intensified peak spectrums along with the
formation of new functional groups. The shifting of peaks 2914.46
cm ! and 2846.49 cm ™" occurs due to degradation of HDPE in the
presence of microbial culture (Ojha et al., 2017). The peak at wave
number 1628.75 cm ™' corresponds to the carbonyl group (Rajandas
et al,, 2012) which is due to oxidation of HDPE sample (Coates,
2006; Gulmine et al., 2002). It is important to note that the plastic
particles were buried so oxidation by UV light would not occur.
Formation and shifting of another peak at 1646.00 cm™'
(Figures 1B-D) occurs and can be interpreting as the formation

1 .
. Formation of

of the similar functional group as at 1628.75 cm™
new functional groups at 1082.50 cm-1 and 1077.25 cm—1 (as seen
in Figure 1D) occurs due to C-C stretching (Charles and
Ramkumaar, 2009).

Formation of two new functional groups at 1052.25 cm ™

and
1047.25 cm ™" are seen for macroplastic (HDPE, polyethylene chips)
deployed at T=-4.0°C (Figure 1B). Formation of three new
functional groups is seen at 1082.50 cm ™' and 1077.25 and 864.25
(T=+4.0°C) and at 1082.50 cm™ ! and 1077.25 and 870.50 cm™" (T=
+18.0°C) (Figures 1C, D). Formation of new functional groups at
1052.25 cm™' and 1047.25 cm-1 can be interpreted as the

!and

formation of the similar functional group as at 1082.50 cm”™
1077.25 cm™" which occurs due to C-C stretching (Charles and
Ramkumaar, 2009; Pages, 2008). Formation of the peaks at 864.25
cm™' (T=+ 4.0°C) and 870.50 cm™' (T=+18.0°C) occurred (see
Figures 1C, D), which is consistent with the observed formation of
the similar functional group at 864 cm ™' when pre-treated HDPE is
subjected to microbial treatment (Sheik et al., 2015).

Importantly, the FTIR spectra for macro- and microplastic
samples of HDPE and PETE deployed in sediments under
conditions of low temperature (T=-4.0°C) showed less changes in
standard characteristics bands at wave’ numbers as compared to
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those plastic particles deployed in sediments under condition of
higher temperature (T= +18.0°C) (Figures 1B, D). Microscopic
images of the surface morphology of plastic macro- and
microparticles unveiled the roughness, cracks, mechanical and
oxidative weathering, indicating their continuous exposure in the
sedimentary environment. The FTIR spectrums of macro-HDPE
(polyethylene chips) deployed in marine intertidal sediments (OM
= 15.8%), under condition of constant temperature, provided the
presence of various elements on the macroparticles’ surface
(Figure 1). Analyses of the FTIR spectra and microscopic images
confirmed the degradation and aging of macro- and microparticles
of both HDPE and PETE plastic materials after their deployment in
the intertidal sediments with temperatures of T=- 4.0°C, T=+ 4.0°C,
and T=+18.0°C. The mechanism of temperature-induced
degradation of macro- and microplastic under conditions of
intertidal sedimentary environment requires further study. It
would be beneficial to investigate the influence of temperature on
the degradation/aging of plastic particles and partitioning of trace
metals because this is related to their bioavailability.

3.2 Trace metal concentrations

3.2.1 Trace metal concentrations in sediments

Overall, the concentration of Cu, Pb, and Zn were higher in
sediments with high OM as compared to that in sediments low in
OM content, and only the concentration of Cd was greater in
sediments with low OM (2.8%) as compared to that in sediments
high in OM content (15.8%) (Table 1).

3.2.2 Trace metal sorption by plastic macro- and
microparticles

The initial concentrations of trace metals (Cd, Cu, Pb, and Zn)
in the experimental samples of plastic macro- and microparticles
(prepared for deployment in sediments) were greater than trace
metals concentrations measured in seawater samples, but
significantly lower than that concentration measured in sediment
samples collected within intertidal area of Burrard Inlet at the HB
(OM=2.8%) and MWFCA (OM=15.8%) and used in the laboratory
experiments (Table 1). This comparison indicates that macro- and
microplastics primarily sorb trace metals from the intertidal
sedimentary environment.

In the controlled laboratory-based experiments the
concentrations of Cd, Cu, Pb, and Zn increased over time, but
with different intensity. The total (initial and adsorbed/loaded)
measured concentrations of Cd, Cu, Pb, and Zn recovered from
the plastic particles varied as a function of: (a) time of residence in
sedimentary environment, (b) type of plastic material (HDPE,
PETE) and type of plastic particles (macro-HDPE, polyethylene
chips; macro-PETE, textile fabric; micro-HDPE, microbeads;
micro-PETE, fibers), (c) characteristics of intertidal sediments
(grain size, OM), and (d) temperature conditions (see trends from
Figures 2-5).
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TABLE 1 Initial concentrations (ug/g dw) of Cd, Cu, Pb, and Zn in sea water, intertidal sediments, and experimental samples of plastic macro-
and microparticles.

Organic Matter Water Sediment micro-PETE Macro-PETE Micro-HDPE Macro-HDPE

(OM), % ug/mL fiber textile fabric microbeads polyethylene

Cd (ISQG marine sediment: 0.7 ug/g dry weight)

2.8 0.0023 0.7030 0.0608 0.1196 0.3478 0.0931

15.8 0.0051 0.3540 0.0608 0.1196 0.3478 0.0931
Cu (ISQG marine sediment: 18.7 ug/g dry weight)

2.8 0.0206 12.19 0.1429 0.2601 0.2070 0.1330

15.8 0.0114 13.65 0.1429 0.2601 0.2070 0.1330

Pb (ISQG marine sediment: 30.2 ug/g dry weight)

2.8 0.1000 9.25 1.2929 1.6645 5.0725 0.1640

15.8 0.1730 13.43 1.2929 1.6645 5.0725 0.1640

Zn (ISQG marine sediment: 124.0 ug/g dry weight

2.8 0.0009 4491 0.6572 0.3798 3.4910 1.7530

15.8 0.0002 87.85 0.6572 0.3798 3.4910 1.7530

ISQG is Canadian interim sediment quality guidelines (CCME, 2007).
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FIGURE 2

Concentration of Cd over time recovered from micro-PETE (fiber) (A), micro-HDPE (microbeads) (B), macro-PETE (textile fabric) (C), and macro-
HDPE(polyethylene chips) (D) deployed in the intertidal sediments. Laboratory experiments were performed with sediments low (OM=2.8%) and high
(OM=15.8%) in organic matter content and constant temperature of T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C. Boxplots represent the distribution of
observed values, where midline is the median, with the upper and lower limits of the box being 75th and 25th percentiles. Whiskers extend up to the

interquartile range and represent the ranges for the bottom 25% and the top 25% of the data values, excluding outliers. Measured values are
depicted as points.
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Concentration of Cu over time recovered from micro-PETE (fiber) (A), micro-HDPE (microbeads) (B), macro-PETE (textile fabric) (C), and macro-HDPE
(polyethelene chips) (D) deployed in the intertidal sediments. Laboratory experiments were performed with sediments low (OM=2.8%) and high
(OM=15.8%) in organic matter content and constant temperature of T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C. Boxplots represent the distribution of observed
values, where midline is the median, with the upper and lower limits of the box being 75th and 25th percentiles. Whiskers extend up to the interquartile
range and represent the ranges for the bottom 25% and the top 25% of the data values, excluding outliers. Measured values are depicted as points.

4 Discussion

4.1 The interaction between trace metals
and macro- and microplastics in the
intertidal sediments under constant
temperature conditions

Temperature is a crucial parameter in the sorption/desorption
process of trace metals by macro- and microplastics in many very
important processes and experimental settings (Bakir et al, 2014;
Engler, 2012; Holms et al., 2014; Rochman et al,, 2014; Turner and
Holmes, 2015; Wang et al,, 2016, 2018). In general, according to the
adsorption theory, adsorption decreases with increase in temperature
and molecules adsorbed earlier on a surface tend to desorb from the
surface at elevated temperatures (Aksu and Kutsal, 1991). For
instance, Gomez and Bosecker (1999) reported that trace metal
sorption in terrestrial environments (soil) is temperature-dependent,
with an increase in trace metal loading capacities as temperature rises.
Notably, temperature plays a crucial role in the aging and degradation
of plastic materials (Figure 1). It significantly affects the physical and
chemical properties of plastics, influencing their sorption and
desorption behavior, which can be classified as temperature-
dependent (Alimi et al., 2020; Lohman et al., 2017; Reis et al., 2013).

Our findings suggest that the interaction between trace metals
and plastics can be described as a process of time-dependent
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sorbance. In general, at the beginning of the sorption
experiments, during the “short-term” (0-2 months) and “mid-
term” (3-8 months) of sampling periods, the concentration of all
four trace metals (Cd, Cu, Pb, and Zn) in macro- and microplastics
rapidly increased, almost to 1/3-2/3 the value of the total adsorbed/
loaded concentration at the end of the experiments (21 months).
After the initial period, during the “long-term” (12-21 months)
sampling period, the concentration of trace metals (Cd, Cu, Pb, and
Zn) increased slowly, reaching equilibrium concentrations
(observed stable concentration) after 21 months (Figures 2-5).
These findings assume that interaction between trace metals and
macro- and microplastics in the intertidal sediments under constant
temperatures can be described as process of trace metals
accumulation over time that include two time periods a period of
rapid adsorption and a period of reaching equilibrium state. This is
in accordance with results from the study on trace metals-plastic
particles interaction in the aquatic environments (Gao et al., 2019;
Holmes et al., 2012; Lindsay, 1979; Rochman et al., 2014).

4.2 The influence of constant temperature
The laboratory-based study demonstrated that macro- and

microplastic of HDPE and PETE accumulate Cd, Cu, Pb, and Zn
over time but with high significant differences in relation to the type
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Concentration of Pb over time recovered from micro-PETE (fiber) (A), micro-HDPE (microbeads) (B), macro-PETE (textile fabric) (C), and macro-HDPE
(polyethelene chips) (D) deployed in the intertidal sediments. Laboratory experiments were performed with sediments low (OM=2.8%) and high
(OM=15.8%) in organic matter content and constant temperature of T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C. Boxplots represent the distribution of observed
values, where midline is the median, with the upper and lower limits of the box being 75th and 25th percentiles. Whiskers extend up to the interquartile
range and represent the ranges for the bottom 25% and the top 25% of the data values, excluding outliers. Measured values are depicted as points.

of sediments, temperature conditions, and polymer type and
particles shape/size (p<0.05) (Figures 2-5; Supplementary Table
S2). To estimate the influence of temperature on trace metals-plastic
particles interaction under conditions of three constant
temperatures the relative equilibrium concentration (C.,C;) as
ratio of equilibrium concentration (C.) to the initial
concentration (C;) was used (Equation 1). The value of the
relative equilibrium concentration was calculated for
concentrations of Cd, Cu, Pb, and Zn sorbed by macro-PETE
(textile fabric), macro-HDPE (polyethylene chips), micro-HDPE
(microbeads), and micro-PETE (fibers) deployed in intertidal
sediments low (OM=2.8%) and high (OM=15.8%) in OM and
under temperature conditions of T=- 4.0°C, T=+ 4.0°C, and T=
+18.0°C (Table 2).

The value of the equilibrium concentration of Cu, Zn, Pb, and
Cd in macro- and microparticles of HDPE and PETE were
significantly dependent (p < 0.05) on temperature (Supplementary
Table S2). By comparing the sorption of trace metals under
conditions of three constant temperatures (ie., T=- 4.0°C, T=+
4.0°C, and T=+18.0°C), it was found that the concentration of Cd,
Cu, Pb, and Zn in macro- and microplastics of HDPE and PETE was
higher and reached equilibrium state and equilibrium concentration
faster under condition of higher temperature (T=+18.0°C) at 8-12
months compared to that at lower temperature (T=-4.0°C) at 12-21
months (Figures 2-5; Table 2). Importantly, the value of the relative
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equilibrium concentration (C,,C;) of all four trace metals (Cu, Zn,
Pb, and Cd) in macro- and microplastics of HDPE and PETE were
greater under condition of high temperature (T=+18.0°C) compared
to that at low temperature (T=-4.0°C). Copper exhibited the highest
relative equilibrium concentration in microplastic of both types of
polymeric materials, including PETE (fiber) and HDPE
(microbeads), and Cu and Pb in macroplastic of HDPE
(polyethylene chips). The highest value of relative equilibrium
concentration were observed for microplastic of PETE to Cu (C,,
C; =35.5) and HDPE to Cu (C,,C; =30.2) and macroplastic of HDPE
to Pb (C.C; =33.89) (Table 2). It means, for example, that at
temperature of T= +18.0°C the equilibrium concentration (C,) of
Cu can be in 35.5 and 30.2 fold greater than the initial concentration
(Cy), in microplastics of PETE and HDPE respectively, which is in
accordance with Liu et al. (2019).

The value of the relative equilibrium concentration (C.,C;)
indicated that the sorption behavior of Cd, Cu, Pb, and Zn varied
significantly depending on the type of plastic materials and their
size/shape (Table 2; Figures 2-5; Supplementary Table S2). By
comparing the difference in sorption between two different types
of plastic materials, we found that under conditions of all three
constant temperatures (T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C) the
sorbance of micro-PETE (fiber) to Cd, Cu, Pb, and Zn was higher
than micro-HDPE (microbeads) (Figures 2A, B-5A, B). In contrast,
the sorbance of macro-PETE (textile fabric) to Cd, Cu, and Pb was
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lower than macro-HDPE (polyethylene chips) (Figures 2C, D-4C,
D), while the sorbance of macro-PETE (textile fabric) to Zn was
higher than sorbance of macro-HDPE (polyethylene chips)
(Figures 5C, D; Table 2). Such findings may suggest that the same
temperature regime had different impact on sorption of trace metals
by macro- and microplastics of the same polymeric materials
(HDPE and PETE).

At the same time, the relative equilibrium concentration of all
trace metals (Cd, Cu, Pb, and Zn) in macro- and microplastics of
HDPE and PETE deployed under temperature conditions (i.e., T=-
4.0°C, T=+ 4.0°C, and T=+18.0°C) was higher in sediments with
low OM content (2.8%) compared to that in sediments high in OM
(15.8%), as shown in Table 2. These findings suggest that the
sorption of Cu, Zn, Pb, and Cd by macro- and microplastics is
highly competitive with sorption by sediments. It is likely that the
characteristics of intertidal sediments (e.g., OM=2.8% and
OM=15.8%, grain size distribution) have a greater influence on
the sorption of trace metals relative to the influence of constant
temperature applied in our simulation experiments (T=- 4.0°C, T=+
4.0°C, and T=+18.0°C).

The influence of temperature on the sorption of trace metals by
macro- and microplastics in the intertidal sediments can be
expressed by gradient A(log(C.,C;))/AT) (i.e., relative equilibrium
concentration as function of temperature; where A implies a change
in the quantity). In general, in the range of the constant
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temperatures of T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C adsorption
of Cu, Zn, Pb, and Cd by macro-HDPE (polyethylene chips),
macro-PETE (textile fabric), micro-HDPE (microbeads), and
micro-PETE (fibers) increased with increasing of temperature,
and gradients (A(log(C./C;))/AT) have positive values. According
to the gradient (A(log(C./C;))/AT), dependence of trace metals
sorption by plastic particles on constant temperature are
following the order (R* = 0.78-0.99) (Supplementary Table S2):

a. OM=2.8% (Table 2):

micro-PETE (fiber): Cd (0.0158) > Cu (0.0131) > Pb (0.0125) >
Zn (0.0078)

micro-HDPE (microbeads): Cu (0.0162) > Zn (0.0097) >
Cd (0.0079) > Pb (0.0044)

b. OM=15.8% (Table 2):

micro-PETE (fiber): Cd (0.0189) > Zn (0.0147) > Cu (0.0119) >
Pb (0.0072)

micro-HDPE (microbeads): Cu (0.0194) > Zn (0.0095) >
Cd (0.0067) > Pb (0.0022)

By estimating the value of the (A(log(C./C;))/AT) we can
conclude that in relation to polymer type, sorption behavior of
micro-PETE towards Cd (A(log (C.,C:))/AT = 0.0189 (Cd, R? =
0.95)) has a stronger temperature dependence compared to the
micro-HDPE (A(log(Ce/C))/AT = 0.0067 (Cd, R*> = 0.85)). In
contrast, sorption behavior of macro-PETE towards Pb (A(log(C,,
C))/AT = 0.0079 (Pb, R* = 0.78)) is less dependent on temperature
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TABLE 2 The value of the relative equilibrium concentration (C.,C;) of trace metals in macro- and microplastics deployed in the intertidal sediments.

Temperature, Organic matter Microplastic Macroplastic
°C (OM), %
PETE HDPE PETE HDPE
fiber microbeads texfile fabric Polyethylene
chips
T=18.0 2.8% 8.71 (8) 2.00 (8) 2.82 (8) 4.90 (8)
T= 4.0 2.8% 537 (8) 1.66 (12) 1.87 (8) 2.82 (8)
T=-4.0 2.8% 3.98 (12) 1.32 (12) 1.35 (8) 2.09 (12)
T=18.0 15.8% 851 (12) 1.70 (8) 2.24 (12) 4.57 (12)
= 4.0 15.8% 4.47 (12) 1.42 (12) 1.38 (12) 2.19 (12)
T= -4.0 15.8% 331 (12) 1.21 (12) 118 (12) 151 (12)
Cu
T=18.0 2.8% 35.5 (12) 30.2 (8) 15.2 (12) 229 (8)
T=4.0 2.8% 29.6 (12) 23.5 (12) 126 (12) 195 (12)
T= -4.0 2.8% 17.4 (21) 126 (21) 7.6 (12) 8.1 (12)
T=18.0 15.8% 28.1 (8) 257 (12) 12.1 (12) 17.8 (12)
= 4.0 15.8% 235 (12) 16.2 (12) 9.2 (12) 16.2 (12)
T=-4.0 15.8% 14.8 (21) 9.4 (21) 5.1 (21) 6.2 (12)
Pb
T=18.0 2.8% 5.12 (8) 1.52 (12) 240 (8) 33.89 (12)
T= 4.0 2.8% 4.57 (12) 1.38 (12) 1.62 (8) 29.52 (12)
T= -4.0 2.8% 276 (21) 1.21 (21) 1.26 (12) 14.13 (12)
T=18.0 15.8% 4.08 (12) 1.35 (8) 1.78 (8) 29.51 (12)
T=4.0 15.8% 3.72 (12) 1.29 (12) 1.52 (12) 25.12 (12)
T=-4.0 15.8% 2.76 (12) 1.20 (12) 1.21 (21) 12.59 (12)
Zn
T=18.0 2.8% 633 (8) 1.93 (8) 9.33 (8) 3.55 (12)
T=4.0 2.8% 6.14 (8) 1.51 (8) 7.59 (12) 270 (12)
T=-4.0 2.8% 4.01 (12) 112 (12) 3.90 (12) 1.74 (12)
T=18.0 15.8% 5.93 (8) 1.74 (8) 7.25 (12) 245 (8)
T=4.0 15.8% 4.95 (12) 1.32 (12) 6.03 (12) 1.91 (12)
T=-4.0 15.8% 263 (12) 1.08 (12) 2.70 (12) 1.35 (12)

The value in the round brackets indicates the residence time (months) when the state of equilibrium and equilibrium concentration was reached. The maximum values of the equilibrium

concentration is in the bold text.

compared to the macro-HDPE (A(log (C,,C;))/AT = 0.0150 (Pb, R?
=0.88)). Regarding particle size, sorption behavior of macroplastics
towards trace metals (Cd, Cu, Pb, and Zn) (Figures 2C, D-5C, D) is
strongly influenced by temperature compared to the microparticles
(Figures 2A, B-5A, B).

In relation to the type of trace metals, sorption of Cu by
microplastics have stronger dependence on temperature than
those observed for Cd, Pb, and Zn. Sorption of trace metals by
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macroplastics has very similar dependence on temperature, except
Zn sorption by macro-HDPE ((A(log (C.,C;))/AT = 0.0084 (Zn))
and Pb by macro-PETE ((A(log(C,,C;))/AT = 0.0079 (Zn)) with
lower dependence on temperature in sediments high in OM content
(Supplementary Table S2). In general, dependence of trace metals
sorption by macro- and microplastics on temperature is slightly
different in sediments with low OM (2.8%) and high OM
(15.8%) content.
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The value of l0g(Kseg-wp/Kpi-wp) Of ZNn over time for micro-PETE (fiber) (A), micro-HDPE (microbeads) (B), macro-PETE (textile fabric) (C), and macro-
HDPE(polyethylene chips) (D) deployed in the intertidal sediments. Laboratory experiments were performed with sediments low (OM=2.8%) and high
(OM=15.8%) in organic matter content and constant temperature of T=- 4.0°C, T=+4.0°C, and T=+18.0°C.
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TABLE 3 The values of the ratio of intertidal sediments-pore water equilibrium partitioning coefficient ((Kseq-wp)e) to the plastic particles-pore water
equilibrium partitioning coefficient ((Kyi.wple) as [(Kseq-wp)e/ (Kpi-wplel of Cd, Cu, Pb and Zn.

(Ksed—wp)e/(Kpl—wp)e

Organic Temperature (Ksed-ws)e Microplastic Macroplastic
matter, °C
A PETE HDPE PETE HDPE
fiber microbeads textile fabric polyethylene
chips
Cd
2.8 18.0 759 131 (8) 1.02 (8) 2.10 (8) 1.54 (8)
4.0 79.9 2.17 (8) 1.21 (12) 3.10 (8) 2.65 (8)
-4.0 85.9 3.01 (12) 1.53 (12) 437 (8) 3.70 (12)
15.8 18.0 383 0.70 (12) 0.61 (8) 1.32 (12) 0.86 (12)
4.0 41.5 1.34 (12) 0.72 (12) 2.15 (12) 1.77 (12)
-4.0 443 1.82 (12) 0.84 (12) 253 (12) 251 (12)
Cu
2.8 18.0 512.9 2.66 (12) 1.88 (8) 3.05 (12) 3.90 (8)
4.0 542.6 2.82 (12) 252 (12) 3.81 (12) 4.62 (12)
-4.0 577.2 498 (21) 4.62 (21) 6.10 (12) 10.24 (12)
15.8 18.0 1202.5 338 (8) 2.59 (12) 4.40 (12) 5.81 (12)
4.0 12276 4.05 (12) 4.05 (12) 5.69 (12) 6.31 (12)
-4.0 12455 6.45 (21) 7.05 (21) 10.56 (21) 16.65 (12)
Pb
2.8 18.0 92.5 1.37 (8) 1.21 (12) 233 (8) 1.66 (12)
4.0 96.7 1.54 (12) 1.34 (12) 3.40 (8) 245(12)
-4.0 102.5 2.76 (21) 1.52 (21) 441 (12) 4.04 (12)
15.8 18.0 117.5 2.58 (12) 1.98 (8) 437 (8) 278 (12)
4.0 125.7 2.82 (12) 2.05 (12) 537 (12) 329 (12)
-4.0 136.4 373 (12) 224 (12) 6.75 (21) 6.72 (12)
Zn
2.8 18.0 42658.5 10.95 (8) 7.03 (8) 12.69 (8) 7.28 (12)
4.0 42837.6 1112 (8) 8.80 (8) 15.81 (12) 9.56 (12)
-4.0 42988.5 17.01 (12) 11.49 (12) 30.76 (12) 14.45 (12)
15.8 18.0 81282.3 23.00 (8) 14.64 (8) 31.83 (12) 2067 (8)
4.0 81537.5 27.62 (12) 19.57 (12) 38.19 (12) 26.30 (12)
- 4.0 81824.3 5292 (12) 23.80 (12) 85.11 (12) 36.91 (12)

The value in the round brackets indicates the residence time (months) when the state of equilibrium and equilibrium concentration was reached. The maximum values in the bold text.

4.3 Partitioning of trace metals in the
intertidal sediments with macro- and
microplastics content under constant
temperature conditions

To compare the distribution of trace metals in two contrasting
sedimentary environments with components of plastic particles
(PETE and HDPE) and under the three temperature conditions
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the ratio of intertidal sediments-pore water partitioning coefficients
(Ksed-wp) to the polymer materials-pore water partitioning
coefficients (Kpj.yp) of trace metals (Cd, Cu, Pb, and Zn) in
sediments with low OM (2.8%) and high OM (15.8%) content
was calculated as (Ked-wp)/(Kpiwp) (Equations 1-9; Figures 6-9).
In general, the values of log[(Keq-wp)/(Kpi-wp)] of Cd, Cu, Pb, and
Zn for macro-HDPE (polyethylene chips), macro-PETE (textile
fabric), micro-HDPE (microbeads), and micro-PETE (fibers) are
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significantly time-dependent and strongly decreased over time during
all of three periods of sampling (i.e., 0-2 months, “short term”; 3-8
months, “mid-term”; 12-21 months, “long term”) before reaching
equilibrium at both sedimentary environments, high and low in OM,
and under conditions of all three constant temperature applied in the
laboratory experiments: (i.e.,T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C)
(Figures 6-9). The intensity of decreasing the value log [(Ksed-wp)/(Kpi-
WP)] of Cd, Cu, Pb, and Zn for macro- and microplastics is greater
under conditions of high temperature (T=+18°C) compared to that at
low temperature (T=- 4.0°C), as observed in Figures 6-9. These
findings can be interpreted to suggest the partitioning of trace
metals between sediments and macro- and microplastics is greater
at higher temperature of T=+18.0°C relative to that at low temperature
(T=- 4.0°C).

The value of log[(Kseq-wp)/(Kpl-wp)] of Cu, Pb, and Zn, except of
Cd, was greater for macro- and microplastics of HDPE and PETE
deployed in sediments high in OM (15.8%) compared to that in
sediments with low in OM (2.8%) and under conditions of each
constant temperature (see trends from Figures 6-9). These findings
can be explained as a phenomenon of competitive adsorption
between plastic particles and organic particles in sediments which
is in accordance with Gomez et al. (1999). Such findings suggest that
temperature has minor influence on the partitioning of Cu, Pb, and
Zn, except of Cd, between plastic particles and intertidal sediments
comparison to the influence of OM content of 15.8%.

By estimating the logarithmic value of the ratio of (Keq.wp) to
(Kpl_wp) of trace metals, the distribution of Cd, Cu, Pb, and Zn can
be defined as following (using Equation 9):

(Ksed—wp/Kpl—wp) =lor log (Ksed—wp/Kpl—wp) =0

===> [Melsq = [Mely (10)
(Ksed—wp/Kpl—wp) > 1orlog (Ksed—wp/Kpl—wp) >0

===> [Me}sed > [Me}pl (11)
(Ksed—wp/Kpl—wp) < lorlog (Ksed—wp/Kpl—wp) <0

===> [Mel,y < [Me], (12)

The log[(Ksed-wp)/(Kpr-wp)] may have “positive”, “07, or

“negative” value which indicate that concentration of trace metals
in the intertidal sediments is respectively greater, the same, or lower
than that in the macro- and microplastics (Equations 10-12). The
trace metals - macro- and microplastics interaction study in the
intertidal sediments with constant temperature conditions revealed
that the log(Keeq-wp/Kpi-wp) have “positive” value for Cu, Zn, and Pb
while it yielded “0” and “negative” value for Cd only in sediments
high in OM for micro-HDPE (microbeads) at T=- 4.0°C, T=+4.0°C,
and T=+18.0°C; as well as in micro-PETE (fibers) and macro-
HDPE (polyethylene chips) at T=+18.0°C (Figures 6-9). These
results illustrate the phenomenon of competitive adsorption
between plastic materials and organic particles in sediments. This
can be interpreted that under temperature condition of T=+18.0°C
only Cd, compared to Cu, Zn, and Pb, can partition to plastic
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particles more readily than to sediments high in OM content of
15.8%. (Figure 6).

To estimate the degree to which temperature influences the
distribution of trace metals between intertidal sediments and
macro- and microplastics, the ratio of (Ksed-wple t0 (Kpiwp)e of
Cd, Cu, Pb, and Zn in sediments low (OM = 2.8%) and high (OM =
15.8%) in OM fractions were calculated as [(Kseq-wp)e/(Kpl-wp)el
(Equations 4-9; Table 3). In general, the value of 10g[ (Ked-ywp)e/ (Kpi-
WP)e] of Cd, Cu, Pb, and Zn for macro- and microplastics of HDPE
and PETE decreased with increasing temperature (T=- 4.0°C, T=+
4.0°C, and T=+18.0°C) in both intertidal sediments with low
(OM=2.8%) and high (OM=15.8%) organic matter content.

The value of log[(Kseq-wp)e/ (Kpl-wp)e] of Cd, Cu, Pb, and Zn was
greater for macro- and microplastics of HDPE and PETE deployed
in intertidal sediments high in OM content (OM=15.8%) compared
to that in sediments low in OM content (OM = 2.8%) at each
constant temperature (Table 3). These finding can be explained that
under laboratory controlled temperature condition (i.e., T=- 4.0°C,
T=+ 4.0°C, and T=+18.0°C) the constant temperature have minor
influence on the partitioning of Cu, Pb, and Zn, except of Cd,
between plastic particles and intertidal sediments compare to the
influence of organic matter of OM=15.8%.

Dependence of trace metals distribution in the intertidal
sediments on temperature can be expressed by gradient (A(log
[(Ksed-wp)e! (Kprwp)e])/AT). The value of the gradient A(log[(Keq-
wp)el Kprwp)e])/AT of Cd, Cu, Pb, and Zn had very small variation
for macro-PETE and macro-HDPE (-0.0165 (Zn, R* = 0.83);
-0.0163 (Pb, R* = 0.77)) and micro-PETE and micro-HDPE
(-0.0077 (Zn, R* = 0.66); -0.0075 (Cd, R* = 0.97)) deployed in
sediments low in OM content (2.8%). In addition, macroplastics of
HDPE and PETE deployed in sediments with low and high OM
content showed greater dependence on temperature. Hence, a
sediment geochemical characteristic such as OM content has a
greater influence on the sorption of trace metals by plastics as
compared to temperature.

To increase environmental relevance of our study, the
temperature conditions were based of the analysis of temperature
amplitude and annual range of temperature (T=- 4.0°C and T=
+18.0°C) relevant to the intertidal area of Burrard Inlet (British
Columbia, Canada) where the sediments were sampled for the long-
term laboratory study. Overall, this study enhances our
understanding of trace elements-plastic particles interactions in
intertidal sediments. Our goal is working towards a tool that can be
used to assess the temperature conditions under which macro- and
microplastics pose the greatest threat by providing an additional
vector of Cd, Cu, Pb, and Zn exposure into benthic food webs. Our
findings unveiled some areas of research that need further
consideration. The study on sorption of trace metals by plastic
particles within intertidal sedimentary environment with wide
range of temperature conditions requires more field-experimental
research. It would be beneficial to investigate the influence of
temperature on the plastic particles degradation/aging and
partitioning of trace metals as this is related to their
bioavailability. The long-term field experiments on trace metals —
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plastic particle interactions are preferable, because they provide
valuable information on sorption processes under realistic

environmental conditions.

5 Conclusions

This study investigated the effect of constant temperature (T=-
4.0°C, T=+ 4.0°C, and T=+18.0°C) on sorption of trace metals (Cd,
Cu, Pb, and Zn) by macro- and microplastics of PETE and HDPE
within two contrasting intertidal sedimentary environments which
contained low (2.8%) and high (15.8%) levels of OM content.

Key outcomes from this study include the following findings:

1. Temperature influences the sorption and partitioning of
Cu, Zn, Pb, and Cd. Concentrations of Cd, Cu, Pb, and Zn
in macro- and microplastic of HDPE and PETE were
higher and reached equilibrium state and equilibrium
concentration faster at higher constant temperature of T=
+18.0°C at 8-12 months compared to that at lower constant
temperature of T=- 4.0°C at 12-21 months.

. The interaction between trace metals (Cd, Cu, Pb, and Zn)
and macro- and microplastics in the intertidal sediments
under laboratory-controlled temperatures conditions of
T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C can be
characterized as an accumulation process over time,
consisting of two distinct phases: an initial phase of rapid
adsorption followed by a phase of slowly adsorption
towards equilibrium.

. The adsorbed concentration of Cd, Cu, Pb, and Zn in
macro- and microplastics of HDPE and PETE deployed
under the three temperature conditions was higher in
sediments low in OM content (OM = 2.8%) compare to
that in sediments high in OM content.

. In regards to polymer type, the sorption behavior of micro-
PETE towards Cd, Cu, Pb, and Zn has a greater dependence
on temperature compared to the micro-HDPE. In contrast,
the sorption behavior of macro-PETE towards Cd, Cu, Pb,
and Zn is less dependent on temperature compared to the
macro-HDPE. In regards to the particle size, sorption
behavior of macroplastics towards trace metals (Cu, Zn,
Pb, Cd, and Hg) is more dependent on temperature in
comparison to the microplastics.

. In relation to the type of trace metals, sorption of Cu by
microplastics exhibits stronger dependence on temperature
compared to Cd, Pb, and Zn.

. The partitioning of trace metals (Cd, Cu, Pb, and Zn)
between sediments and macro- and microplastics is higher
at high temperature (T=+18.0°C) than at low temperature
(T=-4.0°C). In general, the value of log[(Kseq-wp)e/ (Kpl-wp)e]
of Cd, Cu, Pb, and Zn for macro- and microplastics of
HDPE and PETE decreased with increasing temperature
(T=- 4.0°C, T=+ 4.0°C, and T=+18.0°C) in intertidal
sediments with both low and high OM content (2.8% and
15.8%, respectively).
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7. Under laboratory controlled conditions temperature had
less influence on the partitioning of Cu, Pb, and Zn,
between plastic particles and intertidal sediments
compared to the influence of OM=15.8%, except for Cd.
It was found that at high temperature (T=+18.0°C) only Cd
can partition to plastic particles more readily than to
sediments high in OM content (15.8%).

These findings enhances our understanding of how temperature
can effect trace metals-plastic particle interactions in the marine
intertidal sedimentary environment providing insight as to
conditions that will create the greatest threat to higher trophic
levels by providing an additional vector of Cd, Cu, Pb, and Zn
exposure into benthic food webs. The use of plastic materials is a
reality of our economic culture and, therefore, a better
understanding of their behavior and interaction with other
pollutants in the surrounding environment is necessary.
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