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Abstract

Microplastics (MPs) are pollutants that contaminate resources such as water, air, and soil.
Humans can be exposed to microplastics through inhalation, digestion, or dermal contact.
The use of disposable paper and plastic cups, as well as teabags, is widespread. Cups are usually
made of plastic, and teabags are generally made of half-synthetic cellulose. This study aims
to draw attention to their effects on human health by analyzing MPs due to contact with plastic
paper cups and teabags with a hot aqueous solution (50°C, 70°C, and 90°C). This study used
scanning electron microscopy (SEM), high-performance liquid chromatography, and mass
spectrometry (LC-MS/MS), and the results were confirmed by Fourier transform infrared spec-
troscopy (FTIR). The number of MP particles released from teabags increased to 4.59 x 10!
particles cm™, while in paper cups and plastic cups, MP particle numbers elevated to 2.94 x 10*
particles ecm® and 2.11 x 10* particles cm™, respectively. Total phthalate compound
concentrations determined in aqueous solution samples were 1.74-2.42 pg dm™ in teabags,
1.49-2.40 pg dm™ in paper cups, 1.20 - 1.28 pg dm™ in plastic cups; Bisphenol A concentration
ranges were determined as 0.015-0.045 ug dm™ in plastic cups, 0.006-0.011 pg dm™ in teabags
and 0.005-0.006 pg dm™ in paper cups. Consumption of tea or coffee that comes into contact
with disposable plastics daily may increase the daily MP intake and cause health problems
in the future.
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INTRODUCTION

Nowadays, plastics are used in many areas, such as the manufacture
of cosmetics (Juliano, Magrini 2017, Jacob et al. 2020), textiles, furniture
(Abbasi et al. 2019), food packaging, disposable kitchen products, and in the
pharmaceutical industry (Patel et al. 2009). For this reason, their production
has been increasing daily for the last 30 years. This has led to plastics being
found in every aspect of our daily activities. Plastic pollution has occurred
due to the accumulation of plastic wastes in landfills and in the seas because
of the insufficient recycling of plastic waste in a controlled and effective
manner despite the increasing production and low biodegradation of plastics
in the ecosystem.

Plastic waste with a diameter over 5 mm, called macroplastics, decom-
poses under the influence of environmental factors, such as temperature, sun
rays, wind, and erosion, causing the formation of MPs and nanoplastics
(Andrady 2011, Zettler et al. 2013). MPs are carbon-polymer-based com-
pounds with sizes between 5 mm and 100 nm, while NPs include particles
less than 100 nm in size (Thompson et al. 2004, Rios 2007). While some are
called primary MPs, namely ones produced in micro-sizes are to be used
during the production of consumables, such as paper and plastic cups, tea-
bags, clothes, toothpaste, face wash products, and shower gels, which we
frequently use in our daily life; those formed due to the breakdown or degra-
dation of large plastics are called secondary MPs (Lei et al. 2017, Karbalaei
et al. 2018).

Both primary and secondary MPs can be transported to distant regions
with the help of air currents, water currents, and human-induced factors
(Karbalaei et al. 2018). MPs mixed with air or food can be transmitted
directly to humans. Those that blend with the soil can be transferred
to humans by being included in the food chain because they access spring
waters, sea waters, sea creatures, and plants (Bouwmeester et al. 2015).

Bottled potable water and seafood are essential in MP exposure (Jacob
et al. 2020). The mean MP count in a drinking water bottle was 188+88 par-
ticles dm® (Schymanski et al. 2018). The same study showed that the plas-
tics in bottled drinking water were polyethylene terephthalate (PET) and
polypropylene (PP), confirming the information that MP was transferred
from packages to beverages (Schymanski et al. 2018). In today’s modern
society, there is an increase in the use of single-use plastic beverage cups
and takeaway food containers. In a study to determine the microplastic con-
tents, elevated levels of microplastics were found, with up to a million micro-
particles/mL and submicron particles (Liu et al. 2022). In hot water, dispos-
able plastic materials produce hazardous chemicals and microplastics.
Approximately 25,000 micron-sized microplastic particles were found in one
cup of hot water (100 cm™®) in another investigation that identified and quan-
tified the microplastic particles leaching into the liquid. Toxic heavy metals,
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like Pb, Cr, and Cd, were found in addition to microplastic particles (Ranjan
et al. 2021).

Although it is currently impossible to quantify the health hazards asso-
ciated with microplastic exposure in people accurately, attempts are being
undertaken in this direction. In a different study, some parameters were
determined, including chronic daily intake (CDI) and lifetime intake (LTI),
which reflect the possibility of microplastic exposure through ingesting food
and beverages and MP consumption through the ingestion pathway. Accor-
ding to the findings (Joseph et al. 2023), CDI could accumulate up to 0.03
to 0.025 mg of microplastic kg of body weight.

However, (PE), polypropylene (PP), polyethylene terephthalate (PET),
polyvinyl chloride (PVC), and polystyrene (PS) account for more than 90%
of the polymers used in the production of plastic food packaging and con-
tainers (Alojaly, Benyounis 2020).

During the production of plastics, some chemical additives (bisphenol A,
phthalates) are used to increase their durability and reduce their biodegra-
dation (Ferreira et al. 2019). MPs can pose a chemical and physical threat
to human health due to both the additives they contain and their small size
(Prata et al. 2020, Zhang, Xu 2022).

To determine the potential effects of MPs on human health, it is vital to
consider how much MPs can be released into foodstuffs that come into con-
tact with plastic containers and products that may contain plastic (Chen et
al. 2023). Humans are exposed to MPs through inhalation, skin contact, and
the digestive tract by foods and beverages. MPs are a permanent pollutant
owing to their resilience towards environmental factors. Besides that, the
deposition of MPs in living beings without changing their structure is shown
to affect human health by causing oxidative stress, cytotoxicity, inflamma-
tion, obstruction, and toxicity toward lipid metabolism (Wright et al. 2013,
Wang et al. 2016, Smith et al. 2018, Rahman et al. 2021).

In today’s modern societies, people prefer disposable products to create
time for themselves (Kayan, Kii¢iik 2020). Among these products, disposable
cups are widely used in many coffee and tea-selling places worldwide
(Poortinga, Whitaker 2018). These cups are of two types: plastic and plastic
coated paper cups (Chen et al. 2023). In paper cups, 90-95% of their weight
is paper, the remaining mass, especially the inner surfaces that come into
contact with the beverage, is mainly covered with a water repellent plastic
layer made of polyethylene (Rogovina et al. 2013, Mitchell et al. 2014,
Constant 2016, Arumugam et al. 2018).

Phthalates, antioxidants (phenolics, organophosphates), perfluoroalkyl
(PFAs), bisphenol A (BPA), and other additives are used to give the desired
properties (flexibility, durability, lightness, antimicrobial properties, water,
and oil repellent properties) to plastics used in food packaging. (Lopez-
-Espinosa et al. 2007, Chang, Chen 2010, Trier et al. 2011, Fierens et al.
2012, Souza and Fernando 2016, Schaider et al. 2017, Hahladakis et al.
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2018, Schultes et al. 2019, Xue et al. 2019). In addition, it has been shown
that the contact of 1 teabag made of plastic or plastic-containing materials
with hot water significantly increases MP release and releases an average
of 11.6 billion MP and 3.1 billion nanoplastics to a cup of hot water
(Hernandez et al. 2019, Li et al. 2020).

The chemicals known as endocrine disrupting chemicals (EDC) [bisphenols,
phthalates, polychlorinated biphenyls] and their derivatives [bisphenol A,
bisphenol S, polyvinyl chloride (PVC), dimethyl phthalate (DMP), dibutyl
phthalate (DBP) and di(2ethylhexyl) phthalate (DEHP)...] are commonly
found in the environment due to their abundant use in daily life (Ahn, Jeung
2023, Wang et al. 2023). When the data form the latest studies are
examined, it is claimed that EDC exposure, especially in the utero, might
be responsible for the uptick in the number of patients with chronic diseases,
such as diabetes mellitus, obesity, hypertension, hormone-related cancers,
and infertility in the last 2-3 decades (Soto, Sonnenschein 2010, Bonde et al.
2017).

Since disposable cups and teabags are used extensively worldwide and
this use is usually associated with the use of hot water, it is crucial to inves-
tigate the transfer of MPs to such beverages. This study aims to examine
the MP releases of plastic cups, paper cups, and teabags that may contain
plastic, to the hot beverage they contact with, to determine whether there
are EDC releases that these disposable products may include, to determine
the amounts, if any, and to draw attention to their effects on human health.
This study also aims to explain the polymer structures of released MPs
in hot water solutions using ATR-FTIR analyses.

MATERIALS AND METHODS

Collection of plastic materials

Plastic cups, paper cups, and teabags were purchased from the local
markets in Edirne /Turkiye; samples were brought as five items per each
type of cup sold under the same brand from three different stores. A total of
fifteen samples for plastic cups and an equal number of pieces for paper cups
were used in the experiments. Samples for teabag experiments and analyses
were acquired from the same store (as three packages each contain 20 tea-
bag/pack) apart from cups, and fifteen randomly selected teabags were used
in experiments. All samples were stored in a dark place until the experi-
ments and analysis were conducted.
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Sample preparation and analysis
Analysis of MPs in cups and teabags

The sample preparation procedure was applied to all plastic and paper
cups taken as samples. Ultra-pure water (UPW), water with Milli-Q purity,
was obtained from the ultra-purification system (Merck Millipore-Direct
Q 3UV, Darmstadt, Germany) and used in all experiments.

The temperatures of the distilled water solutions in beakers with a vol-
ume of 1.0 dm?® were increased to different temp. of 50°C, 70°C, and 90°C
using hot-plate heaters; 200 mL portions were taken from these volumes and
transferred to plastic and paper cups. For teabags, after emptying the con-
tents, the bags were brought into glass beakers, and 200 cm?® of water
at different temperatures was added to them; three parallel samples were
prepared for each temperature.

Water solutions in the glasses were mixed at a constant speed, avoiding
contact with the glass baguettes and the vessel walls, for the same length
of time (1 min), and then the solutions were left to cool down to room
temperature. After keeping the teabags in the beaker for the specified time
(5 min), they were taken out of the aqueous solution, and the contents
of the cup were cooled to room temperature.

The resulting aqueous solutions were filtered using a nitrocellulose filter
(pore size 0.45 um, Sartorius Stedim Biotech, Gottingen, Germany), and MP
particles released from cups and teabags were isolated from aqueous solu-
tions. The filters were dried in a vacuum oven at 50°C (Pol-Eko-Aparatura
SLN 115 STD, Wodzislaw SlaLski, Poland), and MP particles were visualized
under an optical microscope (Leica IC 80HD-M205C, Wetzlar, Germany) —
Figure 1.

Fig. 1. Microplastic particles observed (released from plastic cup into 200 cm?® at 50°C,
left one is a blank sample) on nitrocellulose filter (1 cm? area) under the optic microscope
(Microscope: MST5x-DCI, Camera: Leica IC80 HD Camera, Exposure: 85.4 ms,
Gain: 12.0 x, Gamma: 0.8)



250

Before counting MP particles under a scanning electron microscope
(SEM), 5.10* dm? (500 uL) of solution taken from the samples were trans-
ferred onto an aluminum coverslip, and the water was evaporated in a vacu-
um oven at 50°C, and SEM analyses (SEM-Zeiss EVO LS-10, Carl Zeiss
NTS, Germany) was carried out. Images of MPs were performed at magnifi-
cations of 1000x -5000x- 10000x for 0.5-5 pm sized particles. Counting
was completed by taking the average values of at least 3 replicate analyses
for each sample.

The chemical structure of MPs was elucidated by the Attenuated Total
Reflectance on a Fourier Transform Infrared spectrophotometer (Frontier,
ATR-FTIR, Perkin Elmer, US). For this purpose, 200 cm? of sample solutions
prepared at three different temperatures were taken and the water volume
was evaporated to dryness. MPs that could be found in the residue were
taken to the solvent phase with 1 mL of methanol. All of the volumes
of methanol solution were transferred dropwise onto the device’s ATR sur-
face, while evaporation of the methanol solvent was accomplished by airflow
after each drop.

The ATR-FTIR spectrum of the MPs deposited on the ATR surface was
scanned at 4500-400 cm™ frequencies. The spectra and peaks obtained from
the samples were interpreted using the relevant studies in the literature,
and the structures of MPs were defined.

EDCs (Endocrine Disrupting Compounds), sample preparation
and analysis

Dimethyl phthalate, diethyl phthalate, dipropyl phthalate, diphenyl
phthalate, diphenyl iso phthalate, dibenzyl phthalate, benzyl butyl phthal-
ate, dibutyl phthalate, bis (4-methyl pentyl) phthalate, bis(2-ethyl hexyl)
phthalate, di-n-octyl phthalate) and BPA (Bisphenol A) compounds (Merck
KgaA, Darmstadt, Germany) were selected for LC-MS/MS analysis.

Hydrophilic-hydrophobic balanced cartridges (Oasis HLB 6 cc, 500 mg LLP
extraction cartridge, Massachusetts, USA) were used as solid phase compo-
nents in the purification processes with solid phase extraction (SPE).

In the SPE process, the cartridges were conditioned with 10 cm? of metha-
nol followed by 10 cm? of UPW water. 200 cm? of samples of water solutions
prepared as previously described (Section 1.2.1) were passed through car-
tridges at optimized flow rates (2 cm?® min).

The absorbent mass was dried by passing airflow through the cartridges
with an SPE vacuum manifold at room temperature. In the elution process,
2x5 cm? of methanol: dichloromethane (1:1, v/v) solvent mixture was passed
through the cartridges (1 cm?® min'). The collected eluates were kept under
nitrogen flow in a block heater (Stuart SBH 130 D, Bibby Scientific, Stafford-
shire, UK), and the solvents were evaporated to dryness; the solvent
exchange was completed with 1.0 cm? of methanol/ethyl acetate (1:1, v/v).
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Solutions containing SPE-purified analytes were analyzed by LC-MS/MS
(Agilent 6460 Triple Quad LS/MS, CA, USA). Chromatogram and mass spec-
tra obtained from LC-MS/MS were processed using the software program
(Mass Hunter Workstation Data Acquisition (Version B.10.0).

The parameters for LC-MS/MS analysis were optimized, and mass spec-
tra, including m/z values for molecular ions and fragments, were defined.
Recoveries (%) of analyte compounds, detection limits (LOD), and quantifica-
tion limits (LOQ) for the analytical method were set (Tables 1-4).

Table 1
LC-MS/MS analysis parameters for quantification of analytes
Analyte compounds (nll//lz) Frang/r;; fons F&)V ((i;)E ESI+/-
Diphenyl iso phthalate 319.0 225.1; 114.8 130 10: 60 +
Diphenyl phthalate 319.0 77.1; 224.9 80 40: 8 +
Dibenzyl phthalate 347.0 91.0; 181.0 90 20: 4 +
Dipropyl phthalate 251.0 148.9; 190.9 70 10: 2 +
Benzyl butyl phthalate 313.0 149.1; 91.0 80 8: 36 +
Dimethyl phthalate 194.9 163.0; 77.1 70 6: 36 +
Dibutyl phthalate 279.0 148.9; 205.0 80 52: 4 +
Diethyl phthalate 223.0 149.0; 177.0 70 14: 2 +
Di-n-octyl phthalate 391.1 148.8; 121.0 100 12: 52 +
Bis(2-ethylhexyl) phthalate 391.1 279.0; 148.8 110 4: 24 +
Bis(4-methyl pentyl) phthalate 335.1 148.9; 84.8 100 20: 8 +
Bisphenol A 227 211.9; 132.9 80 12; 22
M — molecular ion, FV — fragmentation potential, CE — collision energy
Table 2

Chromatographic separation parameters

A) Ultra-pure water (UPW) + 0.1% formic acid

Phthalates B) Methanol + 0.1% formic acid
LC column Zorbax SB-C8, 3.0 x 150 mm, 3.5 pm
Temperature 20°C

Injection volume

5 uL (5.10° dm?)

Flow rate 0.6 cm® min’!
BPA A) UPW; 5 II.IM ammonium aceFate
B) Acetonitrile; 10 mM ammonium acetate (19:1 v/v)
LC column Zorbax SB-C8, 3.0 x 150 mm, 3.5 pm
Temperature 30°C

Injection volume

10 pL (1.10% dm?)

Flow rate

0.6 cm® min!

upper — phthalates, lower — BPA
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Table 3
Gradient elution parameters used in the chromatographic development
Phthalates BPA
Time (min) A (%) B (%) time (min) A (%) B (%)
0.00 98.0 2.0 0.00 98.0 2.0
2.00 98.0 2.0 2.00 98.0 2.0
4.00 5.0 95.0 4.00 0.0 100.0
8.00 5.0 95.0 8.00 0.0 100.0
8.10 98.0 2.0 8.10 98.0 2.0
13.00 98.0 2.0 12.00 98.0 2.0
Table 4
Method-based, recovery efficiency, detection limits, and quantification limits
Compounds Recozfsiig)e)s (%) (nIg‘(ZIII)ﬁ) (nlécigﬁ)
Diphenyl iso phthalate 86 0.120 0.360
Diphenyl phthalate 87 0.037 0.111
Dibenzyl phthalate 85 0.286 0.858
Dipropyl phthalate 86 0.455 1.366
Benzyl butyl phthalate 87 0.337 1.011
Dimethyl phthalate 86 1.244 3.731
Dibutyl phthalate 87 0.525 1.576
Diethyl phthalate 88 0.038 0.114
Di-n-octyl phthalate 87 0.089 0.267
Bis(2-ethylhexyl) phthalate 89 0.030 0.089
Bis(4-methyl pentyl) phthalate 92 0.050 0.150
Bisphenol A 88 0.271 0.812
RESULTS

Optical microscope and SEM analysis results

After the MP particles were released from beverage containers into pure
water, solutions were examined under an optical microscope, and SEM ana-
lyses were completed with three replicate (n=3) samples (Figure 2).

The percentile relative standard deviation (%RSD) values in the counts
were calculated in the range of 1.3%-3.9%. The highest numbers of MP par-
ticles released into water solutions were determined at 90°C (Figure 2 upper
image). In the microplastic particle counts for paper cups, an average
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Fig. 2. MP particle count results (upper image, 0.5 pm< particle size <56 pm, n=3,
%RSD=1.3 -3.9) and SEM (lower image, solution volume 200 cm?, solution temp. 90°C,
type: paper cup, those marked in yellow represent microplastic particles smaller than

1 um, while those marked in red represent microplastic particles 1 pm and larger),
image magnification: 10 000X

of 26 281 (£799) particles cm™® was determined at 50°C, while this number
was an average of 29 413 (£969) particles cm?® at 90°C. Counts made
for plastic cups showed an average of 18 816 (+240) particles cm™® at 50°C,
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while this number was an average of 21 077 (+298) particles cm™ at 90°C.
The number of microplastic particles that passed from paper and plastic cups
into the solution, increased with the effect of temperature and a similar
effect was observed for teabags. In the microplastic particle counts proces-
sed for teabags, an average of 45 891 (£671) particles cm® was determined
at 50°C, while an average of 51 786 (+1602) particles cm? was determined at
90°C.

ATR-FTIR analysis results

The broad absorption band at 3320 cm' in the ATR-FTIR spectrum
of MP particles obtained from aqueous solutions containing teabags is
stretching vibrations originating from the -OH group and indicates that the
particles are in the natural cellulose structure (Figure 3, upper black-lined
spectrum).

transmittance (%)
L

4000 3500 3000 2500 2000 1500 1000 500

Fig. 3. ATR-FTIR spectrum of particles released from teabags, plastic cups,
and paper cups into the aqueous solution

The absorption band corresponding to 1640 cm™ may be caused by ben-
ding vibrations of the -OH group or by water molecules absorbed by the cel-
lulose structure. Similarly, these absorption bands are observed in semi-syn-
thetic cellulose structures (Carrillo et al. 2004).

The peak with a frequency of 2880 cm! indicates -CH stretching vibra-
tions in cellulose structures (Cincinelli et al. 2021).

Cellulose i1s a natural polymer and consists of linear 1-4 glucose linkages
and D-glucopyranose rings attached. The number of units (D-glucopyranose
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rings) in this natural polymer structure can be up to 15 000 units. FTIR
absorption bands and peaks in natural cellulose structures are also observed
in Rayon semi-synthetic cellulose materials. Rayon structure is also called
regenerated cellulose (Parajuli et al. 2021).

While natural cellulose fibers are defined by intense peaks at 1430 cm™
frequency caused by symmetrical bending in -CH, groups, these peak
frequencies shift towards 1420 cm! in semi-synthetic cellulose structures.
The rise observed at 1425 cm' in the spectrum indicates that the MPs
released from the teabag structure may be in the semi-synthetic cellulose
structure (Figure 3, upper black lined spectrum).

The peak observed at 1105 cm™ in the ATR-FTIR spectrum is essential
to distinguish between natural and semi-synthetic cellulose structures.
The absorption at this frequency is due to planar asymmetric stretching
vibrations in the C-C bonds and is only seen in natural cellulose structures.
In our study, the absence of a peak at 1105 cm™ for MP particles released
from the teabag indicates that the polymer structure may not be natural
cellulose. In the same spectrum, the absorption bands at frequencies
1037 em! and 1027 cm™ originate from stretching vibrations in -C-O- bonds,
confirming that the polymer structure is semi-synthetic (Cai et al. 2019).

The absorption peaks observed at 807 cm! and 898 cm™! frequencies are
due to symmetrical stretching in the C-C bonds and planar bending vibra-
tions in the -CH, group, respectively. These peaks are observed in polymers
with PP (polypropylene) structure (Chércoles Asensio et al. 2009).

Following the analytical data, it was determined that MP particles re-
leased from teabags into aqueous solutions are semi-synthetic cellulose struc-
tures containing PP. Some results in studies on this subject in the literature
show that teabags have PE (polyethylene), PET (polyethylene terephthalate),
PP, or co-polymer structures (Yurtsever 2021).

Transparent plastic cups generally contain polypropylene structure and
are marked with the PP5 code. Our study confirmed the polymer structures
of MPs released from these plastic cups into aqueous solutions (Figure 3,
medium red-lined spectrum).

The absorption bands at frequencies of 2949 cm™ and 2867 cm™ in the
spectrum belong to the v-asymmetric and v-symmetric stretching vibrations
originating from the -CH, groups; this confirms the PP structure of MP par-
ticles. In the same direction, v-asymmetric and v-symmetric vibrations orig-
inating from -CH, groups in PP structures are observed at 2916 cm™ and
2836 cm'L.

The absorptions in the spectrum at 1458 cm™ and 1356 cm™ (peak shoul-
der) are 6-in-plane asymmetric and symmetrical bending vibrations of the
bonds between carbon and hydrogen atoms in the -CH, groups. The absorp-
tion peaks with the same feature (6-in-plane asymmetric and symmetrical
bending vibrations) originate from the carbon-hydrogen bonds in the -CH,
group in the polymer structure at 1376 cm.
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The ATR-FTIR spectrum of MP particles released from paper cups into
aqueous solutions was recorded (Figure 3, lower blue-lined spectrum).
The spectrum’s absorption peaks observed at 3083 cm™, 3060 cm™?, 3022 cm,
and 2999 cm! are compatible with the stretching vibrations of the =C-H
groups in the benzene ring.

While the peaks at 2917 cm? and 2848 cm™ in the spectrum consist
of symmetric and asymmetric stretching vibrations in the -CH, structure,
the frequencies of 1602 cm™, 1492 cm, and 1451 cm belong to the stret-
ching vibrations originating from the C=C bonds in the aromatic structure.
The peaks at 1068 cm™ and 1031 cm™ in the spectrum indicate the presence
of 6-in-plane bending vibrations in =C-H groups of aromatic structure.

The absorption observed at 754 cm™ with moderate intensity belongs
to the 6-plane bending vibrations in the =C-H groups. Specifically, the peaks
seen at 693 cm™ and 537 cm arise from the aromatic ring’s 6- out-of-plane
bending vibrations.

LC-MS/MS analysis results of EDC compounds

The aqueous solution samples obtained from plastic cups, paper cups,
and teabags were analyzed by LC-MS/MS for 11 phthalate compounds selec-
ted to indicate the presence of EDC compounds. As a result of these analy-
ses, besides DMP (dimethyl phthalate), DEP (diethyl phthalate), DBP (dibu-
tyl phthalate), DEHP (bis(2-ethylhexyl) phthalate), BPA (bisphenol A) were
also determined quantitatively.

In the LC-MS/MS analyses, the highest concentration values were mea-
sured for the DEHP as 1.72 pg dm, 1.05 pg dm?and 1.07 pg dm™ for paper
cup, plastic cup, and teabag samples, respectively (Figure 4).

3.00
2.40 242
2.50 S o
200 1.74
< 1.49 =]
< 1.50 =
o 1.28 1.20
=2
1.00
0.50
0.00
plastic cup | plastic cup | Paper cup | papercup | tea bag tea bag
50°C 90°C 50°C 90°C 50°C 90°C

Fig. 4. Total concentrations (ug dm=) of phthalate compounds (DMP + DEP + DBP + DEHP)
released from cups and teabags into water solutions
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The total concentrations of phthalate compounds released into aqueous
solutions at 90°C were measured as 2.42(+0.02) pg dm?3, 2.40(x0.04) pg dm*
and 1.28(x0.05) pg dm™ for teabags, paper cups, and plastic cups, respec-
tively; in comparison, the concentrations of phthalates decreased except
in plastic cups at a lower temperature (50°C) — Figure 4. The total amounts
of phthalates measured in water solutions at 50°C were recorded as
1.74(x0.04) pg dm*® in teabag samples while the concentrations detected
for paper cup and plastic cup samples were 1.49(x0.02) ug dm? and
1.28(x0.02) ug dm3, respectively.

Other critical data obtained from the study shpwed that the phthalate
releases change significantly due to increasing temperature. By increasing
the water temp. from 50°C to 90°C, the release of phthalate compounds
from teabags increased by 42%, while the release rate in paper cups
increased by 62%. The temperature increase in the solution in plastic cups
did not significantly affect the release of phthalates.

In the analysis of the BPA, the highest concentration determined
for plastic cups at 90°C water temperatures was recorded as 0.045 pg dm.
In contrast, BPA concentrations for paper cups and teabags samples were
recorded as 0.006 ug dm* and 0.011 pg dm3, respectively.

DISCUSSION

When the results of the analyses were evaluated, the MP particle release
from paper cups was higher than from plastic cups, indicating that the idea
that paper cups are more harmless needs to be reviewed. In a similar study,
Ranjan et al. determined MP particle emissions as 102.3 (+2.1) x106 particles
cm® (Ranjan et al. 2021). The relatively significant difference between
the counts obtained in our study and the MP particle counts in the cited
study is because SEM analyses were performed in different particle size
ranges (150 nm - 4.277 pm, Ranjan et al.; 500 nm - 5 pm in our study).
As a general statement, the amount of MP particles released from all cups
and teabags increases with increasing water temperature.

The data obtained from ATR-FTIR analyses were evaluated, and it was
determined that MP particles released from teabags into aqueous solutions
are semi-synthetic cellulose structures containing PP. Some results in stud-
ies on this subject in the literature show that teabags have PE (poly-
ethylene), PET (polyethylene terephthalate), PP, or co-polymer structures
(Yurtsever 2021).

Interpreting the ATR-FTIR analytical results, it was confirmed that the
structures of the MPs that passed from the plastic cups to the aqueous solu-

tion under the specified experimental conditions were PP (Mecozzi et al.
2016).
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We analyzed the data we collected from the spectrum. It was determined
that the MP particles released from paper cups to the aqueous solutions
corresponed to the structure of PS (polystyrene) polymer (Chércoles Asensio
et al. 2009, Castelvetro et al. 2021, Fernandez-Gonzalez et al. 2021).

LC-MS/MS analyses of analytes, phthalates (11 compounds), and BPA
were conducted in our study. Out of 12 selected analytes, we quantified
DMP, DEP, DBP, DEHP, and BPA in our research. In the previous studies
performed and reported in the literature, the detection frequencies of com-
pounds were compared; the presence of DBP at 67.6%, DEHP at 61.7%, DEP
at 47.1%, and DMP at 36.9% of the samples were quantitatively determined
(Luo et al. 2018)

These data are consistent with the results of our study (Otero et al.
2015, Salazar-Beltran et al. 2018). The upper limit of DEHP in drinking wa-
ter stored in plastic containers has been determined by the World Health
Organization as 8.0 ug dm?.

Although there is no regulation regarding the limit values in hot drinks,
the highest value determined for DEHP in our study (1.72 pg dm3, 90°C,
paper cups) is below the upper limit value determined for drinking water in
plastic bottles (Organization 24 April 2017).

It was observed that BPA emission in plastic cups increased significantly
with increasing water temperature (from 50°C to 90°C); however, this tem-
perature change did not considerably fluctuate the BPA release in paper
cups and teabag samples. The upper limit allowed for BPA in beverages has
been set by the European Commission as 50 pg dm? (Khan et al. 2021).

The amount of MP and chemical additives such as phthalate and bisphe-
nol A released from plastic cups, paper cups and teabags into hot water
is critical for health. The release of MP increases in direct proportion to wa-
ter temperature. As a result of using disposable cups and teabags decompos-
ing over time, MP mixes into soil, water, and air. Therefore, exposure to MP
and chemical additives is expected to be much higher than estimated.

Considering the effects of MPs on the environment and human health,
the European Union banned the use of products such as plates, forks, knives,
glasses, earbuds and straws made of disposable plastic on July 3rd, 2021
(Congar 2021). And in Turkey, on 1 January 2019, paid plastic bags in stores
were introduced to reduce plastic waste (Ibrahim, Salih 2020). Even though
these initiatives show that the necessary sensitivity to MPs’ effects on the
environment and human health has begun to emerge, it is apparent that
there is a need for new, more comprehensive regulations regarding both the
use and production of single-use plastics.
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CONCLUSIONS

The number of MPs released from plastic cups, paper cups, and teabags
increase significantly at elevated temperature of liquids. In our study,
water solutions were prepared to mimic the actual consumption conditions
of beverages.

In general, detected EDC concentrations in these water solutions were
affected by elevated temperatures of solutions and increased positively by high
solution temperatures.

Teabags could be made from polymeric substances, contrary to natural
cellulose, or may contain semi-synthetic polymeric structures. This issue
should be considered seriously as MP particle emissions from teabags into
hot water solutions exceed the release of MPs from plastic cups and paper
cups.

To evaluate the overall effect of the MP’s intake from plastic cups, paper
cups, and teabags used daily in the consumption of hot beverages on human
health, further studies should be designed and conducted.

Author contributions

N.T. — designed research. K.S., S.C. — conducted experiments. N.T., K.S.,
S.C. — analyzed data, and wrote the manuscript. All authors read and
approved the manuscript.

Conflicts of interest

The authors declare no conflict of interest. The funders had no role in
the design of the study; in the collection, analyses, or interpretation of data,
in the writing of the manuscript, or in the decision to publish the results.

ACKNOWLEDGMENTS

We are grateful to Prof. PhD. Omer Zaim for supporting us in this
research.

REFERENCES

Abbasi, S., Keshavarzi, B., Moore, F., Turner, A., Kelly, F.J., Dominguez, A.O. and Jaafarzadeh, N.
(2019) ‘Distribution and potential health impacts of microplastics and microrubbers in air
and street dusts from Asaluyeh County, Iran’, Environmental Pollution, 244, 153-164,
available: https://doi.org/10.1016/j.envpol.2018.10.039

Ahn, C. and Jeung, E.-B. (2023) ‘Endocrine-disrupting chemicals and disease endpoints’, Inter-
national Journal of Molecular Sciences, 24(6), 5342, available: https://doi.org/10.3390/
1jms24065342

Alojaly, H. and Benyounis, K.Y. (2020) ‘Joining of Plastics and Polymeric Materials’, (in) Refe-



260

rence Module in Materials Science and Materials Engineering, DOI: 10.1016/B978-0-12-
820352-1.00035-3

Andrady, A. (2011) ‘Microplastics in the marine environment’, Marine Pollution Bulletin, 62(8):
1596-1605’, available: https://doi.org/10.1016/j.marpolbul.2011.05.030

Arumugam, K., Renganathan, S., Babalola, O.0. and Muthunarayanan, V. (2018) ‘Investiga-
tion on paper cup waste degradation by bacterial consortium and Eudrillus eugeinea thro-
ugh vermicomposting’, Waste Management, 74, 185-193, available: https://doi.org/10.1016/j.
wasman.2017.11.009

Bonde, J.P., Flachs, E.M., Rimborg, S., Glazer, C.H., Giwercman, A., Ramlau-Hansen, C.H.,
Hougaard, K.S., Hoyer, B.B., Hervig, K.K. and Petersen, S.B. (2017) ‘The epidemiologic
evidence linking prenatal and postnatal exposure to endocrine disrupting chemicals with
male reproductive disorders: a systematic review and meta-analysis’, Human Reproduction
Update, 23(1), 104-125, available: https://doi.org/10.1093/humupd/dmw036

Bouwmeester, H., Hollman, P.C. and Peters, R.J. (2015) ‘Potential health impact of environ-
mentally released micro-and nanoplastics in the human food production chain: experiences
from nanotoxicology’, Environmental Science and Technology, 49(15), 8932-8947, available:
https://doi.org/10.1021/acs.est.5b01090

Cai, H., Du, F., Li, L., Li, B,, Li, J. and Shi, H. (2019) ‘A practical approach based on FT-IR
spectroscopy for identification of semi-synthetic and natural celluloses in microplastic inve-
stigation’, Science of the Total Environment, 669, 692-701, available: https://doi.
org/10.1016/j.scitotenv.2019.03.124

Carrillo, F., Colom, X., Sunol, J. and Saurina, J. (2004) ‘Structural FTIR analysis and ther-
mal characterisation of lyocell and viscose-type fibres’, European Polymer Journal,
40(9), 2229-2234, available: https://doi.org/10.1016/j.eurpolym;j.2004.05.003

Castelvetro, V., Corti, A., Bianchi, S., Giacomelli, G., Manariti, A. and Vinciguerra, V. (2021)
‘Microplastics in fish meal: contamination level analyzed by polymer type, including poly-
ester (PET), polyolefins, and polystyrene’, Environmental Pollution, 273, 115792, available:
https://doi.org/10.1016/j.envpol.2020.115792

Chang, J.I. and Chen, Y. (2010) ‘Effects of bulking agents on food waste composting’, Bioresour-
ce Technology, 101(15), 5917-5924 , available: https://doi.org/10.1016/j.biortech.2010.02.042

Chen, H., Xu, L., Yu, K., Wei, F. and Zhang, M. (2023) ‘Release of microplastics from disposable
cups in daily use’, Science of the Total Environment, 854, 158606, available: https://doi.org/
10.1016/j.scitotenv.2022.158606

Chércoles Asensio, R., San Andrés Moya, M., de la Roja, J. M. and Gémez, M. (2009) ‘Analytical
characterization of polymers used in conservation and restoration by ATR-FTIR spectroscopy’,
Analytical and Bioanalytical Chemistry, 395, 2081-2096, available: DOI: 10.1007/s00216-
009-3201-2

Cincinelli, A., Scopetani, C., Chelazzi, D., Martellini, T., Pogojeva, M. and Slobodnik, J. (2021)
‘Microplastics in the Black Sea sediments’, Science of the Total Environment, 760, 143898,
available: https://doi.org/10.1016/j.scitotenv.2020.143898

Congar, K. (2021) ‘Single-use plastic ban’ started in the EU: Things to know in 5 items (in Turkish),
available: https://tr.euronews.com/2021/07/03/ab-de-tek-kullan-m-plastikler-yasag-baslad-
5-maddede-bilinmesi-gerekenler [accessed 01/09/2023]

Constant, D.R. (2016) ‘Paper cup comprising a polyethylene copolymer coating and methods
of making the same’, US20160168799A1 United States

Fernandez-Gonzélez, V., Andrade-Garda, J., Lopez-Mahia, P. and Muniategui-Lorenzo, S.
(2021) ‘Impact of weathering on the chemical identification of microplastics from usual
packaging polymers in the marine environment’, Analytica Chimica Acta, 1142, 179-188,
available: https://doi.org/10.1016/j.aca.2020.11.002

Ferreira, 1., Venancio, C., Lopes, I. and Oliveira, M. (2019) ‘Nanoplastics and marine organisms:
what has been studied?, Environmental Toxicology and Pharmacology, 67, 1-7, available:
https://doi.org/10.1016/j.etap.2019.01.006



261

Fierens, T., Servaes, K., Van Holderbeke, M., Geerts, L., De Henauw, S., Sioen, I. and
Vanermen, G. (2012) ‘Analysis of phthalates in food products and packaging materials sold
on the Belgian market’, Food and Chemical Toxicology, 50(7), 2575-2583, available: https://
doi.org/10.1016/;.fct.2012.04.029

Hahladakis, J.N., Velis, C.A., Weber, R., Iacovidou, E. and Purnell, P. (2018) ‘An overview
of chemical additives present in plastics: Migration, release, fate and environmental
impact during their use, disposal and recycling’, Journal of Hazardous Materials, 344, 179-199,
available: https://doi.org/10.1016/j.jhazmat.2017.10.014

Hernandez, .M., Xu, E.G., Larsson, H.C., Tahara, R., Maisuria, V.B. and Tufenkji, N. (2019)
‘Plastic teabags release billions of microparticles and nanoparticles into tea’, Environmen-
tal Science and Technology, 53(21), 12300-12310, available: https://doi.org/10.1021/acs.
est.9b02540

Ibrahim, A. and Salih, Y. (2020) ‘Marketlerde ticretli plastik poset uygulamasina yénelik tiike-
tici davraniglarinin belirlenmesi’, Karadeniz Teknik Universitesi Sosyal Bilimler Enstitiisii
Sosyal Bilimler Dergisi, 10(20), 339-359.

Jacob, H., Besson, M., Swarzenski, P.W., Lecchini, D. and Metian, M. (2020) ‘Effects of virgin
micro-and nanoplastics on fish: trends, meta-analysis, and perspectives’, Environmental
Science and Technology, 54(8), 4733-4745, available: https://doi.org/10.1021/acs.est.9b05995

Joseph, A., Parveen, N., Ranjan, V.P. and Goel, S. (2023) ‘Drinking hot beverages from paper
cups: Lifetime intake of microplastics’, Chemosphere, 317, 137844, available: https://doi.org/
10.1016/j.chemosphere.2023.137844

Juliano, C. and Magrini, G.A. (2017) ‘Cosmetic ingredients as emerging pollutants of environ-
mental and health concern. A mini-review’, Cosmetics, 4(2), 11, available: https://doi.org/
10.3390/cosmetics4020011

Karbalaei, S., Hanachi, P., Walker, T.R. and Cole, M. (2018) ‘Occurrence, sources, human
health impacts and mitigation of microplastic pollution’, Environmental Science and Pollu-
tion Research, 25(36), 36046-36063, available: https://doi.org/10.1007/s11356-018-3508-7

Kayan, A. and Kigtik, A. (2020) ‘Plastik kirliliin ¢evresel zararlar1 ve ¢6ziim 6nerileri’, Ankara
Hact Bayram Veli Universitesi Iktisadi ve Idari Bilimler Fakiiltest Dergisi, 22(2), 403-427.

Khan, M.R., Ouladsmane, M., Alammari, A.M. and Azam, M. (2021) ‘Bisphenol A leaches from
packaging to fruit juice commercially available in markets’, Food Packaging and Shelf Life,
28, 100678 , available: https://doi.org/10.1016/j.fps1.2021.100678

Lei, K., Qiao, F., Liu, Q., Wei, Z., Qi, H., Cui, S., Yue, X., Deng, Y. and An, L. (2017) ‘Micropla-
stics releasing from personal care and cosmetic products in China’, Marine Pollution
Bulletin, 123(1-2), 122-126, available: https://doi.org/10.1016/j.marpolbul.2017.09.016

Li, D., Shi, Y., Yang, L., Xiao, L., Kehoe, D.K., Gun’ko, Y.K., Boland, J.J. and Wang, J.J. (2020)
‘Microplastic release from the degradation of polypropylene feeding bottles during infant
formula preparation’, Nature Food, 1(11), 746-754, available: https://doi.org/10.1038/
$43016-020-00171-y

Liu, G., Wang, J., Wang, M., Ying, R., Li, X., Hu, Z. and Zhang, Y. (2022) ‘Disposable plastic
materials release microplastics and harmful substances in hot water’, Science of the Total
Environment, 818, 151685, available: https://doi.org/10.1016/j.scitotenv.2021.151685

Lopez-Espinosa, M.-J., Granada, A., Araque, P., Molina-Molina, J.-M., Puertollano, M.-C.,
Rivas, A., Fernandez, M., Cerrillo, I., Olea-Serrano, M.-F. and Lépez, C. (2007) ‘Oestrogeni-
city of paper and cardboard extracts used as food containers’, Food Additives and Contami-
nants, 24(1), 95-102, available: DOI: 10.1080/02652030600936375

Luo, Q., Liu, Z.-h., Yin, H., Dang, Z., Wu, P.-x., Zhu, N.-w., Lin, Z. and Liu, Y. (2018) ‘Migration
and potential risk of trace phthalates in bottled water: A global situation’, Water Research,
147, 362-372, available: https://doi.org/10.1016/j.watres.2018.10.002

Mecozzi, M., Pietroletti, M. and Monakhova, Y.B. (2016) ‘FTIR spectroscopy supported by stati-
stical techniques for the structural characterization of plastic debris in the marine environ-



262

ment: application to monitoring studies’, Marine Pollution Bulletin, 106(1-2), 155-161,
available: https://doi.org/10.1016/j.marpolbul.2016.03.012

Mitchell, J., Vandeperre, L., Dvorak, R., Kosior, E., Tarverdi, K. and Cheeseman, C. (2014)
‘Recycling disposable cups into paper plastic composites’, Waste Management, 34(11), 2113-2119,
available: https://doi.org/10.1016/j.wasman.2014.05.020

Organization, W.H. (24 April 2017) Guidelines for drinking-water quality, 4" edition, incorpo-
rating the 1* addendum, available: http://www.who.int/water_sanitation_health/publications/
drinking-water-quality-guidelines-4 [accessed 14.04.2023].

Otero, P., Saha, S.K., Moane, S., Barron, J., Clancy, G. and Murray, P. (2015) ‘Improved
method for rapid detection of phthalates in bottled water by gas chromatography — mass
spectrometry’, Journal of Chromatography B, 997, 229-235, available: https://doi.org/
10.1016/j.jchromb.2015.05.036

Parajuli, P., Acharya, S., Rumi, S.S., Hossain, M.T. and Abidi, N. (2021) ‘Regenerated cellulose
in textiles: Rayon, lyocell, modal and other fibres’, in Fundamentals of Natural Fibres and
Textiles, Elsevier, 87-110, available: https://doi.org/10.1016/B978-0-12-821483-1.00015-2

Patel, M.M., Goyal, B.R., Bhadada, S.V., Bhatt, J.S. and Amin, A.F. (2009) ‘Getting into the
brain: approaches to enhance brain drug delivery’, CNS Drugs, 23, 35-58, available: https://
doi.org/10.2165/0023210-200923010-00003

Poortinga, W. and Whitaker, L. (2018) ‘Promoting the use of reusable coffee cups through
environmental messaging, the provision of alternatives and financial incentives’, Sustaina-
bility, 10(3), 873, available: https://doi.org/10.3390/su10030873

Prata, J.C., da Costa, J.P., Lopes, 1., Duarte, A.C. and Rocha-Santos, T. (2020) ‘Environmental
exposure to microplastics: An overview on possible human health effects’, Science of the
Total Environment, 702, 134455, available: https://doi.org/10.1016/j.scitotenv.2019.134455

Rahman, A., Sarkar, A., Yadav, O.P., Achari, G. and Slobodnik, J. (2021) ‘Potential human
health risks due to environmental exposure to nano-and microplastics and knowledge gaps:
a scoping review’, Science of the Total Environment, 757, 143872, available: https://doi.org/
10.1016/j.scitotenv.2020.143872

Ranjan, V.P., Joseph, A. and Goel, S. (2021) ‘Microplastics and other harmful substances
released from disposable paper cups into hot water’, Journal of Hazardous Materials,
404, 124118, available: https://doi.org/10.1016/j.jhazmat.2020.124118

Rios L. M., M.C., Jones P. R. (2007) ‘Persistent organic pollutants carried by synthetic poly-
mers in the ocean environment’, Marine Pollution Bulletin, 1230-1237, available: https://
doi.org/10.1016/j.marpolbul.2007.03.022

Rogovina, S., Aleksanyan, K., Prut, E. and Gorenberg, A. (2013) ‘Biodegradable blends of cellu-
lose with synthetic polymers and some other polysaccharides’, European Polymer Journal,
49(1), 194-202, available: https://doi.org/10.1016/j.eurpolymj.2012.10.002

Salazar-Beltran, D., Hinojosa-Reyes, L., Palomino-Cabello, C., Turnes-Palomino, G., Hernandez-
-Ramirez, A. and Guzméan-Mar, J.L. (2018) ‘Determination of phthalate acid esters plastici-
zers in polyethylene terephthalate bottles and its correlation with some physicochemical
properties’, Polymer Testing, 68, 87-94, available: https://doi.org/10.1016/j.polymertesting.
2018.04.002

Schaider, L.A., Balan, S.A., Blum, A., Andrews, D.Q., Strynar, M.J., Dickinson, M.E.,
Lunderberg, D.M., Lang, J.R. and Peaslee, G.F. (2017) ‘Fluorinated compounds in US fast
food packaging’, Environmental Science and Technology Letters, 4(3), 105-111, available:
DOI: 10.1021/acs.estlett.6b00435

Schultes, L., Peaslee, G.F., Brockman, J.D., Majumdar, A., McGuinness, S.R., Wilkinson, J.T.,
Sandblom, O., Ngwenyama, R.A. and Benskin, J.P. (2019) ‘Total fluorine measurements

in food packaging: how do current methods perform?, Environmental Science and Techno-
logy Letters, 6(2), 73-78, available: DOI: 10.1021/acs.estlett.8b00700



263

Schymanski, D., Goldbeck, C., Humpf, H.-U. and Furst, P. (2018) ‘Analysis of microplastics
in water by micro-Raman spectroscopy: release of plastic particles from different packaging
into mineral water’, Water Research, 129, 154-162, available: https://doi.org/10.1016/].
watres.2017.11.011

Smith, M., Love, D.C., Rochman, C.M. and Neff, R.A. (2018) ‘Microplastics in seafood and the
implications for human health’, Current Environmental Health Reports, 5, 375-386, availa-
ble: https://doi.org/10.1007/s40572-018-0206-z

Soto, A.M. and Sonnenschein, C. (2010) ‘Environmental causes of cancer: endocrine disruptors
as carcinogens’, Nature Reviews Endocrinology, 6(7), 363-370, available: https://doi.
org/10.1038/nrendo.2010.87

Souza, V. and Fernando, A. (2016) ‘Nanoparticles in food packaging: biodegradability and
potential migration to food: a review’, Food Packag Shelf Life 8: 63-70, available: https://
doi.org/10.1016/].fps1.2016.04.001

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, A.W., McGonigle, D.
and Russell, A.E. (2004) ‘Lost at sea: where is all the plastic?, Science, 304(5672), 838-838,
available: DOI: 10.1126/science.1094559

Trier, X., Granby, K. and Christensen, J.H. (2011) ‘Polyfluorinated surfactants (PFS) in paper
and board coatings for food packaging’, Environmental Science and Pollution Research,
18(7), 1108-1120, available: https://doi.org/10.1007/s11356-010-0439-3

Wang, J., Tan, Z., Peng, J., Qiu, Q. and Li, M. (2016) ‘The behaviors of microplastics in the ma-
rine environment’, Marine Environmental Research, 113, 7-17, available: https://doi.org/
10.1016/j.marenvres.2015.10.014

Wang, L., Wang, H., Tizaoui, C., Yang, Y., Ali, J. and Zhang, W. (2023) ‘Endocrine disrupting
chemicals in water and recent advances on their detection using electrochemical biosen-
sors’, Sensors and Diagnostics, available: DOI: 10.1039/D2SD00156J

Wright, S.L., Thompson, R.C. and Galloway, T.S. (2013) ‘The physical impacts of microplastics
on marine organisms: a review’, Environmental Pollution, 178, 483-492, available: https://
doi.org/10.1016/j.envpol.2013.02.031

Xue, M., Chai, X.-S., Li, X. and Chen, R. (2019) ‘Migration of organic contaminants into dry
powdered food in paper packaging materials and the influencing factors’, Journal of Food
Engineering, 262, 75-82, available: https://doi.org/10.1016/;.jfoodeng.2019.05.018

Yurtsever, M. (2021) ‘Are nonwoven fabrics used in foods made of cellulose or plastic? Cellulo-
se/plastic separation by using Schweizer’s reagent and analysis based on a sample of tea
bags’, Process Safety and Environmental Protection, 151, 188-194, available: https://doi.org/
10.1016/j.psep.2021.05.016

Zettler, E.R., Mincer, T.J. and Amaral-Zettler, L.A. (2013) ‘Life in the “plastisphere”: microbial
communities on plastic marine debris’, Environmental Science and Technology, 47(13),
7137-7146, available: https://doi.org/10.1021/es401288x

Zhang, M. and Xu, L. (2022) ‘Transport of micro-and nanoplastics in the environment: Trojan

-Horse effect for organic contaminants’, Critical Reviews in Environmental Science and
Technology, 52(5), 810-846, available: https://doi.org/10.1080/10643389.2020.1845531



