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Graphical abstract

be conducted to investigate the parameters affecting
sorption of valsartan and losartan to microplastics and the
mechanisms governing removal of polystyrene and
polyethylene during coagulation.
Keywords: Microplastics, water, removal, coagulation,
sorption, micropollutants.
1.

Abstract
In this study, preliminary experiments were conducted to
investigate the sorption potential of different organic
micropollutants to polystyrene and polyethylene and to
examine the removal efficiency of these microplastics
during coagulation experiments with iron and manganese
coagulants. For the sorption experiments, eight synthetic
chemicals which belong to three different categories,
pharmaceutical compounds, personal care products and
endocrine-disrupting compounds were used. Among
target compounds, important removal due to sorption to
microplastics was noticed for the antihypertensive drugs
valsartan and losartan, when polystyrene was used as
sorbent material. Their sorption was a slow and gradual
process; 20% of valsartan and 59% of losartan was sorbed
after 168 h. On the other hand, no sorption of parabens,
bisphenol A and sulfamethoxazole was observed. The
elaboration of coagulation experiments showed that
polystyrene is removed to a higher percentage comparing
to polyethylene, reaching 92.4% and 72.1%, respectively.
The higher removal of polystyrene was achieved when
ferrous sulfate or magnesium sulfate was added, while
the use of ferric chloride did not improve its removal.
Increased removal of polyethylene was achieved when
magnesium sulfate was used. Further experiments should

Introduction

Plastic pollution is a major issue of global concern and has
received ever-increasing attention over the last decade.
Microplastics, MPs (plastic fragments < 5 mm) are
intentionally manufactured or formed by larger plastics
debris breakdown in the environment (Gatidou et al.,
2019; Tziourrou et al., 2021). Their existence has been
reported worldwide and the deleterious effects from their
physical accumulation on different organisms have been
highlighted (Chae et al., 2017; Paul-Pont et al., 2018).
Their tension to sorb and transport toxic chemicals, their
durability in nature, and their capacity to be transferred
within food chain, render adverse effects more intense
(Gatidou et al., 2019). During the last five years, MPs have
been detected in drinking water, raw and treated
wastewater, as well as in sewage sludge, worldwide (BenDavid et al., 2020; Murphy et al., 2016).
Among different MPs, polystyrene (PS) and polyethylene
(PE) are two important categories that are widely used in
numerous applications. PS is often used in products that
require clarity, such as laboratory ware and food
packaging. When combined with various colorants or
other plastics, PS is used to make automobile parts,
electronics, toys and gardening pots. PE is used in several
packaging applications such as trays, crates, bottles for
juices and milk, in household/consumer goods as well as
in fibers and textiles. Previous studies have shown the
common detection of PS and PE in water and wastewater
samples. According to Andrady (2011), PE is considered
the main MP detected in water. Compared with plastics
that are much denser than water, PS and PE are more
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likely to enter people's lives and lead to potential threats
as they have similar densities to the natural water.
Previous studies have shown the tension of PS and PE to
sorb organic micropollutants belonging to different groups
such as polycyclic aromatic hydrocarbons (Karapanagioti
et al., 2010; Yu et al., 2020) and polybrominated diphenyl
ethers (Singla et al., 2020). On the other hand, limited
information is, so far, available for the sorption of
pharmaceuticals (PhCs), personal care products (PPCPs),
and endocrine disrupting compounds (EDCs) to PS and PE.
Among different PPCPs, parabens is an important
category. These compounds are esterified molecules of
hydroxybenzoic acid at the C-4 position and they are used,
due to their antimicrobial properties, as pharmaceutical,
food, and cosmetic preservatives. Among them, methyl-,
ethyl-, propyl-, butyl-, and benzyl-paraben are the most
commonly used compounds. Their environmental
concentrations range from ng L-1 to μg L-1 in the surface
waters and the wastewater, respectively. Recent studies
have raised concerns about the use of parabens, with
special focus on propyl-paraben as possibly having
estrogenic potential (Wei et al., 2021). Concerning PhCs,
valsartan (VAL) and losartan (LOS) are commonly used
antihypertensive drugs. After their consumption, they are
partially metabolized in the human body and as a result
an important amount of the parent compound is excreted
unchanged through the urine. They have been detected in
the aquatic environment at concentrations ranging
between few ng L-1 (seawater) to more than 2700 ng L-1
(wastewater) (Kaur and Dulova, 2020). Sulfamethoxazole
(SMX) is a sulfonamide bacteriostatic antibiotic, while
bisphenol A (BPA) is a chemical used in the production of
epoxy resins and plastics with known endocrine disruptive
properties (Rubin, 2011).
During the last years, several articles have been published
on the fate and removal efficiency of MPs in drinking
water treatment plants (Cheng et al., 2021; Pivokonský et
al., 2020). Coagulation-flocculation process is widely used
during water and wastewater treatment due to its
relatively low cost and the ability to remove suspended
solids, natural organic matter, color and turbidity (Arukula
et al., 2018; Dayarathne et al., 2021; Jiang et al., 2012).
Among different coagulants, those based on aluminum
and those based on iron are commonly used for the
removal of major pollutants. The aluminum coagulants
include aluminum sulfate, aluminum chloride and sodium
aluminate. The iron coagulants include ferric sulfate,
ferrous sulfate, ferric chloride and ferric chloride sulfate
(Bratby, 2016). Concerning the removal of MPs, so far, the
published articles have tested the use of aluminum based
coagulants for PS and PE removal (Laponte et al., 2020;
Xue et al., 2021), while limited information is available for
the use of iron and magnesium coagulants.
Based to the above, in this research, screening
experiments to investigate the sorption potential of
different groups of emerging contaminants onto PS and
PE, were initially conducted. For this reason, experiments
were conducted with eight (8) micropollutants belonging
to the groups of PhCs (VAL, LOS, SMX), PPCPs (methyl
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paraben, methyl-P, ethyl paraben, ethyl-P, propyl
paraben, propyl-P, butyl paraben, butyl-P) and EDCs
(BPA). Afterwards, the removal efficiency of PS and PE
from water was studied using coagulation-flocculation
process. For this reason, three different coagulants were
tested, namely, ferric chloride hexahydrate (FeCl3 × 6H2O),
ferrous sulfate heptahydrate (FeSO4 × 7H2O), magnesium
sulfate heptahydrate (MgSO4 × 7 H2O). The role of
coagulant dose on MPs’ removal was investigated and the
following steps for further research on the field were
determined.
2.

Materials and methods

2.1. Chemical and reagents
LOS, VAL, SMX, BPA, methyl-P, ethyl-P, propyl-P, butyl-P,
hydrochloric acid (HCl), phosphoric acid (H3PO4), sodium
hydroxide (NaOH), sodium chloride (NaCl), calcium
chloride (CaCl2), ferrous chloride hexahydrate (FeCl3 ×
6H2O), ferric sulfate heptahydrate (FeSO4 × 7H2O),
magnesium sulfate heptahydrate (MgSO4 × 7H2O),
methanol (CH3OH) and acetonitrile (ACN) were supplied
by Sigma-Aldrich. The two types of MPs, PS were
purchased from Sigma-Aldrich and were crushed to less
than 1 mm with a crusher. The studied MPs were sieved
through different meshes and they were divided in
fractions of different size. The particles that were used in
the current experiments had a size that ranged between
53 and 500 μm for PS and a size between 500 and 1000
μm for PE. During sorption experiments, the samples were
filtered with 0.45 μm polypropylene filters, while in
coagulation experiments with 1.6 μm LLG-Glass microfibre
filters.
2.2. Sorption experiments
Batch experiments were initially performed to check the
tension of target micropollutants to sorb onto the studied
MPs. For this reason, 1000 mg L-1 of PS or PE were added
to serum bottles containing 100 mL of bottled drinking
water and 1 mM NaN3 was added to prevent microbial
degradation. The target micropollutants (VAL, LOS, SMX,
BPA, methyl-P, ethyl-P, propyl-P, and butyl-P) were spiked
at an initial concentration of 500 μg L−1. The serum bottles
were capped and wrapped with aluminum foil to prevent
any potential photochemical reactions during mixing and
were agitated horizontally at 150 rpm and 25 °C for 168 h.
Samples were collected using glass syringes at the start of
the experiment, after 72 h and at 168 h and they were
filtered to remove MPs. The filtered aqueous samples
were stored in the dark at 4 °C until analysis. Control
experiments (with no addition of MPs) were also prepared
under the same testing conditions to determine possible
abiotic degradation or sorption of studied micropollutants
to the serum bottles. During all experiments, the pH was
remained stable at 7.5 ± 0.1. No addition of buffer
solution was required for pH adjustment.
2.3. Coagulation experiments
Coagulation experiments were conducted using a Jar Tester. In each flask, 400 mL of tap water were added as well
the studied MPs at a final concentration of 500 mg L-1.
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Two doses of coagulants were tested in order to achieve
concentrations of 100 and 200 mg L-1 of Fe3+, Fe2+ or Mg2+.
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The added concentrations of different coagulants are
shown in Table 1.

Table 1. Concentrations of the coagulants used in the coagulation-flocculation experiments with microplastics (MPs)
Tested coagulant

Added concentrations
L-1

496 mg
993 mg L-1
483 mg L-1
FeCl3 × 6H2O1
964 mg L-1
1025 mg L-1
MgSO4 × 7H2O
2050 mg L-1
In experiments with PE, only the highest concentration of ferrous chloride hexahydrate was tested
FeSO4 × 7H2O

100 mg L-1 as Fe2+
200 mg L-1 as Fe2+
100 mg L-1 as Fe3+
200 mg L-1 as Fe3+
100 mg L-1 as Μg2+
200 mg L-1 as Mg2+

The stirring speed was maintained at 300 rpm/min for 1
min, and then decreased to 50 rpm/min for 15 min, with a
subsequent 30 min sedimentation. After floccuation and
sedimentation, 200 mL from the supernatant of the
system was collected for subsequent filtering using glass
microfiber filter paper, drying at 60 oC for 24 h and
weighing. All experiments were conducted in triplicates at
18 ± 2 oC. The initial water pH was equal to 8.0 ± 0.1, while
no buffer solution was added for pH adjustment.

Statistical analysis was performed using Prism. T-test was
used for comparing PS and PE removal during different
coagulation experiments. All tests were run at the 0.05
significance level and all comparisons mentioned
hereafter are based on the results of the statistical
analysis.

2.4. Chemical analysis

The sorption affinity of the eight (8) target organic
micropollutants was initially examined in experiments
containing PS, PE or no MPs (Control experiment). Based
to the results of the Control experiments, it seems that
none of the compounds are hydrolysed or sorbed to the
glass of serum bottles. Similar observations for the
stability of target micropollutants have also been reported
in previous studies (Ia trou et al., 2017; Lincho et al.,
2021). Concerning their sorption to MPs, important
sorption was noticed for VAL and LOS, when PS was used
as sorbent material (Figure 1). The sorption of these
compounds to PS seems to be a slow process. After 72 h,
only 5% and 19% of VAL and LOS had been sorbed (Figure
1a), while their sorption was increased to 20% and 59%,
respectively at 168 h (Figure 1b).

For the determination of target compounds in aqueous
samples, a High Performance Liquid Chromatography
(HPLC, Waters Alliance 2695) system was used, interfaced
by a Photodiode Array Detector (PDA, Waters 2996), and
equipped with a C18 reverse phase column (Kinetex XBC18, 2.1 mm; 2.6 mm internal diameter × 50 mm length)
(Milford, MA, USA). An isocratic elution program with
0.1% H3PO4 and ACN was also used. Samples were
injected on the column with a full-loop injection of 100 µL,
and PDA was set at 220, 230, 254, and 270 nm, for LOS,
VAL, parabens and SMX, respectively. BPA was measured
using a fluorescence detector; the excitation wavelength
was 280 nm and the emission wavelength was 305 nm
(Darsinou et al., 2015).
For measuring the concentrations of MPs in coagulation
experiments, the procedure described by Zhou et al.
(2021) was followed with some modifications. The initial
concentration of MPs was calculated based to the amount
of PS or PE that was weighted in each flask. The
concentrations of PS or PE in the supernatant at the end
of the experiment were calculated based to the
measurements of filters’ weight after filtering known
volumes of supernatant and drying at 60 oC for 24 h.
2.5. Calculations and statistical treatment
The removal of target micropollutants in sorption
experiments and the removal of MPs in coagulationflocculation experiments were calculated according to
Equation 1:
%Removal =

Cin − Cout
 100
Cin

(1)

where, Cin and Cout are the concentrations of
micropollutants or MPs at the start and at the end of the
relevant experiment.

3.

Results and discussion

3.1. Sorption of emerging contaminants to PS and PE

This is the first study where the sorption affinity of these
micropollutants is examined for PS and PE. Previous
studies on the sorption of hydrophilic micropollutants to
MPs have shown that physical interactions such as
partitioning, electrostatic interactions, and intermolecular
hydrogen bonding are the dominant mechanisms that
affect this process while parameters such as the degree of
crystallinity, rubbery domains, special groups and ageing
of these materials as well as aqueous pH and chemical
properties of the pollutants affect their sorption to MPs
(Guo et al., 2019; Liu et al., 2019). Concerning VAL and
LOS, their logKow values have been estimated to 4, while
their pKa have been estimated to 4.73 and 5.5,
respectively (PubChem, 2021). At pH> 6.70, VAL exists
almost exclusively as dianion, while LOS exist mainly
under the anionic form (Tosco et al., 2008). For pH 7.5
that was applied during sorption experiments, the
examined MPs have negative inherent charges (Liu et al.,
2019). As a result, electrostatic interaction does not seem
to be the determining factor for the adsorption behavior
of VAL and LOS. Further experiments at different pH
values and different concentrations of ionic strength are
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required to obtain a clear picture for the mechanisms
affecting sorption of these micropollutants to PS and PE.

Concerning the removal of PS, in the absence of
coagulants, PS was removed by 83.3 ± 3.9% after 30 min
of settling. This value is higher than that observed by Zhou
et al (2021) who used a PS with density equal to 1.05
g/cm3 and observed a removal equal of 50.78%, when no
coagulant was added. On the other hand, Xue et al. (2021)
reported high PS removal efficiency (>86% for PS particles
of 45 and 90 µm) after 15 min settling. Apart from the
characteristics of used MPs (e.g density), water matrix
characteristics
(specific
conductance,
cation
concentrations etc.) seems also to affect their removal in
settling experiments (Xue et al., 2021).

(a)

Figure 2. pH values at the end of different coagulation
experiments with microplastics (MPs)

(b)
Figure 1. (a and b) Sorption of target organic micropollutants to
polystyrene (PS) and polyethylene (PE) microplastics (MPs) after
72 h (a) and 168 h (b). In Control experiments, no MPs had been
added

In the current study, the addition of FeSO 4 × 7H2O and
MgSO4 × 7H2O resulted to statistically significantly higher
removal efficiencies of PS from water than those
observed in the absence of coagulant. Specifically, when
added 100 mg L-1 as Fe2+, the removal of PS was equal to
92.4 ± 0.5%, while in the presence of 100 and 200 mg L-1
as Mg2+, it was equal to 89.1 ± 3.7% and 90.4 ± 2.7%,
respectively (Figure 3). On the other hand, the addition of
Fe3+ did not affect the removal efficiency of PS from
water.

3.2. Removal of PS and PE during coagulation-flocculation
The pH of drinking water used in these experiments was
equal to 8.0 ± 0.1 and remained stable during the
experiment when no coagulant dose was added. On the
other hand, the addition of FeCl3 × 6H2O resulted to a
decrease of pH at 7.56 and 7.11 for concentrations of 100
and 200 mg L-1 Fe3+, respectively. This observation is due
to the hydrolysis of FeCl3 and the release of hydrogen ions
that lowering water pH, as also confirmed by Duan and
Gregory (2003). Similarly, the addition of FeSO4 × 7H2O
resulted to a further decrease of water pH at values lower
than 6.75. Contrary to the above, the use of MgSO 4 ×
7H2O increased slightly water pH to 8.13 and 8.24 for Mg2+
concentrations of 100 and 200 mg L-1 (Figure 2).
The removal efficiency of PS and PE in coagulation
experiments is presented in Figures 3 and 4, respectively.
Comparing the removal efficiencies of two MPs, it is
observed that the removal of PS was higher than PE for all
tested coagulants as well as in the experiments conducted
in the absence of coagulant (Figures 3 and 4). This trend
has also been observed in previous studies comparing the
removal of two MPs during coagulation - flocculation
process and it is probably due to the different density of
tested materials (Zhou et al., 2021).

Figure 3. Polystyrene (PS) removal from water using different
doses of coagulants. Statistically higher removal efficiencies are
indicated with the use of an asterisk (*)

Concerning PE, in the experiment where no coagulant was
added, it was removed by 59.4 ± 5.2%. According to
Figure 4, among tested coagulants, only MgSO4 ×7 H2O
resulted to a statistical significant higher removal of PE
(72.1 ± 3.6% at 200 mg L-1 Mg2+). On the other hand,
negligible removal of PE was observed when FeSO4 × 7H2O
or FeCl3 × 6H2O were used (Figure 4). This observation
indicates that the addition of iron coagulants inhibited PE
removal. The no (or even negative) removal of MPs during
the addition of specific coagulants has also been observed
in the literature and it is probably due to the formation of
new disturbing particles (e.g., hydroxides) which are not
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settled. For instance, at pH 6.5 and dosage of 0.07 mmol/L
of Fe3+, Rajala et al. (2020) reported negative removal of
MPs and increasing turbidity. Similarly, Xue et al. (2021)
observed that the removal of 25-µm microspheres was
almost the same regardless of alum addition (0 or 30 mg L1
); whereas the alum treatment performed more poorly in
removing larger microspheres (45- and 90-µm) than did
alum-free sedimentation. It has been reported that larger
MPs require proportionally larger coagulant flocs
(Lapointe et al., 2020). However, due to the complexity of
the water matrices, it is difficult to decipher the actual
mechanisms behind the poorer removal of PE when iron
coagulants were used and further investigation is needed.
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coagulants. Higher removal of PE was also achieved for
the higher tested concentration of MgSO4 × 7H2O. Further
experiments should be conducted to investigate the
factors affecting sorption of VAL and LOS to studied MPs
as well as the mechanisms governing MPs’ removal during
coagulation.
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