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Abstract: The present study addresses the issue of transporting pharmaceuticals via microplastics in
aquatic environments. For this purpose, the adsorption and desorption of metformin hydrochloride
(MET), a hydrophilic compound, on polyethylene microspheres (PMEs) were studied via batch
adsorption and desorption capacity and kinetics tests. The adsorption test results indicated minimal
influence of pH values above 5, alongside a decrease in adsorption capacity with an increasing mass of
PMEs. The Freundlich model best represented the adsorption capacity data; however, values of n < 1
(0.6) and low K suggest a decrease in the sorption affinity of MET with increasing initial MET concen-
tration and a low affinity of MET for PM beads. The rate and equilibrium of adsorption were fast, and
the results adequately fit the pseudo-first- and pseudo-second-order models, suggesting that physical
and chemical mechanisms contributed to the adsorption of MET onto the PEMs under the conditions
of this study. The desorption equilibrium result was 1.3 mg g~! + 0.04 mg g~ !, without significant
change, regardless of the initial amount of adsorbed MET. However, the desorption percentage varied
between 26.14% and 7.01% as a function of the amount. of MET adsorbed onto the PMEs. These
results suggest that PMEs could be potential vectors of MET transport in aquatic environments.

Keywords: microplastic; pharmaceutical products; water pollution; contaminant vectors

1. Introduction

Plastics are composed of high-molecular-weight synthetic organic polymers whose
physicochemical characteristics, such as strength, lightness and durability combined with
low manufacturing costs, make them essential materials for economic expansion, innova-
tion, and production of low-priced goods in the world market, particularly in emerging
markets where industry continues to grow [1].

As a result, the global production of plastics increased from approximately 245 million
metric tons in 2008 to 359 million metric tons in 2018, and this value is expected to triple by
the year 2050 [2].

Owing to the extensive use of plastic-based products coupled with their low recycling
and reuse rates, residues of these materials are released in a generalized way in different
environmental compartments especially in aquatic systems [3].

The plastic wastes commonly detected in aquatic environments are some of the most
produced and used in anthropic activities. These include polyethylene (PE), polyvinyl
chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET) and polystyrene
(PS) [4].

Plastic waste of different sizes is found in water resources, but particles with sizes
between 1 nm and 5 mm, defined as microplastics (MPs) [5], have been recognized as one
of the most complex environmental problems today, both because of their abundance and
their effects on ecosystems [6].
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MPs are classified as primary when they are microsized, usually used in cosmetics and
beauty products [7], and secondary when they are generated from plastic waste present
in the environment which undergoes continuous fragmentation caused by a combination
of mechanisms that include photodegradation by ultraviolet (UV) radiation, mechanical
abrasion, chemical, biological and thermal degradation and disintegration [8].

One of the main sources of MPs is wastewater, and although sewage treatment plants
(ETEs) usually achieve removal of more than 95% of MPs [9], a significant number of
particles still enter the environment through effluent discharge [10]. Furthermore, the MPs
removed by ETEs is transferred to sludge, which, when applied to agricultural lands as
biosolids, can also reach the aquatic environment via surface runoff [11].

Owing to their small size and slow biodegradation rate, MPs can be easily absorbed
and bioaccumulated by organisms [12], resulting in various deleterious effects on their
survival, physical fitness, metabolism, growth and reproduction [3].

In addition, characteristics such as hydrophobicity, a high surface area-to-volume ratio,
high stability and mobility give MPs a strong tendency to adsorb and enrich hydrophobic
organic compounds (HOCs) [13] and metals. The hypothesis that MP particles may act
as transport vectors of pollutants and microorganisms between different environmental
compartments has been proposed [14].

The distribution of contaminants between MPs and the aqueous phase is a function of
their intrinsic properties and environmental conditions, including the presence of interfer-
ing compounds in the process. Atugoda et al. [15] reported that, owing to the high surface
area of MPs, the amount of contaminants that accumulate on the surface of these materials
can reach several orders of magnitude greater than that in the surrounding waters.

Among the compounds capable of adsorbing to MPs under various conditions, phar-
maceuticals, including endocrine disruptors, are of great environmental interest because
of their deleterious effects on ecosystems and human health [16]. However, owing to
the hydrophobic characteristics of MPs, studies involving the adsorption/desorption of
hydrophilic compounds are scarce, thus reflecting the lack of information on the different
interaction mechanisms involved in these processes.

Among such hydrophilic compounds, metformin, which is the main drug used to
treat type 2 diabetes mellitus, as well as COVID-19 and polycystic ovary syndrome, has
seen a considerable increase in consumption [17].

The presence of metformin has already been detected in sanitary sewage, effluents
from sewage treatment plants and even in aquatic environments. Mayoudom et al. [18]
detected the presence of 19 drugs and/or their metabolites in the sewage of the University
Teaching Hospital of Yaoundé (UTHY), with metformin having the second highest concen-
tration (154 pg L~1), second only to paracetamol (211.9 ug L™ 1). In Germany, Trautwein
et al. [18] identified the presence of metformin at multiple points in fresh and saltwa-
ter and domestic sewage, with the maximum values obtained in raw domestic sewage
(142.3 ug L~ 1), WWTP effluent (67.2 ug L~1), lakes (216 ng L™ 1), river water (645 ng L™ 1)
and seawater (463 pg L.

Even at low concentrations, such as those detected by Souza et al. [19], metformin can
cause behavioral and physical changes in fish, such as altered mitochondrial metabolism,
stress behaviors and even mortality.

Despite its relevance, the interaction between metformin and microplastics is a phe-
nomenon that has rarely been studied to date; therefore, the present study aims to evaluate
the behavior of polyethylene microspheres with respect to the transport of metformin
hydrochloride in aqueous media by adsorption and desorption.

2. Materials and Methods
2.1. Physical-Chemical Analyses and Reagents

The reagents used in the assay were of analytical grade, except for metformin (MET),
whose commercial formula comprised 500 mg capsules of metformin hydrochloride. The
solutions were produced with distilled water. The microplastic consisted of polyethylene
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microspheres (PMEs) purchased locally. The average diameter of the particles, according to
the manufacturer, was 0.5 mm, and it was not necessary to perform any form of maceration
or pulverizing of the material for characterization and performance of the sorption tests.

Metformin analysis was performed according to the spectrophotometric method with
an absorbance at 232 nm, as proposed by Laporta et al. [20]. The equipment used was a
Hach spectrophotometer, model DR 5000. The analytical curve was constructed with the
commercial product in the range of 5mg L~! to 50 mg L' and R? = 0.99. All analyses were
performed with samples previously filtered through quantitative filter paper.

2.2. Physicochemical Characterization of PMEs

The surface characteristics of the samples were studied via morphological characteriza-
tion of the surface and elemental analysis (JEOL Scanning Electron Microscope, JSM—6610
and Thermo Scientific NSS Spectral Imaging with gold sputtering) to obtain images and ana-
lyze the adsorption and desorption of nitrogen (ASAP2020/Micromeristic). The specific sur-
face areas of the PMEs, as well as the size and distribution of pores, were determined using
ASAP (Accelerated Surface Area and Porosimetry) equipment. The BET model (Brunauer,
Emmett and Teller) was applied to the nitrogen gas adsorption/desorption isotherms,
which were obtained over a temperature range from 30 °C/303.15 K to —196 °C/77 K, at a
heating rate of 10 °C min~!, at 1 mmHg, with a relative pressure of 107 Pa.

Physicochemical characterization of the PMEs was performed by identifying the
surface functional groups via Fourier transform spectroscopy in the infrared region (F-IRR)
(Bruker Vertex 70 spectrometer), performing the test at the zero-charge point (pHpcyz),
according to the 11-point method presented by Essandoh et al. (2015), which consisted of
adding 0.1 g of PMEs to 50 mL of 0.1 M KCl solution under different initial pH conditions
ranging from 2 to 12. The suspensions were stirred at 125 rpm for 24 h at 25 °C. After the
test period, the pH of each solution was measured, and a graph of the relationship between
the initial pH and final pH was constructed to determine the pH at which the buffer effect
occurred [21].

2.3. Adsorption—Desorption Assays in PMEs

The methodology for studying the adsorption—-desorption dynamics of MET on
polystyrene microplastics was designed to systematically evaluate the interaction mech-
anisms and influencing factors in this process. This section outlines the experimental
approach used to quantify the adsorption capacity of polystyrene microplastics for met-
formin and to assess the subsequent desorption under controlled conditions, as shown
in Figure 1. Adsorption experiments were conducted by exposing polystyrene microplas-
tic particles to metformin solutions of varying concentrations, allowing for equilibrium
studies that detail adsorption isotherms. Following adsorption, desorption studies were
performed by transferring metformin-loaded microplastics to fresh aqueous media at pH 7
to investigate the release potential of metformin back into the environment. Analytical
methods were utilized for precise quantification of metformin concentrations before and
after the experiments. This methodology provides a comprehensive framework to eluci-
date the role of microplastic pollutants in the environmental transport and persistence of
pharmaceutical contaminants.

Analyses of the effects of pH, PME dosage and temperature on adsorption were
performed, as were assays to determine the adsorption capacity and rate of metformin, the
latter using isotherms and adsorption kinetics, respectively. All the assays were performed
in batches using an orbital shaker table (SoLab-223) maintained at a constant speed of
100 rpm and a temperature of 22 °C £ 1 °C in an acclimatized chamber. When necessary,
the pH of each solution was adjusted with 0.1 M hydrochloric acid (HCI) or sodium
hydroxide (NAOH).
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Figure 1. Flowchart of the experimental approach.

To evaluate the effect of pH on adsorption, 0.1 g of PMEs was added to 50 mL of
metformin solution at a concentration of 20 mg L~!, and the pH was adjusted to between
2 and 11 per unit [22]. To evaluate the influence of PME mass on metformin adsorption,
masses of 0.05 g, 0.1 g, 0.15g, 0.25 g, 0.5 g and 1.0 g of PMEs were added to 50 mL of
metformin solution at a concentration of 20 mg L~!. In both assays, the suspensions were
kept under constant agitation (100 rpm) for a period of 24 h, and the results were expressed
as the percentage of metformin removed (%) and the adsorption capacity—qe (mg g ).

For the metformin adsorption capacity assay, 0.1 g of PMEs was added to 50 mL
of metformin solution at concentrations of 10, 20, 40, 60, 100, 150 and 200 mg L1 The
mixtures were kept under constant agitation for 24 h. At the end of the assay, the metformin
concentration was determined, and the adsorption capacity values (qe) were calculated
(Equation (2)). The adsorption parameters were obtained via the Langmuir and Freundlich
adsorption isotherm models [23].

The adsorption kinetics of metformin on PMEs were evaluated by maintaining 0.1 g
of PMEs in 50 mL of metformin solution with a concentration of 20 mg L1, under constant
agitation and temperature. At determined time intervals, aliquots of this mixture were
collected to determine the amount of metformin remaining. The assay was terminated
when the concentration of metformin in the solution remained constant [24]. To obtain the
kinetic parameters, the metformin adsorption capacity data as a function of time (q;) were
fitted to pseudo-first-order models [25,26].

To evaluate the effect of temperature on the adsorption process, adsorption isotherm
tests were performed at 25 °C, 35 °C and 45 °C. PMEs (0.05 g) were added to 50 mL of met-
formin solution at concentrations of 40, 60, 100, 150 and 200 mg L-1[27]. The suspensions
were kept under constant agitation for 24 h. The thermodynamic parameters obtained were
the free energy change (AG®), enthalpy change (AH®), and entropy change (AS®).

Desorption capacity and kinetics assays were conducted in batches using an orbital
shaker table (SoLab-223), maintained at a constant speed of 100 rpm, and a temperature of
22 °C £ 1 °C, in a climatized chamber. The regenerating solution was distilled water with
6.0 <pH <7.0[28].

PMEs saturated with metformin from the adsorption capacity tests were used. The
amount of metformin desorbed was calculated from the concentration of metformin in
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the fluid phase, either at time or at equilibrium, via Equation (1), whereas the amount of
metformin retained in the PMEs after the desorption test was calculated via Equation (2).

\Y%
qd=Cr><E (1)

s = 9e —9a (2)

where qq is the amount of metformin desorbed from the PMEs (mg g~!); gy is the amount
of metformin retained in the PMEs after desorption (mg g~ '), ge is the amount of adsorbed
metformin (at equilibrium) obtained in the adsorption assay (mg g_l), Cgq is the concentra-
tion of metformin desorbed in the fluid phase at any time t or at equilibrium (mg L~1); V is
the volume of regenerating solution (L); and m is the mass of PMEs (g).

3. Results and Discussion
3.1. Physicochemical Characterization of PMEs

Visualization of the surface area of the PMEs by scanning electron microscopy (SEM)
revealed that the microspheres do not have a defined standard shape (Figure 2a), which is
characteristic of the amorphous shape of polyethylene [29]. It is still possible to verify that
its surface has high roughness but low porosity, as evidenced in Figure 2b—d.

Figure 2. Scanning electron microscopy images of PMEs used in this study. Magnification: (a) 90 %,
(b) 500, (c) 1500 %, and (d) 5000 <. Arrows indicate the presence of cracks on the surface of the PMEs.

Although it was not possible to verify the porosity of the samples, at the analyzed
points, cracks could also contribute to increasing the surface area of the material and thus
provide a greater number of active sites for adsorption, an attribute inherent to an adsorbent
solid, indicating the possible ability of PMEs to retain compounds on their surface [30].

The analysis of the curves obtained from the N, adsorption and desorption isotherms
(Figure 3) confirmed the surface structure observed via SEM. According to Thommes
et al. [31], the curves obtained for the PMEs (Figure 3) are classified by the IUPAC as



Water 2024, 16, 3332

6 of 19

class III, which describes the solid surface of nonporous or macroporous materials whose
interactions between the adsorbent and adsorbate are relatively weak and without an
identifiable monolayer.

—+—Adsormption ——Desorption

10

7.5

Quantity Adsorbed (cm3/g STP}

0 0.2 04 0.6 0.8 1
Relative Pressure (P/P0)

Figure 3. N, adsorption and desorption curves of the PMEs.

The surface area obtained for the PMEs was 17.56 m? g1, with a mean volume and
pore size of 0.02 cm® g~! and 37.26 A, respectively. In the literature, these values are
different; for example, [32] identified an area of 0.0062 m? g~! for polyethylene extracted
from a facial scrub. Wang et al. [8] worked with commercial polyethylene particles and
obtained surface areas, volumes and average pore sizes of 0.23 m? g1, 0.003 cm® g~! and
320,848 A, respectively; thus, an adequate comparison is not possible. However, the average
size of MET molecules, which was obtained by the Chemsketch program by considering
the greatest distance between the H atoms of the molecule, was 7.76 A, and thus, is not an
impediment to adsorption within the pores.

3.2. Influence of the pH of the Medium and the Mass of PMEs on the Adsorption of MET

The pH of the medium is one of the parameters that most affects the adsorption
of ionizable organic molecules, both because of its influence on the surface charge of
the adsorbent material, which depends on its point of zero charge (phzcp), and on the
speciation of the organic contaminant.

According to Guan et al. [33], the surfaces of certain microplastics have relatively low
phzcp values between 4.0 and 7.0. For the PMEs under study, the phzcp was 6.5; thus,
in systems with pH values lower than 6.5, a positive charge is created on the MP surface
due to protonation of its hydrated surface, whereas for pH values higher than 6.5, surface
deprotonation occurs, thus leading to the formation of negative surface charges [34].

The metformin molecule (1,1-dimethylbiguanide HCI) is considered a cationic com-
pound composed of two guanidine groups. The molecule has two pk values (2.8 and 11.5)
and three structures as a function of pH (diprotonated at pH < 2.8, monoprotonated at
2.8 < pH < 11.5 and neutral at pH > 11.5), according to the schemes shown in Figure 4 [35].
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Figure 4. Illustration of the structure of the metformin molecule as a function of the pH of the
medium [35]. Scheme 1—monoprotonated, Scheme 2—diprotonated, and Scheme 3—neutral.

Figure 5 shows the MET adsorption capacity values for different pH values.
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Figure 5. MET adsorption capacity as a function of pH.

For pH values lower than 4, it was not possible to obtain the adsorption capacity
because it was not possible to visually perceive the MET precipitation. Desai et al. [36]
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reported that at acidic pH values (1.2 and 4.5), the dissolution rates of metformin hy-
drochloride were lower than those observed at pH = 6.8. When protonated, the ability
of metformin molecules to form hydrogen bonds increases, leading to better solvation in
aqueous media [37] and consequently an increase in their hydrodynamic radius, resulting
in lower diffusion coefficients during protonation [36].

At other pH values, no significant variations in the adsorption capacity of MET were
observed. Between pH 5 and 11, the results remained in the range between 0.62 mg g~ !
(pH =9.0) and 0.78 mg g~ ! (pH = 8.0). According to the pKa values of the MET molecule,
in this pH range, there is a predominance of the monoprotonated structure of the molecule
(Figure 4, Scheme 1). As the phzcp of the PMEs obtained was 6.5, the MET was able to
interact with both the positively and negatively charged surfaces. It is believed that this
behavior is linked to the possible conformations of the electronic structure of the molecule
resulting from the tautomeric forms of the guanidine groups. Bharatam, Patel and Igbal [38],
through studies of the electronic structure of biguanides, demonstrated the existence of
10 interconvertible tautomeric forms due to electron delocalization, either by delocalization
of the lone pairs of electrons in the nitrogen of the amine group or by delocalization of
electrons. This phenomenon causes a concentration of electron density in the molecule,
creating negative and positive potentials in the structure.

Regarding the influence of SEM mass on MET adsorption (Figure 6), a decrease in
adsorption capacity was observed with increasing PME dosage. This behavior is similar
to that observed for adsorbent materials produced from biomass [39] and occurs because
of the greater availability of active sites for adsorption due to the increase in the mass of
PMEs [40].

0.3
__ 03

™
i

oy 02
%“ 0.2

o I I -
00 H =
2 3 ] 10 20

Dosage (g L)
Figure 6. Adsorption capacity (qe) of MET as a function of the mass of PMEs.

The adsorption capacity behavior shown in Figure 6 may have a worrying impact on
the aquatic environment. According to a study by Divine et al. [41], the number of MP
particles observed in surface water ranges from 600 to 1305 particle / m?3, in seawater from
30 to 1110 particles/m?3, and in sanitary sewage from 965 to 7800 particles/m3. Thus, in
media containing contaminants, such as metformin, the surface of the MP particles will
have greater adsorption capacity because of the low proportion of MPs.

3.3. Study of the Adsorption Capacity

The adsorption data obtained in the assays fit only the Freundlich model (R? = 0.9428).
Figure 7 shows the adsorption isotherms and fits of the data to the Freundlich model.
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Figure 7. Adsorption isotherms and data fit to the Freundlich model.

In the literature, the interactions between organic compounds and microplastics are
predominantly represented by this model. In this case, the adsorption of metformin onto
PMESs under the test conditions occurred in multiple layers on an energetically heteroge-
neous surface, indicating that physical adsorption was predominant [42].

The parameters n, and Kay of the Freundlich equation describe the nonlinearity of
sorption and the affinity of the adsorbate on the adsorbent. In the present study, the value
of n, < 1(0.64) suggests a decrease in the sorption affinity of MET with increasing initial
concentration in the aqueous phase, whereas the value of Ka; low (0.21 mg g~ 1) reflects the
low affinity of MET for MP beads.

Metformin is considered a hydrophilic compound because its log Kow (—1.2) value
is <2.0, so the predominant sorption interactions with the surface of the PMEs were not
hydrophobic. Therefore, the partition coefficient between the liquid phase and the solid
phase (microplastic) (Kp), calculated from Henry’s region (linear portion) of the isotherms,
was 151.0 L g_1 (R? =0.99), and the Log Ky value was —1.21, values that were significantly
lower than those obtained for hydrophobic organic compounds by other authors (Table 1).

Table 1. Valores de KD para adsor¢ao de diferentes compostos.

Composto Temp. (°C) (LI;]31) LogKow Classification Ref.
Metformin 25 151.0 —-1.21 HFI This research
Propranolol o4 2.3 3.48 HFO [30]
Sertraline 3.33 5.29 HFO

Phenanthrene 12.8 x 100 4.46 HFO

Nitrobenzene 25 97.7 x 10° 1.85 HFO [43]

Naphthalene 67.6 x 10° 3.3 HFO

Carbendazim 1.28 x 1073 - HFO

Difenoconazole o5 0.63 x 10° - HFO [42]
Malathion 0.08 x 103 - HFO

Diflubenzuron 0.26 x 103 - HFO

Note: HFI—hydrophilic; HFO—hydrophobic.
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As the assay was performed at pH = 8.0, the surfaces of the PMEs are predominantly
negative (pHpcz = 6.5), whereas MET is present in its monoprotonated form (Figure 4,
Scheme 1), which suggests that electrostatic interactions have occurred [44].

Razanajatovo et al. [30] also proposed the same assumption when studying the ad-
sorption of the drugs propranolol and sertraline, both hydrophilic compounds, on PE
particles at pH values above the zero charge point and above the pKa of microplastics and
drugs, respectively.

Furthermore, in the production processes of polymers, different additives are used
to improve their plastic properties, which may confer diverse functional groups on their
surfaces [43]. For this reason, Zhao et al. [45] emphasized that interactions such as hydrogen
bonds, m-7t interactions and van der Waals forces should not be ignored in adsorption
processes involving MPs.

In the case of PE, the addition of oleamide and erucamide is common for improving
the characteristics of plastic films [46]. These additives have polar oxygenated functional
groups that, when exposed to the PE surface, can form hydrogen bonds with compounds
that have secondary amines in their structure [42], as is the case with MET.

The presence of functional groups in the PMEs and their possible interactions with
MET were analyzed via the FI-IR method, and the spectra before and after the adsorption
of MET are shown in Figure 8.

PME
— P ————— -
s a9 2849 1627 1465 718
3436
PMES
IETR 2930 =703 1547 Yaag =1
G000 2580 2100 2850 2200 1760 1200 250 400

Wave number [n:m'lj
Figure 8. FTIR spectra of the PMEs before adsorption (PME) and after adsorption of met-
formin (PMES).

In the PME spectrum shown in Figure 8, peaks were identified at 2918 cm~! and
1465 cm~!, corresponding to the symmetric stretching and deformation of -CH,, respec-
tively, and at 718 cm L, they were attributed to wobble deformation [47]. These peaks,
together with those observed at 2848 cm ™! and 2918 cm~! (-CH, group), suggest that
the material of the microspheres corresponds to PE (Lan et al., 2021) [42]. The peak at
3436 cm ™! corresponds to the -OH group [48].

After MET adsorption (PMES spectrum), peaks were identified for the metformin
molecule at 3678 cm ! and 1478 cm ™!, attributed to the stretching of the N-H and C-N
bonds, respectively, and a peak corresponding to bending =CH was identified at 951 cm .
Furthermore, the disappearance of the band at 3436 cm ™! suggests the presence of hy-
drogen bonds between -OH groups in the PME and the secondary amine in the MET
image. In addition to the disappearance of bands, other aspects that suggest interactions
between the functional groups of PMEs and MET include reductions or shifts in peaks after
adsorption [49].
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3.4. Adsorption Kinetics

Figure 9 shows the results of MET removal as a function of time.
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Figure 9. MET removal as a function of time.

The reaction occurred quickly during the first 15 min of the test and tended to reach
the equilibrium state during the first 60 min of the test. The decrease and subsequent
equilibrium in the adsorption rate with time is due to the occupation of active sites on
the surface of the PMEs followed by their full occupation [15] or by the decrease in the
concentration of MET in the medium, generating a reduction in the driving force [34].
The mean concentration remaining at equilibrium was 16.8 mg L~1, corresponding to an
average removal capacity of 1.54 + 0.0071 mg g~! and a removal efficiency of 19.85%. Lin
et al. [50] studied the adsorption of Basic Blue 9 and Reactive Red 120 onto particles of
polyethylene, polyethylene terephthalate, polystyrene, high-density polyethylene and low-
density polyethylene and reported similar behavior, i.e., rapid initial adsorption followed
by lower velocities until equilibrium; however, the time periods for the adsorption of the
dyes were on the order of days, with adsorption capacities at equilibrium ranging from
15.90 mg g~ ! to —18.80 mg g~ ! for Reactive Red 120, and between 15.55 mg g~ ! and
18.54 mg g~ ! for Basic Blue 9. Atugoda et al. [15] studied the adsorption of the antibiotic
ciprofloxacin onto polyethylene particles and the adsorption equilibrium in a 3 h assay,
and reported a capacity of 2.1 mg g~!. When studying the adsorption of triclosan onto PE
particles, Chen et al. [51] obtained results closer to those of the present study, with an eq
and equilibrium time of 30 min and 1.21 mg g~ !, respectively.

The transfer of a contaminant from the liquid phase to the surface of a solid occurs via
different mechanisms, such as surface adsorption (external diffusion), internal diffusion
and mechanisms of interaction between the adsorbate and adsorbent [52]. Kinetic models
are commonly used to obtain information about the mechanisms that govern adsorption,
the most common of which are the pseudo-first- and pseudo-second-order models.

Figure 10 shows the fit of the results to the pseudo-first- and pseudo-second-order
kinetic models, while Table 2 shows the values of the parameters obtained for each model.
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Figure 10. Adsorption kinetics and data fit to the pseudo-first- and pseudo-second-order models.

Table 2. Kinetic parameters for MET adsorption onto PMEs.

Pseudo-First Order Pseudo-Second Order

Parameter Unit 9 = 9 (1 — efklt) q = 1};2133(;;
Je(exp.) mg g~ 1.5473 1.5473
Je(calc.) mg g~ 1.4392 1.4879

Ky min 1 1.3240 -
Ky g mg~ 'min~! - 1.2166
R2 - 0.9139 0.9519

Note: Assay performed with an initial concentration of MET = 20 mg L1, pH = 8.0, and temperature = 22 °C 4 1 °C.
Parameters: k;—pseudo-first-order rate constant; k,—pseudo-second-order rate constant; ge—amount of MET
adsorbed at equilibrium; gg—amount of MET adsorbed at a given time; t—time (min).

With respect to the kinetic parameters (Table 2), the highest value of R? and Je(calc)
closest to qe(exp) Was for the pseudo-second-order model, indicating that the adsorption
under study could be represented by a process in which chemical interactions between
the adsorbent and adsorbate are predominant (chemosorption) [53] and controlled by
limitations of active sites on the surface of PMEs for MET interaction [51].

In the literature, the pseudo-second-order model has been widely used to describe the
mechanism of interaction between PM particles and organic contaminants. However, in
the present study, as in the one developed by Lu et al. [54], the fit to the pseudo-first-order
model also presented satisfactory parameters (R? = 0.91, €e(exp.) = 1.44), which implies
that physical phenomena dominate the adsorption process. Thus, as both models obtained
satisfactory fits, it is suggested that both physical and chemical mechanisms contribute to
the adsorption of MET onto the PMEs under the study conditions.

To evaluate the MET adsorption rate after the initial adsorption stage, the Webber—
Morris intraparticle diffusion method was used, plotting q; as a function of t°3 [55], and
the results are shown in Figure 11.
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Figure 11. Fitting data of MET adsorption onto PME spheres. Note: The assay was performed with
an initial concentration of MET =20 mg L~!, pH = 8.0, and temperature = 22 °C + 1 °C.

The presence of two stages (Figure 11) means that the adsorption of MET onto PMEs
is a heterogeneous process controlled by two adsorption mechanisms [55]. In the first stage,
a greater slope of the line is observed; therefore, a higher rate of MET occupancy occurs at
the external activated sites, followed by diffusion in the internal pores [51]. In the second
stage, represented by the plateau, there is an important external mass transfer equilibrium
between the MET in the liquid phase and the MET adsorbed onto the PMEs, suggesting a
dynamic adsorption/desorption equilibrium [53].

Furthermore, as none of the lines pass through the origin, it can be inferred that both
liquid film diffusion and intraparticle diffusion simultaneously control the MET adsorption
process [51].

3.5. Influence of Temperature on MET Adsorption in PMEs

The influence of temperature on the adsorption of MET onto PMEs was analyzed via
adsorption isotherms at temperatures of 25 °C, 35 °C and 45 °C, as shown in Figure 12,
and the thermodynamic parameters obtained from the Gibbs free energy and van’t Hof
equations are shown in Table 3.

29 =
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Figure 12. Influence of temperature on MET adsorption onto PMEs.
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Table 3. Thermodynamic parameters for the adsorption of MET onto PMEs.
Temperature (°C) Ky AG,q4s AH, 4, AS,4s
Kq=¢& AG = —RTInKy In(Kq) = 4 — &4
25 0.15 46.33
45 0.13 52.19 40.99 -0.29
55 0.13 55.12

Note: AG—change in Gibbs free energy T—temperature (K), R—universal gas constant 8.314 (JK~! mol™),
Kg—equilibrium constant, AS—entropy (J mol~1 K1) and AH—enthalpy (J mol™1).

Figure 12 shows that the adsorption of MET onto PMEs with respect to tempera-
ture exhibited two distinct behaviors. For initial MET concentrations of 40 mg L~! and
60 mg L~! (region A), there was no influence of temperature on the adsorption capacity,
whereas for initial concentrations of 100 mg L1, 150 mg L~! and 200 mg L ! (region B),
the temperature variation was more relevant in the process, but in a limited way. As shown
in Figure 12, the increase in temperature from 25 °C to 45 °C increased the capacity of
adsorption of the MET onto the PMEs; however, when the tests were performed at 55 °C,
the adsorption decreased.

Chen et al. [56] reported the same behavior when studying the adsorption of tri-n-
butyl phosphate and tris(2-chloroethyl) phosphate onto polyethylene microparticles and
reported that the decrease in the adsorption capacity of contaminants with increasing
temperature occurred as a result of decreased van der Waals interactions or disruption of
hydrogen bonds between the adsorbate and microplastic due to increased random motion
of molecules.

Regarding the thermodynamic adsorption parameters AG,qs, AH,g4s and AS,4s (Table 3),
positive values of AH,qs (40.99 ] mol~!) and AG,qs (46.33 ] mol~!) indicate that the ad-
sorption is endothermic and nonspontaneous, respectively. These results indicate that the
process of MET adsorption onto PMEs requires the input of additional external energy in
the range of 2545 °C [57]. This result indicates that, although they are not predominant,
hydrophobic interactions between MET and PMEs also occur because as the temperature
increases, hydrophobic interactions are potentiated [53]. Evaluating changes in AS,44 is a
way to measure the repulsive or binding force in a system, which is related to the spatial
arrangement of the adsorbent interface. In this case, the result of AS,45 < 0 suggests a lower
randomness at the solid /solution interface during the adsorption process, which indicates
a weak affinity between MET and PMEs [58].

3.6. Desorption Capacity of MET of the Surface of PMEs

The MET desorption behavior of PMEs after 24 h is presented in Figure 13. The
desorption capacity (qd) represents the amount of MET present in the regenerating solution
after a 24 h contact period, with PMEs saturated with varying amounts of MET (qa), as
determined from the adsorption isotherm experiment conducted at 45 °C.

The desorption equilibrium results presented in Figure 13 indicate that the desorption
capacity increases as a function of the initial amount of adsorbed MET (qa). However, when
the percentage of desorption is analyzed, it initially decreases with increasing amounts
of MET adsorbed onto the PMEs, from 26.14% to 9.84%, and then remains at this value
regardless of the amount of MET adsorbed onto the PMEs.

Desorption was likely favored by the pH and temperature of the liquid medium used.
As the adsorption of MET onto the PMEs proved to be an endothermic process, low tem-
peratures favored the desorption process. In addition, the pH value of the desorption assay,
which is close to neutral, may also influence desorption because, under these conditions,
the surface of the PMEs has a lower tendency to present a negative surface (pHpcz = 6.5),
whereas the MET molecules can have a diprotonated structure (Figure 4, Scheme 2), which
would lead to repulsion between the MET and microplastic. Mcdougall et al. [59] reported
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that the desorption of cationic pharmaceuticals was increased at low pH values and, similar
to the present study, concluded that electrostatic repulsion favored this process.
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Figure 13. Desorption capacity (qq) and efficiency (%) of the MET of the PMEs. Note: Assay conditions:
50 mL of regenerating solution (deionized water) with 6.0 < pH < 7.0. Temperature—22 °C.

As for the adsorption isotherms, the desorption data fit best and fit only the Freundlich
model (R? = 0.72). Table 4 shows the values of the desorption parameters obtained after
fitting the results to the Freundlich model and the hysteresis index (HI) values [60] obtained
for five MET concentrations at equilibrium (Ce) at 25 °C.

Table 4. Values of the adsorption and desorption parameters adjusted to the Freundlich model and
the hysteresis index (HI) obtained for the adsorption and desorption assay.

Ce (mgL—1) n, ng kK¢ (mgg 1 ki (mgg? HI
d a

34.37 <0

53.43 <0

84.62 0.64 2.22 0.21 1.10 <0

141.99 <0

195.46 <0

Note: qe? and qe? are the amounts of MET adsorbed at equilibrium in the PMEs obtained in the single-cycle
adsorption and desorption experiments, respectively. EC and equilibrium concentrations of MET in the aque-
ous phase.

A value of ng > 1 (2.24) indicates that desorption is nonlinear and favorable, i.e.,
desorption can increase with increasing amounts of MET initially adsorbed onto PMEs, a
phenomenon also observed by Wu et al. [60].

In the case where all HI values were <0, the adsorption of MET onto the PMEs was
completely reversible, and no hysteresis occurred.

3.7. Desorption Kinetics

The desorption capacity and percentage desorption results, as shown in Figure 14A
and 14B, respectively, demonstrate that MET desorption was quite fast. In the first minute
of the test, there was a desorption (qiq) of 1.40 mg g_l (88.6%) of desorbed MET, and
equilibrium after 60 min with qeq = 1.45 mg g~! 4 0.008 mg g~ ! (92.3%). These desorption
percentage values for MET were significantly higher than those observed for adsorption
(19.85%). This result reflects the hydrophilic characteristics of the MET molecule.
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Figure 14. Desorption kinetics. (A) Desorption capacity qq (mg g~ 1), and (B) % MET desorption.
Note: 50 mL of deionized water, pH = 7.0, T = 22 °C, agitation = 100 rpm.

Other studies involving the adsorption of organic compounds onto polyethylene
microplastics have also reported high desorption rates. Ju et al. (2023) reported 40%
desorption of chlorpyrifos (organophosphate insecticide).

The fit of the data to the kinetics models was satisfactory for both models (R? > 0.99).
The pseudo-first-order and pseudo-second-order desorption constants were 3.20 min~—! and
16.08 g mg~! min~!, respectively. A comparison of the values of these desorption constants
with the respective adsorption constants (k; = 1.32 min~! and k; = 1.22 g mg~! min~!)
indicates that the desorption rate was significantly greater.

Both the reversibility and the high desorption rates of MET on PMEs demonstrate
that polyethylene can release metformin into aquatic environments under the pH and
temperature conditions commonly observed in many water bodies, which may pose a
potential environmental risk.

3.8. Environmental Considerations

Previous studies have demonstrated both the frequent presence of polyethylene mi-
croplastics in aquatic environments and their ability to transport hydrophobic contaminants.
However, the present study revealed that polyethylene particles can also transport com-
pounds that are considered hydrophilic, such as metformin (MET).

MET adsorption can occur at pH values > 5.0, which comprises both industrial efflu-
ents and domestic sewage. It was clear that the adsorption was fast and that low PME/MET
ratios considerably increased the adsorption capacity of the particles.

The desorption process in waters with pH values close to 7.0 was relatively fast and
reached high percentages. This finding demonstrates that MET bound to polyethylene
particles, when in contact with environmental water, becomes bioavailable [59], indicating
that PMEs can be considered MET vectors.

4. Conclusions

The present study focused on the adsorption of MET, a hydrophilic compound, onto
polyethylene microbeads (PMEs).

The results showed that pH values above 5.0 had little influence on MET adsorption
onto PMEs. However, lower ratios of microplastics relative to MET concentrations in the
liquid phase could enhance MET adsorption capacity.

Adsorption occurred rapidly within the first 15 min, reaching equilibrium at 60 min,
with a media removal capacity of 1.54 mg g~ & 0.00713 mg g~ ! and removal efficiency
of 19.85%. Desorption was faster, with 1.3929 mg g~ ! (88.6%) of MET desorbed, and
equilibrium reached at 60 min, with ged = 1.4472 mg g~! + 0.008 mg g~ ! (92.3%).

The adsorption isotherm data fitted only the Freundlich model (R? = 0.9428), with
parameters indicating decreasing sorption affinity (n < 1; 0.63945) as MET concentration
increased, while a low Kaf (0.21156 mg g~ !) reflected MET’s low affinity for the PMEs.
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In desorption isotherms, nd > 1 indicated nonlinear and favorable desorption, meaning
it could increase with higher initial MET adsorption. Hysteresis index (HI) values of
<0 suggested that MET adsorption onto PMEs was fully reversible, with no hysteresis
occurring.

These findings emphasize the potential for polyethylene to release metformin into
aquatic environments under typical pH and temperature conditions, posing an environ-
mental risk.
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