The present document is the Post-Print version of the article entitled “The Sorption of Amoxicillin
on Engineered Polyethylene Terephthalate Microplastics”, Journal of Polymers and the
Environment (2023) 31:1383-1397, DOI: 10.1007/s10924-022-02690-0. The final version of the
manuscript can be found at the following link https://doi.org/10.1007/s10924-022-02690-0.

The sorption of amoxicillin on engineered polyethylene terephthalate microplastics

Francesca Lionetto!”, Carola Esposito Corcione?, Francesco Messa?, Serena Perrone?, Antonio
Salomone?, Alfonso Maffezzolit
!Department of Engineering for Innovation, University of Salento, Via per Monteroni, 73100 Lecce,
Italy
2Department of Biological and Environmental Sciences and Technologies (DISTEBA), University
of Salento, Via per Monteroni, 73100 Lecce, Italy
3Dipartimento di Chimica, Universita degli Studi di Bari Aldo Moro, Via Orabona 4, 70125
Bari, Italy

“Corresponding author: francesca.lionetto@unisalento.it

Orcid IDs:

Francesca Lionetto: 0000-0003-4466-1161
Carola Esposito Corcione: 0000-0002-3056-1162
Francesco Messa: 0000-0002-1664-6151

Serena Perrone: 0000-0003-4887-6805

Antonio Salomone: 0000-0002-3161-385X
Alfonso Maffezzoli: 0000-0002-6371-4030


mailto:francesca.lionetto@unisalento.it

The sorption of amoxicillin on engineered polyethylene terephthalate microplastics

Francesca Lionetto!”, Carola Esposito Corcione?, Francesco Messa?, Serena Perrone?, Antonio
Salomone?, Alfonso Maffezzolit
!Department of Engineering for Innovation, University of Salento, Via per Monteroni, 73100 Lecce,
Italy
2Department of Biological and Environmental Sciences and Technologies (DISTEBA), University
of Salento, Via per Monteroni, 73100 Lecce, Italy
% Dipartimento di Chimica, Universita degli Studi di Bari Aldo Moro, Via Orabona 4, 70125 Bari,
Italy

“Corresponding author: francesca.lionetto@unisalento.it

Abstract

The adsorption studies of contaminants on microplastics (MPs) collected from the marine
environment are very hard to carry out mainly due to the difficulties associated with both to filtration
of MPs and separation from biofilm and organic matrices. In this work, MPs were produced by a top-
down protocol from polyethylene terephthalate (PET) bottles collected on the beach, thus already
aged in the natural environment, and compared with engineered MPs obtained from PET pellets. Both
types of MPs (size <150 um) were used to study the adsorption of amoxicillin, which is one of the
most widely consumed antibiotics in the world and is found unchanged in the aquatic environment.
The results of sorption Kinetics and isotherm tests indicated that aged MPs absorbed a higher
antibiotic content than unaged ones since the two kinds of microplastics had different specific surface
areas.

The experimental results were explained by analysing the thermodynamic affinity among amoxicillin
and PET MPs and comparing it with several pharmaceuticals and other microplastics by evaluating
Hansen’s solubility parameters (HSPs), which account for dispersive, polarizable and hydrogen
bonding contributions to the overall cohesive energy of a compound. The possible interaction
mechanism among amoxicillin and PET MPs, based on hydrogen bond interactions among the
antibiotic and the ester groups of the polymer, was hypothesised. The results of adsorption tests
demonstrated that PET MPs can be pollutant carriers with potential long-range transport in the aquatic

environment.
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1. INTRODUCTION

The annual production of plastics worldwide has increased significantly over the past decades. In
2018, almost 360 million tonnes of plastics were produced [1] and by 2050 plastic production is
expected to intensify to 2000 million tonnes. Synthetic organic polymers became the fastest growing
segment of the municipal waste stream between 1950 and 2003. Due to the global COVID19, the use
of plastic based personal protection equipment’s has significantly increased, and consequently the
plastic waste production has exponentially risen [2,3]. In particular, their presence in the marine
environment has emerged as a significant problem as they make up about 80 % to 85% of marine
litter [4,5]. Plastics come, in fact, into the aquatic environment in a wide range of sizes [6,7] and they
undergo slow degradation under natural conditions, caused either by chemical-physical processes
(such as photo-oxidation, thermal activation, hydrolysis, mechanical stress) or by biological activity,
into smaller fragments referred to as microplastics (MPs) [8,9]. MPs, particles smaller than or equal
to 5 mm in diameter size and with a regular or irregular shape, are ubiquitous environmental
contaminants found in seawater and sediments [10], wastewater [11], soil [12,13], air [14] and even
food products (e.g. beer, sea salt and tap water) [15]. MPs represent 92% of the 5.25 trillion plastic
particles on the ocean surface [4,16] and can originate from two sources, depending on whether
primary or secondary microplastics. Primary MPs are manufactured purposely for industrial or
domestic applications (toothpastes, exfoliating facial scrubs in personal care products etc.) [4].
Secondary microplastics originate from the breakdown of larger macroplastic debris under
environmental conditions [17,18]. Once entered the aquatic environments, MPs may have a great
impact on marine life and their ubiquitous nature leads to the inevitable human exposure to these
particles, posing risks to human health [19,20]. The most frequently detected MPs in the aquatic
environment are composed of polyethylene (PE), polyethylene terephthalate (PET), polypropylene
(PP), polyamide (PA), polystyrene (PS) and polyvinyl chloride (PVC) [21,22]. In particular, PET,
can be considered the largest utilized polymer for packaging, textiles and bottles, with global
manufacture of a minimum 30 million tons per year [23,24]. PET litter in the marine environment
has recently been recognised as one of the most hazardous wastes, causing numerous damage, such
as the embarrassment of the marine species within the plastic or their ingestion [23]. Even though
PET exhibits resistance to weathering, fragmentation processes are not immune to it. Several

degradation processes are expected to happen in marine ecosystems, due to abiotic weathering by



photo-oxidation and hydrolysis, and also to the biological activity [25]. The pH change in the ocean
may probably modify the chemical balance of microplastics by increasing or decreasing the rate of
chemical leaching from their surface, so PET, which is commonly understood to be safe, may become
dangerous in the near future. PET microparticles occur in surface waters and sediments around the
world but it is hard to define the precise abundance in different regions and environmental matrices
because of variability and challenges in sampling techniques [22,26]. According to Burns et al. [26]
and Kooi and Koelmans [27], the shares of PET in the aquatic environment is 16.5%. Starting from
the lower and upper concentrations reported by Murphy et al. [28], Long et al. [29] and Wolff et al.
[30], Schernewski et al. [31] calculated an average minimum of 401 PET particles/m® and an average
maximum of 14492 PET particles/m® in raw wastewater and stormwater. Even more difficult is the
quantification of PET nanoplastics, due to the very small size and the limit of actual sampling
techniques. However, there is evidence of the occurrence of PET nanoparticles in the environment
and living organisms [32].

A wide variety of pollutants can be absorbed in microplastics, including persistent pollutants,
pharmaceuticals, pesticides, herbicides and heavy metals [34,35]. The chemical compound, also
named sorbate, is distributed depending on its affinity for the sorbent phases. Therefore, the
distribution of chemical contaminants in the environment depends directly on the physicochemical
properties of both the MPs and the chemical contaminants as well as environmental characteristics
[36,37]. It has been recognized that the content adsorbed is higher than the pollutant level in the
surrounding environment [38]. Moreover, MPs and NPs can act as carriers or vectors for pollutants
to transport these chemicals and release them into the water environment and to biota [39,40].
Currently, there is a heated debate if the adsorption of pollutants on MPs could affect their fate and
toxicity in the environment and/or increase their bioavailability, causing enhanced health risks
compared to these pollutants alone [41,42].

Pharmaceuticals are emerging organic pollutants frequently detected in natural waters. The huge
consumption of pharmaceuticals in medicine and animal farming rises environmental risks. About
40-90% of pharmaceuticals administered are excreted in faeces and urine as parent compounds (in
the active form) into the environment [43]. Pharmaceuticals ultimately find their way into the
environment through runoffs, leaks, and sewage systems, and these could contaminate soils, water
bodies, and plants [43]. Moreover, the use of huge amounts of pharmaceuticals in animal farming can
result in agro-ecosystem contamination. This occurs when contaminated manure is applied on
agricultural lands as fertilizer and crops are irrigated with wastewater.

Among pharmaceuticals, antibiotics have received increasing attention in the last few decades, due

to their impacts on the microbial community as well as the generation of antimicrobial resistance



Furthermore, they represent an important class of contaminants, frequently detected in the aquatic
environment worldwide [44].

According to the World health Organization [45], amoxicillin (AMX) is among the most widely
consumed antibiotics in the world and it is used as a first-line drug both in human and veterinary
medicine in many countries [46]. AMX is a semi-synthetic pharmaceutical product, belonging to the
class of p-lactam antibiotics, and it is a broad-spectrum antibiotic used for the treatment and
prevention of human respiratory, gastrointestinal, urinary, and skin bacterial infections; moreover,
this drug is used extensively for animal diseases as well as growth promoters for many domestic and
food animals [46,47]. The original antibiotic is excreted unchanged in the urine and faeces at high
rates; therefore, it is likely to find amoxicillin traces in the aquatic environment [48]. Several recent
studies demonstrate the persistence of AMX in wastewater treatment plants since they are not
completely removed by biological treatments [49]. For example, this pollutant has been found at the
ng/L level in various countries such as India [50], Turkey [51], Italy [49], Ghana [52] and Australia
[44]. The concentrations of AMX in different water bodies around the world generally range from
1.8 ng/L to 1.6 pg/L [46], but also higher values, for example, 6.9 pg/L [53], have been also detected
in some wastewater treatment plants. Khasawneh et al. [54], by reviewing the current data available
on the global occurrence of 43 pharmaceutical compounds in municipal wastewater treatment plants
in the period from 2010 to 2020, found that amoxicillin recorded the highest daily emissions (944
g/day). Notably, Otoo et al. [55] found a concentration of 8.8 mg/L of amoxicillin in hospital
effluents. Recent studies have highlighted the potential environmental concerns of this
pharmaceutical in some hotspot areas, although further efforts are required to investigate the
ecological consequences of AMX [56]. Antibiotics can affect natural microbial communities through
the disappearance and/or inhibition of some microbial groups involved in important ecosystem
functions [57] or the generation and spread of antibiotic-resistant genes, bacteria, and even superbugs
[58]. Therefore, the potential ecotoxicological risk associated with the presence of antibiotics in the
aquatic environment has turned the spotlight on the adsorption of antibiotics on microplastics ad their
transport.

Therefore, the study of the interactions between antibiotics and MPs has gained increasing attention
in recent years for the assessment of environmental risks. Li et al. [59] analysed the adsorption of
five antibiotics (sulfadiazine, amoxicillin, tetracycline, ciprofloxacin, and trimethoprim) on five types
of microplastics (PE, PS, PP, PA, PVC) in the aquatic environment. Adsorption experiments revealed
that PA, characterized by a porous structure and hydrogen bonding, had the strongest adsorption
capacity for antibiotics [59]. Additionally, Guo et al. [60] used tylosin, a widely used veterinary

antibiotic, as a model pollutant to test the sorption performance of four types of MPs (PE, PP, PS and



PVC). They found that the sorption ability of tylosin on the sorbent MPs, mostly dominated by
electrostatic interactions, surface complexations and hydrophobic interactions, followed the order of
PE < PP <PS <PVC [60].

Despite the wide diffusion of both the pollutant and PET MP, very little is known in the literature on
the sorption behaviour of amoxicillin on PET, except for the work of Godoy et al. [61], who tested
PET microparticles derived from unaged PET bottles with an average size of 2.7 mm. However, due
to the continues degradation and fragmentation of plastic debris, the lack of knowledge on the
sorption behaviour of micro-, sub-micro and PET nanoplastics, which has experienced natural
weathering, has now become critical. Moreover, it is hard to use environmental PET MPs due to the
difficulty in gathering large volumes of environmental samples from a single polymer source.
Additionally, the difficulty of separating microplastics from environmental samples, the surface
impurities and the heterogeneity in plastic sizes and ageing periods also hinder the use of collected
MPs for sorption studies [62,63]. For this purpose, some of the authors have previously set up a fast
top-down approach based on mechanical fragmentation for producing polyethylene terephthalate
(PET) model microplastics and nanoplastics [20]. The obtained PET nanoplastics have been also
applied in biological studies through in vitro exposure to mussel hemolymphatic cells [64].

This study focuses on the adsorption of amoxicillin on naturally weathered PET MPs of size lower
than 150 um. To the authors’ knowledge, sorption studies of this antibiotic have been carried out only
on unaged MPs with 20 times higher size. For this purpose, PET MPs have been produced by a top-
down protocol from littered bottles collected on the beach of Torre Colimena (TA) in the South of
Italy, thus already aged in the natural environment. The aged MPs have been compared by means of
morphological and physical characterization with engineered MPs obtained from PET pellets. The
results of the sorption Kkinetics and equilibrium isotherms have been discussed by analysing the
properties of the aged and unaged MPs and the thermodynamic affinity among amoxicillin and PET
MPs. This study provides new insights into the mechanism of interactions between PET MPs and

antibiotics and highlight the potential for MPs to accumulate and transport these type of pollutants.

3. Experimental

3.1 Materials

Microplastics (MPs) were obtained from beached PET bottles collected on the beach of Torre
Colimena (TA) (40°17'58.88"N, 17°44'37"E, Fig. 1) on the lonian Sea in the South of Italy. The
bottles were washed several times in distilled water in order to remove sand and left to dry at room
temperature. After that, parts of bottles coated with biofilms were excluded from grinding. Then, the

remaining parts were cut into small pieces (about 3 x 5 cm?) and crushed in a Retsch SM 2000 cutting



mill (RETSCH GmbH & Co., Dusseldorf, Germany). The obtained powder was finely milled to the
micrometric size using a RETSCH ZM100 Ultra Centrifugal mill (RETSCH GmbH & Co.,
Dusseldorf, Germany) at 14.000 rpm. A second type of secondary MPs derived from PET pellets was
used in the present study. The pellets, with an average diameter size of 2.4 mm and length of 4 mm,
were purchased from Invista Resins & Fibers GmbH (Gersthofen, Germany) and reduced to
micrometric size by milling using a RETSCH ZM100 Ultra Centrifugal mill (RETSCH GmbH &
Co., Dusseldorf, Germany) at 14.000 rpm [23]. A schematic representation of the two typologies of

the secondary microplastics studied in this work is reported in Fig. 1.

MPs from beached bottles | MPs from pellets

Fig. 1 Typologies and origin of the secondary microplastics studied in this work.

The antibiotic amoxicillin, AMX, (Fig. 2) was used to evaluate the sorption behavior in both types of
PET MPs. It was purchased from Sigma-Aldrich in the form of white solid powder with a molecular
weight of 419.45 mol/g (CAS: 61336-70-7). Working standard of amoxicillin trihydrate with a purity
(HPLC area %) equal to 99.5 % was used for the construction of the calibration curve during sorption
experiments while amoxicillin trihydrate of analytical reagent grade (purity > 95%) was used to
prepare the solutions for kinetic and isothermal tests. For the sorption test, potassium dihydrogen
phosphate (KH2POs) of analytical grade was used while methanol and water of HPLC grade were
used without further purification. Commercially available ultrapure water was employed for the
preparation of amoxicillin solution for kinetic and isothermal tests. All chemicals for the sorption

tests were purchased from Sigma-Aldrich.
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Fig. 2 Structure and main properties of AMX.

3.2 Characterization of microplastics

X-Ray Diffraction (XRD) analysis was carried out on a X-Ray diffractometer (Rigaku, Tokyo, Japan)
with CuKa radiation (1 = 1.5418 A°) in the step scanning mode recorded in the 26 range of 10°-60°
with a step size of 0.02° and step duration of 0.5 s. Three replicates for each measurement were
performed.

Scanning electron microscopy (SEM) was performed on MP samples spin-coated on a steel plate
using a Zeiss EVO 40 SEM instrument at a 20 kV voltage acceleration. The statistical analysis of
nanoplastic sizes was performed by measuring the particle diameters and area by using the ImageJ
software on more than 500 microparticles for each typology.

Nitrogen adsorption/desorption measurements were carried out at 77 K using a Brunauer-Emmett-
Teller (BET) surface area and pore size analyzer (NOVA 2200e, Quantachrome Instruments, USA).
The samples were degassed at 50 °C for 24 hours prior to any measurement. At least three
measurements were performed for each MP type.

The analysis of particle size distribution was performed by laser diffraction using a CILAS 1190
multi-laser particle size analyzer and Particle Expert® software (CPS Us, Inc., Madison, WI, USA).

At least three measurements were performed for each MP type.

3.3 Sorption measurements

The analysis was carried out using a high-pressure liquid chromatography (HPLC) system (model
Agilent 1260 series) equipped with a binary pump (G1312B), auto sampler (G1367E), thermo-stated
column compartment (G1316C) and UV DAD detector (G1315C), controlled by the Chem Station
software Agilent. The analysis was carried out on a binary HPLC pump system using the column
Raptor ARC-18 2.7 um (150 mm x 4.6 mm, 2.7 um) with a mobile phase flow of 1.00 mL/min, using
20 pL injection volume, with UV detection of 220 nm at 25 °C. The wavelength of 220 nm was



selected for the estimation of amoxicillin peak on the basis of previous studies [65]. The mobile phase
was a mixture 95/5 v/v of water solution 0.04 M of potassium dihydrogen phosphate monohydrate
KH2PO4 (pH = 4.2) and HPLC grade methanol, respectively.

A stock solution of amoxicillin trihydrate working standard (50 mg/L) was prepared by dissolving 10
mg in 200 mL of ultrapure water. For setting the calibration curve, the stock solution was properly
diluted to obtain 11 standard solutions with a final concentration of 18.8, 15.0, 12.0, 10.0, 8.0, 6.0,
4.0, 2.0, 0.8, 0.6, 0.4 mg/L. Each standard preparation was analyzed by HPLC. Each analysis was
repeated three times and the medium value was recorded. Calibration curve was created by plotting
peak areas vs. concentrations. Linearity was assessed by evaluating the coefficient of determination
(R?), using weighted regression method (1/x).

Sorption kinetic tests

Sorption Kkinetic tests were carried out on PET microplastics, derived both from pellets and beached
bottles, with amoxicillin trihydrate, a contaminant with a great affinity for PET. The tests were
conducted following a methodology adapted from Godoy et al.[61]: 0.1 g of microplastics were
immersed in a 250 mL Erlenmayer flask containing 100 mL of ultrapure water solution of amoxicillin
trihydrate. Three antibiotic concentrations (C;) were adopted, 5 mg/L, 20 mg/L and 50 mg/L. As
reported by recent literature [66], microplastics related studies should quantify the number of
involved particles. By considering the density of PET equal to 1.38 g/cm?® and by hypothesizing a
spherical shape of MPs with an average size reported in Table 3 (Daverage), @ rough number estimation
of about 5000 and 7000 particles for MPs from beached bottles and pellet, respectively, has been
obtained. The higher AMX content in aqueous solution compared to those naturally occurring in the
aquatic environment was chosen to improve the accuracy and precision of the analyses, as suggested
in the literature [59,61,67]. These solutions were placed under magnetic stirring at 100 rpm in a
thermostatic water bath at 25 °C for 14 days in order to mimic the agitation occurring in the natural
aquatic environment, where MPs are rarely static [61], and also to prevent MP sinking or floating
[66]. The Kinetic studies were carried out for up to 14 days because, after this time, the degradation
of amoxicillin becomes a not negligible phenomenon. As reported by Gozlan et al. [68], in an aqueous
medium the four-membered fS-lactam rings of AMX could be hydrolyzed to yield the intermediate
AMX-penicilloic acid, which contains an extra free carboxylic acid group. A sample of 1 mL of AMX
aqueous solution was taken at different times, filtered over a 0.45 um membrane and analyzed by
HPLC determining the concentration at time t. Each analysis was carried out at least three times. A
solution of amoxicillin trihydrate (5 mg/L, 20 mg/L and 50 mg/L) without microplastics was
subjected to the same procedure and used as a blank control [68]. The sorption capacity for the

microplastic was calculated by the following equations:



_G=¢ (1)

q: m

where gt was the amoxicillin concentration (mg/g) adsorbed on MPs at each time value; Ci was the
initial concentration (mg/L), Ct was the concentration (mg/L) at time t, m was the mass of

microplastics (g); V was the sample volume (L).

Sorption isotherm tests

Sorption isotherm tests were carried out with amoxicillin trinydrate on PET microplastics derived
both form pellets and beached bottles. For these experiments, ultrapure water solutions containing
AMX at five different concentrations (5, 10, 20, 35 and 50 mg/L) were prepared. The higher AMX
content in aqueous solution compared to those naturally occurring in the aquatic environment has
been chosen to improve the accuracy and precision of the analyses, as suggested in the literature
[59,61,67]. Then, in a 250 mL Erlenmeyer flask containing 100 mL of each solution, 0.1 g of
microplastics were immersed; the mixture was placed under magnetic stirring at 100 rpm in a
thermostatic water bath at 25 °C, to simulate the motion occurring in the natural aquatic environment.
On day 14 of the trial, a sample was taken and the amount of contaminant present in the solution was
determined by the HPLC method, as described above. Each analysis was carried out at least three
times. A solution of amoxicillin trihydrate at five different concentrations (5, 10, 20, 35 and 50 mg/L)
without microplastics was subjected to the same procedure and used as a blank control. The

experiment was stopped on day 14 to prevent the antibiotic degradation [68].

4. Results

The time evolution of the sorption capacity of the investigated MPs at the different AMX
concentrations is reported in Fig. 3. It is evident the increase of the sorption capacity with the AMX
content. At each pollutant concentration, the MPs obtained from beached samples present an
increased sorption capacity compared to those produced from pellets.

The curves do not reach the equilibrium in the time of the experiments. This is in agreement with the
results of Godoy et al. [61] on bigger microplastics obtained from unaged PET bottles with an average
size of 2.7 mm. Failure to reach equilibrium is further proof of the danger of these microplastics

further exacerbated by their prolonged stay in the marine environment.
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Fig. 3 Amoxicillin sorption capacity onto PET microplastics derived from pellets and beached bottles

as a function of time.

Among the numerous adsorption kinetic models reported in the literature [37], the most common ones
applied to predict the adsorption of pollutants onto microplastics are the pseudo-first order (PFO) and
pseudo second-order (PSO) models [37] [69]. The PFO model is described by the following equation:
)

k1t )

qt = qe (1—97

where gt is the amount (mg/g™) of a target chemical adsorbed per unit mass of microplastics at time
t, ge the extrapolated concentration (mg/g™) at the equilibrium and Kku is the rate constant (1/day). The
gt concentration has been determined as:

— (Co —C )V

! W

©)

where co and ct are the initial concentration (mg/L) and the concentration (mg/L) at time t of a target

chemical in liquid phase; V is the volume (L) of the solution and W is the mass (g) of microplastic

[37].

The Pseudo-second-order (PSO) is expressed by the following equation:
t 1 t

= + —
a9 k, g’ q,

(4)




where k2 is the rate constant (g/mg*day) [37].
The experimental values and the fitting curves according to the PFO and PSO models are reported in

Fig. 4. The kinetic parameters (equilibrium sorption capacity and kinetic constants) obtained from
the two different models are reported in Table 1.
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Fig. 4 Kinetic sorption tests at different AMX content (5 mg/L, 20 mg/L and 50 mg/L) fitted by
pseudo-first order (PFO) and pseudo-second order (PSO) model.

Table 1 Adsorption kinetic parameters on the investigated PET microplastics.

Average AMX Qe Ky Rpro? Qe k2 Rpso?

size concentration  (mg/g) (1/day) O] (mg/g) (g/mg*day) (-)

(Hm) (mg/L)

MP beached 5 1.016 1.28*10° 0985 147  6.66*102 0.983
bottles 154 +25 20 26.81 1.30*10° 0.968  16.53  1.51*10° 0.938
50 71.70  8.90*10°  0.951 73.92 1.40*10*  0.918
MP _pellet 5 1.63 5.75%102  0.983 2.04 2.54*102  0.980
13514 20 39.38 4.08*10° 0.940 25.73 2.51*10*  0.930
50 198.11 2.24*10° 0944 15251  2.00*10* 0.936

The sorption capacity of pollutants on microplastics obtained from aged bottles sampled from coastal
environments has the same order of magnitude as the sorption of pollutants on primary microplastics
derived from pellets. This proves that the study on the interactions between laboratory-made primary
microplastics and pollutants is still meaningful. It can be also observed that the pseudo-first and
second-order models allow obtaining a good prediction of the sorption behavior of amoxicillin on
PET MPs with average size lower than 150 um. These results are in agreement with those found by
Godoy et al. [61] on almost 20 times bigger PET MPs (chips of 2.7 mm average size) obtained from
the grinding of unaged PET bottles.



The values of the kinetic constants ki and k> indicate that beached derived MPs (from aged PET)
adsorb faster than pellet derived ones, these latter being considered as primary MPs. Indeed, it has
already been demonstrated that, compared to the primary microplastics, aged microplastics have
higher sorption of typical antibiotics, such as sulfamethoxazole (SMX) and sulfamethazine (SMT)
[70]. Furthermore, Li et al. [71] suggested that smaller microplastics showed higher sorption affinity
to pollutants. Consequently, smaller aged microplastics could collect more pollutants so having
severe effects on the environment.

The plots in Fig. 4 and the data reported in Table 1 evidence that both PFO and PSO models are
suitable for the prediction of the adsorption experimental data of amoxicillin towards aged and
primary PET microplastics. The R? value obtained with both models is, in fact very similar, even if
the highest value obtained with the pseudo-first order (PFO) model suggest that the sorption of the
studied antibiotic on the microplastic occurs mainly via physical processes.

In order to better understand this behavior, a second sorption run has been carried out on the same
MPs. After reaching the 14 days of kinetic experiments, the MPs have been washed several times and
then a second sorption run has been performed. As reported in Fig. 5, the sorption behavior of the
second run is very similar to that obtained in the first run thus proving that the sorption-desorption
phenomena are reversible, in the adopted test conditions. Moreover, it can be assumed that all binding
sites for the AMX are easily accessible. This scenario supports once more the role of MPs as
dangerous carriers of pollutants.
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Fig. 5 First and second sorption run at AMX content of 20 mg/L.



The results of adsorption isothermal experiments at different pollutant concentration have been
modeled with Langmuir, ard-Freundlich and Temkin models in order to get information about the
adsorption capacity and interaction of AMX molecules with PET microplastic.
The Langmuir model is described by the following equation [72]:
1 1 1 (5)
4 cak  a,

where qgi represents the sorption capacity (mg/g) during an adsorption isotherm test at each external

concentration ce (mg/L) of AMX in aqueous phase, gm the maximum amount of antibiotic per unit
weigh of microplastic (mg/g) and kv represents the Langmuir adsorption constant (L/mg). Langmuir
isotherm modelling has been carried out assuming that the monolayer coverage of the antibiotic
molecules on the PET MP is homogenous.

Langmuir isotherm is applicable to the homogeneous surfaces, which have equal adsorption affinity
sites, while Freundlich model assumes heterogeneous adsorption sites [73,74]:

(6)

S

Qi = kFCe
where @i represents the sorption capacity (mg/g) during an adsorption isotherm test at each external
concentration ce (mg/L) of AMX in agueous phase, while kr and n are adsorption capacity and
adsorption intensity, respectively.

Temkin isotherm can be described by the following equation:

7
qizﬂlnkT+ﬂlnce ")
b b
where b is Temkin constant (J/mol), R is the universal gas constant (8.314 J/mol K), T is the
temperature (K) and kr is Temkin isotherm constant (L/mg).

Table 2 reports the fitting of adsorption parameters for Langmuir, Freundlich and Temkin models.

Table 2 Adsorption isotherm parameters according to the fitting with Langmuir (subscript L) and

Freundlich (subscript F) and Temkin (T) models.



Om kL R? ke n R? b kt R?
(mg/ig) (Lmg) () (mg/lg) (LUmg) () (¥mol) (Limg) ()

MP _peached 29.16 1.03*10% 0.994 0.13 209 0958 64486 0.23 0.956

bottles

MP _pellet 28.38 6.67*10° 0.991 0.09 217 0986 909.53 0.22 0.922

Fig. 6 reports the adsorption curves at different AMX concentrations fitted by Langmuir and
Freundlich models for each kind of PET microplastic. Since the correlation coefficient R obtained
with Temkin model was lower than those obtained from Langmuir and Freundlich models (see Table
2), the fitting with Temkin model is not reported in Fig. 6, for sake of clarity. The sorption capacity
gi of MPs from beached bottles is always higher than that of MPs from pellets since the first ones
derive from PET which is likely more degraded due to the exposure to UV/oxygen and water leading
to a higher specific surface area. Both the adsorption models fit well the experimental data but the
Langmuir model fits better as reflected by the high value of correlation coefficient R? in Table 2, thus
suggesting a monolayer adsorption of pollutants on the MP surface.

The maximum adsorption capacity gm obtained from fitting with Langmuir model is slightly higher
for MPs from beached bottles (29.16 mg/g) than that of MPs from pellets (28.38 mg/g), but the two
values are quite close, thus confirming the role of PET microplastics as carriers of pollutants. Both
the adsorption constants, k. and kr, of beached derived MPs are higher than the corresponding values
of pellet derived MPs. This suggests a higher affinity of beached derived MPs to AMX in agreement
with their higher measured specific surface area. The difference in the experimental results of
adsorption tests, is a further demonstration of the reliability of the laboratory-made MPs to be applied

for pollution studies.
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Fig. 6 Adsorption isotherms curves at different AMX concentration and fitting with Langmuir and

Freundlich model.

5. Discussion

The difference in the sorption behavior between MPs from beached bottles and MPs from pellets
could be explained by the eventual differences in the morphology of the two kinds of MPs and
increased surface area of the MPs from beached bottles (see Table 3), due to the abrasion and photo-
oxidative degradation experienced in the marine environment by the beached bottles-[75].

After the milling process, the obtained microplastics, both from pellets and beached bottles, present
a similar size distribution, as reported in Fig. 7a. However, the MPs derived from beached bottles
present a slightly higher size and wider size distribution, as also reported in Table 3. D10, Dso, and
Dgo values indicate that 10%, 50% and 90% by volume, respectively, of the analyzed particles, are

below the corresponding values.
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Fig. 7 a) Particle size distribution and b) X-Ray diffraction spectra of the obtained PET MPs.

Table 3 Results of MP characterization: several diameters—dimensions (D) by laser diffraction;
degree of crystallinity (Xxrp) by X-Ray diffraction; specific surface area (SSA) by BET analysis and
circularity by SEM.

Daverage Do Dso Doo XXRD SSA Circularity
@m)  @m) @m) m) () (M) ()
MP beached 154425 4414 123+25  319+43 0.17%£0.01 0.14 0.70+0.18
bottles
MP pellet 135+14 370 1038 287141 0.16x0.01 0.11 0.76x£ 0.15

The XRD spectra in Fig. 7b show crystalline peaks at 26 equal to 16.5°, 17.6°, 22.5° and 25.9°,
corresponding to the (011)), (010), (110)and (100) planes, respectively [76]. The spectra of both
MPs are very close with slight pronounced crystalline peaks for the MPs derived from beached

bottles. The degree of crystallinity (Xxrp), reported in Table 3, has been determined from the

integrated areas under the crystalline peaks Ac and broad amorphous halo Aa of the XRD spectra:

Xxro = A ©)
A+hA



Both MPs have similar degree of crystallinity. The observed little increase of Xxrp in MP_peached bottles,
which is however within the standard deviation, could be ascribed to the possible degradation of the

amorphous regions of the beached bottles.
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Fig. 8 SEM micrographs of the PET MPs obtained from pellet (a, ¢) and beached bottles (b, d) and

e) results of the image analysis related to the circularity of the particles.

SEM analysis confirms that the morphology of the obtained MPs is quite similar. The microparticles
present rough and uneven surface which resembles that of weathered MPs reported in the literature,
for example by Liu et al. [77] for PS and PE weathered MPS. In the images at higher magnification,
the presence of several cracks on the surface is evidenced by red arrows. The presence of cracks has
been also reported for naturally weathered plastic surfaces [17]. The fragmentation process used for
producing the MPs brings about some surface cracks on the MPs obtained by pellet without a
significant difference form MPs obtained from beached bottles.

Some particles present severely damaged surfaces together with a significant change in size. In order
to examine the particle shape in the overall population, an analysis of the circularity by means of
ImageJ software has been carried out on a series of SEM images of both MPs, reported in Fig. 8 and
in Table 3. The software calculates object circularity using the formula:

area 9)

Circularity =4n————
perimeter



A circularity value of 1 indicates a perfect circle. As observable also in Fig. 8, the particles are not
perfectly spherical but elongated, which has been confirmed by the circularity values in Table 3,
which are 0.70+ 0.18 and 0.76+ 0.15 for MPs from beached bottles and pellet, respectively.
The observed differences in size and shape between the aged and unaged seem to be not significant.
Therefore, the higher adsorption capacity of MPs from weathered beached bottles compared to that
of MPs derived from pellets can be ascribed to the higher specific surface area (SSA), obtained from
BET measurements. This could be due to the degradation experienced by the beached bottles in the
natural environment which leads to a higher amount of surface irregularities and microcracks, as also
reported by Dabrowska et al. [78].
To better understand the interactions responsible for the adsorption of amoxicillin on PET MPs, the
affinity among microplastics and some pollutants among active principles of the most common drugs
have been studied by evaluating Hansen’s solubility parameters (HSPs), which account for dispersive,
polarizable and hydrogen bonding contributions to the overall cohesive energy of a compound [79].
HSPs are widely used to predict the miscibility of polymers, the adsorption of pigments to surfaces,
the surface wettability and the interaction between pharmaceuticals and polymers or excipients, etc.
[79,80]. The affinity between amoxicillin and polyethylene terephthalate has been compared with that
of other pharmaceutical and microplastic typologies. Eleven widely used Active Pharmaceutical
Ingredients (APIs) have been considered: Aciclovir (antiviral), Levodopa (anti-Parkinson),
Amoxicillin, Ciprofloxacin, Cyclosporine (three antibiotics), Piretanide, Diltiazem, Nifedipine (three
antihypertensives), Oxprenolo (beta blocker), Terbinafine HCI (antifungal) and lbuprofen (anti-
inflammatory). Moreover, three polymers, largely diffused as microplastics (PS, PE, PET) have been
selected.
Following the regular solution theory of Hildebrand, Hansen’s solubility parameter () is given as the
sum of three contributions, accounting for three different interactions among molecules: non-polar
(dispersion) interactions (dd), polar (dipole-dipole) interactions (8p) and hydrogen bonding
interactions (én) as given by Eq. (10)

8% =65+6;+6; (10)
In Table 4, the HSP and its contributions are reported for each considered pharmaceutical and

polymer.

Table 4 Hansen’s solubility parameters of the eleven selected APIs.
dd Jp dh ) Ref.
API (MPa)®® (MPa)%® (MPa)®®




(MPa)®®

Aciclovir 21.80 14.64 24.06 35.61 [81]
Levodopa 22.34 6.26 21.86 31.88 [81]
Amoxicillin 23.13 7.38 15.65 28.89 [81]
Ciprofloxacin 22.60 7.30 10.97 26.16 [81]
Cyclosporine 18.83 3.25 14.10 23.74 [81]
Piretanide 22.48 6.75 12.18 26.44 [81]
Diltiazem 20.44 4.86 8.40 22.62 [81]
Nifedipine 19.61 5.15 8.59 22.02 [81]
Oxprenolol 18.32 3.87 11.34 21.89 [81]
Terbinafine 17.10 13.90 17.20 27.95 [81]
HCL

Ibuprofen 16.60 6.91 9.97 20.56 [82]
Polymer

PET 19.10 6.31 9.10 22.96 [79]
PS 22.28 5.75 4.30 24.10 [79]
PE 16.51 2.70 6.13 18.00 [79]

In pharmaceutical science, the most commonly studied interactions are correlated to solubility
between active pharmaceutical ingredients and polymers or excipients. For this purpose, different
methods based on the solubility parameters have been developed [83]. One widely used method is
Greenhalgh’s approach [84], which uses the difference in the total solubility parameters (o) of the
substances to compare:

AS, :|8l —62| (11)

where &1 and &2 are the solubility parameter of the polymer and the API, respectively.

The results of many combinations of active substances and excipients give a clear trend of solubility
at AS: < 7 MPa’®. This methodology has been applied to compare the affinities of the
pharmacologically active molecules with the selected polymers. As can be seen from Fig. 9, six of
the selected APIs are poorly soluble in PE, being their Ad: values higher than the limit value of 7
MPaC’® eutside-theyellow-area of Fig—10, while affinity increases considerably for PET and PS, except
for the case of levodopa and aciclovir. This trend can be explained by the high non-polar character of
PE compared to PET and PS. Specifically, amoxicillin appears to have a good affinity with PET and
PS, with a AS; value equal to 5.9 and 4.8 MPa’?, respectively.
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Fig. 9 Greenhalgh’s approach applied to study the affinity of some pharmacologically active

molecules with three polymers (PET: polyethylene terephthalate, PE: polyethylene, PS: polystyrene).

Another approach used to compare the miscibility of the examined compounds, has been reported by

Khansary et al.[80]. In order to predict the solubility of compound 1 (API), in compound 2 (polymer),

as the first step two values Ro and R; are defined for each pharmacologically active molecule:

Ro = |81+ 851 — O
Ry = ’551 + 551 — 641

(12)

(13)

The polymer is highly compatible, poorly compatible or incompatible with APl according to the

following relationships:
16,1 — 8p2| < Ry
Ry < [6p1 — 62| < Ry
|6p1 - 5p2| > Rl
|86r1 — Onz2l < Ro
Ry < |6p1 — 6p2l < Ry

|6p1 — Sn2l > Ry

highly compatible
poorly compatible
incompatible

highly compatible
poorly compatible

incompatible

(14)
(15)
(16)
(17)
(18)
(19)



Once the conditions illustrated have been verified, for each polymer related to each API, it is possible
to represent the data in a graph (Fig. 10), in which the bars represent the range Ro - Ry, the red dots
the difference between the polar dispersion forces (6p) of the two components, and the black squares

the difference between the hydrogen interaction forces (6n).

a) Ibuprofen-|....e |, 4 V7R, R, intervals b)— % A 777]1R, R, intervals,
Terbinafine HCI oo H am * 5,8 Jo H w8 BBy
oxprenolol | 77777777 w88, v NS I - 9
Nifedipine - %/ A - }/ / A
- Diltiazem- W& 5570077707 0 e B s R
L Piretanide | = 1778777777777 77 E W7 e i e
o Cyclosporine - (AT, -
Ciprofloxacine .|//{ / T TITEITIS, } I |/ / A L, A e —
Amoxicillin ....... ] ., .....
Levodopa - - - g . "
P LTEE N T - U T — N SR -, W ——
0 2 4 6 8 100512 1 16 18 20 o 2 4 6 8 10 12 14 16 18 20
C) Ibuprofen | o225 /47 jﬁMPa A5 MPa0->
Terbinafine HCI | . N :
oxprenolol | - 74777777774 . [EZZIRy R, intervals
Nifedipine 47277/ 7 * B
Diltiazem ] - [§777 77777777777 " Gydy
Piretanide - ( O ///./ A
Cyclosporine |- [/ 477/ =
Ciprofloxacine |- [8777777 777777707 e
Amoxicillin- e B e
Levodopa - --# ]
Aciclovird-— |/ /ﬂ OO |
0 2 4 6 & 10 12 14 16 18 20

A5 MPa0-5

Fig. 10 Application of the Khansary’s method to the selected APIs and polymers: a) polyethylene
terephthalate, b) polyethylene, c) polystyrene.

From Fig. 10a it is clear how amoxicillin has a great affinity toward PET. As shown from this
theoretical study, non-polar (84) and dipolar (6p) interactions are of little importance for the adsorption
of amoxicillin on PET; on the other hand, amoxicillin has a good interaction with PET, substantially
based on its ability to generate hydrogen bond interactions with the ester groups of the polyethylene
terephthalate monomers. To the best of the authors’ knowledge, this is the first study on the predictive
approach of affinity between AMX and PET. The results presented in Fig. 9 and Fig. 10 confirm the
importance of studying the interactions of a worldwide present antibiotic as amoxicillin, with the

ubiquitously present PET microplastic.



PET MPs

Fig. 11 Sketch of the possible interaction mechanism among amoxicillin molecules and PET MPs.

The affinity of AMX toward PET could be explained by the possible dipolar and hydrogen bond
interactions between the ester functional groups of PET MPs and the hydroxyl and amino groups of

the antibiotic molecule, as schematically reported in Fig. 11.

6. Conclusions

A top-down approach based on mechanical fragmentation has enabled has enabled the production of
model PET microparticles from beached bottles with irregular shapes and surfaces by means of a
process close to the mechanical abrasion of microplastics by small sand granules occurring in the
aquatic environment. For comparison purposes, the same protocol has been applied to produce
unweathered MPs from pellet. The two kinds of MPs from beached bottles and pellets do not present
statistically significant differences in size, shape, crystallinity but only in the specific surface area
which can be ascribed to the degradation undergone by the beached bottles in the marine environment.
The present work demonstrates the importance of studying the interactions of amoxicillin, a
worldwide present antibiotic, with the ubiquitously present PET microplastic. The results of the
sorption tests have proved that PET microplastics act as carriers of pollutants in the aquatic
environment. The interactions responsible for the adsorption of amoxicillin on PET MPs have been
evaluated by studying the affinity between amoxicillin and PET through the Hansen’s solubility
parameters (HSPs) and comparing it with that of other pharmaceutical and microplastic typologies.
Amoxicillin presents a good interaction with PET, substantially based on its ability to generate
hydrogen bond interactions with the ester groups of the polyethylene terephthalate monomers. This
study provides new insights into the mechanism of interactions between PET MPs and antibiotics and

highlights the potential for MPs to accumulate and transport pollutants. Finally, the reliability and



relevance of the laboratory-made PET microplastics, produced in a fast and reproducible way, have

been demonstrated. Therefore, the proposed approach to produce microplastics from beached bottles

is a viable alternative for sorption studies of contaminants of microplastics.
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