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• Five pharmaceuticals were brought into 
contact with six plastics sized D50 < 35 
and 95–157 μm 

• The particles were artificially aged to 
study how photo-oxidation affects 
adsorption of the selected 
pharmaceuticals 

• Pharmaceuticals generally showed 
greater adsorption onto aged plastics 
than onto virgin plastics 

• Of the five pharmaceuticals, fluoxetine 
showed greatest adsorption onto 
microplastics 

• Polypropylene, polyamide, and poly-
vinylchloride exhibited the greatest 
adsorption of pharmaceuticals  

A R T I C L E  I N F O   

Editor: Damià Barceló  
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A B S T R A C T   

Plastic pollution is an increasing environmental concern. Pollutants such as microplastics (< 5 mm) and phar-
maceuticals often co-exist in the aquatic environment. The current study aimed to elucidate the interaction of 
pharmaceuticals with microplastics and ascertain how the process of photo-oxidation of microplastics affected 
the adsorption of the pharmaceuticals. To this end, a mixture containing ibuprofen, carbamazepine, fluoxetine, 
venlafaxine and ofloxacin (16 μmol L− 1 each) was placed in contact with one of six either virgin or aged 
microplastic types. The virgin microplastics were acquired commercially and artificially aged in the laboratory. 
Polypropylene, polyethylene, polyethylene terephthalate, polyamide, polystyrene, and polyvinyl chloride mi-
croparticles at two sizes described as small (D50 < 35 μm) and large (D50 95–157 μm) were evaluated. Results 
demonstrated that the study of virgin particles may underestimate the adsorption of micropollutants onto 
microplastics. For virgin particles, only small microparticles of polypropylene, polyethylene, polyvinyl chloride, 
and both sizes of polyamide adsorbed pharmaceuticals. Aging the microplastics increased significantly the 
adsorption of pharmaceuticals by microplastics. Fluoxetine adsorbed onto all aged microplastics, from 18 % 
(large polyethylene terephthalate) to 99 % (small polypropylene). The current investigation highlights the po-
tential of microplastics to act as a vector for pharmaceuticals in freshwater, especially after aging.  
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1. Introduction 

Contaminants are ubiquitous in aquatic environments. The pollut-
ants found in water vary from plastic materials (Yao et al., 2020) to 
dissolved organic compounds, including pharmaceuticals (Kandie et al., 
2020). When in the environment, plastics can fragment due to physical, 
chemical, and biological degradation (Napper and Thompson, 2019). 
Plastic particles smaller than 5 mm in all dimensions are commonly 
defined as microplastics (Thompson et al., 2009). Microparticles of 
polypropylene (PP), polyethylene (PE), polyethylene terephthalate 
(PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) 
are a significant presence in aquatic systems (Koelmans et al., 2019). 
According to the World Health Organisation (WHO), microplastic par-
ticle counts ranged from around 0 to 1000 particles per litre in fresh-
water studies while drinking water studies reported particle counts in 
individual samples from 0 to 10,000 particles per litre (WHO, 2019). 
The occurrence of specifically PP, PE, PET, PA, PS, and PVC in fresh-
water systems should be anticipated since those plastics represent 
approximately 80 % of the polymeric materials distributed annually 
(Plastics Europe, 2021). Due to the regular detection of microplastics in 
the aquatic environment, several studies have been published about the 
interaction of microplastics with co-occurring pollutants (Magadini 
et al., 2020; Pestana et al., 2021; Torres et al., 2021). In order to conduct 
adsorption experiments with microplastics, researchers have either ac-
quired microplastics commercially (Moura et al., 2022) or produced 
them in the laboratory by grinding (Elizalde-velázquez et al., 2020; 
Pestana et al., 2021; Wu et al., 2016) or milling larger sized plastics (Xu 
et al., 2018). However, virgin microplastics may not be environmentally 
the most representative of the microplastics present in the environment. 
Plastics in the environment are exposed to solar radiation that can lead 
to thermal and photo-oxidation of the polymeric materials (Feldman, 
2002). Artificially weathering microplastics in the laboratory has been 
shown to aid researchers to achieve controlled aging of microplastics. 
Previously ultraviolet radiation (UV, 100–400 nm) has been applied to 
age microplastics (Almond et al., 2020; Fan et al., 2021; Liu et al., 2019; 
Mylläri et al., 2015; Wu et al., 2020). However, in the spectrum of solar 
irradiation, UV light accounts for only a small portion (~10 %) relative 
to the amount of visible light (Liu et al., 2021). Therefore, using visible 
light to age microplastics in the laboratory may be more environmen-
tally relevant. The aging process of microplastics has been reported to 
enhance the adsorption of organic compounds on microplastics (Liu 
et al., 2020; Zhang et al., 2018). For this reason, conducting adsorption 
experiments using virgin microplastics may lead to an underestimation 
of the realistic adsorption potential of plastic particles in the environ-
ment. Furthermore, when in the environment, plastics can fragment into 
a range of sizes which can influence their interaction with micro-
pollutants where they co-occur. Therefore, the investigation of various 
microplastic types and different size ranges should be more environ-
mentally relevant when compared to studies conducted using a single 
plastic type and one size of particles. Along with microplastics, con-
taminants are often detected in freshwater systems as a mixture of 
compounds, including a variety of pharmaceuticals, the definition for 
which is prescription, over the counter, and veterinary therapeutic drugs 
used to prevent or treat human and animal diseases (Boxall et al., 2012). 
Pharmaceuticals have been detected in freshwater systems around the 
world (Fekadu et al., 2019). Due to the complexity of analysing phar-
maceuticals in the environment and their potential impact on humans, 
wildlife, and ecosystems, these compounds have gained increased 
attention (Li et al., 2020). Carbamazepine was the pharmaceutical most 
frequently detected in river samples in a study that investigated 1052 
sampling sites across 104 countries covering all continents (Wilkinson 
et al., 2022). Venlafaxine and fluoxetine were also included in the list of 
pharmaceuticals most commonly detected in rivers across the world. A 
review by Hughes et al. (2013) analysed the presence of 203 pharma-
ceuticals in freshwater ecosystems across 41 countries. According to the 
authors, the painkiller ibuprofen was consistently within the top five 

identified compounds across all regions. Moreover, ibuprofen is often 
detected at higher concentrations, ranging from 0.02 to 3 μg L− 1 (Wang 
et al., 2019), among 16 pharmaceuticals evaluated in drinking waters 
from the UK. In Asia, the antibiotic ofloxacin was evident at concen-
trations up to 0.011 μg mL− 1 (Hughes, Kay and Brown, 2013). 
Furthermore, a range of pharmaceuticals including antibiotics (Li et al., 
2018), and antidepressants (Wagstaff and Petrie, 2022) have been re-
ported to adsorb onto microplastics. 

The current study aimed to elucidate how a wide range of micro-
plastic types, widely reported in the freshwater environment, interact 
with a mixture of pharmaceuticals when co-existing in the same aquatic 
environment. Two sizes, described as small (D50 < 35 μm) and large (D50 
95–157 μm), of six microplastics were, separately, placed in contact with 
a mixture of five pharmaceuticals with a range of hydrophobicities (Log 
KOW 0.39–4.65). Additionally, virgin microplastics were artificially aged 
in the laboratory using simulated solar irradiation containing both UV 
and visible light to investigate the impact of the aging process of the 
microplastics on the adsorption of the selected pharmaceuticals. 

2. Materials and methods 

2.1. Materials and chemicals 

Six microplastics types were commercially acquired from STGE 
(China). Microparticles of polypropylene (PP), polyethylene (PE), 
polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS), 
and polyvinyl chloride (PVC) were purchased in two sizes, described in 
the current study as small and large particles (Fig. S1 and S2). Prior 
characterisation demonstrated a wide range of sizes for the material 
received (Moura et al., 2023). The particles received were sieved to 
standardise the size range of the particles using a shaker (AS200 Control 
Vibratory Sieve Shaker, RETSCH) at 1.5 mm amplitude for 10 min. The 
material described as small was retained between sieves of pore size 20 
μm and 45 μm (ISO 3310/1, Fisher Scientific, UK), meanwhile the ma-
terial described as large was retained between sieves of pore size 90 μm 
and 150 μm (ISO 3310/1, Fisher Scientific, UK). The small particles of 
PP and PVC were used as received as the majority of the particles were 
smaller than 20 μm (for particle size distribution see Fig. S3). The 
experimental medium consisted of artificial freshwater (AFW) with 0.02 
% (w/v, 200 mg in 1 L) of sodium azide (NaN3) used as a microbial in-
hibitor. The AFW and the 0.02 % NaN3 were prepared with ultrapure 
water (18.2 MΩ). The AFW included CaCl2.2H2O (58.5 mg L− 1), 
MgSO4.7H2O (24.7 mg L− 1), NaHCO3 (12.0 mg L− 1), and KCl (1.2 mg 
L− 1) according to (Akkanen and Kukkonen, 2003), and NaN3 (200.0 mg 
L− 1). The pharmaceuticals ibuprofen (CAS RN 15687–27-1), carba-
mazepine (CAS 298–46-4), fluoxetine hydrochloride (CAS 56296–78-7), 
venlafaxine hydrochloride (CAS 99300–78-4), and ofloxacin (CAS 
82419–36-1) were acquired from Tokyo Chemical Industry (UK) and 
were HPLC grade >97 % purity. Stock solutions at concentrations of 10 
μg mL− 1 (10 mg in 1000 mL, carbamazepine), 20 μg mL− 1 (10 mg in 500 
mL, ibuprofen), or 100 μg mL− 1 (10 mg in 100 mL, fluoxetine, ven-
lafaxine, and ofloxacin) were prepared using AFW + 0.02 % NaN3 
depending on the pharmaceutical water solubility. No organic solvents 
were used to avoid cosolvent interference on the adsorption experiment. 
Prior to use, the stock solutions were stored at 4 ◦C in the dark. Due to 
the different molecular weights of the pharmaceuticals investigated in 
the current study, the initial concentration used was measured in moles 
per volume. The initial concentration of each pharmaceutical used was 
16 μmol L− 1, which represents 5 μg mL− 1 of venlafaxine, chosen as a 
reference compound (Table 1). Although the initial concentration 
investigated (16 μmol L− 1) does not represent the pharmaceutical con-
centrations reported in the environment, high concentrations give in-
sights regarding the interaction of pharmaceuticals with microplastics in 
the environment and enable the evaluation of the adsorption profile 
onto the microplastics. 
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2.2. Accelerated aging process of commercially acquired virgin 
microplastics 

The commercially acquired virgin microplastics were aged using the 
SUNTEST XLS+ Xenon Arc weathering testing unit (ATLAS AMETEK 
Electronics Instrument Group, USA) equipped with a 1700 W Xenon Arc 
lamp operated at 60 W m− 2 (300–400 nm) intensity, which irradiates a 
similar intensity of sunlight during summer (~1000 W m− 2 total irra-
diation, (Liu et al., 2021). Microplastics (1 g) were placed into a beaker 
(200 mL) and exposed for 72 h. The samples were shaken every 24 h to 
ensure uniform exposure. The chamber temperature was maintained at 
29.3 ± 3.4 ◦C (n = 2788) using a cooling unit, however the high in-
tensity of the irradiation caused the temperature of the samples to reach 
approximately 70 ◦C throughout the 72 h exposure. Increased temper-
atures lead to increased reaction rates and thermal degradation which 
accelerated the process of aging (Karlsson et al., 2018). Temperatures in 
some landfills and industrial composters have been reported to reach 
80–100 ◦C. Furthermore, it has been shown that accelerated degradation 
rates provided sufficient oxygen for the thermal-oxidative degradation 
(Chamas et al., 2020). 

2.3. Characterisation of virgin and aged microplastics 

The sieved virgin and aged microplastic particles were fully char-
acterised, both to confirm the specifications provided by the manufac-
turer and to investigate how the aging process of the microplastics 
affected the particles. A Nicolet iS10 Fourier Transformer Infrared (FT- 
IR) Spectrometer (Thermo Fisher Scientific, UK) with OMNIC Spectra 
Software was used to investigate the chemical structure of the polymer. 
The FT-IR spectra were captured over the range 400 to 4000 cm− 1. 
Attenuated total reflectance (ATR) spectroscopy was used as the contact 

sampling method. Thirty-two scans at a resolution of 8 cm− 1 were 
collected to produce the spectra. No correction was applied. The 
carbonyl index (CI) was calculated from the area ratio of the integrated 
absorbance band of the carbonyl stretching (C=O) peak measured from 
1850 to 1650 cm− 1 and a reference peak (CH2, 1500–1420 cm− 1) that is 
not usually affected by the oxidation process (Almond et al., 2020) using 
eq. 1: 

CI =
Area under band 1, 850 − 1, 650 cm− 1 (C = O)

Area under band 1, 500 − 1, 420 cm− 1 (CH2)
(1) 

The N2-BET adsorption-desorption surface area (sBET) was deter-
mined using a Tristar II surface area and porosity instrument (Micro-
meritics, UK). Prior to the analysis, the microplastics were maintained 
under vacuum for 24 h using a VacPrep degasser (Micromeritics, UK) 
maintained at 30 ◦C. This process removed surface adsorbed gas and 
moisture. Particle Size Analysis (PSA) was carried out using a Master-
sizer 2000 particle size analyzer (Malvern Panalytical, UK). A simulated 
surface area (sPSA) was calculated by the PSA software modelling the 
particles as perfect spheres and not accounting for the porosity and 
roughness of the material. Scanning Electron Microscopy (SEM, Scios 
DualBeam, Thermo Fisher Scientific, UK) was used to investigate the 
morphologies and to confirm the particle size of the microplastics. For 
crystallinity composition evaluation, powder X-Ray Diffraction (XRD) 
was carried out using an Empyrean diffractometer (Malvern Panalytical, 
UK) in reflection mode with a primary beam monochromator (Cu Kα1). 
The calorimetric characteristics of the microplastics were measured 
using Differential Scanning Calorimetry (DSC) DSC250 (TA, USA) with 
N2 as the purge gas. For this, microplastic (6.0 mg) was placed into an 
aluminium pan (TA, USA) and, sealed with an aluminium lid (TA, USA) 
using a Tzero Press (TA, USA). The pan, lid, and samples were handled 
using tweezers to avoid external interference with the sample weight. A 

Table 1 
Chemical structure, molecular weight, octanol-water partition coefficient (log KOW), pH dependant octanol – water partition coefficient (Log Dow), acid dissociation 
constant (pKa), and charge of ibuprofen, carbamazepine, venlafaxine hydrochloride, fluoxetine hydrochloride, and ofloxacin. Initial concentration (C0) of each 
pharmaceutical that corresponds to 16 μmol L− 1. Typically, pH > pKa (negatively charged); pH ≈ pKa (neutral); pH < pKa (positively charged).  

Pharmaceutical Structure Molecular weight 
(g mol− 1) 

C0 

(μg mL− 1) 
Log KOW

* / Log DOW** 
(at pH 7) 

pKa
*** 

(charge at pH 7) 

Ibuprofen 206.29 3.29 3.97 / 4.85 
4.85a 

(− )b 

Carbamazepine 236.27 3.76 2.45 / 2.45 - c 

(neutral)c 

Venlafaxine hydrochloride 313.87 5.00 0.43 /− 1.97 
9.4d 

(+) 

Fluoxetine hydrochloride 345.78 5.51 4.05 / 1.25 
9.80a 

(+)e 

Ofloxacin 361.37 5.76 − 0.39 /− 0.40 5.35 a;6.72a 

(− )f 

Values taken from: a (ChemAxon, 2023), b (Oh et al., 2016), c (Park et al., 2018), 
d (Sharma and Jain, 2009), e (Wagstaff et al., 2021), and f (Nurchi et al., 2019). 

* Values taken from (NCCOS, 2021). 
** Calculated as equation: Log DOW = Log KOW − Log (1 + 10(pKa − pH)). 
*** Note: Two pKa values are shown when the pharmaceutical contains two different acidic functional groups, each of which can donate a proton to a solution. 
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sample without microplastic was prepared as a reference. To erase any 
thermal history effects, a heating-cooling-heating method was applied. 
For PP, PE, PET, PA, and PS, the first heating run was performed from 40 
to 290 ◦C with a heating rate of 20 ◦C min− 1, followed by cooling from 
290 to 0 ◦C at a cooling rate of 10 ◦C min− 1. The second heating run was 
from 0 to 290 ◦C at 10 ◦C min− 1. PVC showed degradation at 270 ◦C, 
therefore the first and second heating runs for PVC were limited to 
250 ◦C. The degree of crystallinity (XC) was calculated using eq. 2: 

XC =
ΔHmsample − ΔHcsample

ΔHm100%
x 100 (2)  

where, ΔHmsample is the enthalpy change associated to the melting 
endotherm temperature (Tm) from the second heating run. ΔHcsample is 
the enthalpy change associated to the cold crystallisation exotherm 
temperature (Tc). ΔHm(100%) is the reference value based on a 100 % 
crystalline polymer (Table S1). 

Finally, the zeta potential of the virgin and aged plastics in experi-
mental medium (AFW + 0.02 % NaN3) was measured with a Malvern 
Zetasizer (Nano ZS, UK). The samples were measured between three and 
six times. 

2.4. Adsorption experiment on virgin and aged microplastics 

A solution containing a mixture of pharmaceuticals, each at 16 μmol 
L− 1, was placed in contact with one of the two sizes of the six micro-
plastic types. All experiments and controls were conducted in triplicate. 
Samples were removed using a glass syringe with a stainless-steel needle 
(Hamilton, UK) to avoid contact of the pharmaceutical solution with 
laboratory plastics. The plastic particles (100 mg, equivalent to 2 g L− 1) 
were mixed with the pharmaceutical solutions (50 mL) in 100 mL 
Erlenmeyer flasks. Samples were continuously, horizontally agitated on 
a MaxQ 6000 orbital shaker (Thermo Scientific, UK) at 200 rpm for 48 h. 
Considering the particles as perfect spheres, for the plastic concentration 
investigated (2 g L− 1) this equates to approximately 1012 (small PVC) to 
105 (large PA, see Table S2 parameters used for the estimated calcula-
tion) particles. The plastic concentration used in the current study does 
not represent the microplastic concentration reported in freshwater. 
However, it compares well with the plastic concentrations of published 
adsorption studies (Atugoda et al., 2021; Guo et al., 2019; Hüffer and 
Hofmann, 2016; Li et al., 2018; Petrie et al., 2023; Wagstaff et al., 2021; 
Wagstaff and Petrie, 2022; Xu et al., 2018), which enables a comparison 
to be made with data in the literature. The temperature was maintained 
at 25 ◦C in the dark. Samples (200 μL) were removed at 0.25, 1, 2, 4, 6, 
10, 24, and 48 h using a 250 μL glass syringe with a stainless-steel needle 
(Hamilton, UK) and filtered using a microcentrifuge tube filter (2 mL 
spin-X tubes made of PP, cellulose acetate filter, 0.22 μm pore size, 
Corning USA). The samples were centrifuged for 30 s at 13,400 rpm 
(Mini-spin, Eppendorf, UK). The filtered samples (100 μL) were removed 
using a 100 μL glass syringe with a stainless-steel needle (Hamilton, UK), 
placed in 1.5 mL glass vials containing a microlitre glass insert (Kinesis, 
UK) then analysed by high performance liquid chromatography (HPLC) 
with photodiode array (PDA) detection. A control containing the 
mixture of pharmaceuticals without microplastic particles was also 
prepared and analysed at each sampling point. Throughout the inves-
tigation, contact with laboratory plastics was eliminated except for the 
microcentrifugation filtration device which could not be avoided. Con-
trols indicated that the loss through this step was between 1 ± 0.5 % 
(venlafaxine) to 11 ± 4 % (fluoxetine). The adsorption was calculated 
on the basis of the difference in pharmaceutical concentration in the 

samples with microplastics, and in the control (without microplastics, 
but including the pharmaceuticals). 

2.5. Quantification of pharmaceuticals in solution using high performance 
liquid chromatography (HPLC) 

Analysis of the pharmaceuticals was performed using high perfor-
mance liquid chromatography (HPLC; Waters Corporation, UK). The 
equipment included a solvent delivery system (Alliance 2695) with 
photodiode array detection (PDA, Alliance 2996). The PDA scanning 
wavelength was set from 200 to 400 nm. Separation of the pharma-
ceuticals was achieved using a Symmetry dC18 column (2.1 mm internal 
diameter x 150 mm; 5 μm particles size) which was maintained at 40 ◦C. 
The mobile phases were ultra-pure water (18.2 MΩ) (A) and acetonitrile 
(B) each containing 0.05 % (v/v) trifluoroacetic acid (TFA; Fisher Sci-
entific UK Ltd., UK). The flow rate was 0.3 mL min− 1. A linear gradient 
was used for the separation of the pharmaceuticals. Initial mobile phase 
composition of 90 % (A) was reduced to 20 % (A) over 21 min. A step 
gradient was used to reduce from 20 % (A) to 0 % (A). This was main-
tained for 5 min before returning to the starting conditions. Re-equili-
bration of the column was achieved by further elution of the column for 
9 min prior to the next injection. The total run time was 35 min and the 
injection volume was 35 μL. The peak for Ibuprofen (220 nm), carba-
mazepine (285 nm), venlafaxine (226 nm), fluoxetine (227 nm), and 
ofloxacin (294 nm) was measured according to the maximum absor-
bance for each pharmaceutical within their respective UV absorption 
spectrum. The limit of detection and limit of quantification of the 
pharmaceuticals using this method was 0.01 μg mL− 1 and 0.05 μg mL− 1, 
respectively. 

2.6. Data analysis 

The amount of pharmaceutical adsorbed per unit mass of micro-
plastic (μmol g− 1), was estimated using eq. 3: 

q(t) =

(
Cctrl(t) − C(t)

)
V

m
(3)  

where,- q(t) is the amount of pharmaceutical adsorbed onto the micro-
plastic (μmol g− 1) at sampling time t- Cctrl(t) is the control solution 
concentration of pharmaceutical (μmol L− 1) at the sampling time t as 
determined by HPLC-PDA- C(t) is the sample solution concentration of 
pharmaceutical (μmol L− 1) at the sampling time t as determined by 
HPLC-PDA- m is the mass of plastic added to the Erlenmeyer flask (g)- V 
is the total volume of solution (L) in the Erlenmeyer flask 

The percentage of pharmaceutical adsorbed at a specific sample time 
point (t) onto the microplastic was calculated using eq. 4: 

%Adsorbed(t) =

(
Cctrl(t) − C(t)

)
x100

Cctrl(t)
(4)  

where,- %Adsorbed(t) is the percent of pharmaceutical adsorbed on 
microplastics at sampling time t- Cctrl(t) is the control solution concen-
tration of pharmaceutical (μmol L− 1) at the sampling time t as deter-
mined by HPLC-PDA- C(t) is the sample solution concentration of 
pharmaceutical (μmol L− 1) at the sampling time t as determined by 
HPLC-PDA 

The total concentration of all pharmaceuticals adsorbed after the 48 
h contact (μg mL− 1) was calculated using eq. 5:   

∑

(48 h)
= C*

Ibuprofen (48 h) +C*
Carbamazepine (48 h) +C*

Venlafaxine (48 h)+C*
Fluoxetine (48 h)+C*

Ofloxacin (48 h)
(5)   
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where,- 
∑

48 h is the concentration of all pharmaceuticals in the mixture 
adsorbed after 48 h (μg mL− 1)- CPharmaceutical (48 h) is the amount adsor-
bed per unit mass of microplastic after 48 h (μg mL− 1) of each phar-
maceutical in the mixture calculated using the difference in the 
pharmaceutical concentration in the control and the pharmaceutical 
concentration in the sample with microplastics. Note: * The concentra-
tion adsorbed onto microplastics that was not statistically different from 
the control (p > 0.05) was assigned a zero value. 

Student's t-test was carried out to perform significance testing. For all 
statistical tests, a significance level of 5 % was set. A Pearson correlation 
matrix was performed to evaluate the correlation between variables of 
this study (Table S3). Correlation coefficient (r) >0.7 was considered a 
strong positive association, while r lower than − 0.7 was considered a 
strong negative association. 

3. Results and discussion 

3.1. Impact of the aging process on the microplastic properties 

The nature of the microplastics can play an important role when it 
comes to the adsorption of organic compounds. The FT-IR analysis 
confirmed the polymer composition of the virgin microplastics that had 
been acquired commercially. In the current study, virgin microplastics 
were artificially aged by exposing the particles to the UV and visible 
light emitted by a Xenon Arc lamp. After 72 h irradiation, a colour 
change for both sizes of PS, PA, and PVC was observed. PS and PA 
showed a yellowing after the aging process, while PVC, especially the 
large particles, exhibited a change from white to a reddish-brown colour 
(Fig. S1 and S2). A change of colour of a plastic is a characteristic sign of 
polymer aging. PS yellowing has been attributed to the build-up of 
conjugated bond sequences in the polymer backbone (Yousif and Had-
dad, 2013). On the other hand, the reason for PA yellowing is thermal 
oxidation, during which pyrrole materials can be formed (He et al., 
2014). Pyrrole, on exposure to air, is oxidised to highly coloured poly-
meric products (Ji Ram et al., 2019), resulting in the characteristic 
yellowing of PA. For PVC, the exposure of vinyl chloride polymers to 
light at 250–350 nm leads to the formation of characteristic discolor-
ation from originally white to dark-brown or black (Yousif and Hasan, 
2015). The photo- and thermal- degradation of PVC releases hydrogen 
chloride gas (dehydrochlorination), leading to the formation of conju-
gated polyene sequences (-CH=CH-CH=CH-CH=CH-) in the polymer 
chains, giving the PVC a reddish-brown colour (De Campos and Martins 
Franchetti, 2005; Hollande and Laurent, 1997). Extensive conjugation 
leads to colour. The longer the length of the conjugated segment, the 
greater the wavelength of the light that can be absorbed, eventually 
incorporating the wavelength range for visible light (380–700 nm, 
(Seidlitz et al., 2001). 

The exposure of polymers to UV radiation causes photo-oxidative 
degradation which results in the breaking of the polymer chains 
which, in turn, can lead to the production of free radicals (Yousif and 
Haddad, 2013). FT-IR spectroscopy is one of the most common analyt-
ical techniques to monitor oxidative reactions (Almond et al., 2020). IR 
is particularly valuable for detecting polar functional groups, such as the 
carbonyl functional group for ketones and esters (intense peaks at 1715 
cm− 1 and 1735 cm− 1, respectively), which are typical of oxidative 
degradation pathways (Chamas et al., 2020) in plastics. A peak in the 
carbonyl function group IR absorption band (1650–1800 cm− 1) was 
detected in the samples of aged microplastics (Fig. 1). However, the FT- 
IR spectrum of small, virgin PP demonstrated a carbonyl functional 
group (C=O) peak at 1711 cm− 1 (Fig. 1) that can be associated with 
either oxidised particles of PP or the presence of a grafting agent as 
discussed by Moura et al. (2023). The carbonyl peak formation cannot 
be observed for aged particles of PET due to the presence of an ester 
carbonyl intensive peak at 1712 cm− 1 which is typical of PET. The amide 
peak (C-N + C=O) in the PA samples at 1635 cm− 1 can also make the 
detection and measurement of a peak corresponding to carbonyl 

functional groups in aged particles of PA difficult. Overall, the FT-IR 
spectra of the aged microplastics produced using the aging procedure 
in this study compare well with microplastic from environmental sam-
ples (Hendrickson et al., 2018; Veerasingam et al., 2021). 

The carboxyl index (CI) is used to specifically monitor the absorption 
band of the carbonyl species formed during photo- or thermal-oxidation 
processes. The CI was calculated by measuring the ratio of the carbonyl 
peak (1850–1650 cm− 1), relative to a reference peak (Almond et al., 
2020). For the current study, the C–H bending absorption was chosen as 
a reference peak (1500–1420 cm− 1) since it is typically not affected by 
the oxidation process. As expected, a greater CI was observed for aged 
microplastics when compared to virgin microplastics (Fig. 2), due to the 
formation of carbonyl functional groups caused by photo- and thermal- 
oxidation degradation. Overall, the large particles showed greater CI 
values when compared to the small particles. The size and the shape of 
the microplastics can affect the angle and how much radiation reaches 
each individual particle. These factors can affect the susceptibility of the 
particles to degradation. Individually, larger particles have a greater 
absolute surface area than smaller particles. Therefore, large micro-
plastics have greater surface contact with the simulated solar radiation 
than small microplastics. 

Most carbon-based polymers can degrade when exposed to sunlight 
in the presence of oxygen, however there is a wide range of photo- 
oxidative susceptibilities. In the current study, each microplastic type 
reacted differently to equivalent weathering conditions. The difference 
was more apparent on the large particles (Table 2). Large PVC demon-
strated the greatest absolute increase in CI (2.48, Table 2) after artificial 
weathering (0.15 for virgin, large PVC, 2.63 for weathered, large PVC; 
Table 2) followed by PP (0.05 for virgin, large PP, 1.92 for weathered, 
large PP; Table 2). Much smaller increases in the CI were observed for 
large PS and PE on weathering. A small CI decrease was observed for 
both small and large PA on weathering (Fig. 2, Table 2). However, as 
previously mentioned, the amide peak in the PA samples at 1635 cm− 1 

can mask the detection and make it difficult the measurement of a peak 
corresponding to carbonyl functional groups in aged particles of PA. 

Usually, the absorption of near-UV wavelengths (100–400 nm) leads 
to bond-breaking reactions and the concomitant loss of useful physical 
properties and/or discoloration (Yousif and Hasan, 2015). The initiation 
of polymer degradation by UV radiation depends mainly on the presence 
of UV-absorbing chromophores within the polymer (Tolinski, 2015). 
Microplastics with backbone chains constructed exclusively from carbon 
- carbon single bonds (C–C, e.g., PE) are less susceptible to photo- 
oxidative degradation due to the lack of UV − visible chromophores 
(Chamas et al., 2020). Although, PP also only contains carbon and 
hydrogen elements in its chemical structure, the different degradation 
encountered between PE and PP are due to presence of side methyl 
(-CH3) groups in PP, which are absent in PE. The tertiary carbon atom 
present in PP particles is more prone to undergoing bond scission upon 
exposure to UV radiation, leading to the degradation of the polymer 
chains. As demonstrated by (Gijsman et al., 1999), the oxidation rate of 
PP was higher when compared to polybutylene terephthalate, followed 
by PA, while PE showed the lowest oxidation rate according to their 
oxygen uptake measured. 

The majority of the microplastic types did not show a significant 
difference (p > 0.05) between the zeta potential of the virgin and the 
aged particles (Fig. 2 and Table 2). The microplastics that did show a 
significant difference were the small particles of PE, PA and PVC, and 
large PP. For all but small PVC, the zeta potential of the aged particles 
was more negative than the virgin particles (Fig. 2 and Table 2). The 
surface charge (zeta potential) of the microplastics varied from − 10 mV 
(virgin, large PVC) to − 64 mV (virgin, small PVC, Table 2). The small 
particles showed a greater surface charge when compared to the large 
particles (Fig. 2). (Nakatuka et al., 2015) demonstrated a clear corre-
lation between the size of the particles and the zeta potential measure-
ment. According to that study, particles of a small diameter are easily 
affected by the random movement of fluid flow and other particles. For 
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Fig. 1. Attenuated Total Reflectance Fourier Transformer Infrared (ATR FT-IR) spectra of virgin and aged polypropylene (PP), polyethylene (PE), polyethylene 
terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) described as small (D50 < 35 μm) and large (D50 95–157 μm). Carbonyl 
functional group peak range (1850–1650 cm− 1) highlighted in grey. A peak is evident in this highlighted region for the aged materials which contrasts with the virgin 
microplastics other than small PP (see text for further discussion on this aspect of the small, virgin PP spectrum). In some cases (e.g. PA) a peak shoulder is evident 
rather than a resolved peak. For PET the presence of a strong carbonyl peak in the virgin material masks any change that might have occurred in the spectrum of the 
aged material. Note the greater Y-axis values for PE and small PA. 
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this reason, the absolute value of effective zeta-potential of small par-
ticles is greater than that of large particles (Nakatuka et al., 2015). 

The aging process of the microplastics did not appear to have caused 
the virgin particles to fragment. In fact, an aggregation of the particles 
was observed, especially for the small particles (PSA, Table 2; Fig. S3). 
Larger sized particles were recorded during the laser diffraction particle 
size analyses of the aged particles (p < 0.05, except large PE p = 0.184) 
when compared to the virgin particles (Table 2, see Table S4 for detailed 
statistical analysis). In addition, the aged microplastics were found to 
have a lower surface area (sBET) when compared to the virgin micro-
plastics (Table 2). Furthermore, no differences were visually apparent in 
the surface morphology of the microplastics due to the weathering when 
analysing the SEM images (Fig. S5 and S6). Moreover, no apparent 
difference in the glass transition temperature (Tg) was observed between 
the virgin particles and the aged particles (Table 2). The Tg is the tem-
perature at which a plastic become soft (Alimi et al., 2018). Polymers 
with a Tg below the ambient temperature (25 ◦C in this case) are 
considered rubbery polymers and include PP and PE (Table 2). In 
contrast, polymers with a Tg above ambient temperature (25 ◦C in this 
case) are considered glassy polymers (e.g., PET, PA, PS, and PVC, 
Table 2). Apart from the large particles of PP, a discrete difference be-
tween the degree of crystallinity of the virgin microplastics when 
compared to the aged microplastics was observed. The material 
described as large PP demonstrated a decrease in the degree of crystal-
linity (XC) from 47 % to 30 % (Table 2). Amorphous polymers such as PS 
and PVC do not contain crystalline regions. The melting point is the 
temperature at which the crystalline order is completely destroyed on 
heating (Chawla, 2012), therefore the absence of melting peaks in the 
DSC graphs of PS and PVC is expected (Fig. S7 and S8). The DSC analysis 
demonstrated that both sizes of PA consisted of different forms of PA. 
Small PA is a semi-crystalline polymer, while large PA is an amorphous 
form of PA. That highlights the need for a detail characterisation of 
commercial microplastics to ensure reliable data interpretation as dis-
cussed by Moura et al., 2023. 

3.2. Differential adsorption of the five pharmaceuticals by the six 
microplastics 

The interaction of pharmaceuticals with microplastics is multifac-
torial in nature. In the current study, the properties of the pharmaceu-
tical, the type of microplastic, and the microplastic weathering were all 
key factors affecting this interaction. Results demonstrated that fluox-
etine was the pharmaceutical that was most readily adsorbed by the 
microplastics (Fig. 3), with aging generally increasing the adsorption by 
the microplastics. Among the microplastic types investigated, PET 
showed minimal adsorption, even after aging of the particles (Fig. 3). In 
the mixture of the five pharmaceuticals, fluoxetine was the only com-
pound to be adsorbed by virgin particles of small PA (56 ± 4 % 
adsorption after 48 h) and large PA (45 ± 4 % adsorption after 48 h). 
Furthermore, fluoxetine was adsorbed in greater amounts on small, 
virgin PVC (71 ± 3 % adsorption) and small virgin PE (8 ± 2 % 
adsorption) relative to some of the other pharmaceuticals such as ven-
lafaxine (8 ± 1 % adsorption on small, virgin PVC) and ibuprofen (4 ± 1 
% adsorption on small, virgin PE). Although ofloxacin appeared to 
adsorb 8 ± 8 % on small, virgin PVC, no significance difference was 
observed when compared to the control after 48 h contact (p = 0.24). 
Furthermore, while all pharmaceuticals investigated adsorbed on virgin 
particles of small PP, fluoxetine showed the greatest adsorption (97 %), 
while ibuprofen and carbamazepine demonstrated the lowest adsorption 
(16 %). Interestingly, there was a difference in the adsorption of ven-
lafaxine by virgin and aged small PP. After 48 h, the adsorption of 
fluoxetine and venlafaxine was similar for the virgin particles (approx-
imately 4 μg mL− 1 adsorption each), but different for the aged particles. 
Fluoxetine adsorbed similar amounts onto aged PP (4.06 ± 0.06 μg 
mL− 1), while venlafaxine adsorbed in lower amounts (2.00 ± 0.09 μg 
mL− 1) compared to the small, virgin PP particles (Table 3). 

Studies have shown that the hydrophobicity of organic compounds 
plays an important role regarding the adsorption on microplastics 
(Prajapati et al., 2022). The partition coefficient between octanol and 
water (log KOW) is a physicochemical parameter widely used to describe 
the hydrophobic properties of a compound (De Bruijn et al., 1989). The 

Fig. 2. Carboxyl index (CI) and zeta potential (ζ) measurement of virgin and aged polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET), 
polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) described as small (D50 < 35 μm) and large (D50 95–157 μm). The CI was calculated using eq. 1. 
*significant difference between the virgin and aged particles, p < 0.05. The large CI value for PET is because of the carbonyl ester grouping that is part of the 
polymer's composition. The hashed bar of small, virgin PP represents the untypical carbonyl functional group detected in its virgin particles. n = 3, errors bars = 1 
standard deviation (SD). 
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greater the log KOW value, the greater the hydrophobicity of the com-
pound (Thermo Scientific, 2007). For the five pharmaceuticals studied, 
fluoxetine has the greatest log KOW (4.05), while ofloxacin has the 
lowest (− 0.39, Table 1) based on literature data (NCOSS, 2021). How-
ever, the pH of the test or environmental system is important because as 
the pH changes, the state of ionisation changes and this will have an 
impact on adsorption. Most pharmaceuticals are ionisable, with the 
extent of their ionisation varying with the pH of the media (Wagstaff 
et al., 2021). This needs to be taken into account when considering the 
environmental fate of such compounds and is done using the pH 
dependent octanol-water partition coefficient (log DOW). The pH of the 
experimental media was pH 7. The consequence of this for the hydro-
phobicity of fluoxetine is that it decreases markedly (log DOW 1.25). At 
pH 7, ibuprofen is the most hydrophobic (log DOW 4.85) and venlafaxine 
is least hydrophobic compound in the mixture (log DOW − 1.97, Table 1). 

Although the virgin particles of small PE (r = 0.83) showed a strong 
positive correlation with log KOW (Table S3, Fig. 4), small amounts of 
fluoxetine (0.31 ± 0.06 μg mL− 1) and ibuprofen (0.12 ± 0.03 μg mL− 1) 
adsorbed onto small, virgin PE (Table 3, Fig. S9). A strong correlation of 
virgin small PS with pH dependent coefficient (log DOW 0.77) for the five 
pharmaceuticals was also observed. Virgin small PP, on the other hand, 
presented a strong, negative correlation (r = − 0.81) when compared 
with the log DOW of the pharmaceuticals investigated. Apart from those, 
no correlation was observed when comparing the adsorption of each 
pharmaceutical with their respective log KOW and log DOW (Table S3). 
This means that the hydrophobicity of the pharmaceuticals may not be 
the major driving factor regarding their interaction with microplastics, 
and other adsorption mechanisms, such as electrostatic interactions, 

may be more important. 
Electrostatic and hydrophobic attractions play a significant role in 

the marked uptake of fluoxetine on microplastics (Atugoda et al., 2021). 
At pH 7, fluoxetine and venlafaxine are positively charged, ibuprofen 
and ofloxacin are negatively charged, and carbamazepine is uncharged 
(Table 1). The positive charge of fluoxetine at pH 7 and the negatively 
charged surface of microplastics makes electrostatic interaction 
favourable (Table 2, Fig. 2). Although, venlafaxine is also positively 
charged at the experimental media pH, its hydrophilicity can have a 
negative impact on the adsorption onto microplastics, especially when 
co-occurring with highly hydrophobic and also cationic compounds 
such as fluoxetine. (Moura et al., 2022) has demonstrated that hydro-
phobic compounds can compete for binding sites and be adsorbed in 
greater amounts when placed in a mixture with more hydrophilic 
compounds. Fluoxetine has been reported to be adsorbed in greater 
amounts on PA microparticles when compared to the cationic (positively 
charged) pharmaceuticals atenolol, pseudoephedrine, metoprolol, tra-
madol, propranolol, and amitriptyline (Wagstaff et al., 2021). 

3.3. The effect of the physico-chemical characteristics of microplastics on 
the adsorption of pharmaceuticals 

The type of microplastics can affect the adsorption behaviour of 
pharmaceuticals by microparticles. In the current study, the total 
amount of the pharmaceuticals adsorbed by the microplastics varied 
according to the polymer (Fig. 5). Additionally, the adsorption behav-
iour for each pharmaceutical depended on the type of microplastic. 
Small PP showed the greatest adsorption among the microplastics 

Table 2 
Mean particle size analysis (PSA, n = 3) range, mean median particle size (D50), mean simulated surface area (sPSA), N2 adsorption-desorption surface area (sBET, n = 1), 
glass transition temperature (Tg) measured by differential scanning calorimetry (DSC, n = 1), degree of crystallinity (XC) calculated using eq. 2, mean zeta potential (ζ, 
n = 3), and carboxyl index (CI, n = 1) calculated using eq. 1 for virgin and aged particles, described as small and large, of polypropylene (PP), polyethylene (PE), 
polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS) and polyvinyl chloride (PVC). *Note: There are two PSA ranges for PVC due to the fact that on 
analysis there were found to be two distinct size distributions (Fig. S3). - not applicable for amorphous polymers.   

PSA range D50 sPSA sBET TG XC ζ CI 

μm μm area m2 g− 1 area m2 g− 1 ◦C % mV – 

Virgin plastic – 
Small particles 

PP 4–23  8  0.72  52.2  <0 32  − 36  1.38 
PE 3–209  24  0.31  1.5  <0 15  − 18  0.02 
PET 10–91  29  0.22  0.8  81 23  − 36  11.87 
PA 1–105  33  0.27  0.6  91 9  − 36  0.74 
PS 2–91  26  0.30  1.6  95 –  − 42  0.12 
PVC (1) 0.04–0.3  

0.14  43.50  4.3  84 –  − 64  0.06 PVC (2) 0.5–4 
Aged plastic – 

Small particles 
PP 52–976  22  0.31  49.29  <0 30  − 44  1.94 
PE 4–976  127  0.09  1.10  <0 20  − 37  0.64 
PET 10–59  30  0.21  0.38  89 22  − 38  12.94 
PA 3–976  107  0.08  0.23  91 10  − 46  0.65 
PS 2–976  42  0.17  0.69  94 –  − 42  0.41 
PVC (1) 

1–163  7  1.11  2.89  84 –  − 44  0.72 PVC (2) 
Virgin plastic – 

Large particles 
PP 60–216  134  0.05  0.01  <0 47  − 12  0.05 
PE 60–478  157  0.04  0.28  <0 17  − 16  0.02 
PET 3–216  95  0.09  0.28  81 19  − 25  10.78 
PA 46–240  105  0.06  0.92  22/94 –  − 19  0.68 
PS 60–263  134  0.05  0.39  96 –  − 16  0.06 
PVC 52–240  107  0.053  0.41  83 –  − 10  0.15 
Aged plastic – 

Large particles 
PP 46–240  127  0.05  0.03  <0  29  − 22  1.92 
PE 52–254  158  0.04  0.07  <0  22  − 21  0.71 
PET 10–272  103  0.07  0.10  81  23  − 24  6.52 
PA 40–976  252  0.03  0.08  89  –  − 18  0.48 
PS 46–186  108  0.06  0.23  97  –  − 13  0.85 
PVC 52–976  119  0.05  0.07  83  –  − 18  2.63  
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investigated, followed by PA. In the mixture, the virgin particles of small 
PP adsorbed from 16 % (ibuprofen and carbamazepine) to 97 % 
(fluoxetine). A similar adsorption capacity is observed by the aged 
particles of small PP. For the small virgin particles, only PP, PA, and PVC 
showed a marked adsorption of fluoxetine with varying amounts of the 
other pharmaceuticals being adsorbed (Fig. 3). Meanwhile, no signifi-
cant adsorption (p > 0.05) was observed comparing the concentration of 
all pharmaceuticals in the mixture in contact with small, virgin PET to 
their concentrations in the control after 48 h contact. For small, virgin 
PS, a small amount of ibuprofen (2 ± 1 % adsorption) demonstrated a 
significant difference (p = 0.02) from the control after 48 h contact. A 
discrete adsorption was also observed by small, virgin PE, where 
fluoxetine and ibuprofen adsorbed 8 ± 2 % (p = 0.02) and 4 ± 1 % (p =
0.02) onto small PE, respectively. There is a marked increase in 
adsorption of the pharmaceuticals by the small particles following 
aging. When considering the combined amount (

∑
PHA) of all pharma-

ceuticals in the mixture, except for PP, the small particles demonstrated 
a significantly greater (p < 0.05) adsorption on aged particles when 
compared to the amount of pharmaceuticals adsorbed on the virgin 
microplastics (Fig. 5). 

Considering the virgin microplastics, the size of the particles affected 
the amount adsorbed on the microplastics. Overall, the small, virgin 
microplastics showed greater adsorption of the pharmaceuticals when 
compared to the large, virgin particles. Minimal adsorption of phar-
maceuticals was observed by the large virgin particles, except for large 
PA that stands out for its adsorption of fluoxetine (45 % adsorption). 
Large PA is an amorphous form of PA, like PS and PVC that are typically 
amorphous. Amorphous polymers, in which crystalline regions are ab-
sent, are expected to show greater adsorption when compared to more 
crystalline polymers (Seo et al., 2022). Furthermore, large PA has the 
greatest sBET (0.92 m2 g− 1) when compared to the other large micro-
plastics (0.01–0.41 m2 g− 1, Table 2). The combination of the polar na-
ture, greater surface area, and amorphous properties of large PA might 
explain why fluoxetine, a hydrophobic compound, showed a marked 

adsorption onto the large PA particles. 
For PP and PVC, the size of the particles is not the only factor 

affecting the adsorption when compared to the larger particles of the 
same microplastic type. For small PP, the presence of the carbonyl 
functional group (C=O) in the IR spectrum that is not present in the 
large particles of PP (Fig. 2) and its comparatively large surface area 
(sBET 52.2 m2 g− 1) affects the adsorption of small PP. Although, un-
modified PP is typically a non-polar polymer, the presence of the 
carbonyl functional group (C=O) in the virgin particles of small PP will 
likely have an impact. Polar polymers usually contain polar functional 
groups, such as hydroxyl (-OH), carboxyl (-COOH), or amino (− NH2) 
groups, which create regions of partial positive and negative charges 
within the polymer structure. These charged or polar regions can 
interact with hydrophilic compounds through intermolecular forces 
such as hydrogen bonding, π-π interactions, or ion-π interactions. As a 
result, organic compounds can more easily adsorb onto the surface of 
polar polymers due to these attractive forces. Furthermore, the greater 
surface area, the greater adsorption expected (Chen et al., 2013). The 
large surface area of small PP suggests that along with electrostatic and 
hydrophobic interactions, pore filling was the main mechanism of 
adsorption taking place in the interaction of small PP with the phar-
maceuticals, as also demonstrated by (Moura et al., 2022). Likewise, for 
small PVC, the small particle size (Table 2) and the spongy surface 
morphology of the particles might have additional effects on the inter-
action with the pharmaceuticals when compared to the smooth surface 
morphology of large PVC (Fig. S6). Moreover, the polar surface and 
increased sBET of small PP and PVC (sBET 4.3 m2 g− 1) affect the dispersion 
of the particles through the water column, which might be the reason 
that the adsorption of pharmaceuticals onto these virgin and aged 
microplastics rapidly attains a plateau when compared to non-polar and 
less porous microplastics, such as large PP and PE (Fig. 3). The sBET 
showed a stronger positive correlation when compared to the total 
amount adsorbed onto virgin (r = 0.97) and aged (r = 0.83) micro-
plastics (Table S3). That means that other interaction mechanisms such 

Fig. 3. Amount of pharmaceutical adsorbed onto small (D50 < 35 μm) and large (D50 95–157 μm) polypropylene (PP), polyethylene (PE), polyethylene terephthalate 
(PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) over 48 h in a mixture of five pharmaceuticals on the basis of size (small or large) and the 
nature of the microplastics (virgin or aged). n = 3, errors bars = 1 SD. The amount adsorbed (qt) was calculated using eq. 3. The control consisted of a mixture of the 
five pharmaceuticals without microplastics. In short, fluoxetine readily adsorbed on microplastics; aging has a marked impact on the adsorption; PET shows very 
little adsorption even after aging. 
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as electrostatic interactions are in place along with sBET when pharma-
ceuticals are placed in contact with aged microplastics. 

In addition to the density of the microplastics, the hydrophobicity of 
microplastics also plays an important role regarding the buoyancy of the 
particles in the water column. Less dense and hydrophobic microplastics 
such as PS, PE, and PS (Table S1) tend to float when in contact with 
water, which can decrease the surface area in contact with organic 
compounds dissolved in the liquid phase. The decreased surface contact 
can lower the adsorption potential of the hydrophobic microplastic. 
Polarity might be the main reason that the microplastics which are 
considered polar polymers investigated in the current study (e.g., small 
PP, PA, and PVC) showed the greatest adsorption of the pharmaceuticals 
onto the virgin particles when compared to non-polar polymers (PP, PE, 
and PS). 

3.4. The effect of aging on the adsorption of pharmaceuticals by 
microplastics 

The weathering of microplastics had clear consequences for the 
adsorption of pharmaceuticals by microplastics. In the current study, 
artificially aged microplastics showed greater adsorption when 
compared to the virgin particles for both microplastic sizes (Fig. 3 and 
Fig. 5). The large particles of all microplastic types showed significantly 
greater adsorption (p < 0.05) by the aged particles compared to the 
virgin particles. For example, the large particles of PA demonstrated a 

marked increase in the adsorption of pharmaceuticals between the vir-
gin (

∑
PHA 1.83 ± 0.28 μg mL− 1) and aged (

∑
PHA 5.99 ± 0.25 μg mL− 1) 

material (Table 3). In this case the increased adsorption was due to 
changes in the adsorption of all five pharmaceuticals (p < 0.05). This 
contrasts with PE which, although it showed a significant increase in 
adsorption, the change was almost entirely due to an increase in the 
adsorption of fluoxetine (Fig. 3). 

As highlighted, fluoxetine consistently was the pharmaceutical that 
was most readily adsorbed by the microplastics, the adsorption being 
enhanced by aging. Only fluoxetine adsorbed (78 ± 3 %) on large, aged 
PP, while virgin particles of large PP did not adsorb any of the phar-
maceuticals in the mixture (Fig. 3). However, fluoxetine was not the 
only pharmaceutical to be adsorbed onto the aged particles. Ibuprofen, 
and ofloxacin were adsorbed by aged particles of both sizes of PA 
(Fig. 3). Aging also enhanced the adsorption of ofloxacin by PS and PET 
relative to the virgin particles, ofloxacin showed the second highest 
absolute adsorption after fluoxetine. However, lower amounts of 
fluoxetine and ofloxacin adsorbed on aged PET when compared to aged 
PS. In general, aging increases the adsorption of less hydrophobic/hy-
drophilic organic compounds on microplastics (Prajapati et al., 2022). 
(Liu et al., 2019) have also reported an increase in the adsorption of the 
hydrophilic antibiotic ciprofloxacin (log KOW 0.4) onto PS and PVC 
microparticles (size ~70 μm). The authors suggested the adsorption on 
microplastics is not limited to hydrophobic organic compounds, espe-
cially due to the increasing number of oxygen-containing functional 
groups present in aged particles ((Liu et al., 2019). Carbonyl functional 
groups contain a carbon which has a partial positive charge, while the 
oxygen has a partial negative charge. The positive charge of the carbonyl 
carbon might favour the electrostatic interaction of anionic (negatively 
charged) pharmaceuticals such as ibuprofen and ofloxacin (Table 1). 

Aging clearly changes the adsorption potential for the large particles, 
especially in respect of fluoxetine. The results indicate that the size of 
the microplastics can be a secondary factor affecting the adsorption 
when compared to the weathering of the particles. Considering the 
combined amount (

∑
PHA) of the all pharmaceuticals adsorbed, the aged 

particles of small PA (
∑

PHA 3.85 ± 0.85 μg mL− 1) adsorbed in signifi-
cant lower amounts (p = 0.01) when comparing with large, aged PA 
(
∑

PHA 5.99 ± 0.25 μg mL− 1). Likewise, large, aged PE (
∑

PHA 3.96 ±
0.19 μg mL− 1) showed significant greater adsorption (p = 0.02) of 
pharmaceuticals in comparison to aged particles of small PE (

∑
PHA 3.39 

± 0.06 μg mL− 1, Fig. 5, Table 3). Along with the size of the particles, 
properties such as glassiness, crystallinity and the polarity of micro-
plastics have shown to impact the adsorption behaviour of organic 
compounds. (Liu et al., 2019). In the current study, the polarity of both 
virgin and aged microplastics had a considerable impact on the 
adsorption of the pharmaceuticals. For instance, small PP (that contains 
a carbonyl functional group), PA, and PVC, considered polar polymers, 
were the virgin microplastic types that showed greatest adsorption of 
the pharmaceuticals investigated (Fig. 3 and Fig. 5). Furthermore, due to 
photo-oxidation and weathering, microplastics, including the non-polar 
polymers (e.g., PP, PE, and PS), develop polar oxygen-containing groups 
that can favour hydrogen bond interaction (Prajapati et al., 2022) along 
electrostatic and hydrophobic interactions. The absence of oxygen- 
containing groups that favour those interactions might be the reason 
that, for both sizes of virgin PE, there was no adsorption of the phar-
maceuticals, while fluoxetine was adsorbed on small (82 %) and large 
(93 %) particles of aged PE. According to (Li et al., 2018), the formation 
of hydrogen bonding was the key mechanism underlying the high 
adsorption of the hydrophilic antibiotics amoxicillin, tetracycline, and 
ciprofloxacin on PA. However, H-bonding interactions are weaker 
compared to hydrophobic and electrostatic interactions (Prajapati et al., 
2022). Aliphatic polymers, such as PE and PVC, normally undergo van 
der Waals interactions, while aromatic polymers, such as PS, is usually 
attributed to π–π interactions (Tourinho et al., 2019). 

Several studies have also observed an increase in the adsorption of 
organic compounds on aged microplastics when compared to virgin 

Table 3 
Concentration of each pharmaceutical adsorbed onto small (D50 < 35 μm) and 
large (D50 95–157 μm) polypropylene (PP), polyethylene (PE), polyethylene 
terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride 
(PVC) after 48 h contact in a mixture of five pharmaceuticals on the basis of size 
(small or large) and the nature of the microplastics (virgin or aged). n = 3, mean 
± SD. The concentration adsorbed was calculated using the difference between 
the pharmaceutical concentration in the control and the pharmaceutical con-
centration in the sample with microplastics.   

Concentration adsorbed onto microplastics (μg mL− 1) 

Small plastic 
Virgin plastics 
PP 3.42 ± 0.39 3.57 ± 0.08 0.47 ± 0.06 3.96 ± 0.2 0.54 ± 0.13 
PE – – – 0.31 ± 0.06 0.12 ± 0.03 
PET – – – 0.02 ± 0.01 – 
PA – – – 2.33 ± 0.17 – 
PS – – – – 0.07 ± 0.01 
PVC – 0.35 ± 0.06 – 2.94 ± 0.16 – 
Aged plastics 
PP 3.03 ± 0.19 2 ± 0.09 0.5 ± 0.06 4.06 ± 0.06 0.56 ± 0.08 
PE – – – 3.39 ± 0.05 – 
PET 0.45 ± 0.03 – – 0.82 ± 0.08 0.03 ± 0.01 
PA 0.8 ± 0.09 – 0.13 ± 0.01 3.16 ± 0.12 0.31 ± 0.08 
PS 0.54 ± 0.1 – – 1.85 ± 0.02 – 
PVC 0.74 ± 0.08 0.32 ± 0.05 – 3.55 ± 0.12 –  

Large plastic 
Virgin plastics 
PP – – – – – 
PE – – – – – 
PET – – – – – 
PA – – – 1.83 ± 0.28 – 
PS – – – – – 
PVC – – – – – 
Aged plastics 
PP 0.37 ± 0.03 – – 3.31 ± 0.22 – 
PE – – – 3.96 ± 0.16 – 
PET 0.43 ± 0.09 – – 0.75 ± 0.15 – 
PA 1.07 ± 0.11 0.16 ± 0.05 0.4 ± 0.06 3.54 ± 0.06 0.81 ± 0.1 
PS 0.38 ± 0.06 – – 1.37 ± 0.09 – 
PVC 0.68 ± 0.08 – – 1.28 ± 0.18 – 

- no adsorption evident. 
Note: When the amount adsorbed onto the microplastics was not statistically 
different from the control (p > 0.05) a zero value was assigned. 
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microplastics (Bhagat et al., 2022; Hüffer et al., 2018; Liu et al., 2020; 
Zhang et al., 2018). The increase in the adsorption capacity of the aged 
particles can be explained by the change in the hydrophobicity and the 
surface charge caused by thermal- and photo-oxidation processes. Ac-
cording to (Atugoda et al., 2021), the aging of microplastics decreases 
the hydrophobicity and increases the electrostatic interactions between 
the aged microplastics and pharmaceutical compounds, resulting in 
their retention on the polymer. The addition of polar, oxygen-containing 
functional groups to the surface results in a trend towards higher hy-
drophilicity and surface free energy of microplastics (Bhagat et al., 
2022). 

4. Environmental implications of this study 

Most studies on the adsorption of aquatic pollutants onto micro-
plastics have used virgin microplastics. However, microplastics acquired 
commercially might not be representative of what is detected in the 

environment. This is especially the case when using perfectly 
spherically-shaped microplastics which only represent 14 % of the 
microplastic type reported in the freshwater environment (Koelmans 
et al., 2019). In the current study, a wide range of microplastic types 
with different sizes and shapes were evaluated to achieve a better rep-
resentation of the microplastic found in the aquatic environment. 
However, simulating the physico-chemical and biological processes 
particles undergo when in the environment is a challenge. Artificially 
aging microplastics is a multifactorial process. The degree of weathering 
of polymers depends on type and the intensity of light source, the 
presence/absence of water and the ambient temperature. Particles have 
been aged in the laboratory using a variety of light sources, radiation 
intensities, and exposure times. The most commonly used types of light 
sources to age microplastics, to date, are UV-based (UV-A, –B, and –C, 
100–400 nm, (Almond et al., 2020; Fan et al., 2021; Liu et al., 2019; 
Mylläri et al., 2015; J. Wu et al., 2020). However, UV light only accounts 
for the small portion (~10 %) of sunlight when compared to the amount 

Fig. 4. Comparison of the amount of pharmaceutical adsorbed onto microplastics after 48 h with the octanol-water partition coefficient (log KOW, Table 1) and the 
pH dependent octanol-water partition coefficient (log DOW at pH 7, Table 1). The material described as small (D50 < 35 μm) and large (D50 95–157 μm) of poly-
propylene (PP), polyethylene (PE), polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) after 48 h in a mixture of five 
pharmaceuticals was compared on the basis of size (small or large) and the weathering of the microplastics (virgin or aged). n = 3, errors bars = 1 SD. The amount 
adsorbed (qt) was calculated using eq. 3. A zero value was attributed to the qt when the adsorption was not significantly different (p > 0.05) from the control. 

Fig. 5. Total concentration of pharmaceuticals (
∑

PHA) adsorbed onto small (D50 < 35 μm) and large (D50 95–157 μm) polypropylene (PP), polyethylene (PE), 
polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) after 48 h in contact with a mixture of the pharmaceuticals on the 
basis of size and the nature of the microplastics (virgin and aged). n = 3, errors bars = 1 SD. The total concentration adsorbed (

∑
PHA) was estimated using eq. 5. The 

control consisted of a mixture of the five pharmaceuticals without microplastics. *significant difference between the virgin and aged particles, p < 0.05. 
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of visible light (Liu et al., 2021). For these reasons, a combination of UV 
and visible light sources such as Xenon Arc lamps might be a better 
representation of microplastics exposure to sunlight. Furthermore, a 
detailed characterisation is crucial to achieve full understanding of the 
virgin microplastics received by the suppliers and to understand how 
aging impacts the chemical structure, surface morphology, particle size, 
surface charge and crystallinity of microplastics as discussed previously 
(Moura et al., 2022). 

The pharmaceuticals investigated in this study have high prescrip-
tion rates globally and low biodegradability in the environment. They 
are also widely reported in the freshwater environment (Fekadu et al., 
2019). Micropollutants such as pharmaceuticals are often detected as a 
mixture in freshwater systems (Ebele et al., 2017). The majority of 
adsorption studies to date evaluate individual compounds in contact 
with microplastics. Although it is important to understand how organic 
micropollutants interact individually with microplastics, this approach 
does not consider potential intramolecular adsorption competition 
(Moura et al., 2022). As confirmed by the current study, hydrophobic 
organic compounds such as fluoxetine adsorb great amounts on micro-
plastics when in a mixture of less hydrophobic compounds. This is 
worrisome as a positive correlation between hydrophobicity and organic 
compounds toxicity has been reported (Fischer et al., 2010). The 
desorption of fluoxetine from PA microparticles in different media and 
conditions has previously been reported (Wagstaff et al., 2021). How-
ever, it has not yet been determined whether the amount of pharma-
ceuticals adsorbed onto microplastics are bioavailable when ingested by 
wildlife. 

5. Conclusion 

The interaction of a mixture of pharmaceuticals in contact with 
virgin and aged particles of six microplastic types was investigated. The 
properties of the pharmaceuticals, the polymer composition of the 
microplastics, and weathering of the microplastics were all key factors 
affecting the adsorption of pharmaceuticals on microplastics. Although 
environmentally representative concentrations were not used in this 
particular study, the results have clearly demonstrated the great po-
tential of microplastics to adsorb micropollutants and potentially act as 
a vector in aquatic environments, especially oxidised microplastics 
under UV and visible light exposure. Furthermore, small particles of PP, 
plastic type widely used for single-use purposes and the microplastic 
type most commonly reported in the environment, showed to adsorb 
great amounts of all pharmaceuticals investigated in both, its virgin and 
aged state. Hydrophobic and positively charged compounds such as 
fluoxetine have displayed greater adsorption on microplastics when 
compared to hydrophilic and negatively charged compounds. It is of 
continued concern that pharmaceuticals adsorbed onto the micro-
plastics can be bioavailable. However, the impact of ingested 
micropollutant-loaded microplastics to wildlife is yet to be determined. 
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