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Abstract Microplastics’ sorption capability has been studied over the last decade 
to better understand the potential impacts that they have on the ecosystems and 
human health. However, the role of plastic aging, in which the polymer’s physical 
and chemical properties are changed due to exposure to environmental agents, such 
as weathering, has been overlooked. Consequently, there is a need to explore the role 
of the aging processes in the interaction of microplastics with other pollutants, and 
the potential risk of an enhanced capacity of microplastics carrying co-occurring 
pollutants between environmental compartments and ecosystems. Thus, the main 
goal of this study was to evaluate the changes in the sorption capacity after aging 
microplastics of LDPE – low-density polyethylene, PET – poly(ethylene terephtha-
late), and uPVC – unplasticized poly(vinyl chloride). Through sorption experiments, 
virgin and aged (by ozone exposure or 3 months of rooftop weathering) microplastic 
particles of the three polymers were exposed to ten organic contaminants (pesti-
cides or pharmaceutical substances) at trace concentrations, including both priority 
substances and contaminants of emerging concern. The results show increased sorp-
tion of these contaminants on the aged microplastic particles, which is dependent on 
the affinity between each polymer and organic contaminant, and the effectiveness of 
the aging treatment. A better understanding of the interaction between these different 
pollutants was reached due to the analysis of the sorption experiments results when 
accounting for modifications of the chemical structure, surface morphology and/or 
crystallinity of the microplastic particles identified after the aging processes. This 
study supports the hypothesis that microplastics can be transport vectors for other 
pollutants and demonstrates the major role of the aging degree in the sorption process.
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Thus, it provides further evidence of the pressing need to study microplastics in more 
realistic conditions, in which they undergo aging and interact with other pollutants. 

14.1 Introduction 

Microplastics are considered as contaminants of emerging concern [1] since large 
quantities started to be frequently and in a widespread manner found in several 
environmental compartments and ecosystems [2]. In order to better understand 
the behavior and impacts of microplastics, their sorption capacities started to be 
studied, but the role of plastic aging on the sorption processes has been over-
looked [3]. Polymer degradation, by abiotic and/or biotic pathways, is usually a slow 
process under natural environmental conditions, which creates physical and chem-
ical modifications, such as crazing, cracking, the introduction of oxygen-containing 
surface groups, and discoloration [4]. These modifications are expected to change the 
behavior of microplastics over time, influencing their interaction with co-occurring 
contaminants and biota [5, 6]. Consequently, there is a need to explore the role of 
the aging processes in the interaction of microplastics with other pollutants, and the 
subsequent potential risk of an enhanced sorption capacity and a trojan horse vector 
effect [7]. 

Although several pesticides and pharmaceutical substances are already consid-
ered priority substances under the European Union (EU) environmental legislation, 
new substances continue to be developed and pose new threats to the environment. 
These substances, yet to have Environmental Quality Standards [8], are classified as 
contaminants of emerging concern. Therefore, research is necessary on the interac-
tion of these substances with microplastics to identify affinities between the different 
polymers and substances and the potential threats of this combo in the environment 
[9]. 

Thus, the goals of this study were to (i) assess the modifications on the chem-
ical structure, surface morphology and crystallinity of microplastic particles of 3 
polymers after different aging treatments; (ii) evaluate the changes in the sorption 
capacity after aging and link those with the modifications detected, and (iii) iden-
tify affinities between 10 organic contaminants (4 pesticides and 6 pharmaceutical 
substances) with microplastic particles of the selected polymers.
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14.2 Experimental 

14.2.1 Materials 

Microplastic particles (MPPs) of LDPE – low-density polyethylene (average particle 
diameter of 509 ± 221 µm), PET – poly(ethylene terephthalate) (161 ± 79 µm) and 
uPVC – unplasticized poly(vinyl chloride) (159 ± 43 µm) were purchased from 
Goodfellow (UK). 

Ten organic contaminants were selected for the study, including both priority 
substances and contaminants of emerging concern, at trace concentrations: (i) pesti-
cides – alachlor, clofibric acid, diuron, pentachlorophenol; and (ii) pharmaceu-
tical substances – citalopram, diclofenac, florfenicol, tramadol, trimethoprim, and 
venlafaxine. These substances were purchased from Sigma-Aldrich (Germany) or 
Supelco (Germany) in powder form. 

14.2.2 Methods 

The MPPs were first aged by ozone exposure or rooftop weathering, being char-
acterized before and after aging. Then, sorption batch experiments were conducted 
with both virgin and aged samples of MPPs. Finally, the solutions were filtered to 
remove the MPPs from suspension and the pesticides and pharmaceutical substances 
in solution were quantified by liquid chromatography. 

14.2.2.1 Aging Treatments 

For the ozone gas MPP aging, the virgin MPPs of each polymer received a 150 
Ncm3 min−1 flow rate of 50 gO3 Nm−3 for 1 h [10]. For the rooftop (RT) weathering 
experiment, the virgin MPPs of each polymer were exposed to real conditions of 
weathering regarding air humidity and temperature, sunlight, and precipitation (under 
a temperate climate, during the period of the year with the maximum hours of sunlight 
per day and higher UV index, in the city of Porto, Portugal). Two types of weathering 
samples were obtained after 3 months (13 weeks): RT1 – the MPPs underwent 
aging due to natural solar exposure and temperature variations; RT2 – same as RT1 
but filtered rainwater collected was additionally added to these samples of MPPs, 
following the precipitation pattern [10]. 

14.2.2.2 Sorption Experiments 

Two series of sorption batch experiments were performed to study the MPP sorption 
capacities and affinity to the organic contaminants [11]: (i) sorption kinetics of a mix
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of the 10 organic contaminants on virgin MPPs; (ii) sorption with the same mix of 
the 10 organic contaminants but using aged MPPs to study this effect. 

For this, 250 mg of MPPs (LDPE, PET, or uPVC) and 25 mL of the solution with 
the 10 organic contaminants (pH ca. 5.8, ca. 100 µg L−1 of each substance) were 
added to 50 mL bottles. The bottles were shaken at 150 strokes per minute and kept 
at 25 °C for the duration of the experiment. All samples with MPPs were run in trip-
licates and had control bottles without the MPPs. After that, the samples underwent 
vacuum filtration (pore size of 1.2 µm) to remove the MPPs from suspension. The 
filtered samples were stored in HPLC vials at −18 °C until analyzed. 

For the kinetics experiments, the following time intervals were used: 2, 4, 8, 16, 
24 and 30 h. For the other type of experiments, the samples were shaken for 24 h. 

14.2.2.3 Analytical Techniques 

The MPPs were characterized using a particle size analyzer, Attenuated Total Reflec-
tion – Fourier transform infrared (ATR-FTIR) spectroscopy, Scanning Electron 
Microscopy (SEM), and X-ray diffraction (XRD) analysis [10]. 

The organic substances were quantified using an ultra-high-performance 
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) analytical 
method [11]. 

14.2.2.4 Data Analysis 

Carbonyl Index (CI) was estimated by Eq. 14.1 for LDPE and uPVC [10]. The 
ATR-FTIR spectra were used to obtain the transmittance, which was converted to 
absorbance (A), of the carbonyl group and methylene group peaks maximum height. 
CI was not calculated for PET, since this polymer has a characteristic infrared absorp-
tion peak at 1714 cm−1 due to C= O stretching of the carboxylic acid group, disabling 
the possible detection of the growth of the carbonyl group peak height as aging 
modifies the polymer. The average and standard deviation were calculated for all the 
results. 

C I  = Acarbonyl group(1712−1722) 

Amethylene group(2848 for LDPE or 2844 for uPVC) 
(14.1) 

The XRD diffractograms were analyzed using the HighScore 4.8 software, in this 
way determining the crystalline and amorphous areas and, consequently, the degree 
of crystallinity [10]. 

The sorption capacity q (µg g−1) was calculated by Eq. 14.2, where Ccontrol is the 
concentration of each organic substance (µg L−1) in the control bottle liquid phase, 
Csample is the concentration of each organic substance (µg L−1) in a sample bottle 
liquid phase, V is the volume (L) of the solution added to each bottle, and m is the 
mass (g) of MPPs added to the bottle.



14 Evaluation of the Role of Plastic Aging on the Sorption of Pesticides … 101

q = (Ccontrol − Csample) 

m 
V (14.2) 

14.3 Results and Discussion 

Of the 3 polymers selected, LDPE was the most impacted by the aging treatments 
studied Fig. 1a. Both the ozone treatment and rooftop weathering lead to modifica-
tions in the chemical structure of the polymer. The most substantial modification was 
the formation of carbonyl species (C = O), enabling to quantify the degree of aging 
with the estimation of the CI increase from 0.004 ± 0.001 (virgin) to 0.100 ± 0.002 
(ozone), 0.243 ± 0.011 (RT1) and 0.246 ± 0.006 (RT2) [10]. While being more diffi-
cult to assess the aging degree of PET using ATR-FTIR data, it was possible to detect 
a broader 1714 cm−1 peak base for the ozone samples (Fig. 1b). The weathering treat-
ments were the most effective in introducing changes in the chemical structure of 
uPVC, as suggested by the highest increase in carbonyl species Fig. 1c. The uPVC CI 
increased from 0.73 ± 0.15 (virgin) to 0.85 ± 0.06 (ozone), 4.82 ± 0.27 (RT1) and 
3.37 ± 0.12 (RT2) [10]. Another noteworthy modification identified is the formation 
of hydroxyl species (O–H) for the weathering samples of the 3 polymers, although 
much more subtle. Overall, LDPE was shown to be more susceptible, than PET and 
uPVC, to crystallinity changes under the aging treatments conducted and for the 
exposure times tested, particularly after weathering.

The SEM analysis of the surface morphology of LDPE, PET and uPVC revealed 
that most of the aging treatments lead to no major morphological changes. The most 
relevant modifications detected occurred for LDPE after weathering, as shown by 
the observation of randomly distributed cracks on the surface of LDPE weathered 
samples, that were more pronounced for the RT2 samples, which were in contact 
with rainwater [10]. 

The sorption kinetics of the mixture of the 10 organic contaminants were studied 
for each polymer virgin MPPs, allowing to define an adequate contact time for the 
rest of the sorption experiments. These first experiments show that only alachlor 
(for LDPE) and pentachlorophenol (for the 3 polymers but mainly for LDPE) were 
discernibly sorbed on virgin MPPs. An apparent equilibrium was reached between 
16 and 24 h. Thus, 24 h was considered enough to reach equilibrium, under the 
conditions tested. 

Following this, the effect of aging on the sorption capacities of the polymers was 
studied (Fig. 14.2). The results revealed higher sorption of several organic substances 
on aged MPPs, when compared to virgin MPPs, i.e. the sorption capacity increased 
from one or two sorbed substances (maximum 3 µg g−1 per sorbate) up to nine after 
aging (maximum 10 µg g−1 per sorbate). As predicted, considering the character-
ization of the aged samples, LDPE sorption capacities were the most impacted by 
aging. The weathering exposure led to the highest increases in the sorption capacities
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Fig. 14.1 Microplastic particles (MPPs) ATR-FTIR spectra, Carbonyl Index (CI) and degree of 
crystallinity: a LDPE, b PET, and c uPVC

of LDPE and uPVC, but ozone exposure proved to be more effective for PET due to 
pentachlorophenol sorption on the ozone-aged MPPs of this polymer.

The increase in the amount of the oxygen-containing functional groups through 
aging is known for affecting the surface hydrophobic properties of the plastics and 
allowing additional interactions [12]. Thus, the previously identified modifications 
can be linked to the increment of the sorption capacity for certain substances. For 
instance, the overall higher sorption capacity observed for uPVC RT1 samples over 
RT2 samples matches the higher CI obtained for RT1 over RT2. Likewise, the 
similar CI obtained for RT1 and RT2 samples of LDPE matches the similar sorption 
capacities between these two samples. 

Despite the fact that RT1 and RT2 samples of LDPE show similar sorption capaci-
ties for most substances and similar modifications in their chemical structure, they are 
different regarding their surface morphology, i.e. RT2 is more aged in that regard. This 
suggests that the affinity and consequent sorption of most of the studied substances 
on LDPE MPPs were mainly governed by the surface chemical structure. 

Even after aging, pentachlorophenol remains the most sorbed substance for all 
LDPE samples and ozone-aged PET. Another noteworthy affinity encountered was
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Fig. 14.2 Microplastic particles (MPPs) sorption capacity for organic contaminants. * 
Pentachlorophenol concentration in solution after 24 h was below the method detection limit for 
LDPE RT1 and RT2 samples, and therefore q was calculated admitting a null concentration for 
those samples

the trimethoprim sorption on the PET RT2 samples, which might be related to the 
formation of hydroxyl species during aging. No affinity was found, even after aging, 
between tramadol and venlafaxine for LDPE and PET, and between clofibric acid 
and uPVC. 

14.4 Conclusions 

This study demonstrates the major role of the aging degree of MPPs in the sorption 
process, with impact on the interaction between most of the studied organic contam-
inants and the MPPs of LDPE, PET and uPVC. The differences between the sorption 
capacities of each polymer before and after aging can be linked to the chemical and 
physical modifications identified, providing essential information on the behavior of 
microplastics in the environment, particularly when predicting their affinity with a 
diversity of co-occurring contaminants. For LDPE and uPVC, the CI can be a valu-
able indicator in a preliminary estimation of the global sorption capacities of aged 
MPPs, although it is not valid for every single substance.
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