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microplastics in long-term accelerated weathering
simulation†

Fei Yu, a Qiyu Qin,a Xiaochen Zhanga and Jie Ma *bc

Microplastics can function as carriers in the environment, absorbing various toxins and spreading to diverse

ecosystems. Toxins accumulated in microplastics have the potential to be re-released, posing a threat. In

this study, two typical plastics, namely polyethylene (PE) and polystyrene (PS), along with the degradable

plastic poly(butylene adipate-co-terephthalate) (PBAT), were subjected to a long-term ultraviolet

alternating weathering experiment. The study investigated the variations in the weathering process and

pollutant adsorption of microplastics of different particle sizes. Furthermore, the adsorption capacity of

microplastics for various pollutants was assessed. The findings indicate that particle size significantly

influences weathering, leading to variations in adsorption capacity. The weathered PE displays a higher

adsorption capacity for azo dyes. Additionally, the adsorption capacity of PBAT for neutral red is double

that of antibiotics. Importantly, the maximum adsorption capacity of PBAT for pollutants after aging is

approximately 10 times greater than that of PE. Consequently, degradable plastics undergoing

weathering in the natural environment may pose a higher ecological risk than traditional plastics.
Environmental signicance

Weathering experiments of microplastics (MPs) in the laboratory should simulate irradiation and temperature changes in the natural environment, and the
physicochemical properties of such MPs become more similar to those in the natural environment. The ability of MPs to adsorb organic pollutants has been
widely studied, and in the aquatic environment, they can act as carriers to spread pollutants over greater distances. There are differences in the accumulation
effects of MPs exhibiting the same physicochemical properties on various types of organic pollutants, and the formation of composite pollution with different
pollutants may have different ecological risks. In this study, PE, PS and PBAT were selected as simulated weathering objects to assess the degree of weathering of
hydrocarbon plastics in the environment through CI modeling. The adsorption behavior of MPs and typical antibiotics and dyes was investigated to provide
a theoretical basis for the potential ecological risk assessment of compound pollution.
Introduction

Countries around the world are trying to control the production
and use of plastic to reduce ubiquitous plastic pollution. Due to
improper plastic management strategies and unenforceable
recycling policies,1,2 huge amounts of plastic are discarded into
the environment.3,4 In particular, common plastics such as
polyethylene (PE) and polystyrene (PS) are difficult to biode-
grade5 and their accumulation in the environment has caused
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harm to many ecosystems.6–9 The degradation of plastics results
in the formation of small-size plastics.Thompson et al.10

referred to plastics with particle sizes less than 5 mm as
microplastics (MPs).

Photooxidation, thermal aging, and mechanical damage are
non-biological degradation pathways for plastics.11,12 Among
these pathways, photooxidation is considered the most signi-
cant degradation mode. When exposed to ultraviolet light, plas-
tics undergo chemical bond breakage, leading to the
introduction of oxygen atoms and the formation of carbonyl
groups on the surface.13,14 Therefore, ultraviolet irradiation is
commonly employed in the laboratory to expedite the aging of
microplastics, allowing for the production of microplastics that
exhibit a comparable level of weathering to that found in the
natural environment within a short period. This facilitates the
study of the aging process ofmicroplastics. In addition, in a water
environment, reactive oxygen species (OH$ and O2c

−) generated
by light can cause the breakage of C–C bonds in the main chain
of microplastics.15 The aliphatic C–H bonds and aromatic C–H
This journal is © The Royal Society of Chemistry 2024
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bonds are partially transformed into C]O bonds, with a smaller
fraction being converted to O–C]O bonds. Fenton/UV, O3, and
H2O2/UV processes can accelerate the aging of microplastics in
a water environment;16,17 however, it is necessary to repeatedly
add oxidants to maintain a stable oxidation rate.18 Chen et al.
discovered that salt in seawater can facilitate the transformation
of microplastic crystals and the formation of oxygen-containing
functional groups. The increase in crystallinity enhances the
hydrophilicity of microplastics, whereas the emergence of
oxygen-containing functional groups reduces the crystallinity.19 It
is commonly believed that smaller particles possess a larger
specic surface area, absorb more UV radiation energy per unit
area, and are more susceptible to oxidation. In normal circum-
stances, the pores between particles are inuenced by the particle
diameter, and the greater the contact area between particles, the
smaller the void created during accumulation. Due to the small
particle size, only the microplastics closest to the light source can
fully absorb ultraviolet radiation, potentially resulting in a lower
overall aging degree for microplastics compared to those with
a larger diameter.

Antibiotics such as tetracycline (TC), levooxacin (OFL) and
ciprooxacin (CIP) are oen overused in animal husbandry and
aquaculture because of their broad-spectrum antimicrobial
effects. Antibiotic contamination has been detected to varying
degrees in streams and rivers.22 These organic pollutants take
a long time to degrade in the environment, and antibiotics can
easily spread to natural water bodies,23 leading to the develop-
ment of drug resistance in bacteria.24 The degradation products
may even exhibit stronger toxicity. Another type of concern is
organic dyes, which are challenging to biodegrade and exhibit
high ecotoxicity. With the rapid advancement in printing and
dyeing technology, synthetic chemical additives are gradually
displacing natural and easily degradable substances.25 Organic
dyes have been characterized by high color intensity, elevated
toxicity and low degradability. The discharge of printing and
dyeing wastewater reduces dissolved oxygen in water, posing
a severe and serious threat to the safety of the aquatic envi-
ronment and ecosystems.26

Microplastics and organic pollutants coexist in water bodies,
and the ability of weathered microplastics to adsorb pollutants
is signicantly enhanced. Hydrogen bonding, hydrophobic
interactions, van der Waals forces, and electrostatic interac-
tions are the main binding mechanisms between antibiotics
and microplastics. Among them, polyamide (PA), sulfadiazine
(SDZ), amoxicillin (AMX), TC, CIP, and trimethoprim (TMP)
exhibit the highest adsorption capacity.27 Zhang et al. discov-
ered that weathered PS can bind to levooxacin through p–p

conjugation and hydrogen bonding.28 The adsorption capacity
of microplastics for pollutants depends, to some extent, on the
characteristics of pollutants. Moura et al. researched the inter-
action between raw and aged microplastics and antibiotics
across six plastic types. It was observed that hydrophobic and
positively charged uoxetine demonstrated higher adsorption
on microplastics.29 The adsorption mechanisms of various
pollutants and microplastics differ. The study conducted by
Wang et al. conrmed the bonding between dyes and PA6
through hydrogen bonding and electrostatic adsorption.30 Liu
This journal is © The Royal Society of Chemistry 2024
et al. discovered that methylene blue and microplastic particles
from single-use plastic cups were adsorbed in heterogeneous
layers at low concentrations and as a monolayer with hydro-
phobic properties at high concentrations.31 Mahabeer et al.
observed that the complexation of Cl− ions and methylene blue
led to a decrease in the adsorption capacity of microplastics due
to increased salinity.32 Microplastics exhibit signicant
adsorption effects on antibiotics and dyes. However, it remains
unclear whether various types of microplastics yield distinct
adsorption effects on antibiotics and dyes. Therefore, investi-
gating the adsorption behavior of microplastics towards
different types of pollutants is essential.

PE and polystyrene PS are the most common types of plas-
tics, frequently found in the environment where they easily
adsorb environmental pollutants. PBAT, with its good biode-
gradability, has attracted more attention and is increasingly
used in food packaging, agricultural lms, and medical equip-
ment. To investigate the variance in weathering and adsorption
behaviors between non-degradable and degradable plastics, we
selected PBAT as the object of our research.

In this paper, typical plastics PE, PS, and PBAT were sub-
jected to accelerated degradation using intermittent UV radia-
tion and cooling with ice in the dark. The weathering
experiments were carried out for 60 to 120 days to provide
a comprehensive insight into the degradation behavior of MPs
in the environment. The study investigated the adsorption
behavior of antibiotics and dyes on PE, PS, and PBAT. It also
explored the differences in weathering and adsorption behavior
of PE plastics with various particle sizes. The objective was to
elucidate the impact of particle size on the environmental
behavior of microplastics and to compare the weathering
behavior of traditional plastics and degradable plastics. This
research aims to provide a theoretical basis for the ecological
risk assessment of microplastics at different pollution levels.
Experimental
Materials

Levooxacin (OFL) was supplied by Shanghai Qianyan Scientic
Instrument Co., Ltd (purity of 98%). Tetracycline (TC, AR) was
offered by Jiangnanjie Co., Ltd. Ciprooxacin (CIP) was
supplied by Shanghai Ryon Biotechnology Co., Ltd (purity of
98%). PE (500 mm, 125 mm, and 30 mm), PS (75 mm), and PBAT
(150 mm) were supplied as powders by Zhangmutou Hua
Chuang Plastic Raw Materials Firm (Dongguan, China). Humic
acid (HA) was obtained from Aladdin Reagent Co., Ltd
(Shanghai, China). Methyl blue and neutral red were supplied
by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

The UV lamp (power of 15 W) was obtained from Hangzhou
Yaguang Lighting Co., Ltd (Hangzhou, China). A thermometer
(Mi Bluetooth II) was used to record temperature and humidity
changes and was purchased from Taobao.
Preparation of weathered microplastics

PE (with a size of 30 mm, 125 mm, and 500 mm), PS (75 mm), and
PBAT (150 mm) were weighed at 10 g and placed into Petri dishes
Environ. Sci.: Processes Impacts, 2024, 26, 882–890 | 883
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Fig. 1 SEM images of microplastics before and after UV weathering,
(a1 and a2) pristine PE; (b1 and b2) PE weathered for 120 days; (c1 and
c2) pristine PS; (d1 and d2) PS weathered for 60 days; (e1 and e2)
pristine PBAT; (f1 and f2) PBAT weathered for 120 days.
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and labeled as PE-30, PE-125, PE-500, PS-75 and PBAT-150,
respectively. All samples were placed in a radiation chamber
with 4 UV lamps with 15 W irradiance. The total duration of the
experiment was 120 days. The UV radiation time was 16 h, and
dark treatment with cooling using ice was 8 h every day. To
better explore the natural weathering process of MPs, samples
were selected for FTIR analysis at 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, and 120 days, respectively.

Adsorption experiments

The preliminary experiment proved that 72 h was sufficient to
reach adsorption equilibrium. Adsorption experiments were
conducted on pristine and aged MPs with antibiotics and dyes.
The adsorption kinetic experiment was conducted at 25 °C by
mixing 10mgMPs and 20mL pollutants with a concentration of
10mg L−1 in a 50mL conical ask. The sampling time is set at 1,
2, 4, 6, 8, 12, 24, 48 and 72 h. Meanwhile, experiments on the
inuence of dissolved organic matter (HA) and ionic strength
(NaCl) on adsorption capacity were conducted. Adsorption
isotherm experiments were conducted in the presence of HA,
and OFL concentrations ranged from 5 to 40 mg L−1, mixing
with 5 mg L−1 HA. OFL maintained a concentration of
10 mg L−1, and the effects of different concentrations of NaCl
(0–1.0 M) on the adsorption were determined. Besides, the
pH of the solution was adjusted to 6–7 using 0.1 M NaOH and
0.1 M HCl.

All the experiments were carried out in a constant tempera-
ture shaker (TS-350C, China) at 150 rpm. Aer adsorption
experiments, all the solutions were ltered through a 0.22 mm
aqueous membrane lter. The TC, OFL, CIP, methyl blue and
neutral red concentrations in solution were analyzed using
a UV-visible spectrophotometer (UV-2900, Hitachi, Japan) at
a wavelength of 275.4 nm, 287.6 nm, 294 nm, 664 nm and
553 nm, respectively. All the above experiments were set to be
repeated three times, and the mean values of the experimental
data were considered the ultimate results. The adsorption
kinetics of PE-125 for OFL is shown in Fig. S1.†

Characterization

The surface morphology of pristine and aged MPs was analyzed
by scanning electron microscopy (SEM, Zeiss Sigma 300, UK) at
3.0 kV. Attenuated total reectance Fourier transform infrared
spectroscopy (ATR-FTIR) identied the surface chemical char-
acteristics with a wavenumber of 4000–600 cm−1 (Thermo
Fisher, Nicolet Is10). Besides, a thermogravimetric analyzer
(Simultaneous DSC-TGA Q600, America) was used to analyze the
thermal stability changes of the samples, performed under a N2

atmosphere at a rate of 10 °C min−1 from 50 to 600 °C.

Results and discussion
Morphology of MPs

The morphologies of the pristine and UV-treated PE, PS, and
PBAT samples are depicted in Fig. 1. The pristine PE and PS
particles are approximately spherical and massive, respectively,
with smooth surfaces. The appearance of cracks caused
884 | Environ. Sci.: Processes Impacts, 2024, 26, 882–890
morphology variations during UV treatment. As the UV expo-
sure time increased, the surface roughness of MPs increased.
Aer 120 days of UV treatment, PE presented a distinct weath-
ering phenomenon, with spherical cracks appearing on its
surface. At the same time, smaller debris occurred following
weathering. The ndings revealed that UV exposure time is
a vital factor in plastic degradation. The textures of PS samples
became rough and generated akes aer 60 days. Delamination
following weathering was linked to the formation of a brittle
surface area and particle surface layer,20 consistent with the
conclusion that cracks and akes are common degradation
modes. Aer 120 days of UV exposure, a stratied structure as
well as a large number of wrinkles and holes appeared on the
surface of PBAT, effectively increasing the attachment points for
pollutants. It may be because PBAT contains oxygen-containing
functional groups, leading to more intense weathering under
the same conditions. The degradation mechanism requires
further studies, but it can be conrmed that the changes in
surface morphology can provide more adsorption sites for
pollutants.21,33,34 The degradation of a polymer is related to its
properties. The plastic structures are presented in Table S1.† PE
and PS have backbones that are completely built of carbon
atoms making them resistant to the cleavage of chemical
bonds.35 In contrast, the main chain of PBAT is made of oxygen
atoms, making it more prone to degradation through the
hydrolytic cleavage of chemical bonds.
Chemical composition

The three types of MPs underwent photooxidation reactions to
different degrees aer UV irradiation. The higher the light
utilization and oxygen content, the greater the weathering
degree. The changes in oxygen-containing functional groups of
PE with different diameters are presented in Fig. 2a and b. Two
adsorption peaks at 2920 cm−1 and 2850 cm−1 are associated
with the asymmetric and symmetric stretching vibrations of –
CH2, respectively.16 The adsorption peaks at 1470 cm−1 and
720 cm−1 represent bending stretching vibrations of –CH2. It
can be observed that regardless of the duration of PE, the three
characteristic peak bands did not change signicantly. But
a new characteristic peak of the C]O bond was observed at
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The FTIR images of MPs, (a) PE-30; (b) PE-125; (c) PS-75; (d)
PBAT-150.
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1720 cm−1. As the exposure time increased, the area of the
characteristic peak also visibly increased. By integrating the
peak area of C]O, the carbonyl index (CI) value was found to be
stable in 110–120 days, indicating that the photooxidation
reaction was in equilibrium. Meanwhile, the CI values of PE-30
and PE-125 reached 0.85 and 2.2, respectively. PE is composed
of ethylene and does not contain oxygen-containing functional
groups. The generation of oxygen-containing functional groups
and the enhancement of vibration intensity mean an increasing
degree of weathering. The CI value and exposure time have good
regularity, so a linear model of CI change with weathering time
can be established.

The FTIR spectra of the weathering process of PS are pre-
sented in Fig. 2c. A new peak appeared near 1720 cm−1, and the
intensity of peaks in the range of 3100 cm−1-2800 cm−1 grad-
ually decreased. However, there is no signicant difference in
the spectrum at 1500–1400 cm−1, which are identied as the
carbonyl vibration peak,36 the C–H stretching vibration peak on
the benzene ring, and the C–H bending vibration peak. These
results indicate that the C–H bond of PS changed to varying
degrees during the photooxidation.37 Under UV processing, the
color of PS changes from white to dark yellow, indicating
Fig. 3 TGA-DTG diagrams of three microplastics, (a) TGA-DTG of PE wit
DTG of degradable microplastic PBAT.

This journal is © The Royal Society of Chemistry 2024
a change in the chemical composition of the surface layer.
Photoinduced oxidation of PS occurs more readily in the air
than in water, conrming that UV exposure plays a dominant
role in the generation of oxygen-containing functional groups.38

Fig. 3d shows FTIR spectra of different oxidation degrees of
PBAT. The peaks at 3000–2800 cm−1, 1780–1667 cm−1 and
1200–1090 cm−1 are identied as the characteristic bands of the
PBAT structure, including C–H vibrations on the benzene ring,
C]O and O–C–O vibrations. The vibration intensity of C–H
decreased as the weathering time increased, indicating that the
carbon chains have been cross-linked or rearranged. The vari-
ation in the trend of oxygen-containing functional groups of
PBAT with the weathering degree is shown in Fig. S2.† In the
initial stage, the oxygen content of C–O and C]O increased
rapidly. The content of C]O eventually stabilized, while the
relative proportion of C–H decreased. The free radicals created
from the cleavage of C–C bonds (375 kJ mol−1) and C–H bonds
(420 kJ mol−1) by UV irradiation were able to generate C]C
bonds, C]O bonds or –OH groups, leading to chain scission
and crosslinking, chain propagation, chain branching and
chain termination.20
Thermal stability and crystallinity

Thermogravimetric analysis is of great signicance in studying
the thermal stability of microplastics. Fig. 3a illustrates the
weight loss processes of PE-125 particles before and aer
weathering. The pyrolysis of PE at different exposure times all
showed two weight loss processes. The weight loss ratio of the
rst stages is 10.2%, 18.4%, and 22.4% at 200–457 °C, 195–446 °
C, and 100–427 °C, respectively, indicating that the thermal
stability of PE decreases obviously aer weathering due to the
production of low boiling point small molecules. The longer the
weathering time, the higher the weight loss rate. Another view is
that the increased moisture content of the particles results in
more weight loss. Aer weathering, smaller particle sizes and
a rougher surface morphology can access more water vapor in
the air. The weight loss ratio of the second part is 89.8%, 84.6%,
and 74.6% at 457–493 °C, 446–495 °C, and 427–498 °C,
respectively. The samples were completely pyrolyzed near 500 °
C, but a small amount of ash remained in those exposed for 120
days, which could be impurities mixed in during the prolonged
h different weathering times; (b) TGA-DTG of microplastic PS; (c) TGA-

Environ. Sci.: Processes Impacts, 2024, 26, 882–890 | 885
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exposure. Crystallinity is oen used to reect the range of
polymer crystalline regions. Based on the DSC curve data, the
crystallinity of virginal PE samples is 13.0%, while the crystal-
linity of PE aer accelerated weathering for 120 days is 47.1% as
determined by integration (Fig. S3a†). During the accelerated
weathering process, the unstable non-crystalline regions are
destroyed, leaving behind the more stable crystalline regions.
As a result, the weathered PE was more stable and affected the
adsorption performance of pollutants. These ndings indicate
that weathered microplastics pose a greater ecological risk.

As shown in Fig. 3b, the PS samples remain relatively stable
before and 60 days of weathering. However, the DTG curve
shows that the peak of weathered PS has shied to a higher
temperature, which means that thermal stability is enhanced.
PS particles are stratied and the surface fragments fall off,
resulting in a decrease in the content of the amorphous struc-
ture. Fig. S3b† shows that the endothermic peak temperature of
the original PS was 416 °C, while the melting peak temperature
(Tm) increased to 424 °C aer 60 days of weathering, slightly
deviating from a typical endothermic peak range of 440–450 °
C.39 It was found that Tm progressively increased gradually with
prolonged weathering, resulting in enhanced thermal stability.
Given that PS is a highly crystalline polymer, the variations in
Tm could be ascribed to changes in crystallinity.40 Because of the
surface peeling phenomenon, the carbon chains remaining
necessitate more energy for decomposition upon melting.41 To
sum up, the residual microplastics following UV weathering are
resistant to degradation and are more prone to generating
persistent composite pollution effects from microplastic
pollutants.

Degradable microplastic PBAT is an amorphous polymer.42

The PBAT particles exhibit weight loss decomposition at 200–
400 °C both before and aer weathering. The peak of PBAT aer
weathering migrated to lower temperature. This result sug-
gested that PBAT may degrade under abiotic factors. Under UV
treatment, the carbon chains of PBAT are cross-linked and the
structure containing benzophenone is induced.43 These
processes can promote subsequent biodegradation. Therefore,
the thermal stability decreases during the weathering process.

Weathering process and model

The CI prediction model for PE is shown in Fig. 4. The
percentage of oxygen in the polymer is used to reect the level of
plastic degradation, and the CI value serves as an important
Fig. 4 Model of CI for microplastic PE with different particle sizes
during the weathering process, (a) PE-30; (b) PE-125.

886 | Environ. Sci.: Processes Impacts, 2024, 26, 882–890
indicator to describe the C/O ratio.44 CI values of two different
sizes of microplastics visibly increased with increasing weath-
ering time and showed a strong linear t. The R2 value for the CI
model with a particle size of 30 mm is 0.978, while that for PE-
125 is 0.99. Assessing the weathering time of microplastics in
the environment can help evaluate their toxic effects. Themodel
can predict the residence time of MPs in the environment,
signicantly improving the accuracy of risk assessment. By
comparing the CI linear tting slopes of the two particle sizes of
PE, it is observed that the slope of PE-125 is larger, indicating
a faster photooxidation rate. Our hypothesis is that the ner
particles may shield each other, reducing the unit area exposed
to UV radiation. To validate the precision and feasibility of the
model, CI values of PE at 80 days, 90 days, and 100 days were
predicted according to the linear model (Table S2†). The pre-
dicted CI values of PE in 80 days, 90 days, and 100 days were in
line with the measured values (s < 0.09).
Adsorption behavior of microplastics and various pollutants

The adsorption behavior of PE with different particle sizes for
various types of pollutants is shown in Fig. 5. PE with a particle
size of 125 mm showed the highest adsorption capacity for all
pollutants. Both pristine and weathered PE-125 exhibited the
highest adsorption capacity for OFL, methylene blue, and
neutral red. It is generally believed that the smaller the size of
microplastics, the larger the specic surface area, and more
adsorption sites can be provided. However, this study showed
the opposite result, possibly due to the agglomeration of PE-30
powder particles.45 It can also be noticed that the adsorption
capacity of weathered PE is improved compared to its original
state. This improvement can be attributed to the increased
presence of oxygen-containing functional groups in PE aer
weathering, enhancing the hydrophilicity of PE. The adsorption
of TC and OFL by PE mainly relies on hydrogen bonding.
Compared with water-soluble antibiotics, the weathered PE has
a higher adsorption capacity for dyes, which is because more
Fig. 5 Adsorption behavior before and after weathering PE with
antibiotics and dyes with different particle sizes, (a) TC adsorption on
PE; (b) OFL adsorption on PE; (c) methylene blue adsorption on PE; (d)
neutral red adsorption on PE.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Effects of different environmental factors on the adsorption of
OFL by PE-125 (a) NaCl; (b) HA.
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cracks and pores appear on the aged PE. Methylene blue and
neutral red can permeate the interior of MPs and bind through
physical adsorption.

TC is considered an amphoteric molecule with numerous
ionizable functional groups, and its adsorption capacity reaches
its maximum when pH = 6.46 TC primarily exists in cationic
form as the pH decreases and shis to anionic form with
increasing pH. The zeta potential of PE before and aer
weathering at pH = 3 was 0.63 and −1.24, respectively. At pH =

9, the zeta potentials were −28.1 and −30.4, respectively. Thus,
TC will produce electrostatic repulsion on the surface of PE
particles, and OFL also shows a similar trend. OFL is positively
charged by protonation in the acidic range, while under the
alkaline conditions, it shows electrostatic action to inhibit the
adsorption behavior. Therefore, PE displayed limited adsorp-
tion capacity for antibiotics in this study.

The adsorption performance of PS with antibiotics and dyes
is displayed in Fig. 6(a and b). The adsorption capacity of PS for
dyes is higher than that for antibiotics. The original PS adsorbs
pollutants mainly through hydrophobic and p–p co-electron
interaction. The photooxidation reaction accelerates weath-
ering processes, resulting in introduction of C]O, C–O, or O–H
groups that alter the physicochemical properties of MPs,
thereby enhancing hydrogen bonding between MPs and
pollutants. Hence, the adsorption capacity of PS for pollutants
is signicantly enhanced by UV radiation. Aer aging, the
equilibrium adsorption capacity of PS for TC, CIP, neutral red,
and methylene blue increased by 58% (0.69–1.09 mg g−1),
138% (1.72–4.09 mg g−1), 381% (0.85–4.09 mg g−1) and 469%
(0.97–5.52 mg g−1), respectively. The adsorption capacity of
PBAT was signicantly different before and aer weathering
(Fig. 6c and d). Aer long-term accelerated weathering,
PBAT showed substantial pollutant enrichment. The equilib-
rium adsorption capacity of PBAT for CIP was increased from
0.62 mg g−1 to 6.22 mg g−1 and for neutral red it increased
from 2.92 mg g−1 to 12.70 mg g−1.
Fig. 6 Adsorption behavior before and after weathering PS and PBAT
with pollutants. (a) Antibiotic (TC and CIP) adsorption on PS; (b) dye
(methyl blue and neutral red) adsorption on PS; (c) antibiotic (TC, OFL,
and CIP) adsorption on PBAT; (d) dye (methyl blue and neutral red)
adsorption on PBAT.

This journal is © The Royal Society of Chemistry 2024
In general, the above results show that weathered MPs
exhibit a stronger adsorption capacity for dyes compared to
antibiotics. Under the same weathering conditions, PBAT shows
a high adsorption capacity for pollutants, whichmay be because
the appearance of folds, wrinkles, and pores on the surface of
PBAT provides more adsorption sites (Fig. 1f). This suggests
that PBAT has a stronger pollutant loading capacity than
conventional microplastics. This result is consistent with that
by Zuo et al.42 While promoting biodegradable plastics, it is also
necessary to try to avoid the harm caused by their degradation
in the natural environment.

The CI index indicates that the oxidation degree of PE-125
was more intense at the same treatment time, leading to
a higher presence of oxygen-containing functional groups on
the surface that facilitated the interaction with organic pollut-
ants. Therefore, choosing PE-125 with a high degree of weath-
ering can better demonstrate the differences in adsorption
under the inuence of environmental factors. As can be seen
from Fig. 7 the maximum adsorption capacity of the weathered
PE-125 samples to hydrophilic organic matter OFL is 0.35 mg
g−1 in pure water. With an increase in the sodium chloride
concentration the adsorption behavior was inhibited. The ionic
competition between salt ions and pollutants weakens the
adsorption capacity of microplastics.47 Zeta potential analysis
conrmed that surface electronegativity of weathered MPs is
attributed to charge accumulation. This is following Liu's
research.48 It is observed from Fig. 7b that the presence of
organic matter will also reduce the adsorption capacity of
microplastics to antibiotics. Humic acid (HA) contains many
aromatic substances, and the active functional groups on HA
have hydrophobic interaction49 and complexation50 with
microplastics. Therefore, the interfacial interaction between
microplastics and OFL is weakened. In addition, HA can
interact with hydrophilic and polar organic compounds
through complexation and hydrogen bonding.
Conclusions

This article simulated the accelerated weathering process of PE,
PS, and PBAT under environmental conditions and focused on
the changes in surface morphology, chemical composition, and
material properties. The CI prediction model for PE presented
a strong linear relationship with the weathering time (R2 > 0.97)
and could predict the subsequent change in the CI value
Environ. Sci.: Processes Impacts, 2024, 26, 882–890 | 887
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relatively accurately. The adsorption behavior of PE showed that
the surface morphology changes and increased hydrogen
bonding enhanced the adsorption capacity of weathered
microplastics. Additionally, the ion concentration and dissolved
organic matter (DOM) competed with microplastics for
adsorption, resulting in lower adsorption performance of
weathered microplastics in complex natural environments
compared to pure water environments. Interestingly, all three
plastics showed extremely high adsorption capacity for dyes
aer weathering. Due to the presence of heteroatoms in PBAT,
chemical weathering is more likely to occur, and the weathered
PBAT could be a good carrier of organic pollutants in fresh
water. We recommend monitoring the presence of micro-
plastics in dye wastewater to prevent their release into nature as
composite pollutants. Further research on the environmental
behavior of PBAT in other ecosystems is necessary to compre-
hensively understand the weathering of degradable plastics in
the environment and associated ecological risks.
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