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A B S T R A C T   

The extensive use of plastic products by people has led to the prevalence of microplastics (MPs) in 
aquatic and terrestrial ecosystems. MPs will be able to undergo multiple aging processes and 
release dissolved organic matter (DOM) in the aquatic environment, thereby further affecting the 
ecosystem. Therefore, this thesis systematically investigated the photo-aging properties of poly
vinyl chloride (PVC), and characterized the changes in physicochemical properties; in addition, 
the DOM composition and fluorescence characteristics of MPs leachate were characterized by 
using TOC and 3D-EEMs. Our results showed that the O/C ratio can quantitatively characterize 
the surface aging of MPs. Furthermore, We chose Malachite green (MG) and Sulfamethoxazole 
(SMX), which are abundantly present in the aqueous environment, as the target pollutants, 
through adsorption experiments we established the regression equations of the equilibrium 
adsorption capacity of aging MPs with O/C ratio or CI and mean particle size. Exploring the 
relationship between aging properties and the adsorption capacity of microplastics can help 
predict the degree of aging and accumulation of hydrophilic contaminants in the natural 
environment.   

1. Introduction 

Once in the environment, plastics lead to potentially severe consequences for aquatic environments and inestimable long-term 
implications for the world’s ecosystems (Chae and An, 2018; de Souza Machado et al., 2018; Galloway et al., 2017). In particular, 
microplastics (MPs), defined as plastic fragments smaller than 5 mm (Frias and Nash, 2019; Law and Thompson, 2014), are envi
ronmental contaminants which aroused increasing scientific and public concern (Andrady, 2011; Alimi et al., 2018). Due to their high 
content, small particle size, large specific surface area, and long migration distances, MPs may be harmful to the environment and 
human health (Guo et al., 2020; Huang et al., 2021), and they are widely detected in the ocean (Mu et al., 2019), inland waters (Su 
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et al., 2016), soil (Lv et al., 2019), and the atmosphere (Chen et al., 2020). MPs have also been discovered in relatively unexplored 
regions, including Mount Everest (Napper et al., 2020), Marianas Trench (Peng et al., 2018) and polar regions (Peeken et al., 2018). In 
aquatic environments, MPs may adsorb typical contaminants such as heavy metals (Li et al., 2022), dyes (Anastopoulos et al., 2022), 
pesticides (Jiang et al., 2020), drugs (Hu et al., 2020) and antibiotics (Yu et al., 2020), And it is possible to transport them to organisms 
such as marine mammals (Zantis et al., 2021), cetaceans (Zhu et al., 2019), birds (Masiá et al., 2019), sea turtles (Duncan et al., 2019), 
zooplankton (Frias et al., 2014), fish (Neves et al., 2015), chickens (Huang et al., 2021) and even humans (Leslie et al., 2022), resulting 
in a dual toxic effect on organisms. Moreover, adverse effects upon ingestion have been demonstrated under laboratory conditions 
(Prokić et al., 2019). Therefore, further studies are needed to fully understand the role of MPs in contaminant transport. 

Plastic waste products are widely distributed in the environment, exposed to UV irradiation and prone to thermal degradation, 
biodegradation, and oxidation reactions for a long time (Andrady, 2011; Jahnke et al., 2017; Wang et al., 2023a). MPs exposed to the 
natural environment have experienced a number of ageing processes due to a combination of continuous physicochemical factors. 
Different aging processes based on current literature; photochemical degradation is considered to be an important process of hy
drocarbon polymers aging (Andrady, 2015; Gewert et al., 2015). The aging behavior of polymers under different environmental 
conditions has been extensively studied so far. A number of studies have reported the ageing of MPs under accelerated photo
degradation conditions outdoors or in the laboratory (Gewert et al., 2015; Gardette et al., 2013; Singh and Sharma, 2008; Rivaton and 
Gardette, 1998), and they concluded that the morphological structure, elemental composition and molecular weight of MPs changed 
significantly, this process roughened their surfaces, formed porous surfaces, increased the specific surface area and oxygen-containing 
functional groups (Jiang et al., 2023), the production of these affect the polarity and hydrophobicity of MPs (Jiang et al., 2022), thus 
enhance the adsorption capacity (Hanun et al., 2021; Mao et al., 2020); at the molecular level, the chemical structure of MPs is 
influenced, such as chain breakage, particle size, and molecular weight distribution (Liu et al., 2021). 

In addition, The most serious structural damage to plastic surfaces is caused by UV light irradiation, and this damage further 
supports the release of dissolved organics into the aqueous phase (Potthoff et al., 2017). Given that plastic-derived DOM may contain 
several additives and/or carbon-chain scission products, and that many of these substances are light-absorbing (Gewert et al., 2018; 
Suhrhoff and Scholz-Böttcher, 2016), it is necessary to explore the feasibility of detecting these plastic-derived substances by 
employing UV–visible and/or fluorescence spectroscopy. Romera-Castillo et al. (2018) have reported that plastic litter in the ocean 
releases ~23,600 tons of MPs-DOM per year, even accounting for 10% of DOM in the top 40-μm marine surface microlayer 
(Romera-Castillo et al., 2018). Therefore, further exploring the environmental chemical behavior of MP-DOM can help to understand 
the environmental impact associated with MPs. Quite a few published studies have documented the occurrence of plastic-derived DOM 
(Romera-Castillo et al., 2018; Galgani et al., 2018). Unfortunately, information on the aging behavior of MPs and the potential effect of 
aging on their adsorption of environmental pollutants is limited. therefore, it is necessary to investigate the relationship between the 
degree of aging of MPs and their adsorption capacity. 

MPs in the environment can enrich contaminants from the surrounding environment and ingest into the body by organisms, thus 
altering their bioaccumulation (Wang et al., 2020a; Wardrop et al., 2016). Aging alters the interactions between MPs and contaminants 
(e.g., hydrophobic, π-π, electrostatic, and hydrogen bonding interactions), because aging causes changes in the surface properties of 
MPs such as reduced hydrophobicity, increased polarity and charge (Liu et al., 2020a; Sun et al., 2020). Thus, aged MPs may exhibit a 
different role in the bioaccumulation of contaminants than unaged ones. In general, the aging process appears to enhance the toxic 
effects of additives contained in MPs and cause fractures and chain breaks, which results in the release of more additives. Aging also 
causes polymer fracture and oxidation to release oligomers or oxidation products (e.g., phenols, acetophenones, and carboxylation 
products) (Gewert et al., 2018; Kwon et al., 2015; Liu et al., 2020b). For example, aging MPs have been found to cause more severe 
damage to the grouper liver through the release of acetophenones and benzaldehyde (Wang et al., 2020b). In summary, the aging 
process changes the physicochemical properties of MPs, further influences the adsorption behavior of contaminants and causes harm to 
organisms and even humans. Therefore, there is a need to investigate the aging characteristics of MPs and their effects on pollutants in 
aqueous environments. 

Polyvinyl chloride (PVC) plastics are widely used in everyday household products due to their excellent physicochemical prop
erties. The presence of PVC macroscopic and microscopic-size particles is commonly detected in the environment (Wang et al., 2020c). 
PVC is classified as the most dangerous MPs with strong mutagenicity and carcinogenicity (Wei et al., 2019), in addition to waste PVC 
or incineration generating toxic intermediates that cause serious environmental pollution (Miao et al., 2020). Therefore, PVC was 
chosen as a typical MPs in this study. Recent studies have shown that the aging process alters the adsorption of MPs to pollutants, but 
the correlation between aging characteristics and the adsorption behavior of MPs is unclear. Therefore, sorption capacity and aging 
characteristics were assessed by adsorption of sulfamethoxazole (SMX) and malachite green (MG), which are hydrophilic organic 
pollutants frequently detected in surface water and wastewater (Xu et al., 2018; Guo et al., 2019; Tewari et al., 2018; Kadhom et al., 
2022; Wang et al., 2023b). The objectives of this study were to (1) reveal the UV aging characteristics of PVC MPs by SEM-Mapping, 
XRD, FT-IR and 2D-FT-IR-COS; (2) The DOM composition and fluorescence characteristics of MPs leachate were characterized and 
analyzed by TOC and 3D-EEMs; (3) the changes of particle size, contact angle and molecular weight of MPs during UV aging were 
investigated; (4) aging indexes were screened from the characterization data to better quantify the surface aging characteristics of MPs, 
and a correlation model between O/C ratio or CI and aging time was established; (5) the adsorption experiments were conducted to 
establish the equilibrium adsorption capacity with O/C ratio and mean particle size, and explored the relationship between aging 
properties of MPs and adsorption capacity. This study will help to better understand the interaction between aging MPs and typical 
organic pollutants in the aquatic environment, in addition, establish the relationship between aging properties and the adsorption 
capacity of MPs, and provide a basis for risk assessment of MPs aging. 
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2. Material and methods 

2.1. Materials 

Malachite green (MG) (> 98%) and Sulfamethoxazole (SMX) (> 98%) were purchased from Aladdin Industrial Corporation 
(Shanghai, China). MG was dissolved in deionized water for the preparation of 400 mg/L stock solution. Then the stock solution was 
kept in the dark. SMX was dissolved in acetonitrile for the preparation of a 10 g/L stock solution. Then the stock solution was kept in 
the dark at 4 ◦C. PVC MPs (the mean size 150 µm) was purchased from Tesulang chemical Company (Guangdong, China). All chemicals 
were used analytical grade or higher purity and solvents were HPLC grade. 

2.2. Microplastics aging experiment 

UV oxidation is an experimental alternative to the natural aging of MPs that shortens the aging time required in the natural process. 
The pristine PVC MPs were uniformly placed in glass Petri dishes and aged in a custom-made apparatus (HYR-UV, Mianyang Window 
Technology Co., Ltd.). Samples were exposed to UV light (6 × 15 W UVC bulb) for 3 d, 7 d, 14 d, 21 d, and 30 d. The UV intensity was 
33.97 W/m2 and the distance from the lamp is 20 cm (Fig. S1). PVC MPs were shaken horizontally every 12 h to ensure uniform 
exposure. UV-aged PVC MPs with different aging times were obtained. Aging PVC MPs were stored in a dark for subsequent 
experiments. 

2.3. The leaching of aging microplastics 

The aged PVC was added to deionized water and sonicated for 10 min. After the leaching was completed, the mixed solution was 
filtered through a pre-washed GF/F membrane to obtain a plastic-derived DOM sample. All experiments were repeated three times. 
The three-dimensional excitation-emission matrix (3D-EEM) spectra and concentrations of total organic carbon (TOC) in solution were 
determined using a fluorescence spectrometer (Shimadzu, RF-6000) and a TOC analyzer (Elementar, Vario), respectively. In the 
filtration step, a glassware vacuum filtration device was used to avoid direct contact with the samples with foreign plastic materials. 

2.4. Adsorption experiments 

All adsorption experiments were carried out with brown glass bottles in triplicate to minimize experimental errors. Meanwhile, the 
blank experiments were conducted under the same conditions as all adsorption experiments to ensure practical accuracy. 

The adsorption kinetics experiments were described in Section 1.1 in SI (Supporting Information). 

2.5. Analysis of physicochemical characteristics 

The remaining MG in the supernatant was analyzed by UV–visible spectrophotometer. The maximum absorption wavelength of MG 
was 264 nm. The concentration of SMX was measured by high-performance liquid chromatography (HPLC) (Shimadzu LC-20A, 
Shimadzu, Japan). The injection volume was 20 µL. The measurement wavelength was 269 nm, and the column temperature was 
set to 30 ◦C. The flow rate was 1.0 mL/min. The mobile phase consisted of 0.3% formic acid solution and acetonitrile with a ratio of 
50:50 (v/v). The retention time of SMX was 6.124 min. The characterization was described in Section 1.2 in SI. 

Fig. 1. SEM images of PVC MPs with UV aging (a, f) 0 d; (b, g) 7 d; (c, h) 14 d; (d, i) 21 d; (e, j) 30 d.  
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3. Results and discussion 

3.1. The characterization of PVC MPs 

3.1.1. Surface morphology 
The morphological changes of MPs are an essential indicator of their aging degree to explore the aging mechanism of MPs during 

UV aging. The surface morphology of MPs under different UV irradiation is depicted in Fig. 1. We can see that the surface of the pristine 

Fig. 2. (a) FT-IR spectra of PVC MPs with different aging times; (b) Variations of carbonyl index PVC MPs at the different aging times; (c-d) 
Synchronous and asynchronous maps of two-dimensional correlation spectroscopy (2D-COS) based on FT-IR spectra in 500–1800 cm− 1 and (e-f) 
950–1950 cm− 1 regions. 
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PVC is relatively smooth, and with the increase of aging time, the surface gradually becomes rough, with more cracks and flakes on the 
surface and debris attached, which may be mainly due to the difference of the nature and brittleness of PVC MPs. 

3.1.2. FTIR analysis 
To further investigate the response of extended UV aging time to the structural changes of MPs, FT-IR spectroscopy and 2D-FTIR- 

COS were applied to monitor the subtle changes of surface functional groups of MPs during aging. As exhibited in Fig. 2, for the pristine 
PVC MPs the transmission of absorption peaks at 3446 and 1716 cm− 1 was relatively weak, indicating that the pristine PVC MPs 
contained a small amount of hydroxyl and carbonyl groups, and this result was consistent with the XPS results. However, the trans
mittance gradually increased with the increase of UV irradiation time, indicating that the content of functional groups gradually 
increased after aging. In addition, the newly formed hydroxyl and carbonyl groups indicate that the aging MPs underwent oxidation 
reactions with different hydrophilicity. After photoaging, three absorption bands appeared at around 1610 cm− 1, 1716 cm− 1 and 
3300–3600 cm− 1, representing the stretching vibration peaks of -C––C-, -C––O and -OH, respectively (Fig. 2a). The appearance of 
carbon-carbon double bond, carbonyl and hydroxyl absorption peaks and the increase of their peak intensities indicate that 
dichlorination and photoreduction reactions occur during UV irradiation, and the absorption peaks gradually increase with the in
crease of aging time. 

The concept of carbonyl index (CI) has been used in many papers to quantify the aging of MPs. The carbonyl index is defined as the 
ratio of the carbonyl peak intensity to the reference peak intensity. In this study, the carbonyl peak was located at 1716 cm− 1 and the 
reference peak was chosen to be consistent with previous literature by choosing the peak at 2910 cm− 1, which is the asymmetric 
stretching vibration peak of methylene. Fig. 2b shows the variation of CI for PVC MPs with different aging times. The figure shows a 
slightly S-shaped CI curve, which increases and then decreases, implying that the rate of change of CI increases and then decreases, 
which means there is an initiation process of UV aging of PVC, that accelerates after initiation and slows down after aging to a certain 
degree, and such a trend of change provides a basis for determining the aging mechanism of PVC afterward. 

In order to follow the subtle changes in PVC MPs during the aging process, 2D-COS analysis was used to resolve the FT-IR spectra. 
The 2D-FT-IR-COS plots (synchronous and asynchronous) of PVC MPs at different aging times are shown in Fig. 2c-f. In the 2D-COS 
spectra, the peaks on the diagonal are called auto peaks and the peaks outside the diagonal are called cross peaks. Based on FT-IR 
spectra, the regions of 500–1800 cm− 1 and 2800–3800 cm− 1 were selected for 2D-FT-IR-COS analysis of PVC. According to the 
synchro grams, five auto peaks were observed at diagonals 604, 1250, 1435, 2911 and 3446 cm− 1, corresponding to the characteristic 
peaks of C-Cl, Cl-CH2, Cl-CH, C-H and O-H, respectively. In the synchronous map, all cross peaks are positive signals, indicating that 
most of the functional groups underwent synchronous changes (decrease in peak intensity) during the aging process. The asynchronous 
mapping is about diagonal antisymmetry and represents only the asynchrony between two wave numbers. Therefore, only the cross- 
peaks are present. 

According to Noda’s law (Text S4), asynchronous correlation spectra can reveal the order of changes in functional groups during 
aging. It can be seen from the asynchronous plot that there are significant differences in the cross-peak signals, especially for oxygen- 
containing functional groups such as H-C––O, O-C––O, and O-H. As can be seen from the Table 1, the cross-peak at ψ (2911, 3446) is 
negative, indicating that the band change order at 3446 cm− 1 is preceded by that at 2911 cm− 1. In addition, the reaction order varies 
more among different functional groups in the lower band of 500 ~ 1800 cm− 1. As presented in Table 1, the cross peaks of ψ (x1, 
1740), ψ (x2, 1663), ψ (x3, 1435), and ψ (x4, 1250) are all negative, indicating that the reaction order of different functional groups in 
the range of 500–1800 cm− 1 is: 604 (C-Cl) > 1250 (Cl-CH2) > 1435 (Cl-CH) > 1610 (H-C––O) > 1716 (O-C––O). 

3.1.3. XPS and contact angle analysis 
From the XPS spectra, peaks (corresponding to C 1 s and O 1 s) were observed at 284.9 eV and 532 eV for pristine PVC MPs (Fig. 3), 

indicating that oxidation also occurred on the surface of pristine PVC MPs. While for the O 1 s peaks of PVC MPs with different aging 
times, the intensity increases with the aging time. To clearly show the aging degree of MPs, we investigated the oxygen-to-carbon atom 
ratio (O/C) of PVC MPs with different aging times and tried to model the relationship between the O/C ratio and aging time. As 
exhibited in Fig. 4a, the relationship between the O/C ratio and aging time of PVC MPs can be described by an exponential equation, 
and the rate of change can be well-fitted by pseudo-first-order kinetics (r2 = 0.997), with the most significant changes in the first 21 

Table 1 
The 2D-COS data on the assignment and sign of each cross-peak in synchronous and asynchronous (in the brackets) maps of aged PVC treated by UV 
irradiations.  

Peak (cm− 1) Band assignments Sign 

604 1250 1435 1610 1716 2911 3446 

604 C-Cl + + (-) + (-) + (-) + (-) + +

1250 Cl-CH2  + + (-) + (-) + (-) + +

1435 Cl-CH   + + (-) + (-) + +

1610 H-C––C    + (-) + (-) + +

1716 C––O    + + + +

2911 C-H      + + (-) 
3446 O-H       +

Note: (1) “ + ” and “ - ” represents the positive sign and negative sign, respectively. (2) The order of signs in/out of the brackets represents the 
conditions of aging by UV irradiations. (3) All the signs were obtained in the bottom-right parts of the 2D maps. 
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days and smaller changes thereafter. This finding may be attributed to the availability of active sites on the surface of MPs. 
At the beginning of UV aging, the excess of free radicals led to the rapid oxidation of the MPs surface. However, as the reaction 

proceeds, the effective adsorption sites gradually decrease and the surface oxidation becomes saturated, which explains the plateauing 
of the O/C ratio of PVC MPs with increasing aging time. the natural weathering process of MPs may exhibit a similar phenomenon in 
the surface aging properties, as sunlight or heat is sustainable. 

As mentioned earlier, the increase in the O/C ratio and CI values in PVC MPs slowed down with increasing aging time. It can be seen 
from the fitted relationship between the O/C ratio and CI versus aging time: r2(O/C) = 0.968 ＜ r2(CI) = 0.995, which may be due to 
the difference between XPS and FTIR analysis techniques, where XPS allows surface analysis at nanometer thickness, while FTIR 
probes micrometer depth. Since the oxidation reaction starts at the polymer surface, the internal oxidation of MPs takes a longer time. 
Indeed, the simplicity of operation and the low cost of FTIR techniques have led to the widespread use of CI in characterizing polymer 
aging. In contrast, natural aging processes, especially UV irradiation, are mostly confined to the surface and limited by the penetration 
of light and diffusion of oxygen within the polymer. Therefore, the CI values may not fully reflect the changes in the surface aging 
properties. So, the XPS measurements can be used as a complementary tool to detect the surface aging properties of MPs. O/C ratios 
can cover oxygen functional groups (e.g., C-O and O-H) that may not be included in the CI values, and high-resolution XPS spectra 
provide detailed information about the polymer surface. Overall, the aging behavior of MPs can be evaluated more comprehensively 
based on O/C and CI parameters. 

In addition, the water contact angle of MPs with different aging times were tested, and the contact angle results showed that the 
pristine PVC MPs were highly hydrophobic with a contact angle of 143.3◦, while the UV aging treatment significantly reduced the 
contact angle of MPs. After 30 d of UV aging treatment, the contact angle of PVC decreased to 105.6◦, indicating that the oxidation 
process could improve the hydrophilicity of MPs. In addition, the contact angle of PVC maintained a high rate of decrease throughout 
the oxidation stage. To clearly show the aging degree of MPs, we investigated the contact angle of PVC MPs with different aging times 
versus aging time as well as O/C ratio and CI, and tried to simulate the relationship (Fig. 4b, c and e). It can be seen from the plots that 

Fig. 3. (a) XPS survey scan; (b) C 1 s; (c) O 1 s and (d) Cl 2p spectra for PVC and PVC aged for different days.  
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the contact angles of PVC MPs with different aging times were linearly correlated with the aging time, CI, and O/C ratio, respectively 
(r2 = 0.978, r2 = 0.948, r2 = 0.931). The contact angle decreases with increasing aging time, which is mainly due to the increase of 
oxygen-containing functional groups, which make the PVC surface more hydrophilic. 

3.1.4. XRD and Zeta potential analysis 
Fig. S2a shows the XRD spectra of PVC MPs before and after UV aging. It is observed that the intensity of the characteristic peaks of 

the aged PVC increased slightly than that of the pristine PVC, and the crystallinity of the aged PVC strengthen slightly. The amorphous 
polymers are preferentially degraded in aging, which increases the crystallinity. At the same time, as the physical integrity of MPs is 
destroyed with the prolongation of UV aging time, their surface chemistry characteristics may also change, which leads to a change in 
crystallinity. 

From the Fig. S2b, we can see that the Zeta potential decrease with increasing aging time, which is mainly due to the increase of 
oxygen-containing functional groups. At the same time, they are easily deprotonated and negatively charged in an aqueous envi
ronment, thus increasing the adsorption capacity of hydrophilic pollutants. 

Fig. 4. (a) Correlations between O/C ratio and aging time; (b) Correlations between contact angle and aging time; (c) Correlations between contact 
angle and CI; (d) Correlations between particle size and CI; (e) Correlation of CI or contact angle with O/C ratio; (f) Correlations between particle 
size and O/C ratio. The color of each equation corresponds with the same color of the symbol and line. 
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3.1.5. Particle size and Molecular weight distribution analysis 
The distribution of the particle size changes of PVC MPs with different aging times is shown in Fig. 5a. The proportion of pristine 

PVC MPs with particle size ≥ 150 µm was 78.6%, and the main particle size was 140 ~ 150 µm. And after 30 d of UV aging treatment, 
the particle size of PVC MPs with different aging times was gradually reduced, D(4, 3) denotes the volume average diameter, and after 
aging, the volume average particle size changed to aging (30 d) = 129 µm, aging (21 d) = 132 µm, aging (14 d) = 135 µm, aging (7 d) 
= 138 µm, aging (3 d) = 140 µm, pristine = 146 µm, indicating that MPs underwent significant fragmentation during the oxidation 
process and the particle size gradually decreased. 

The specific changes in the long-chain structure, molecular weight and molecular weight distribution of PVC MPs with different 
aging times were further analyzed using the GPC method, as presented in Fig. 5b. It can be seen from the figure that the number- 
average molecular weight Mn of PVC MPs decreased sharply after aging, indicating that the chain-breaking reaction increased the 
number of low-molecular-weight molecular chains, and the weight-average molecular weight Mw and other molecular weight changes 
showed the same trend. The larger polydispersity index (PDI) of aged PVC MPs indicates that the aging process increases the het
erogeneity of PVC MPs (Table 3), suggesting that the aging process increases the width of the molecular weight distribution. In Fig. S3, 
the GPC peaks of the aged 14 d PVC MPs shifted to higher retention volumes and had higher detector response or refractive index (RI) 
compared to the original samples, indicating that the aging process resulted in lower molecular weights and higher concentrations than 
the pristine PVC MPs. With the increase in aging time, the GPC peak shifted to a higher retention volume and the GPC peak broadened 
and decreased significantly, confirming that the molecular chain breakage of PVC MPs occurred during aging. 

3.2. Leaching analysis 

To investigate the leachate of PVC MPs during UV aging, the content of dissolved organic matter in the solution was determined by 
the TOC method, thus examining the decomposition of polymer chains during UV aging. As exhibited in Fig. S4a, the TOC content in 
the leachate of PVC MPs with different aging times gradually increased, and its concentration reached 98.5 ± 3.53 mg/L after 30 d of 
UV irradiation. To clearly show the decomposition of PVC MPs with different aging times during UV aging, we investigated the 
relationship between the TOC content in the leachate of PVC MPs and the aging time, moreover tried to simulate the correlation 
between TOC content and aging time. In Fig. S5b, it can be seen that the TOC content of PVC MPs with different aging times showed a 
good fit by pseudo-first-order model (r2 = 0.997). 

It has been demonstrated that the absorbance at 220–280 nm of UV-Vis spectrophotometry is most suitable for the analysis of NOM, 
and different wavelengths of light sources can identify different chromophores in NOM. Among them, UV254 is the more widely used 
parameter, which is generally considered to reflect the content of aromatic compounds in NOM and has a greater practical value. From 
Fig. S5, we can see that the absorbance in the leachate of PVC MPs with different aging times gradually increased at the wavelength of 
UV254 with the extension of aging time, indicating that a large amount of unsaturated conjugated double bonds and aromatic chemicals 
are produced during the UV aging process. In addition, specific UV absorbance (SUVA) is the ratio of the absorbance of the water 
sample at 254 nm to its dissolved organic matter (DOC) content. From Fig. S4b, we can see that the SUVA values in the leachate of PVC 
MPs with different aging times gradually increased as the aging time was prolonged. However, after 15 days, it tends to level off as the 
aging time increases. This is consistent with the trend of the CI index as well as the O/C ratio. The water samples with larger SUVA 
values contained more hydrophobic organic matter, especially aromatic organic matter, while the water samples with smaller SUVA 
values contained more hydrophilic organic matter. To clearly show the decomposition of MPs in solution with different aging times, we 
studied the relationship between the SUVA and aging time in the leachate of PVC MPs, and tried to simulate the relationship between 
the SUVA and aging time. Moreover, it can be seen that the SUVA in the leachate of PVC MPs with different aging times showed a good 
fit by pseudo-first-order model (r2 = 0.922) with the aging time. 

In addition, 3D-EEM spectra can effectively reflect the characteristics of the fluorescent material composition during UV aging, and 
the leaching composition was investigated using 3D-EEM. The EEMs of PVC leaching under different aging conditions were plotted 
(Fig. 6). Several peaks appeared in the protein-like fluorescence spectral region. This region is defined as peak B (− 225 (− 280)/ 

Fig. 5. (a) Size distribution and an average size of PVC MPs aged for different days; (b) Molecular weight and polydispersity of PVC MPs aged for 
different days. 
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− 305 nm) and peak T (− 225 (− 280)/− 350 nm), representing tyrosine-like and tryptophan-like substances. Interestingly, in the 
leachate of PVC MPs after 7 days under UV aging, the protein or phenolic fluorescence intensity showed a decreasing trend with 
increasing UV irradiation time, which may be the result of photolytic degradation of the fluorescent groups. And additional peaks 
appeared in the humic acid-like fluorescence region, defined as the A-peak (250–300/400–450 nm). The fluorescence intensity 
gradually increased with increasing aging time, indicating a gradual increase in humic substance concentration. Thus, these results 
seem to link the appearance of humic acid-like substances to the effect of UV irradiation. The change of EEM distribution is due to the 
small molecules produced by the breaking of molecular chains during the aging process, and the release of additives contained in the 
microplastics themselves. Moreover, due to the presence of DOM, the aging of PVC MPs is aggravated, making the change of EEM 
distribution gradually obvious. 

The compositional characteristics in the leachate of PVC MPs with different aging times were further quantitatively resolved by FRI 
(fluorescence region volume integral). From Fig. S6b. It was found that with the increase of aging time, region IV was protein-like 
substances related to microbial metabolism, and the fluorescence region volume integral gradually decreased from 40.16% to 
2.34%, while region V was humic acid-like substances, and the fluorescence region volume integral gradually increased from 59.84% 
to 97.66%, and the results were consistent with the 3D-EEM fluorescence results. In addition, we observed three fluorescence char
acteristic indices, including fluorescence index (FI), humification index (HIX) and biogenic index (BIX), and FI, BIX and HIX could 
effectively indicate the aromaticity and humification degree of DOM. Generally, when FI < 1.4 or BIX < 0.6 or HIX > 10, it indicates 
that the aromaticity and humification degree of DOM is high; when FI > 1.7 or BIX > 1 or HIX < 4, it indicates that the aromaticity and 
humification degree of DOM is low. As can be seen from the Table. S3, the FI, BIX and HIX values of leachate fractions of PVC MPs with 
different aging times ranged from 0.79 to 1.84, 0.25–1.55 and 0.21–20.40, respectively, indicating that the leachate fractions of PVC 
MPs with different aging times were mainly composed of organic matter with higher aromaticity and a higher degree of humification 
(Fig. S6a). The FI and BIX of the components basically showed a sequential decreasing trend, while the HIX values showed an 
increasing trend. The results indicated that the leachate fractions of PVC MPs were enriched with more organic components with high 
aromaticity and a high degree of humification with the increase of aging time. 

Furthermore, in order to give a clearer picture of the aging mechanism of PVC MPs, we determined the chloride ion content in the 
aging filtrate. As shown in Fig. S7, the dehydrochlorination reaction of PVC MPs was rapid in the UV irradiation, and the concentration 
of released Cl− significantly increased from 0.23 mg/L to 32.53 mg/L as the illumination time was prolongated from 0 d to 30 d. 
During the photodegradation process, the dehydrochlorination reaction occurred to generate conjugated polyene and hydrogen 
chloride (HCl). The dehydrochlorination reaction is an important photoreduction process in the photoaging of PVC MPs, which 

Fig. 6. Fluorescence EEM plots of the DOM leached from the PVC MPs with UV aging (a) 0 d; (c) 7 d; (d) 14 d; (e) 21 d; (f) 30 d.  
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changes its light absorption properties. The color of aged PVC MPs gradually shifted from white to yellow, due to the formation of the 
conjugated polyene structure. 

3.3. Effect of UV aging on the adsorption capacity of PVC MPs 

The adsorption capacity of SMX and MG by PVC MPs with different aging times versus the adsorption time is shown in Fig. S8. It can 
be seen that the adsorption showed a trend of fast and then slow, finally tended to dynamic equilibrium in the process of SMX 
adsorption by PVC MPs (Fig. S8a). The adsorption process is mainly divided into three stages: for the pristine PVC MPs, the first 6 h of 
adsorption is a fast process, followed by a slow stage at 12 h. The dynamic adsorption equilibrium is basically reached at 24 h, and the 
equilibrium adsorption amount is 0.168 mg/g; while for the PVC MPs with different aging times, the first 12 h of adsorption is a fast 
process, followed by a slow stage at 12 h, and the dynamic adsorption equilibrium is basically reached at 48 h. The equilibrium 
adsorption amounts were 0.214 mg/g (Aged 3 d), 0.240 mg/g (Aged 7 d), 0.265 mg/g (Aged 14 d), 0.281 mg/g (Aged 21 d) and 
0.290 mg/g (Aged 30 d), respectively. In addition, from the plots of SMX adsorption by PVC MPs with different aging times versus 
aging time, we found a linear correlation between the adsorption amount and aging time, CI and O/C ratio, respectively (r2 = 0.923, r2 

= 0.995, r2 = 0.960) (Fig. S9a, b, c). For MG, the relationship between the effect of time on the adsorption of MG by PVC MPs is shown 
in Fig. S8b. It was found that the adsorption process showed a trend of fast and then slow and finally tended to dynamic equilibrium. 
The adsorption process was divided into three main stages: for both pristine and aged PVC MPs the first 12 h of the reaction was a fast 
process, followed by a slow stage at 36 h. The dynamic adsorption equilibrium was basically reached at 48 h. The equilibrium 
adsorption amounts were 2.107 mg/g (Pristine), 4.579 mg/g (Aged 3 d), 7.307 mg/g (Aged 7 d), 9.808 mg/g (Aged 14 d), 11.890 mg/ 
g (Aged 21 d) and 12.933 mg/g (Aged 30 d), respectively. And from the graphs of the adsorption of MG by PVC MPs versus aging time, 
it can be seen that the adsorption capacity of MG by PVC MPs gradually increased with the increase of aging time, and the adsorption 
amount was linearly correlated with aging time, CI and O/C ratio, respectively (r2 = 0.991, r2 = 0.940, r2 = 0.989) (Fig. S9d, e, f). The 
analysis is mainly due to the increase of oxygen-containing functional groups of PVC microplastics after aging, which become more 
hydrophilic (Fig. 7). And the specific adsorption mechanism is explained as follows: 

For the adsorption of MG by PVC MPs, from Fig. S1b, we can see that the zeta potential of PVC MPs gradually decreases with the 
aging time, indicating a higher negative electronegativity of PVC MPs. Furthermore, the pKa of MG is 5.62 ± 0.24, having a positive 
electrical charge. Hence, an electrostatic attraction could happen between MG and PVC MPs, and its intensity increases as the dif
ference in the charges increases; For the adsorption of SMX, from Fig. S10b, we can obtain that SMX is predominantly negatively 
charged at pH = 7. Moreover, PVC MPs is known for its high negative charge. Hence, an electrostatic discharge could happen between 
SMX and PVC MPs, and its intensity increases as the difference in the charges increases. However, the results of adsorption experiments 
showed a gradual increase in adsorption with aging time, thus indicating that hydrogen bonding is the main mechanism for the 
adsorption process of SMX on PVC MPs. 

After SMX and MG were adsorbed on PVC MPs, the samples were analyzed using FTIR, respectively, which could better explain the 

Fig. 7. Schematic diagram of the adsorption mechanism of SMX and MG on PVC MPs before and after aging.  
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interaction mechanisms between PVC MPs and targeted pollutants. As depicted in Fig. S11a, the -C––O characteristic peak at 
1720–1600 cm− 1 changed significantly after the aged PVC MPs adsorbed MG, which proved that -C––O interacted with MG. 
Furthermore, after the aged PVC MPs adsorbed MG, the stretching vibration peak of -O–H showed significant changes, and the peak 
area of -O–H decreased. This might be because the adsorption of MG on -C-OH. Thus, indicating the dominance of electrostatic action 
in this adsorption process; For the adsorption of SMX, From Fig. S11b, we can obtain that the carboxyl broad peaks at the vicinity of 
3400 cm− 1 were diminished after sorption. Therefore, the carboxyl groups were involved in the adsorption. Moreover, the peak -C––O 
at 1720–1600 cm− 1 was attenuated to various extents after adsorption. It expressed the carboxyl and amide groups of SMX were 
engaged in the sorption. The above suggested that hydrogen bonding played an essential role in the adsorption process. The formation 
of hydrogen bonds might be the main mechanism of SMX on PVC MPs. 

As mentioned previously, the average particle size and O/C ratio can reflect the aging properties of MPs. Since the O/C ratio was 
linearly correlated with CI or contact angle and the mean particle size was linearly correlated with specific surface area, we established 
the relationship between equilibrium adsorption capacity (Qe) with O/C ratio and mean particle size to evaluate the correlation be
tween the aging properties and adsorption capacity of MPs. In the correlation analysis, reasonable correlations between Qe (SMX, eq 1) 
and Qe (MG, Eq. 2) with the O/C ratio and mean particle size of PVC MPs were found, as follows. 

y = 0.143x1 − 0.002x2 + 0.385, r2 = 0.996 (1)  

y = 2.670x1 − 0.963x2 + 121.591, r2 = 0.998 (2)  

where y is the equilibrium adsorption capacity of Qe (mg/g), x1 is the O/C ratio, and x2 (μm) is the average particle size. 
Notably, the linear relationship between Qe with O/C ratio and mean particle size indicates that O/C ratio and mean particle size 

have a significant effect on the equilibrium adsorption capacity. It has been previously documented that the introduction of oxygen- 
containing groups can increase the polarity and hydrophilicity of polymers, which may facilitate the interaction between PVC MPs on 
SMX and MG molecules. The linear relationship between particle size and specific surface area further suggests that the adsorption of 
MPs is related to the surface adsorption sites of MPs. While the artificially accelerated aging processes of the MPs in the current study 
are far from the actual situation, it provides an opportunity to study the correlation between the aging performance of MPs and the 
sorption capacity of MPs in the environment. It is also interesting to note that compared to the O/C ratio, CI values are also suitable for 
constructing the relationship between Qe and aging properties, probably because CI may also represent the role of hydrophilicity in the 
process of adsorption, as shown by the best linear correlation between CI and contact angle. 

4. Conclusions 

The aim of this study was to accelerate the degree of aging of PVC MPs by UV irradiation in order to improve understanding of their 
long-term aging behavior in the natural environment. In summary, our results suggest that the surface morphology, particle size, 
contact angle, and molecular weight of the PVC MPs were found to change significantly with the UV aging time by characterizations. 
And it was found by filtrate analysis that as the aging time increased, the content of TOC and humic acid-like substances gradually 
increased. Moreover, we obtained the O/C ratio can be used as a proxy parameter for the CI value to quantify the surface aging 
properties of PVC MPs and propose the correlation model between the adsorption capacity with the O/C ratio or CI and the mean size. 
This model is an attempt to elucidate the relationship between aging properties and aging time/adsorption behavior of MPs, which 
helps to address the MPs contamination problem more comprehensively. 
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