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• The typical transport order under 
various environmentally relevant con
ditions was MP-DOM > AMPs > OMPs 
in this study.

• As the aging degree increases, MP-DOM 
becomes increasingly important in the 
co-transport of secondary products.

• MP-DOM provides a rising TOC propor
tion, high mobility, and the ability to 
facilitate the migration of MPs.

• MP-DOM affected the transport of MPs 
through a combination of positive and 
negative effects.
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A B S T R A C T

Microplastic-derived dissolved organic matter (MP-DOM) forms from the aging of microplastics (MPs), but the 
co-transport behavior of MP-DOM and aged MPs (AMPs) remains poorly understood. This study investigates the 
co-transport of AMPs and MP-DOM generated from original MPs (OMPs) over a wide range of environmentally 
relevant conditions. The transport of AMPs and MP-DOM changes as the degree of aging increases, specifically 
related to changes in their physicochemical characteristics. Results showed that the order of migration ability 
was MP-DOM > AMPs > OMPs under almost all tested conditions. The change of hydrophobicity of MP-DOM and 
AMPs, as well as small molecular weight of MP-DOM, was primarily responsible for this order. The role of MP- 
DOM as a degradation product in the co-transport process is notably significant under various environmental 
conditions because of its high mobility and organic carbon fraction within the system. Furthermore, it is 
important to note that MP-DOM affected the transport of MPs through a combination of positive and negative 
effects. Key mechanisms include electrostatic repulsion caused by protonation reactions triggered by the acidic 
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pH of MP-DOM, steric hindrance, and competition for retention sites on media surfaces. This study contributes to 
a deeper understanding of the transformation and fate of MPs in complex environmental systems.

1. Introduction

Microplastics pollution in soil has received significant attention due 
to the substantial discharge of plastic waste directly into terrestrial 
ecosystems (Castan et al., 2021). By 2050, it is projected that global 
plastic waste generation will reach 26,000 Mt., with at least 45 % of this 
expected to remain unrecycled and unincinerated (Geyer et al., 2017). 
Microplastics in natural environments can undergo various weathering 
processes, such as light-induced degradation, biodegradation, and me
chanical degradation, which facilitate the release of aged microplastics 
(AMPs) and dissolved organic matter associated with MP (MP-DOM) 
(Lee et al., 2020; Thompson et al., 2004). Both MPs and MP-DOM 
contain substantial amounts of organic carbon that can participate in 
nutrient and carbon cycling (Rillig, 2018; Rillig et al., 2021; Sun et al., 
2022). Furthermore, MPs and MP-DOM can inhibit organism growth, 
alter crucial biological processes like carbon transformation, and exac
erbate the climate crisis by releasing greenhouse gases (Shi et al., 2021; 
Zhou et al., 2023).

Weathering process causes severe damage to the structure and sur
face characteristics of MP that include size, hydrophobicity, 
morphology, and functional groups (Wang et al., 2023). Concurrently, 
continuous chain scission reactions produce a diverse array of MP-DOM 
comprising thousands of molecular formulas such as low-molecular 
weight organic additives and broken polymer products (Gewert et al., 
2018; Kwon et al., 2015; Lee et al., 2023). Notably, the weathering 
process leads to the continual aging of MPs and MP-DOM, which man
ifests as dynamic changes in their composition and properties. Liu et al. 
(2019b) reported that during aging of polystyrene (PS), its surfaces 
roughness and amount of nano-debris increase, along with greater de
grees of surface oxidation and hydrophilicity. Similarly, Ren et al. 
(2023) found that the components of DOM released from PVC and PS 
shift from high-molecular-weight fractions to low-molecular fractions 
with aging, and their chromogenic components of DOM continually 
change. Consequently, the environmental behavior of MPs and MP-DOM 
is likely to be continually evolving. However, research on this dynamic 
aspect is limited, which hampers a thorough assessment of the envi
ronmental impacts throughout the entire life cycle of MPs degradation.

Furthermore, although AMPs and MP-DOM are two types of products 
produced simultaneously during the aging process, most of the existing 
researches focused primarily on their individual functions, and there is a 
lack of knowledge regarding their joint functions, particularly their co- 
transport propensity in porous media. Many studies have found that the 
transport of MPs in porous media is influenced by human activities (e.g., 
plowing and harvesting), bioturbation, MPs properties, co-existing 
substances (e.g., heavy metal, organic matter, nanoparticles), and 
environmental factors (e.g., porosity, soil pH, ionic strength (IS), cation 
type, mineral contents, wet-dry cycles, and flow rate) (Ren et al., 2021a; 
Ren et al., 2021b; Xi et al., 2022). In contrast, fewer studies have 
examined the co-transport of MP-DOM, which is a heterogeneous and 
complex mixture, in conjunction with MPs. MP-DOM is not merely a 
collection of oligomers, monomers, and functional additives; it often 
contains the byproducts and intermediates formed during various 
degradation or aging processes. Based on the excitation-emission matrix 
and parallel factor analysis, MP-DOM samples exhibit the most promi
nent protein/phenol-like and humic-like fluorescence (Lee et al., 2021; 
Ouyang et al., 2023). According to Fourier transform ion cyclotron 
resonance mass spectrometry analysis, MP-DOM includes labile carbon 
molecules such as lipid-like, protein/amino sugar-like, and 
carbohydrate-like compounds (Sun et al., 2022). It has been suggested 
that the MP-DOM released from UV-aging MPs had the ability to readily 
transport into the pore water of sandy subsurface system. Additionally, 

different MP-DOM components respond variably to environmental in
terferences, with protein/phenol-like C2 being more sensitive to 
biodegradation and mineral adsorption than humic-like C1 (Lee et al., 
2022). MP-DOM contains various low-molecular-weight organic acids 
(LMWOAs) (Gewert et al., 2018). Some of these LMWOAs that are 
ubiquitous in the environment, such as acetic acid, citric acid, and cin
namic acid, can substantially enhance the transport of biochar nano
particles, graphite oxide, and microplastics (Li et al., 2019; Zhang et al., 
2024a; Zhang et al., 2024b). A recent study has also reported that the 
intermediates from the photo-Fenton oxidation of polystyrene (PS) can 
adsorb onto PS and increase its negative charges, thereby influencing 
their electrostatic forces (Liu et al., 2020). MP-DOM may exhibit similar 
functionalities to LMWOAs, and MPs may act as a carrier for MP-DOM 
cotransport. However, the absence of research on the co-transport of 
MPs and MP-DOM limits our understanding of the transformation and 
ultimate fate of MPs in complex systems.

The overarching goal of this study is to investigate the co-transport of 
the MP’s degradation products of MP-DOM and aged MPs in saturated 
porous media. To this end we designed experiments under a wide range 
of environmentally relevant conditions that may potentially influence 
the co-transport of MPs and MP-DOM (Fei et al., 2022; Li et al., 2019; 
Ren et al., 2021a). PS was selected for photo-aging experiments due to 
its ubiquitous in soils and associated risks (Siddiqui et al., 2023). The 
specific objectives are: (1) to clarify the transport behavior of degrada
tion products with varying degree of aging; (2) to compare and deter
mine the contributions and mechanisms of MP-DOM and MPs co- 
transport under varying conditions, including different ionic strength 
(IS), cation type, grain size, and medium type.

2. Materials and methods

2.1. Preparation of MPs and MP-DOM

Submicron monodisperse PS microplastics (used as original MPs, 
OMPs) with a diameter of 505 ± 10 nm (data was provided by the 
manufacturer), were purchased from Ganzhou Mxene Technology Co., 
Ltd. (Ganzhou, China). The original concentration of the OMPs sus
pension is 50 g/L (5 % W/V). Further information on the preparation 
and properties of other materials can be found in Text A1 of the 
Appendices.

MPs with different aging degrees and the concurrent release of MP- 
DOM were collected by subjecting OMPs to UV irradiation in DI 
water. To prepare AMPs and MP-DOM mixtures, aging test was applied 
in lighting chamber equipped with ultraviolet (UV) lamps (500 W 
mercury lamps). UV irradiation has been intensively used to accelerate 
MPs aging as an artificial method since most of the MPs were sensitive to 
UV light in the sunlight (Gewert et al., 2018). The OMPs suspension at 
50 g/L was diluted to 100 mg C/L using DI water, following sonication 
for 30 min to ensure thorough dispersion. Then, the diluted suspension 
was added to a quartz jar and subjected to UV-irradiation at 26 ± 2 ◦C 
with an intensity of 4.6 mW/cm2 until the concentration of aged MPs 
and MP-DOM reached a predetermined level. The concentrations (mg C/ 
L) of MPs and MP-DOM in suspensions were detected using a TOC 
analyzer (TOC-L CPH CN200, Shimadzu, Japan) which is capable of 
analyzing suspensions containing uniformly suspended particles. Spe
cifically, the total TOC of mixtures including MPs and MP-DOM were 
determined first. Subsequently, the filtrates containing only MP-DOM 
(obtained through a 10 kDa ultrafiltration membrane) were analyzed. 
The difference in TOC between the total suspension and the filtrate was 
considered to represent the TOC of MPs (Text A2).

During this period, the UV energy received at the sample position, 
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the concentration of MPs, and the volume of suspensions all affect the 
degree of MPs aging. To standardize the aging degree, the criteria used 
were aging time, the concentration (mg C/L), and ratio of aged MPs to 
MP-DOM. For consistency, each time, 200 mL of a 100 mg C/L PS sus
pension was irradiated under these conditions. Column experiments 
were conducted with three different aging degrees of MPs and MP-DOM 
mixtures (Table 1). The following ratios of MP-DOM concentration (mg 
C/L) to aged MPs concentration (mg C/L) and corresponding aging times 
were used: 1: 5 (A1DOM: A1MPs), aging for 15 h; 1: 2.5 (A2DOM: 
A2MPs), aging for 25 h; and 1: 1 (A3DOM: A3MPs), aging for 38 h.

2.2. Analytical methods

2.2.1. MPs
The surface morphology and element abundance of PS MPs were 

characterized by SEM-EDS (SEM: Sigma 300, ZEISS, Germany; EDS: 
Smartedx, ZEISS, Germ ration The size distributions and average size of 
MPs particles were determined by measuring particles in SEM images 
using Nano measurer software (Version 1.2.5, Fudan University) (Liu 
et al., 2022). The ζ-potentials of MPs were determined using a Zetasizer 
(Nano ZS90, Malvern, England). FTIR spectroscopy of the MPs were 
obtained using a Thermo Scientific Nicolet iS20 spectrometer (Thermo 
Nicolet Co., Madison, US).

2.2.2. MP-DOM
Fluorescence excitation emission matrices (EEMs) were obtained 

using a spectrofluorophotometer (F-7000, Hitachi, Japan), and PAR
AFAC modeling was performed using MATLAB 7.0 (Mathworks Inc., US) 
with drEEM Toolbox (Text A3). The FTIR was used to identify the 
functional groups in the filtrate samples (Text A4). Ten low-molecular 
weight chemicals (Table A1) were analyzed using Ultra performance 
liquid chromatography quadrupole time-of-flight mass spectrometry 
(UPLC-Q-TOF MS, UPLC1290 equipped with QTOF 6550, Agilent, US) to 
quantify products derived from UV-aging PS (Text A5). The quantitative 
analysis (mg C/L) was detailed in Text A2. Contact angle (CA) between 
MP-DOM solution and quartz plate simulating quartz sand was 
measured by a contact angle meter (JC-2000CI, Shanghai Zhongchen 
Digital Technology Equipment Co., Ltd., China).

2.3. Column experiments

All column experiments were conducted in duplicate. Quartz sand or 
limestone was wet-packed into the acrylic columns (length: 16.8 cm, 
diameter: 2.5 cm) with 30 μm stainless-steel screens on both ends. The 
constant upward flow rate of 1.0 mL/min was controlled by peristaltic 
pump (BT100-1F, Longer Pump, China). All packed column porosities 
are shown in Table 2. Prior to each experiment, the column was flushed 
with DI water for 10 pore volumes (PVs). To equilibrate the pore water 
IS and pH, the system was flushed with the background electrolyte so
lution for 10 PVs. This solution had the same pH, ionic type, and IS as the 
working suspensions, but did not contain MPs or MP-DOM. Subse
quently, 4 PVs of working suspension (MPs suspension with different 
aging degrees prepared in an electrolyte solution, see Table 2) was 
injected into columns, followed by a subsequent injection of 2 PVs of 
background electrolyte solution. The effluent samples were collected by 
fraction collectors (BS-100 A, Shanghai Huxi Analysis Instrument Fac
tory CO., LTD, China) every 8 min to determine MPs and MP-DOM 
concentrations (same as described in Section 2.1). For all column ex
periments, including limestone columns, the cations and pH in effluents 
were stabilized before injecting working solution. The overall effluent 
pH values of limestone columns ranged between 7.4 and 7.6 due to the 
buffering capacity of limestone, whereas the pH values of sand columns 
were comparable to the influent.
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3. Results and discussion

3.1. The effect of aging on the degradation products of MPs

3.1.1. Characterization of MPs and MP-DOM
The shape and surface smoothness of aged MPs were similar to those 

of OMPs, though slight nano-debris was observed on aged MPs surfaces 
(Fig. 1a). Significant changes were noted in the average size and size 
distribution of MPs in UV-aging process (Fig. 1b and Table A2). Despite 
minor differences between Nano ZS90 and SEM data, both methods 
consistently showed a decrease in average diameters of MPs particles 
with increasing UV aging. Specifically, the proportion of MPs with size 
≥500 nm decreased to 77.7 % (A1MPs), 2.27 % (A2MPs), and 
0 (A3MPs), while the proportion of smaller MPs increased. EDS analysis 
(Fig. A1(a)) showed a gradual increase in O content with UV aging (wt% 
from 15.85 to 30.92). For both OMPs and AMPs, the adsorption peaks at 
698, 836, and 3026 cm− 1 were attributed to the aromatic C–H bending, 
while peaks at 1492 cm− 1 were attributed to the C––C stretching of 
aromatic ring. The aged MPs exhibited additional bands such as C=O/O- 
C=O stretching bands at 1720–1722 cm− 1 (Fig. 1c), indicating an in
crease in hydrophilic functional groups and polarity (Liu et al., 2019b). 
The zeta potential of MPs become more negative with increasing aging 
degree, decreasing from – 43.0 to – 54.8 mV (Table A3). This shift is 
consistent with higher O/C ratios and increased oxygen-containing 
functional groups, as also reported by Ren et al. (2021a).

The UV-aging kinetic experiments (Text A6 and Fig. A1) showed that 
the MP-DOM in filtrate increased from 0 to 35.2 mg C/L, and then 
decreased to 20.6 mg C/L within 63 h, while the MPs dropped from 
~100 to 0 mg C/L. This decline was due to the release of MP-DOM and 

further mineralization under continuous UV exposure (Tian et al., 
2019). The pH of leachates from the O, A1, A2, and A3 system were 6.95, 
3.95, 3.69, and 3.50, respectively, indicating the formation of acidic 
substances (e.g., -COOH), which increased with UV-aging. For A1- 
A3DOM, the C=O/O-C=O stretching bands at 1713–1724 cm− 1 and 
C–O peaks at 1090 cm− 1 intensified with UV-aging (Fig. 2a). The dis
tributions of monitoring compounds varied across A1-A3DOM (Fig. 2b 
and Table A4), with many compounds remaining unidentified, sug
gesting a diversity organic byproducts. The number of detected chem
icals increased with UV-aging, and compounds with -COOH and -COO- 
groups become more prevalent. The fluorescence EEM spectra of A1- 
A3DOM (Fig. 2c-e) showed differences, and the PARAFAC model iden
tified three different fluorescent components (C1, C2, and C3) (Fig. S3) 
with peak fluorescence at 230(290)/405, 250(320)/445, and (〈220) 
270/305 nm respectively, corresponding to humic-like (C1 and C2) and 
protein/phenol-like components (C3) (Lee et al., 2020; Wang et al., 
2023). Overall, the photoluminescence intensities increased slightly 
(Fig. 2c), with an increase in humic-like substances and a decrease in 
protein/phenol-like components (Fig. 2d-e), likely due to the preferen
tial degradation of phenolic degradation products which are more sus
ceptible to UV oxidation (Wang et al., 2023).

3.1.2. Changes in the transport of MPs and MP-DOM
The transport of four MPs systems (O, A1, A2 and A3) with varying 

degrees of aging was investigated separately. As shown in Fig. 3 and 
Table 1 (column NO.1, 10–12), the transport of MP-DOM (ERR: 95.2 % 
~ 97.4 %) was greater compared to AMPs (ERR: 81.2 % ~ 83.2 %) in A2 
and A3 systems. However, in the A1 system with the weakest aging 
degree, the order is reversed (ERR: 79.8 % of MP-DOM and 83.2 % of 

Table 2 
Summary of experimental conditions for packed column experiments.

Column 
NO.

Media type (grain size, 
mm)

Porosity Influent Electrolytic 
conc. (mM)

Ionic strength 
(mM) a

Effluent recovery rate 
(ERR) (%) b

MPs or MP-DOM (mg C/L)/[MPs + MP- 
DOM] (mg C/L) (%) c

NaCl CaCl2

1 Quartz sand (0.425–0.600) 0.41 O-system 1 0 1 MPs: 51.0 ± 3.9 –
2 Quartz sand (0.425–0.600) 0.41 O-system 3 0 3 MPs: 5.7 ± 0.6 –
3 Quartz sand (0.425–0.600) 0.40 O-system 9 0 9 MPs:0 –
4 Quartz sand (0.425–0.600) 0.41 O-system 0 0.33 1 MPs: 18.1 ± 0.1 –
5 Quartz sand (0.425–0.600) 0.40 O-system 0 1 3 MPs: 0 –
6 Quartz sand (0.425–0.600) 0.40 O-system 0 3 9 MPs: 0 –
7 Quartz sand (0.250–0.355) 0.35 O-system 1 0 1 MPs:0 –
8 Quartz sand (0.700–0.850) 0.42 O-system 1 0 1 MPs: 83.3 ± 1.8 –

9 Limestone (0.425–0.600) 
LS (M) g

0.41 O-system 1 0 1 MPs: 6.0 ± 0.5 –

10 Quartz sand (0.425–0.600) 0.41 A1- 
system

1 0 1 MPs: 83.2 ± 2.1 71.05 ± 0.01
DOM: 79.8 ± 4.1 13.41 ± 0.75

11 Quartz sand (0.425–0.600) 0.41
A2- 
system 1 0 1

MPs: 83.2 ± 0.1 59.33 ± 0.07
DOM: 97.4 ± 2.7 28.01 ± 0.77

12 Quartz sand (0.425–0.600) 0.42
A3- 
system

1 0 1
MPs: 81.2 ± 0.9 42.47 ± 0.53
DOM: 95.2 ± 1.0 45.44 ± 0.50

13 Quartz sand (0.425–0.600) 0.40 A3- 
system

3 0 3 MPs: 76.9 ± 2.0 34.64 ± 0.91
DOM: 93.9 ± 1.6 51.59 ± 0.87

14 Quartz sand (0.425–0.600) 0.41 A3- 
system

9 0 9 MPs: 60.8 ± 0.3 29.32 ± 0.16
DOM: 93.7 ± 1.4 48.56 ± 0.72

15 Quartz sand (0.425–0.600) 0.41
A3- 
system 0 0.33 1

MPs: 77.1 ± 0.6 39.81 ± 0.51
DOM: 96.2 ± 0.4 46.69 ± 0.21

16 Quartz sand (0.425–0.600) 0.41
A3- 
system

0 1 3
MPs: 59.9 ± 1.5 32.02 ± 0.80
DOM: 91.8 ± 0.7 42.77 ± 0.34

17 Quartz sand (0.425–0.600) 0.41 A3- 
system

0 3 9 MPs: 31.8 ± 0.6 15.33 ± 0.27
DOM: 98.0 ± 1.2 50.86 ± 0.63

18 Quartz sand (0.250–0.355) 0.34
A3- 
system 1 0 1

MPs: 3.7 ± 2.2 1.62 ± 0.94
DOM: 55.8 ± 4.5 29.26 ± 2.34

19 Quartz sand (0.700–0.850) 0.41
A3- 
system 1 0 1

MPs: 85.8 ± 3.0 38.75 ± 0.79
DOM: 92.8 ± 1.8 47.37 ± 0.93

20 Limestone (0.425–0.600) 0.41
A3- 
system

1 0 1
MPs: 8.3 ± 1.4 4.69 ± 0.08
DOM: 83.8 ± 0.8 41.23 ± 0.37

a I =
1
2
∑n

i=0
miν2

i . I is the ionic strength (mM L− 1); mi is the concentration of ion (mM L− 1) and vi is the charge of the ion.
b The ratio of MPs or MP-DOM mass (mg C/L) in the effluent to MPs or MP-DOM mass (mg C/L) in the influent.
c The ratio of MPs or MP-DOM mass (mg C/L) in the effluent to MPs and MP-DOM mass (mg C/L) in the influent.
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MPs). All MP-DOM and AMPs demonstrated higher mobility than OMPs 
(ERR: 51.0 %), indicating that OMPs can be transformed into higher- 
mobility secondary products during UV aging.

Although MPs’ transport increased significantly with aging, no 
notable differences were observed among the three aging degrees for 
AMPs. The stronger electrostatic repulsion between negatively charged 
particles and negatively charged sand grains within porous media is 

recognized as one of the dominant mechanisms for MPs transport (Li 
et al., 2023; Xi et al., 2022) (Table A3). However, this cannot fully 
explain the increased mobility of AMPs. The zeta potential of A1MPs 
(− 44.7 mV) and OMPs (− 43.0 mV) showed no distinct differences 
compared to A2MPs (− 51.2 mV) and A3MPs (− 54.8 mV). Notably, the 
pH of A1-A3 systems ranged from 3.50 to 3.95. The acidic pH is 
generally not conducive to the mobility of MPs (Fei et al., 2022). 

Fig. 1. SEM (Mag = 20.00 k x) and element analysis (the yellow boxes showed few nano-debris or crack parts observed) (a); size distribution (analyzed by Nano 
measurer 1.2.5) (b) and FTIR spectra (c) of OMPs, A1MPs, A2MPs and A3MPs.
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Adjusting the OMPs solution to pH = 3.95 led to a significant mobility 
reduction, with a recovery rate of only 21.3 % (Fig. S4). Consequently, 
the mobility difference between OMPs and AMPs becomes more pro
nounced. Thus, other mechanisms might be more important responsible 
for the increased mobility of AMPs. UV-aging process likely enhances 
-COOH group with much lower pKa values on the MPs’ surface, resulting 
in AMPs being deprotonated at relatively low pH (Liu et al., 2019b). 
Thus, the lower pH has less impact on the surface negativity of AMPs 
compared to OMPs. These increasing oxygen-functional groups on 
AMPs’ surface likely enhance their hydrophilicity (Xu et al., 2022), 

reducing aggregation rates and increasing mobility (Liu et al., 2019b; 
Mao et al., 2020). Additionally, the reduction in particle size may 
contribute to the higher mobility of AMPs. Given that the migration 
ability of A1MPs has already increased to a very high level, further 
noticeable enhancement may require substantial property changes.

The migration ability of the three MP-DOM follows the order: 
A3DOM ≈ A2DOM > A1DOM. The varying concentrations of DOM (mg 
C/L) notably impacted MP-DOM transport. To elucidate this further, 
transport experiments were conducted by increasing the concentration 
of A1DOM to 15 mg C/L and decreasing A3DOM concentration to 4.7 mg 

Fig. 2. FTIR spectra (a), photo-transformation products (specific peak area) (b) and Fluorescence EEM plots of A1DOM, A2DOM and A3DOM; (d) Fmax variations of 
C1, C2 and C3 components in the A1DOM, A2DOM and A3DOM; (e) the proportion of fluorescence components of the three MP-DOM. (C1: Photo-induced humic- 
like, C2: Terrestrial humic-like, C3: Plastic-derived protein/phenol-like.)

Fig. 3. Transport of the original MPs and A1, A2, A3-systems in saturated quartz sand porous media: breakthrough curves of MPs (a) and MP-DOM (b).
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C/L (Fig. A10). Consequently, while the ERR of A3DOM decreased 
slightly from approximately 95 % to 90 %, the ERR of A1DOM experi
enced a notable increase, rising from roughly 80 % to 92 %. This trend 
indicates that the ERR of MP-DOM tends to increase with concentration. 
Additionally, even at the same concentration, A1DOM’s mobility 
remained slightly weaker than A3DOM. Previous studies have 
confirmed that DOM with lower acidity and higher hydrophobicity is 
more prone to adsorption by a solid surface (Guo and Chorover, 2003; 
Liu et al., 2019a; Miao et al., 2022). In this study, A1DOM with the 
lowest acidity exhibited the greatest retention. It is widely known that 
contact angle positively correlates with the hydrophobicity of a liquid 
when the solid has a hydrophilic surface (e.g., SiO2). Our measurements 
revealed contact angles of 50.5 ± 0.7◦, 34.7 ± 0.6◦, and 34.7 ± 1.2◦

between quartz plate and solutions of A1DOM, A2DOM, and A3DOM, 
respectively, suggesting a hydrophobicity order of A1DOM > A2DOM ≈
A3DOM, which corresponds to their retention in quartz sand. Further
more, Lee et al. (2022) reported preferential adsorption between sand 
and protein/phenol-like C3 derived from UV-aged expanded PS. Thus, 
the highest relative intensity of C3 in A1DOM (Fig. S7) likely contributes 
to its enhanced retention.

Notably, as the aging degree increases, the TOC concentration of MP- 
DOM also rises. Given its high mobility, MP-DOM plays an increasingly 
significant role in the transport of secondary products derived from MPs 
in porous media. To better understand the TOC contributions of MP- 
DOM compared to of AMPs under environmentally relevant condi
tions, the A3-system, with the highest concentration of MP-DOM in this 
study, was selected as a representative for further investigations under 
varying ionic strengths, cation types, medium types, and medium grain 
sizes. Furthermore, the effect of MP-DOM and MPs on each other’s 
transport behavior was examined using a series of experiments by 
effectively separating the MP-DOM and AMPs.

3.2. Co-transport of MP-DOM and AMPs

3.2.1. The effect of environmental factors on co-transport of MPs and MP- 
DOM

Fig. 4 presents the effects of ionic strengths and cation types (Na+

and Ca2+) on the transport of A3MPs and A3DOM in the A3 system, 
comparing their behavior to OMPs under similar conditions (column 
NO.1–6, 12–17). The migration of A3DOM was largely unaffected by 
these factors, with ERRs ranging from 91.8 % and 98.0 %. In contrast, 
A3MPs mitigation was more influenced by these variables, with inhi
bition increasing as IS rose. Specifically, Ca2+ had a more pronounced 
effect than Na+, decreasing ERR from 77.1 % to 31.8 % for Ca2+ and 
from 83.2 % to 60.8 % for Na+. However, the impact on A3MPs was 
much weaker compared to OMPs, with the ERR decreasing from 51.0 % 
to 0 for Na+ and from 18.1 % to 0 for Ca2+ (Table 1). These results 
suggest that while IS significantly affects the migration of OMPs, its 
impact on their degradation products is notably weaker, particularly 
when considering MP-DOM’s contribution.

Fig. 5 depicts the effects of medium types and medium grain sizes on 
the migration of A3MPs and A3DOM in A3 system, comparing these to 
OMPs under similar conditions (column NO.1, 7–9, 12, 18–20). The 
transport of A3DOM in coarse sand and medium sand exhibited no 
significant differences (ERRs of 95.2 % versus 92.8 %). However, the 
retention of A3DOM increased in fine sand, corresponding to an ERR of 
55.8 %. While the transport of A3MPs and OMPs decreases with 
increasing grain size, a notable variation in migration is only observed in 
medium sand (ERRs of 81.2 % versus 51.0 %). This study detects 
limestone porous media as one of the highly prevalent and economical 
materials often used in permeable reactive barriers. The transport of 
A3MPs and OMPs in quartz sand differs significantly from that in 
limestone, with minimal amounts of A3MPs and OMPs detected in the 
effluent (ERRs of 6.0 % versus 8.3 %). The migration of A3DOM also 
decreased in limestone porous media, with an ERR of 83.8 %, which is 
relatively low. Unlike typical breakthrough behaviors in quartz sand, the 
breakthrough transport curve exhibited an asymmetric shape with a 
tailing effect. Li et al. (2023) found that limestone can effectively 

Fig. 4. Effect of concentration of NaCl (a, b) and CaCl2 (c, d) on the transport of the original MPs and A3-system in saturated quartz sand porous media: breakthrough 
curves of MPs (a, c) and MP-DOM (b, d).
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remove pristine nanoplastics from wastewater when used in rapid sand 
filter systems of wastewater treatment plants. This study further sug
gests that limestone is also likely to remove aged ones well, but its 
removal of MP-DOM is limited.

As shown in Fig. 6 and Table 1, the proportion of A3DOM (mg C/L) 
increases while that of A3MPs decreases in the transport of degradation 
products under the tested conditions. Initially, the influent contains 
equal proportion of A3DOM and A3MPs (each 50 %). However, under all 
tested conditions excluding transport in fine sand, the proportion of 
A3DOM remains stable between 40 % and 50 %, whereas the proportion 
of A3MPs fluctuates significantly and is generally lower than that of 
A3DOM, ranging from 1 % to 40 %. In fine sand, the proportion of 
A3DOM drops to 29.26 % and A3MPs to 1.62 %, yet A3DOM remains the 
primary organic carbon component in the transport process. Therefore, 
the contribution of MP-DOM as part of degradation products to the 

transport process becomes more significant under diverse conditions.

3.2.2. Governing mechanisms
The variations in electrostatic interaction between sand grains and 

A3MPs as well as between sand grains and OMPs under different con
centrations of NaCl and CaCl2 play a significant role in their differing 
migration behaviors. Specifically, Na+ and Ca2+ ions could facilitate the 
deposition of particles through electrostatic screening effect in sand 
porous media (Zhao et al., 2020). As a divalent ion, Ca2+ exhibits a 
stronger screening effect compared to Na+ (Mao et al., 2020). Table A3 
shows that, with increasing IS of NaCl or CaCl2, the decline in the zeta 
potential of A3MPs is smaller than that of OMPs. This smaller reduction 
in electrostatic repulsion between sand grains and A3MPs translates to 
higher mobility for A3MPs. Notably, the EER of A3MPs (31.8 %) in IS =
9 mM CaCl2 solution were much higher than OMPs (18.1 %) in IS = 1 
mM CaCl2 solution. The zeta potential of OMPs in 1 mM CaCl2 (− 25.3 
mV) was more negative than A3MPs in 9 mM CaCl2 (− 19.7 mV), and 
that of sand in 1 mM CaCl2 (− 15.5 mV) was more negative than in 9 mM 
CaCl2 (− 4.7 mV), indicating that electrostatic repulsion was not the only 
mechanism in controlling the transport behavior. Previous studies found 
that aging appeared to increase the resilience of PS nanoparticles 
mobility to the changes of solution chemistry (Liu et al., 2019b). UV- 
aging could produce charged groups and hydrophilic oligomers that 
enhance the colloidal stability of MPs in Ca2+ solutions, improving 
particle transport (Mao et al., 2020). Despite the wide range of zeta 
potential observed in sand under varying NaCl and CaCl2 concentra
tions, the mobility of A3DOM did not remarkably change, indicating 
that the effect of electrostatic interaction on the mobility of A3DOM in 
quartz sand is quite low. The low molecular weight of A3DOM con
tributes to its high mobility. In this study, the A3DOM with all com
pounds having a molecular weight <1 kDa (A3DOM can pass through 
the 1 kDa membrane entirely). Similarly, Lee and Hur, 2020 reported 

Fig. 5. Effect of grain size (a, b) and medium type (c, d), on the transport of the original MPs and A3-system in saturated porous media: breakthrough curves of MPs 
(a, c) and MP-DOM (b, d). (Quartz sand (QS) has a grain size that ranges from fine to coarse, including sizes of 0.250–0.355 (fine), 0.425–0.600 (medium) and 
0.700–0.850 mm (coarse). The medium type encompasses quartz sand and limestone, all with the same grain size.)

Fig. 6. The ratio of MP-DOM or MPs (mg C/L) in the effluent to the MP-DOM 
and MPs (mg C/L) in the influent under different tested conditions.
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that the low-molecular-weight neutrals with a molecular weight <350 
Da constituted the dominant fraction, ranging from 67.4 to 79.3 %, of 
the MP-DOM produced from PS under UV-light. The small hydrody
namic diameter of low molecular weight A3DOM help it resist aggre
gation in the presence of Ca2+ (Miao et al., 2022).

Colloid transport and retention behaviors depend strongly on the 
ratio of average particles diameter to median sand grain size. The ratios 
of average OMPs or A3MPs diameter to fine sand diameter (0.00166 or 
0.00112) are approximate to the threshold value (~0.002–0.003), thus, 
straining plays a key role in colloid deposition in fine sand (Babakhani 
et al., 2017; Bradford et al., 2007). Enhanced colloid straining is 
observed with increasing particle-to-sand diameter ratios (Fig. 5a). For 
the high retention of A3DOM in fine sand, a possible explanation is that 
finer sand provides a higher specific surface area, offering more reten
tion sites for A3DOM (Dong et al., 2016).

Limestone, with its buffering effect on pH, results in effluent pH 
values ranging from 7.4 to 7.8 across the columns, notably higher than 
those in quartz sand (where effluent pH was similar to influent pH). 
Conventionally, an increase in pH is believed to enhance the mobility of 
MPs in quartz sand porous media, both for original and aged ones, due to 
an increase in negative charge density on both MPs and quartz sand 
surface (Fei et al., 2022). However, in limestone porous media, opposite 
results were observed, with significant retention of MPs. The zeta po
tential of limestone is less negative compare to quartz sand (Table A2). 
This reduction in electrostatic repulsion likely contributes, to some 
extent, to the increased retention of OMPs and A3MPs. There are 
abundant Ca2+, -COOH, and -OH on limestone surface (Figs. A5–6), 
which can significantly enhance the cation bridge effect, facilitating the 
adsorption of OMPs and A3MPs (Li et al., 2023). Additionally, A3DOM 
compounds containing -COOH and -OH may also be adsorbed onto the 
limestone surface through cation bridge by Ca2+ (Sun et al., 2019). 
Furthermore, the process of ligand exchange involves the binding of 
anions present in A3DOM, such as carboxyl groups, with the surface 
hydroxyl or carboxyl layers of the limestone. This interaction, driven by 
ligand exchange, plays a crucial role in the binding between these 
anionic groups of A3DOM and the hydroxyl on the surfaces (or edges) of 
limestone (Lee and Hur, 2020). The substantial release of Ca2+ from 
limestone have an inhibitory effect on MPs transport, primarily due to 
an increase in IS. Limestone could continuously release 0.2 mM Ca2+

steadily during the injection of background solution, and between 0.2 
and 0.6 mM Ca2+ was released during the injection of A3MPs mixture 
(due to the acidic pH of A3MPs, about 3.5) (Fig. A7). The effluent 
resulting from the injection of DI-water (~pH 7) in the limestone was 
used as the background solution to investigate the transport of OMPs in 
quartz sand (Fig. A8). Finally, a ~ 40 % reduction in OMP recovery 
compared to DI-water as the background solution was observed. SEM 

images reveal that limestone has rougher surface than sand (Fig. A9). 
This rougher surface, with its potholes and holes, not only impedes shear 
flow and promotes the retention of OMPs and A3MPs (Li et al., 2023), 
but also possesses a larger specific surface area, offering more retention 
sites for A3DOM (Lyu et al., 2020; Sun et al., 2019).

3.3. Interactions between MPs and MP-DOM

Beyond the mechanisms controlling the transport and retention of 
original and aged MPs and MP-DOM, we interestingly found that MPs 
and MP-DOM are able to influence each other. As depicted in Fig. 7, the 
addition of A3DOM result in a decrease in pH (from 6.9 to 5.5), but still 
significantly promote the mobility of OMPs, and the recovery rate in
crease from 15.5 % to 65.0 %. When A3MPs are extracted and dispersed 
alone in background solution without any pH adjustment (pH = 5.5), the 
removal of A3DOM facilitates the transport of A3MPs, and the recovery 
rates increase from to 81.2 % to 89.2 %. When A3MPs are extracted and 
dispersed alone in background solution with a pH adjust to 3.6, which is 
similar to the A3-system, the presence of A3DOM exhibit a promotion in 
A3MPs transport. Obviously, A3DOM can promote OMPs transport more 
effectively than A3MPs, and the presence of A3MPs has minimal effect 
on A3DOM transport, with recovery rates of 95.2 % and 92.3 % for 
A3DOM alone and in mixture, respectively. However, the presence of 
OMPs slightly decreases A3DOM transport, with a recovery rate drop
ping to 87.2 %. We propose that A3DOM influences the transport of 
OMPs and A3MPs through a combination of positive and negative ef
fects. The lower pH induced by A3DOM caused a protonation reaction of 
both the sand surface and nanoparticles, which result in a decrease in 
their negative charges. This further weakens their electrostatic repulsion 
and hinders MPs transport. In this interaction studies, the retention rate 
of A3DOM in quartz sand (Fig. 4b A3DOM alone) is 7.7 %, indicating 
that A3DOM possesses a certain adsorption capacity on quartz sand. 
Therefore, A3DOM can occupy some deposition sites on the media 
surface, resulting in competitive adsorption with MPs (Zhang et al., 
2024a). The adsorption of 15 mg C/L A3DOM on 15 mg C/L OMPs (75.3 
mg C/g C) is approximately twice as much as onto 15 mg C/L A3MPs 
(36.8 mg C/g C). This adsorption increases steric hindrance between 
MPs and quartz sand, potentially enhancing particle transport (Chen 
et al., 2012; Li et al., 2019; Zhang et al., 2024a). Taken together, we infer 
that the steric hindrance is likely more important to the OMPs than 
A3MPs. Meanwhile, A3DOM adsorbed on MPs cannot be filtered out, 
meaning a small portion of A3DOM is transported with MPs, resulting in 
breakthrough curves that slightly underestimate actual A3DOM trans
port, especially when mixed with OMPs.

Fig. 7. The interaction between original/aged MPs and MP-DOM. (OMPs alone-pH 6.9: only 15 mg C/L OMPs; OMPs(A3DOM)/A3DOM(OMPs)-pH 5.5: 15 mg C/L 
OMPs +15 mg C/L A3DOM; A3MPs alone-pH 5.5: only 15 mg C/L A3MPs (the pH of A3MPs separated from the mixture that resuspended using DIW was higher than 
the A3MPs + A3DOM mixture); A3MPs alone-pH 3.6: only 15 mg C/L A3MPs (pH adjusted to 3.6 was conducted to avoid the adverse effect of lower pH on A3MPs 
transport); A3MPs(A3DOM)/A3DOM(A3MPs)-pH 3.6: 15 mg C/L A3MPs + 15 mg C/L A3DOM; A3DOM alone: only 15 mg C/L A3DOM.)
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4. Conclusion

This is the first to explore the co-transport of MPs and MP-DOM 
simultaneously originating from UV-aged MPs in saturated porous 
media. Their co-transport behavior exhibited differences under various 
environmental conditions, including different IS, cation type, grain size, 
and medium type. Except in the mildest aging scenario, the transport 
capacity followed the order of MP-DOM > aged MPs > original MPs. MP- 
DOM as a degradation product in the co-transport process is particularly 
prominent due to its high mobility and significant proportion organic 
carbon within the system. In the quartz sand system, the enhanced 
transport of aged MPs was primarily due to the presence of oxygen- 
containing functional groups, which promoted the surface charge 
negativity and hydrophilicity. Hydrophilicity also plays a more signifi
cant role for the mobility of MP-DOM. Electrostatic interaction was not 
the primary mechanism for high MP-DOM transport, but it was for the 
retention of MPs under different IS and cation type. When the grain size 
of sand decreased to a certain value, the strong retention of aged MPs 
and MP-DOM could be attributed to the enhanced colloid straining and 
increased deposition sites. In the limestone system, the strong retention 
of aged MPs was attributed to cation bridging, increased IS from released 
Ca2+, and surface roughness, while decreased MP-DOM transport 
resulted from cation bridging and ligand exchange. It is noteworthy that 
MPs and MP-DOM could influence each other, with the effect of MP- 
DOM on the transport of MPs being more significant than MPs on MP- 
DOM. MP-DOM affected the transport of MPs through a combination 
of positive (such as steric hindrance and competitive adsorption) and 
negative effects (including protonation, which is triggered by the acidic 
pH that MP-DOM provided).

5. Environmental implications

Microplastics aging causes a large amount of DOM to enter the 
subsurface environment. In addition to changing the pH and TOC of 
their surrounding environment, their high mobility, which is higher 
than that of MPs under various conditions, can expand the influence of 
plastic pollutants in soil-groundwater system. Furthermore, MP-DOM 
can affect the transport of MPs and potentially also the mobility of 
other particles (e.g., engineering nanoparticles or soil colloidal parti
cles) in the subsurface environment. This study helps us to understand 
more deeply the effect of aging on the transport of MPs by considering 
the perspective of MP-DOM, and it facilitates a more comprehensive 
prediction of the risks associated with plastic aging.
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