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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• UV irradiation increases surface elec
tronegativity and specific surface area of 
MPs. 

• Oxygen-containing functional groups 
dominate the adsorption of Pb(II) by 
aged MPs. 

• Greater inherent mobility of aged MPs 
could carry more Pb(II) for co-transport. 

• Intricate pore structure of biochar pre
vents both contaminants from diffusing.  
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A B S T R A C T   

To investigate the adsorption effects of aged microplastics (MPs) on Pb(II) and their co-transport properties in 
homogeneous (quartz sand) and heterogeneous (quartz sand with apple branches biochar) porous media, we 
explored the co-transport of UV-irradiated aged MPs and coexisting Pb(II) along with their interaction mecha
nisms. The UV aging process increased the binding sites and electronegativity of the aged MPs’ surface, 
enhancing its adsorption capacity for Pb(II). Aged MPs significantly improved Pb(II) transport through homo
geneous media, while Pb(II) hindered the transport of aged MPs by reducing electrostatic repulsion between 
these particles and the quartz sand. When biochar, with its loose and porous structure, was used as a porous 
medium, it effectively inhibited the transport capacity of both contaminants. In addition, since the aged MPs 
cannot penetrate the column, a portion of Pb(II) adsorbed by the aged MPs will be co-deposited with the aged 
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MPs, hindering Pb(II) transport to a greater extent. The transport experiments were simulated and interpreted 
using two-point kinetic modeling and the DLVO theory. The study results elucidate disparities in the capacity of 
MPs and aged MPs to transport Pb(II), underscoring the potential of biochar application as an effective strategy 
to impede the dispersion of composite environmental pollutants.   

1. Introduction 

The degradation of larger plastic products, industrial processes, and 
everyday consumer items such as personal care products and textiles [2, 
69,72,75], resulting in the release of microplastics (MPs) into the 
environment, has grown in importance as a concern for the environment 
recently [31,32]. These particles can be consumed by a wide variety of 
organisms, spanning from plankton and fish to birds and mammals, 
resulting in adverse health and behavioral effects [35,49]. MPs’ distinct 
surface properties, such as size, porosity, specific surface area, and hy
drophobicity, facilitate the adsorption and accumulation of various 
contaminants and make them excellent carriers [12,31,7]. As a result, 
more of the hazardous substances spread by MPs will be reintroduced 
into the environment as the MPs degrade and pose a potential threat to 
ecosystems [12,3,55]. MPs, in particular, have the potential to interact 
with other environmental contaminants, altering their toxicity and 
bioavailability, and ultimately influencing the ecological security of the 
region by controlling the transport of other pollutants [45,72]. Among 
the common environmental contaminants, heavy metals are of partic
ular concern due to their persistence, bioaccumulation, and toxic effects 
even at low exposure levels [5]. Lead ions can persist in the environment 
and accumulate in soil, water, and the food chain [10,11]. Notably, lead 
ions have been observed to have a higher affinity for various colloids in 
soil water compared to other heavy metal ions such as copper and 
cadmium ions [10,14,68]. Although the strong interactions between 
lead ions and MPs have been documented by batch adsorption and 
column transport investigations [26,70], the cotransport of them in 
various porous media is still insufficient. Therefore, investigating the 
interaction mechanisms between MPs and lead ions and understanding 
their environmental transport behavior is crucial for developing effec
tive management strategies to mitigate their adverse effects on the 
environment and human health [61,68]. 

The interaction between MPs and lead ions occurs primarily through 
the process of adsorption, whereby lead ions adhere to the surface of 
MPs [68]. Several factors could influence this process, including the 
surface charge and functional groups of the MPs, as well as the pH and 
ionic strength of the surrounding water [46,53,59]. The surface of MPs 
has been found to act as a reservoir for heavy metals, thereby facilitating 
their spatial transport [72,73]. Furthermore, heavy metal ions can 
induce changes in the hydrated particle size and surface charge of MPs 
colloids through ion-MPs surface complexation [59]. These changes in 
physicochemical properties can affect the stability and mobility of MPs 
during the transport process. Polystyrene, a commonly used model 
material for studying MPs transport in saturated porous media, exhibits 
properties similar to those of other types of MPs, such as low density, 
high stability, and resistance to degradation [28]. While pristine poly
styrene is commonly used to model the transport of MPs in saturated 
porous media, it is crucial to consider the influence of natural environ
mental factors on the transport of MPs, such as aging caused by ultra
violet (UV) radiation [51]. UV light generates oxygen-containing 
functional groups on the surface of aged MPs, causing them to become 
more polar, porous, hydrophilic, and charged [51]. These changes in the 
physicochemical properties of aged MPs can significantly affect the 
interaction between aged MPs and lead ions [48], which ultimately in
fluences the sorption, transport, and retention behavior of lead ions as 
aged MPs present [70]. 

While it is important to continue researching the interaction mech
anisms between MPs and heavy metals in various habitats, it is equally 
crucial to emphasize the significance of investigating their diffusion 

inhibition in the environment [30,47]. Biochar, a carbonaceous material 
derived from the pyrolysis of organic matter, has emerged as a prom
ising tool in environmental science [60,63]. Its highly porous structure 
and extensive surface area make it an efficient adsorbent for various 
pollutants [29]. In the realm of soil remediation, biochar is widely 
recognized as an effective adsorbent that reduces the mobility of soil 
contaminants, thereby minimizing the risk of groundwater and surface 
water contamination [20,67]. The plentiful functional groups in biochar 
offer abundant binding sites for heavy metals to form complexes, while 
the mineral elements in biochar promote heavy metal adsorption 
through precipitation, resulting in the formation of metal oxides, chlo
rides, sulfates, or other precipitates [40]. Moreover, existing studies 
have indicated that filling sand columns with biochar can effectively 
inhibit the transport of MPs [23,62]. Tong et al. [62] found that bio
char/Fe3O4-biochar, when thoroughly mixed with quartz sand, signifi
cantly retained MPs with diameters of 0.02 µm and 2 µm in sand 
columns. Hsieh et al. [23] showed that woodchip-extracted biochar 
achieved complete removal of MPs in real river and sewage samples. 
Significant progress has been made in understanding the impact of using 
biochar as a porous medium on the standalone transport of MPs. How
ever, uncertainties persist regarding whether these insights can 
adequately elucidate the mechanisms involved in the co-transport of 
both MPs and lead ions. 

This study has three specific goals. First, investigate the influence of 
UV irradiation on the surface physical and chemical properties of MPs. 
Second, elucidate the interaction mechanisms and cotransport behavior 
of aged MPs and Pb(II) in saturated porous media. Finally, investigate 
the effect of biochar incorporation into quartz sand on the transport of 
these two coexisting contaminants. The results of this study have 
important implications for the management and remediation of MPs and 
heavy metal contamination in natural systems. 

2. Materials and methods 

2.1. Materials 

In this study, Pb(NO3)2 was purchased from Shanghai Aladdin Bio- 
Chem Technology Co., Ltd. Monodisperse green fluorescent poly
styrene particles (500 nm in diameter and 1.05 g/cm3 in density) ob
tained from Tianjin Best Chromatography Technology Development 
Center were used as model MPs. UV aging experiments were conducted 
to simulate the natural UV exposure of MPs in aquatic environments 
using a chamber equipped with four UVA-340 lamps, each with a power 
rating of 8 watts. Specifically, to obtain aged MPs suspension, a beaker 
containing 200 mg/L MPs suspension was placed inside the aging 
chamber for one month, and the suspension was kept hydrated by daily 
water replenishment and ultrasonic dispersion [58]. 

High-purity quartz sand (Qinfeng quartz factory in Zhouzhi County, 
Shaanxi Province, China), with particle sizes ranging from 0.4 mm to 
0.6 mm, was used as the porous medium for filling Plexiglas columns. 
The quartz sand was sequentially washed with tap water, 0.1 M HCl, and 
0.1 M NaCl to remove impurities and metal oxides from its surface [6]. 
The sand was then rinsed several times with deionized water until the 
pH value of the filtrate approached neutral, then dried at 105 ℃ and 
stored for future use. 

The apple branches were selected as the raw material for biochar 
production in this study for the following reasons: Apple branch is an 
agricultural waste product, and utilizing such biomass for biochar pro
duction aligns with sustainability goals by repurposing waste materials 
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[38]. With low ash and moisture content and high lignin content, they 
are conducive to obtaining high-quality biochar [66], and serve as an 
ideal feedstock for biomass carbonization. The discarded apple branches 
were collected from the Baishui Apple Experimental Station of North
west A&F University. The apple twigs were dried, crushed, and subse
quently sifted through a 1 mm sieve. The resulting material was 
subjected to heating under N2 protection at 550 ℃ for 2 h to obtain apple 
twig biochar. In the realm of soil remediation, biochar stands out as a 
potent adsorbent, curbing the mobility of soil contaminants and thereby 
mitigating the potential hazards of groundwater and surface water 
pollution [57]. Following precedent studies, a 0.5% mass ratio of bio
char was meticulously blended with quartz sand [62]. This mixture was 
stored in a sealed container and used as a porous medium for conducting 
column transport experiments. A detailed characterization of the 
above-mentioned materials can be found in Supplementary Material S1. 

2.2. Batch adsorption experiments 

Batch adsorption experiments were conducted to evaluate the 
adsorption and desorption capacity of MPs and aged MPs for Pb(II). The 
experimental operation consisted of configuring 50 ml of different 
concentrations of Pb(II) mixed with 0.2 mg/L of MPs or aged MPs in a 
100-ml centrifuge tube. To avoid hydrolysis of Pb(II), the pH value was 
set to 5.8 for all experiments according to the degree of hydrolysis of Pb 
(II) in different pH environments (Fig. S1) [39]. Subsequently, the 
mixtures were shaken in a constant-temperature shaking incubator until 
adsorption equilibrium was reached. The MPs/aged MPs were then 
separated from the solution by filtration, and the residual concentration 
of Pb(II) in the solution was measured using a flame spectrophotometer 
(AA530, PerkinElmer, USA). All experiments were performed in tripli
cate to ensure accuracy and reproducibility. The experiments were 
conducted under different conditions, including initial Pb(II) concen
trations ranging from 10 to 50 mg/L, temperatures ranging from 25 to 
45 ◦C, adsorption times ranging from 1 min to 4 h, and competing ion 
(Na+) concentrations ranging from 0 to 20 mg/L. For more information 
on the batch adsorption experiments, see Supplementary Material S2. 

2.3. Aggregation and sedimentation experiments 

A suspension of MPs/aged MPs at a concentration of 20 mg/L or a 
suspension of MPs-Pb(II)/aged MPs-Pb(II) at a concentration of 20 mg/L 
for both MPs and Pb(II) was prepared and sonicated to ensure stable 
dispersion. The pH of both the suspension and electrolyte solution was 
adjusted to 5.8 using HCl and NaOH solutions, ensuring stability post- 
mixing. Subsequently, 1.8 ml of the suspension was mixed with an 
equal volume of electrolyte solution of varying concentrations, resulting 
in a final suspension with concentrations of 10 mg/L for both MPs and 
Pb(II). The aggregation kinetics curves of MPs and aged MPs were 
measured using a dynamic light scattering instrument (Brookhaven, 
Omni, USA) with an incident wavelength of 635 nm and a scattering 
angle of 90◦. The sedimentation kinetic cuives of MPs and aged MPs 
were measured using a fluorescence spectrophotometer (97PRO, Prism, 
China) [7]. 

2.4. Column transport experiments 

Column transport experiments were conducted to investigate the 
vertical transport behavior of MPs, aged MPs, and Pb(II) in a saturated 
porous medium. The wet packing method was used to fill a 15-cm-long, 
3-cm-inner diameter organic glass column with either quartz sand or 
quartz sand with biochar. The column had a pore volume (PV) of 
approximately 45 ml and an average porosity (the ratio of the pore 
volume of the sand column to the total volume) of approximately 0.42. A 
50-μm nylon mesh was placed at the top and bottom of the column to 
support the porous medium. To determine solute mobility and column 
performance, a non-reactive tracer experiment was performed using a 

potassium nitrate solution, and the convective dispersion coefficient was 
determined by fitting with Hydrus-1D. The column transport experiment 
involved the separate transport and co-transport of MPs/aged MPs and 
Pb(II) in the sand column under a background ion concentration (Na+) 
of 1, 10, and 20 mM and a pH of 5.8 in the aqueous environment. Pre
vious studies on the transport of MPs in saturated porous media used 
MPs concentrations ranging from 4 mg/L to 30 mg/L [36,37]. In our 
study, the MPs concentration was set at 10 mg/L, aligning with reported 
environmental ranges. This choice strikes a balance between realism and 
controlled experimentation [33,76]. To investigate the co-transport 
behavior of Pb(II) and MPs, the MPs needed to adsorb a certain 
amount of Pb(II). Therefore, Pb(II) was diluted to the required concen
tration of 10 mg/L under the experimental conditions, which was higher 
than the concentration found in natural waters [27]. Prior to the 
experiment, at least 10 PV of deionized water was pumped from the 
bottom to the top of the column using a peristaltic pump to remove air 
bubbles. A minimum of 3 PV of background electrolyte was then pum
ped into the column to stabilize the chemical composition of the solu
tion. During the experiment, 3 PV of the target solution or target 
suspension with the same background electrolyte concentration was 
injected into the column. To ensure suspension stability, the suspension 
was sonicated for 10 min prior to injection. Subsequently, 3 PV of 
background electrolyte was pumped into the column to maintain the 
flow and ensure consistent conditions. The flow rate was set at 1 ml/min, 
and the effluent was collected continuously at 10-min intervals using a 
four-channel semi-automated collector. The concentrations of MPs/aged 
MPs and Pb(II) in the effluent were measured by fluorescence spectro
photometry and flame atomic absorption spectroscopy (AA530, Perki
nElmer, USA), respectively. For details on the determination method of 
Pb(II) concentration during cotransport, see Supplementary Material S3. 
Breakthrough curves were obtained by monitoring the concentration 
changes of MPs/aged MPs and Pb(II) during their transport. Each 
treatment was replicated twice. 

2.5. Mathematical model 

In this study, the transport of MPs, aged MPs, and Pb(II) through 
saturated porous media was simulated using a two-site kinetic model 
based on the one-dimensional form of the convection-dispersion equa
tion [4,52,58]. Further details regarding the methodology can be found 
in Supplementary Material S4. 

The interactions between the MPs and the porous media were 
quantitatively characterized by the Derjaguin-Landau-Verwey- 
Overbeek (DLVO) theory, where the DLVO energy (VTOT) is composed 
of van der Waals attraction (VVDW) and electric double layer repulsion 
(VEDL) [13,21,64]. Further details are given in Supplementary Material 
S5. 

3. Results and discussion 

3.1. Characterization of MPs/aged MPs 

SEM-mapped images (Fig. 1) clearly reveal that the MPs exhibit a 
smooth, spherical shape, whereas the aged MPs display a rougher sur
face with visible cracks. Furthermore, there was no presence of oxygen 
elements observed on the surface of the MPs; however, a prominent 
distribution of oxygen elements could be distinctly observed on the 
surface of the aged MPs. The BET surface area analyzer was used to 
determine the specific surface area and mesopore volume of MPs and 
aged MPs, which found that the specific surface areas of MPs and aged 
MPs were 1.3982 m2/g and 5.2378 m2/g, respectively, and the meso
pore volumes were 0.3212 cm3/g and 0.7515 cm3/g, respectively. XRD 
analysis revealed an increased crystallinity in aged MPs, indicating 
greater fragility and the formation of smaller particles (Fig. S2). How
ever, it should be noted that UV irradiation is a slow aging process, and 
after 30 days of aging, there was no significant change in particle size 
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Fig. 1. SEM-Mapping Images: Deposition of MPs/aged MPs and elemental distribution (C, O, Si, Pb) on quartz sand surface.  

Fig. 2. Fourier spectrograms (a) and 2D-COS correlation maps (Synchronous (b) and Asynchronous (c)) of MPs exposed to different durations of UV irradiation, 
including 30 days. 
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compared to pristine MPs. 
The FTIR results show changes in the surface functional groups of 

MPs before and after aging (Fig. 2). For the original functional groups of 
MPs, the absorption peak at 3000–3100 cm-1 is attributed to the 
stretching vibration of benzene ring C− H bonds [50], while the peaks at 
2926 cm− 1 and 2848 cm-1 correspond to the asymmetric and symmetric 
stretching vibrations of − CH₂ groups [18], respectively. The peaks at 
1599 cm-1 , 1493 cm-1 , and 1456 cm-1 are associated with the defor
mation and skeletal vibrations of − CH₂ groups [9], and the peak at 
1028 cm-1 represents the C− H bond of benzene ring cleavage [34]. In 
addition, UV irradiation leads to the formation of new 
oxygen-containing functional groups on the surface of aged MPs. For 
example, the characteristic peak of the C− OH bond in phenol appears at 
1377 cm-1 , and peaks at 1725 cm-1 (O− C––O and C––O stretching), and 
1198 cm-1 (C− O− C) were observed [25,34]. The oxygen content can be 
used to indicate the degree of aging in MPs. XPS characterization 
analysis was performed on MPs before and after aging, which showed an 
increase in surface oxygen content from 4.46% to 21.67% after UV 
irradiation (Fig. 3). 

To further elucidate the sequence of changes in various functional 
groups during the 30-day aging process and the mechanism of MPs 
aging, a 2D-COS analysis was performed based on one-dimensional FTIR 
spectral data (Fig. 2). Six autocorrelation peaks were observed at 1028, 
1198, 1377, 1456, 1493, and 1725 cm-1 along the synchronous map 
diagonal. The intensity ranking of these free peaks is as follows: 1456, 
1493, 1377, 1198, 1725, and 1028 cm− 1 in descending order. This 
sequence highlights that the most notable alteration appears within the 
1725/1028 cm− 1 band. The asynchrony map, characterized by diagonal 
antisymmetry, portrays only the asynchrony between two wave 
numbers, resulting in the presence of cross peaks exclusively [8]. Ac
cording to the Noda rule and the asynchronous correlation spectra, the 
order of specific chemical reactions during the aging of MPs can be 
revealed. Based on the 2D-COS analysis of UV-irradiated aged MPs, the 
order of spectral changes can be deduced as follows: 
1456 > 1493 > 1028 > 1198 > 1725 > 1377 (Table S1). The main 
reason for the increase in oxygen-containing functional groups in aged 
MPs is probably the cleavage of C− H bonds in the benzene ring during 
UV irradiation, leading to the formation of peroxyl radicals and the 
absorption of hydrogen atoms from the surrounding environment to 
form new oxygen-containing functional groups [58,59]. Thus, in aged 
samples, C− O and O− H bonds are initially formed, then, as aging pro
gresses, some of these bonds are converted to C––O bonds, and finally, a 
small fraction is converted to O− C––O bonds and C− OH bonds. 

3.2. Pb(II) adsorption by MPs/aged MPs 

3.2.1. Adsorption kinetics 
To analyze the adsorption performance and mechanisms of MPs and 

aged MPs for Pb(II), adsorption kinetics experiments were conducted 
using MPs before and after UV radiation (Fig. 4a, b). The adsorption 
capacity of MPs for Pb(II) is 24.83 mg/g, while the adsorption capacity 
of aged MPs for Pb(II) is 69.13 mg/g. Notably, for pristine MPs, the 
fitting degree of pseudo-first-order kinetics (R2 = 0.9958) exceeded that 
of pseudo-second-order kinetics (R2 = 0.9949), indicating that the 
adsorption behaviors of pristine MPs on Pb(II) align more closely with 
pseudo-first kinetics, suggesting a dominance of physisorption 
(Table S2). XPS analysis revealed that the surface of MPs is predomi
nantly carbonaceous (Fig. 3), and the zeta potential of MPs in the 
experimental aqueous environment was negative (Table S3). Thus, 
primitive MPs adsorb Pb(II) mainly by electrostatic attraction. On the 
contrary, concerning aged MPs, we noted a superior fit with the pseudo- 
second-order kinetics model in contrast to the pseudo-first-order ki
netics, demonstrating fitting degrees of R2 = 0.9745 and R2 = 0.9949, 
respectively. This leads us to conclude that the adsorption behavior of 
aged MPs on Pb(II) is more consistent with the pseudo-second-order 
kinetics model, suggesting a mechanism driven by both physical and 
chemical interactions [42]. This is consistent with previous studies [77]. 
Oxygen-containing functional groups on the surface of aged MPs can 
complex with heavy metals. This suggests that UV radiation can induce a 
change in the interactions between MPs’ surface and Pb(II) ions. 

The adsorption performance of aged and non-aging MPs towards 
heavy metal is influenced by their surface structural characteristics [46]. 
The presence of cracks on the surface of aged MPs leads to increased 
surface roughness, a higher specific surface area, and more exposed 
adsorption sites, resulting in stronger adsorption capacity for Pb(II) 
[26]. Additionally, the aging process introduces new oxygen-containing 
functional groups (such as − OH, C––O, and − COOH), leading to an 
increased oxygen-to-carbon ratio (O/C) and enhanced hydrophilicity of 
the aged MPs’ surface, contributing to their stronger adsorption capacity 
for Pb(II). 

Although the applications and solutions are still being researched, 
the utilization of the intraparticle diffusion kinetics model has been 
extensively employed in the investigation of the adsorption of metal ions 
onto adsorbents [65]. The control factors of the adsorption process of Pb 
(II) by MPs and aged MPs were thereby further investigated using the 
intraparticle diffusion model (Fig. 4c, d) [43]. Based on the fitting re
sults and model parameters, the adsorption process of the MPs/aged 

Fig. 3. XPS Spectra of MPs (a), MPs+Pb(II) (b), aged MPs (c), and aged MPs+Pb(II) (d); C1s diagram of MPs(e), MPs+Pb(II) (f), aged MPs (g), and aged MPs+Pb 
(II) (h). 
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MPs on Pb(II) can be divided into three stages (0–60 min, 60–240 min, 
240–1440 min). In the 0–60 min stage, because the surfaces of MPs and 
aged MPs have sufficient initial adsorption sites to facilitate the move
ment of Pb(II) from the solution to the surface to achieve efficient 
adsorption, the Pb(II) adsorption was predominated by surface diffu
sion, the adsorption rate of which was extremely high. As the adsorption 
reaction proceeded, the concentration difference between the solution 
and the adsorbent was reduced, and some surface adsorption sites of the 
adsorbent were gradually occupied, resulting in a slower adsorption rate 
during the 60–240 min stage (Table S4); thus, surface diffusion and 
intraparticle diffusion became the dominant factors during this stage. In 
the 240–1440 min stage, the Pb(II) adsorption sites were mostly satu
rated, and its adsorption and desorption rates were comparable, 
implying the adsorption-desorption equilibrium was reached. 

3.2.2. Adsorption isotherms and thermodynamics 
Fig. 4e and f demonstrate the adsorption characteristics of MPs and 

aged MPs on Pb(II) at varying temperatures (25 ℃, 35 ℃, and 45 ℃). 
The findings revealed an increase in Pb(II) adsorption from 34.29 mg/g 
to 41.58 mg/g for MPs and from 71.14 mg/g to 93.49 mg/g for aged 
MPs as temperature rose. This suggests that the adsorption process be
comes more favorable at higher temperatures. Furthermore, the Pb(II) 
adsorption efficiency of aged MPs was found to be superior to that of 
non-aged MPs. The Langmuir model was found to provide a better fit for 
the adsorption of Pb(II) by MPs and aged MPs, indicating a monolayer 
adsorption for Pb(II) at MPs and aged MPs surfaces (Table S5) [44]. 

Adsorption free energy (ΔG), adsorption enthalpy (ΔH) and 
adsorption entropy (ΔS) were calculated by lnKd and the linear fitting of 
lnKd and 1/T (Table S6) to gain further thermodynamic insights per
taining to Pb(II) adsorption. The negative ΔG values and its increase in 
absolute values with temperature confirm the spontaneity of the 
adsorption process and the favorable nature of the process at higher 
temperatures promoting adsorption [15]. The positive ΔH values indi
cate that the adsorption process is endothermic, consistent with the 
findings of the Langmuir model. In summary, the adsorption of Pb(II) by 
MPs/aged MPs is a spontaneous endothermic process [43]. 

3.2.3. XPS analysis of Pb(II) adsorption by MPs and aged MPs 
The XPS spectra disclosed minimal presence of Pb(II) on the surface 

of pristine MPs, suggesting a weak adsorption capacity for Pb(II) 
(Fig. 3b). Simultaneously, the C1s spectra of the MPs exhibit only min
imal changes. This can be attributed to the weak complexation between 
the MPs and Pb(II), possibly due to their predominantly carbon 
composition with a limited presence of oxygen-containing functional 
groups (Fig. 3f). In contrast, aged MPs exhibited a significant trans
formation upon Pb(II) adsorption (Figs. 3d and 3h). The XPS spectra 
displayed the presence of Pb4f7 and a notable increase in oxygen con
tent from 21.67% to 26.2%. The rise in oxygen content implies the 
formation of surface complexes between aged MPs and Pb(II). It in
dicates that surface complexation plays a primary role in the adsorption 
of Pb(II) by aged MPs [19]. It was found that there was no shift at the 
hydrocarbon-associated peak in the C1s region, but the 
oxygen-containing functional group shifted. The most notable shift was 
observed for C− O, which moved from 285.59 eV to 286.38 eV. This 
indicates that, during the adsorption of Pb(II) onto aged MPs, C− O 
bonds, which are among the newly formed oxygen-containing functional 
groups during the aging process, assume a dominant role in facilitating 
the adsorption and capture of Pb(II). 

Specifically, the oxygen atoms on C− O bonds provide lone pairs of 
electrons capable of forming coordination bonds with Pb(II) [1]. This 
enables secure bonds to form between Pb(II) and the C− O groups, 
effectively capturing them. This indicates that, during the adsorption of 
Pb(II) onto aged MPs, C− O bonds, which are among the newly formed 
oxygen-containing functional groups during the aging process, assume a 
dominant role in facilitating the adsorption and capture of Pb(II). This 
coordination mechanism also stabilizes the position of Pb(II) on the aged 
MPs’ surface. Furthermore, C− O bonds offer supplementary adsorption 
sites, enabling the physical adsorption of Pb(II) on the aged MPs’ sur
face. This substantially enhances the adsorption capacity of MPs for Pb 
(II). Additionally, the increase in surface charge density due to the 
presence of C− O bonds increases the electronegativity of the aged MPs’ 
surfaces, enhancing their electrostatic interaction with charged Pb(II) 
[70]. Consequently, this charge-based interaction strengthens the 
adsorption of Pb(II) on the aged MPs’ surface. In addition to surface 
complexation, negatively charged surfaces of aged MPs can engage in 
electrostatic interactions with positively charged Pb(II). Moreover, the 
complex and rough surface topography of aged MPs contributes to a 
higher specific surface area, which correlates with a greater average 

Fig. 4. Fitting of kinetic models for the adsorption of Pb(II) on MPs (a) and aged MPs (b); Fitting of intraparticle diffusion models for the adsorption of Pb(II) on MPs 
(c) and aged MPs (d); Fitting of isothermal thermodynamic models for the adsorption of Pb(II) on MPs (e) and aged MPs (f). 
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saturation adsorption capacity for Pb(II). This implies that van der Waals 
forces also influence the adsorption behavior between aged MPs and Pb 
(II) [41]. 

In summary, the adsorption of Pb(II) by aged MPs involves a complex 
mechanism including surface complexation, electrostatic interactions, 
and van der Waals forces. The XPS analysis highlights the crucial role of 
oxygen-containing functional groups, particularly C− O, in the Pb(II) 
capture process. 

3.3. Mutual influence between MPs/aged MPs and Pb(II) during their co- 
transport process in homogeneous porous system 

In the previous section, the results of batch adsorption experiments 
indicated that aged MPs are more likely to adsorb Pb(II) with their 
surface oxygen functional groups. This suggests that, in comparison with 
Pb(II) transport separately, co-transport with aged MPs is probably 
broadening the environmental distribution range of Pb(II) owing to the 
load by aged MPs, which results in more serious synergistic pollution 
and a greater potential threat to ecosystems. Therefore, it is necessary to 
investigate the co-transport of MPs/aged MPs and Pb(II), which further 
elucidates the differences in transport behavior among them. 

3.3.1. Influence of MPs and aged MPs on Pb(II) transport 
The permeability of Pb(II) through the quartz sand column increased 

from 50% (IS 1 mM), 62% (IS 10 mM), and 67% (IS 20 mM) to 58%, 
65%, and 72% in the presence of MPs, while increasing to 72%, 87%, 
and 89% in the presence of aged MPs, respectively (Fig. 5). The presence 
of MPs or aged MPs significantly enhanced the breakthrough capacity of 
Pb(II) compared to Pb(II) transport alone within quartz sand columns. 

The observed phenomenon can be attributed to the differences in Pb 
(II) transport mechanisms between an independent transport system and 
a co-transport system. In an independent transport system, the primary 
mode of Pb(II) transport involves the migration of water-soluble Pb(II) 
ions alongside the water flow. The presence of quartz sand inevitably 
hinders Pb(II) transport through electrostatic trapping, as evidenced by 
changes in the zeta potential value when coexisting with Pb(II) before 
and after (Table S7). As previously highlighted, both MPs and aged MPs 
possess the capability to adsorb Pb(II). When Pb(II) coexists with MPs/ 
aged MPs in a water body, a fraction of the Pb(II) becomes adsorbed onto 
the surface of the MPs/aged MPs. Consequently, co-transport of Pb(II) 
and MPs occurs, leading to the observation of a heightened peak in the 
breakthrough curve of Pb(II). 

Furthermore, the influence of MPs and aged MPs on the break
through ability of Pb(II) exhibits significant disparities. Clearly, aged 
MPs facilitate the transport of Pb(II) more effectively. In the co-transport 
system, the mobility of MPs or aged MPs and their adsorption capacity 
for Pb(II) are the primary factors causing this difference. The experi
mental results of adsorption indicate that aged MPs possess a stronger 
adsorption capacity for Pb(II) compared to MPs (Fig. 4). Moreover, the 

comparison of breakthrough curves clearly illustrates the significantly 
superior breakthrough capacity of aged MPs over MPs (Fig. 6a, c). It can 
be deduced logically from the above two aspects that aged MPs can carry 
a greater amount of Pb(II) in the co-transport process, which is in line 
with the experimental observations from Fig. 5. Theoretically, the 
mobility of MPs or aged MPs relates to their stability as well as their 
interaction forces with quartz sand. The results of aggregation experi
ments reveal that the homogeneous aggregation phenomenon of pristine 
MPs was slightly more pronounced than that of aged MPs (Figs. 7a and 
7c). Furthermore, sedimentation experiments demonstrate that the 
sedimentation rate of aged MPs in suspension was significantly slower 
compared to that of MPs (Figs. 7e and 7g). UV aging induces the for
mation of new oxygen-containing functional groups on the surface of 
MPs, leading to an increase in electronegativity (Table S3). According to 
the classical DLVO theory, this enhanced electronegativity results in 
improved stability of aged MPs particles [17]. The DLVO calculations 
also showed that after undergoing UV aging, the repulsive energy bar
rier between aged MPs and quartz sand increased from 1924 (IS 1 mM), 
1388 (IS 10 mM), and 879 kT (IS 20 mM) to 2372 (IS 1 mM), 2021 (IS 
10 mM), and 1542 kT (IS 20 mM). UV aging induces a surge in the 
negative surface charge of aged MPs, substantially amplifying their 
hydrophilic properties. This change concurrently fortifies the repulsive 
energy barrier between aged MPs and quartz sand coexisting within the 
solution milieu, ultimately bolstering the breakthrough capacity of aged 
MPs. Also, the Hydrus-1D fitting results revealed that the reversible 
adsorption rate and the irreversible adsorption rate of MPs on quartz 
sand were both higher than those of aged MPs, indicating a greater 
tendency for MPs to remain on the quartz sand surface (Table 1). 
Moreover, ion competition adsorption experiments demonstrated that 
aged MPs exhibited superior adsorption capabilities for Pb(II) in com
parison to non-aging MPs under varying ionic strengths (Fig. S3), 
implying that even under high background ion concentrations (20 mM), 
aged MPs can significantly enhance the transport of Pb(II) in saturated 
porous media. 

3.3.2. Effect of Pb(II) on the transport capacity of MPs and aged MPs 
The transportability of Pb(II) in porous media is increased by the 

surface load of MPs/aged MPs, while the coexistence of Pb(II) signifi
cantly decreases the permeability of MPs/aged MPs (Fig. 6b, d). Under 
different background ionic strengths (IS 1, 10, and 20 mM), the break
through ability of MPs decreases from 52%, 37%, and 24% to 30%, 23%, 
and 16%, while the breakthrough ability of aged MPs decreases from 
58%, 43%, and 33% to 39%, 34%, and 29%. Previous studies have 
shown that metal cations can weaken the electrostatic repulsion be
tween particles by neutralizing the negative charge on the particle sur
face and compressing the double layer of the particles [6,39]. 
Consequently, it can be inferred that the presence of Pb(II) weakened the 
electrostatic repulsion between MPs/aged MPs and quartz sand, result
ing in the destabilization of MPs/aged MPs particles in suspension. For 

Fig. 5. The breakthrough curve of Pb(II) transport alone (a); co-transport with MPs (b); and co-transport with aged MPs (c) in statured quartz sand column.  
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example, the repulsive energy barrier calculated by DLVO theory be
tween MPs/aged MPs and quartz sand in the presence of Pb(II) was only 
777/1358 kT, compared to 1388/2022 kT at a background ion con
centration of 10 mM (Fig. 8). The reduced repulsive energy barrier be
tween MPs/aged MPs and quartz sand surfaces in the presence of Pb(II) 
will unavoidably reduce the ability of MPs/aged MPs to migrate. The 
sedimentation experimental results (Fig. 7) and two-point kinetic 
modeling (Table 1) further proved that the sedimentation rate and the 
adsorption rate of MPs/aged MPs on the quartz sand surface increase 
significantly in the presence of Pb(II). 

In addition, previous research has shown that the bridging effect of 

divalent metal ions is also an important factor affecting colloid transport 
[71,74]. Indeed, Pb(II) exhibits the ability to bridge between the parti
cles of MPs/aged MPs as well as between MPs/aged MPs and quartz 
sand. This bridging effect may have a dual impact: it could promote the 
aggregation of MPs/aged MPs particles and obstruct the small pores 
within the quartz sand, facilitating the deposition of MPs/aged MPs 
[39]. 

Fig. 6. Breakthrough curves for MPs/aged MPs: MPs transport alone (a); MPs co-transport with Pb(II) (b); aged MPs transport alone (c); and aged MPs co-transport 
with Pb(II) (d). 

Fig. 7. Aggregation kinetic curves of (a) MPs, (b) MPs+Pb(II), (c) Aged MPs, and (d) Aged MPs+Pb(II) at varying Na+ ionic strengths; Sedimentation kinetic curves 
of (e) MPs, (f) MPs+Pb(II), (g) Aged MPs, and (h) Aged MPs+Pb(II) at varying Na+ ionic strengths. 
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3.4. Effect of biochar on the transport of aged MPs and Pb(II) in 
heterogeneous porous system 

The aforementioned studies have verified the notable transport ef
ficiency of aged MPs and Pb(II) in a homogeneous porous system under 
various treatments. However, as described in the introduction, how do 
the transport properties of two environmental pollutants change in a 
heterogeneous porous system where biochar and quartz sand coexist? 
Accordingly, drawing upon methodologies employed in previous studies 
[62,67], biochar was incorporated into quartz sand to explore the 
distinct transport characteristics of these two environmental pollutants 
in a heterogeneous porous system. Following the inclusion of biochar 
into the quartz sand, the presence of aged MPs in the effluent became 
nearly non-existent (Fig. 9a). It is evident that almost all of the aged MPs 
used in the study had deposited within the column and were unable to 
escape. Upon observing and comparing Figs. 5a and 9b, the recovery of 
Pb(II) decreased from 50% (IS 1 mM), 62% (IS 10 mM), and 67% (IS 
20 mM) to 0% (IS 1 mM), 4% (IS 10 mM), and 5% (IS 20 mM). These 
experimental findings underscore the substantial inhibitory effect of 
biochar on the individual transport of both pollutants. 

The limited mobility of aged MPs and Pb(II) within the heteroge
neous porous system can be rationalized by the excellent adsorption 
capacity of biochar towards these two contaminants [56,62]. Compared 
to quartz sand, biochar has a more complex pore structure 
(7.8935 cm3/g), larger specific surface area (34.3572 m2/g), and more 
oxygen-containing functional groups (Fig. S4), which means that larger 
amounts of two pollutants will probably be trapped by biochar. This 

Table 1 
The recovery percentages of MPs, aged MPs, and Pb(II) in column experiments, 
as well as the fitting parameters of the two-point kinetic model.  

Fitting 
objects 

Sample IS 
(mM) 

Recocery 
(%) 

k1
a k1d

b k2
c 

(min-1) 

MPs MPs 1  52%  0.93226  0.24465  0.01904 
10  37%  1.52720  0.30063  0.02815 
20  24%  1.94280  0.59135  0.03871 

Aged 
MPs 

Aged MPs 1  58%  0.51240  0.36972  0.01150 
10  43%  1.24770  0.51780  0.21695 
20  33%  1.50840  0.61560  0.02837 

Pb(II) Pb(II) 1  50%  2.14920  0.57437  0.14640 
10  62%  1.01610  0.13793  0.11131 
20  67%  0.80315  0.12883  0.00849 

MPs MPs+Pb 
(II) 

1  30%  2.56360  1.08560  0.36626 
10  23%  2.99110  1.12600  0.03741 
20  16%  3.26240  0.44693  0.08012 

Aged 
MPs 

Aged 
MPs+Pb 
(II) 

1  39%  1.15120  0.39361  0.02459 
10  34%  1.41890  0.50542  0.03431 
20  29%  2.02630  0.63506  0.35227 

Pb(II) MPs+Pb 
(II) 

1  58%  1.29260  0.22480  0.13287 
10  65%  0.90916  0.12660  0.01061 
20  72%  0.77667  0.13526  0.00759 

Aged 
MPs+Pb 
(II) 

1  72%  1.04030  0.20462  0.00649 
10  87%  0.76120  0.14670  0.00336 
20  89%  0.44848  0.10301  0.00280  

a The first-order attachment rate coefficient on site 1. 
b The first-order detachment rate coefficient on site 1. 
c The first-order attachment rate coefficient on site 2. 

Fig. 8. DLVO interaction energy calculations: MPs/aged MPs with quartz sand (a) and biochar (b) in different background ion concentrations; MPs/aged MPs with 
quartz sand (c) and biochar (d) in Pb(II) solutions. 
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argument can be backed up by the following two aspects: On the one 
hand, the results of the composite adsorption experiments demonstrated 
that the addition of biochar to quartz sand further heightened the 
adsorption efficiency for Pb(II) (Fig. S6). Existing research indicates that 
key adsorption mechanisms for heavy metals onto biochar encompass 
physical adsorption, ion exchange, electrostatic adsorption, precipita
tion, complexation, and reduction [22]. The efficacy of biochar in heavy 
metal adsorption primarily hinges on factors such as its specific surface 
area and the abundance of surface-active functional groups [57]. The 
intricate structure of biochar offers numerous adsorption sites, while its 
surface’s oxygen-containing functional groups readily form complexes 
with heavy metal ions [54,57]. This results in a significant inhibition of 
Pb(II) transport. On the other hand, the DLVO energies depicted in Fig. 8 
showed that there is a lower repulsive energy barrier between aged MPs 
and biochar compared to the one between aged MPs and quartz sand. It 
shows in theory that the stronger bond between aged MPs and biochar 
makes it easier for the MPs to settle into biochar-containing heteroge
neous porous media. Previous studies have suggested that biochar, with 
a relatively complex surface morphology and irregular shape, could bind 
MPs more tightly [24]. In addition, despite the fact that the biochar was 
small enough to be uniformly distributed in the pores of the column, the 
porosity and pore volume of the column did not change, implying that 
the plugging effect may not be the dominant mechanism for inhibiting 
the transport of aged MPs [16]. In conclusion, the robust adsorption 
capacity of biochar plays a pivotal role in inhibiting the transport of both 
pollutants. This underscores the practical significance of biochar in 
mitigating the migration of environmental contaminants, providing a 
promising avenue for environmental remediation. 

In addition to the aforementioned findings, an intriguing observation 
came to light. Traditionally, colloids have been considered carriers that 
facilitate the transport of heavy metals through saturated porous media 
[19,37]. In this study, when Pb(II) was allowed to transport through 
heterogeneous porous medium independently, a small fraction of Pb(II) 
was detectable in the effluent (as shown in the inserted figure in Fig. 9b). 
However, when aged MPs and Pb(II) were co-transported within a 
biochar-included sand column, the Pb(II) in the effluent was nearly 

undetectable, indicating a more pronounced inhibition of Pb(II) trans
port. SEM-mapped images of Fig. S5 also revealed substantial quantities 
of MPs particles and Pb(II) on the surface and within the cracks of the 
biochar following the transport experiments. The transport capacity of 
Pb(II) is closely tied to the mobility of its carriers, specifically aged MPs, 
as previously discussed. The inclusion of biochar in the quartz sand 
matrix significantly affected the mobility of aged MPs particles. Aged 
MPs are incapable of permeating through the heterogeneous porous 
media. Consequently, a fraction of the Pb(II) absorbed by the aged MPs 
co-deposits with them within the media, resulting in the suppression of 
Pb(II)’ penetration ability. These findings are supported by the experi
mental results of the composite adsorption experiments. When quartz 
sand, biochar, and aged MPs collectively adsorbed Pb(II), there was 
virtually no detectable Pb(II) remaining in the solution (Fig. S6). 
Essentially, the introduction of biochar not only hampers the individual 
mobility of aged MPs but also contributes to the co-deposition of Pb(II) 
alongside aged MPs within the column, ultimately suppressing the 
overall mobility of Pb(II). These findings not only enhance our 
comprehension of colloid-mediated contaminant transport but also un
derscore the potential applications of biochar in immobilizing plastic 
particles and heavy metals. Further research into the underlying 
mechanisms and the optimization of biochar application in remediating 
contaminated soil offer promising avenues for environmental manage
ment and sustainable development. 

4. Conclusion 

In this study, the adsorption of Pb(II) by UV-aged MPs and their co- 
transport in saturated homogeneous and heterogeneous porous media 
were explored, leading to the following key conclusions: 

Firstly, when pristine MPs are exposed to UV light, significant 
physicochemical changes occur, such as the formation of new oxygen- 
containing functional groups, a decrease in surface electronegativity, 
and an increase in surface roughness and specific surface area, 
enhancing their adsorptive and migration capacity to Pb(II) in a ho
mogeneous medium. Secondly, the investigation revealed that biochar- 

Fig. 9. The breakthrough curve of aged MPs/Pb(II) in quartz sand with biochar as a porous medium: aged MPs transport alone (a); Pb(II) transport alone (b); aged 
MPs in the co-transport system (c); Pb(II) in the co-transport system (d). 
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included heterogeneous media effectively hinder the co-transport of 
aged MPs and Pb(II). This hindrance is primarily attributed to the 
inherently poor mobility of MPs, leading to the co-deposition of the 
adsorbed portion of heavy metals with MPs. Consequently, this co- 
deposition phenomenon significantly diminishes the migration capac
ity of lead ions. The distinctive properties of biochar, particularly its 
highly porous structure and functional groups, play a pivotal role in 
facilitating the joint capture and immobilization of both aged MPs and 
Pb(II). 

Overall, this study provides nuanced insights into the complex in
teractions between UV-aged MPs, Pb(II), and biochar in both homoge
neous and heterogeneous porous media, offering valuable perspectives 
on effective strategies for curtailing the environmental mobility of MPs 
and heavy metals. 

Environmental implication 

Our research extensively investigates the co-transport behavior of 
UV-aged MPs and Pb(II) in porous media, specifically within two 
migration systems: quartz sand and quartz sand with added biochar as a 
porous medium. UV-aged MPs, with their heightened Pb(II) adsorption 
capacity, have the potential to introduce composite pollutants, posing 
risks to both human health and ecosystems. Our work elucidates critical 
interaction mechanisms between MPs, aged MPs, and Pb(II) within these 
porous media systems, offering essential insights into their transport 
dynamics. This understanding is instrumental in devising effective 
strategies for controlling and mitigating the spread of these pollutants, 
thereby contributing to environmental protection. The use of biochar as 
a porous medium further demonstrates its potential to inhibit pollutant 
transport. 
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