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A B S T R A C T

Rapid urbanization brought lots of serious environmental contamination, including the accumulation of heavy 
metals, acid rain, and the emission of tire wear particles (TWPs), with detrimental effects for terrestrial eco-
systems. Nevertheless, how naturally aged TWPs affect the mobilization of heavy metals in soils under acid rain is 
still unclear. Here, we investigate the adsorption and transport mechanisms of Pb(II) co-existing with acid 
rainwater in soil-TWP mixtures via batch experiments, column experiments and modeling. Results showed that 
photoaged TWP significantly prolonged the Pb(II) adsorption equilibrium time (1 to 16 h) and enhanced the Pb 
(II) adsorption capacity of soils. Soil column profiles confirmed that TWP effectively boosted the initial accu-
mulation of lead in the topsoil and thus impeded the downward transport of lead. The retardation factor (R) 
estimated by the linear two-site sorption model (TSM) fitting the Pb(II) breakthrough curves gradually increased 
from 1.098 to 16.38 in soils with TWP (0–10 %). Comparative results of linear or nonlinear TSM suggested 
nonlinear sorption replacing linear sorption as the main Pb(II) sorption mechanism under 1 % and 10 % TWP. 
This research provides significant insights into the implications of TWP on the Pb(II) retention behaviors and 
highlights the severer potential remobilization risks of Pb(II) in urban soils under different acid rain 
environments.

1. Introduction

Plastics have brought great convenience to mankind’s lives owing to 
their superior features, such as low cost, portability, and durability (Wen 
et al., 2024). However, plastic products are fragmented into smaller 
pieces via physical, chemical, and biological roles in the environments, 
creating widespread pollution of microplastics (MPs) (He et al., 2023; 
Luo et al., 2021; Winkler et al., 2019). Tire wear particles (TWPs), pri-
marily generated by the friction between tyres and roads surfaces, as 
well as through running tracks, artificial turf, and rubber mats via 
irradiation, mechanical abrasion, and biological breakdown, have been 

recognized as a main source of MPs. Rapid urbanization in recent de-
cades has led to a worldwide average release amount of 0.81 kg/year per 
individual of TWPs into the surrounding environments (Kole et al., 
2017). Comprehensive calculations show that the majority of TWPs 
(66–76 %) is deposited into the soil. A smaller proportion (12–20 %) is 
released into surface water, while only 2–10 % of TWPs is emitted into 
the atmosphere (Chen et al., 2024). Nevertheless, compared with 
traditional MPs, the more complex compositions of TWPs, which consist 
of rubber, vulcanization agents, reinforcing agents, antioxidants, etc. 
(Castan et al., 2022), may lead to the release of a greater amount of 
hazardous chemicals (e.g., polychlorinated biphenyl, polycyclic 
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aromatic hydrocarbons, and heavy metals) into the surrounding envi-
ronment (Sun et al., 2024; Wagner et al., 2018; Xu et al., 2023). It is 
proposed that, in addition to leachate, TWPs themselves may cause 
toxicological impacts on ecosystems (Liu et al., 2022b; McIntyre et al., 
2021). Consequently, the European Union has taken the lead in banning 
MPs, including crumb rubber, which is confirmed to carry hundreds of 
chemicals with potentially harmful impacts on health (Zuccaro et al., 
2024).

Major pathways contributing to soil emerging as the predominant 
reservoir of TWPs in the environment include road runoff, atmospheric 
deposition, and sewage sludge applications (Baensch-Baltruschat et al., 
2021; Pang et al., 2023; Wang et al., 2024). Nevertheless, the potential 
risk posed by the emerging contaminant to terrestrial ecosystems is only 
in its infancy. After releasing into the soil environment, TWPs can 
further be subjected to multiple weathered processes, including tem-
perature, humidity, light, shear stress, biofilm colonization, and so on 
(Hartmann et al., 2019; He et al., 2024; Wagner et al., 2022). Of these, 
light irradiation is one of the crucial weathered factors triggering the 
transformation of contaminants, which, in turn, influences their physi-
cochemical properties and environmental behavior. TWPs could be 
oxidized by light, which can further alter their chemical (adsorption 
metal ion) and colloidal (dispersion and aggregation) stability, as well as 
their migration capability (Chen et al., 2024; Ren et al., 2021; Yi et al., 
2024). Aged MPs coexisting with other pollutants may cause severer 
combined environmental issues. So far, there have been many reports 
about the effect of traditional aged MPs on the carrier capacity, pollutant 
transport, and co-transport of pollutants in soils, providing a valuable 
reference for assessing the potential threat posed by the co-existence of 
MPs and various pollutants in terrestrial ecosystems (An et al., 2023; 
Chang et al., 2024; Liu et al., 2024a). However, because of the complex 
components of TWPs, these studies results obtained from traditional 
MPs are not absolutely applicable to TWPs (Fan et al., 2021).

As published by UN Habitat’s ‘the World Cities Report 2022’, the 
world urban population has been developing and is expected to rise by 
an additional 2.2 billion municipal residents by 2050 (UN Habitat, 
2022). Anthropogenic activities common to urban regions, such as in-
dustry (e.g., mining and electronics manufacturing), agriculture (e.g., 
fertilizer and irrigation), and transportation (e.g., brake wear and 
vehicle exhaust), generate a various series of heavy metal loads of 
physical, chemical, and biological origin, which initially accumulate on 
municipal surfaces during dry seasons and are rinsed off by rainwater (Li 
et al., 2024; Ma et al., 2016). Urban rainwater runoff with excessive 
concentrations of heavy metals has been identified as a prevalent 
problem globally and could surpass the thresholds advised in guidelines 
for portable and recreational usage (Pamuru et al., 2022). Heavy metals 
have been regarded as one of the most threatened contaminants in 
rainwater runoff due to their nondegradability, bioaccumulation, and 
toxicity, posing a risk to receiving water environments (Wijeyawardana 
et al., 2022).It is reported that Lead, zinc and copper are the most 
common heavy metals in rainwater runoff, and the toxicity of Pb is 
greater than the others (Lange et al., 2022). On account of rapid 
industrialization and urbanization, heavy metal contamination in 
stormwater and soil has become an increasingly severe problem. 
Meanwhile, a prominent decline in the pH of rain led to more frequent 
occurrence of acid rainfall, which has also become global pollution 
(Zhang et al., 2020a). Acid deposition can result in the release and 
further downward transport of heavy metals in soil through complex 
physical and chemical processes, creating serious risks to deep soil and 
groundwater environments (Ouyang et al., 2017; Qi et al., 2022). 
Therefore, the fact that heavy metal ions, along with acid stormwater, 
are inevitably transported in soil has been a challenging environmental 
problem. However, in the study of such problems, since the widespread 
existence of TWP in soil has not been paid attention to, scientific 
research is urgently needed to explore the mechanisms of related envi-
ronmental behaviors.

Thus, our research aimed to examine the adsorption and transport 

mechanisms of heavy metal (i.e., Pb in this study) in urban soil 
contaminated by TWP with or without photoaging under acid rain 
condition with a view to assessing how TWP with environmentally 
relevant concentrations might affect the retention of Pb in soil. To clarify 
this issue, batch equilibrium adsorption experiments, 1-D miscible 
displacement column experiments, and numerical modeling methods 
are used. The gained results can broaden our comprehension of the 
environmental behavior at acid rain, Pb, and TWP co-contaminated sites 
and highlight the remobilization risk assessment of lead in soil polluted 
by ubiquitous TWP during acid rainfall, as well as provide scientific 
insights for the potential threat of TWP to urban soil health.

2. Materials and methods

2.1. Materials and reagents

To get close to the realistic scenario, virgin TWPs (V-TWP) were 
produced by a tire crushing plant (Henan, China) from mixed car tires by 
cryo-milling and sieving to a size below 180 μm (Masset et al., 2021). 
V-TWP were soaked in a 5 % HNO3 solution for 24 h and stirred at 
regular intervals to eliminate the interference of trace metals or other 
pollutants. Subsequently, V-TWP were rinsed three times with Milli-Q 
water, dried in a freeze dryer for 24 h at –50 ◦C, and sealed away 
from light in reserve. In order to better explore the variations in the 
physicochemical characteristics of TWP after natural photoaging, 
V-TWP in a glass Petri dish were constantly exposed to a mercury lamp 
with a UVA intensity of 4.50 mW/cm2 for two weeks (comparable to that 
of natural sunlight (4.36 mW/cm2) (Jiang et al., 2023)), flipped every 12 
h to ensure uniform illumination. The photoaged TWPs (A-TWP) were 
saved in the same environment as V-TWP. See Text S1 for information on 
detailed characterization methods for TWP.

Hunan Province is the representative of the acid rain region in 
Central China. According to ‘the Ecological Environmental State Bulletin 
of Hunan Province’ from 2018 to 2022 (Ecology and Environment 
Department of Hunan, China, 2018–2022), the annual average pH of 
precipitation in Hunan Province was 5.18. Considering that the extreme 
pH of acid rain in 1995 was 3.53 and the pH value of daily monitored 
precipitation fluctuated, the pH of the simulated acid rain (SAR) was set 
at 3.5, 4.5, and 5.6 for the purpose of simulating strong acid rain, classic 
acid rain, and critical acid rain. The SAR stock solution was prepared by 
mixing 0.5 M H2SO4 and 0.5 M HNO3 at n(SO4

2− ):n(NO3
− ) of 4:1, which 

corresponded to the mean anion compositions of acidic rainwater in 
Hunan Province (Fei et al., 2020), and SAR work solutions with the 
desired pH were obtained by diluting the SAR stock solution with 
Milli-Q water.

Analytical pure-grade chemicals (Hushi, Shanghai, China) and 
quartz sand with a size of ~ 0.50 mm (Hushi, Shanghai, China) were 
used for experiments. The pretreatment method for quartz sand and data 
quality assurance were placed in Text S2.

2.2. Soil collection and incubation

Urban soil utilized was sampled in November 2022 from an area 
away from roads located in Changsha, Hunan Province, China 
(28◦10′18.7″N, 112◦57′16.5″E). Briefly, a shovel was used to take a soil 
sample at a depth of 0–20 cm from each of the five 5 × 5 m sampling 
plots that were chosen at the sampling site. Then, all soil samples were 
manually homogenized, air-dried, and screened through a 10-mesh 
sieve for further experiments. Referring to a prior investigation to 
determine the background concentration of TWP (Thomas et al., 2022), 
the results of extraction procedures showed almost no suspicious black 
particles in the sampled soil visually.

Taking into account the concentrations of TWP that really existed in 
the natural soils (Dolar et al., 2021), a series of concentrations, i.e., 0.1 
%, 1 %, and 10 % (w/w), were designed. Soils were put into glass 
beakers covered with water-tight exchange and gas-permeable 
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membranes and cultured in a dark incubator (25 ◦C) for 90 days. To 
ensure that the moisture of 50 % (v/w) was maintained, these beakers 
were weighed every two days. The control treatment without artificially 
added V-TWP/A-TWP was also incubated. After incubation, soils were 
grounded and sieved in a 10-mesh sieve, stored at 4 ◦C until use. The 
sampled soil or soil-TWP mixtures were abbreviated to Pure Soil, S+0.1 
% V-TWP, S+0.1 % A-TWP, S+1 % V-TWP, S+1 % A-TWP, S+10 % 
V-TWP and S+10 % A-TWP, respectively. The detail information on soil 
characterization were described in Text S3.

2.3. Batch adsorption experiments

Adsorption isotherm experiments were carried out in 50 mL centri-
fuge tubes containing Pb(II) work solutions of different concentrations 
(60–140 mg/L) under diverse acid rainwater environments, using 5 g/L 
dosages of sampled soil or soil-TWP mixtures (content of TWP, w/w: 0.1, 
1, and 10 %). Pb(II) work solutions (containing 0.01 M NaNO3) were 
prepared by dissolving Pb(NO3)2 in three SAR work solutions with 
various pH of 3.5, 4.5, and 5.6 (adjusting pH using 0.01 M NaOH or 
HNO3 if necessary). Subsequently, these tubes were set on the thermo-
stat shaker at 180 rpm for 24 h at 25 ◦C (enough to reach adsorption 
equilibrium for every tube). The solutions after equilibrium were 
centrifuged at 6000 rpm for 10 min and filtered through 0.45 μm filter 
paper for analysis of the Pb(II) concentrations, which were determined 
by flame atomic absorption spectrophotometer (PinAAcle900F, USA). 
Interestingly, preliminary tests indicated a wide distinction in the time 
to reach adsorption equilibrium between sampled soil and soil-TWP 
mixtures. Hence, adsorption kinetics experiments were essential, 
which were conducted in tubes containing 100 mg/L Pb(II) solution at 
pH = 4.5 on the shaker. The test conditions and absorbents dosages were 
identical to those used in isotherm tests. A blank treatment without soil 
and three replicates were included for each experiment.

2.4. Column transport experiments

Transport experiments of Pb(II) were conducted in diverse soil col-
umns at 25 ◦C with saturated flow conditions. Concretely, acrylic col-
umns of 20.0 cm in length and 2.0 cm in inner diameter were applied for 
all column tests (Fig. 1). A stainless steel screen (50 μm in pore size) was 
employed to seal the column bottom, followed by a 10 mm quartz sand 
layer (exhibiting essentially negligible adsorption to Pb(II) in pre-
liminary experiments) to support the soil particles. Subsequently, a 
peristaltic pump (Lead Fluid BT600L, China) was used to inject the SAR 
solution at pH = 4.5 from the column bottom to a predetermined height. 
After that, the column was packed with air-dried soils in 4–5 mm in-
crements under vibration and progressively saturated with the SAR 

solution to prevent air entrapment and ensure uniform packing until it 
reached 40 mm in height. Before the column experiment, the packed 
column was flushed by the SAR solution for several hours to remove the 
suspended impurities and balance the hydrodynamic and chemical 
conditions (negligible leaching of lead). 100 mg/L Pb(II) work solution 
at pH = 4.5 was pumped to the column for about 96 h and transported 
from the top down. Constant water head of 100 mm was maintained 
during the column experiment. And the effluent were routinely collected 
using a homemade fraction collector (combine timing switches with 
rotating trays). To characterize the hydraulic conditions of the columns, 
potassium iodide (KI), following the typical transport pattern, was 
employed as a conservative tracer. The concentration of I– was analyzed 
using Ion Chromatography (Thermo Fisher Scientific ICS-600, USA). 
Solutes breakthrough curves (BTCs) were plotted based on the normal-
ized effluent concentration (C/C0) (i.e., the ratio of effluent concentra-
tion to influent concentration) versus time. Upon completion of the 
transport tests, the soil within the column was air-dried and evenly 
divided into five parts. Later, the Pb concentrations in these sections 
were determined using the methodology described in HJ 491–2019, 
China.

2.5. Data analysis and modeling

The adsorption kinetics of Pb(II) onto soils are fitted with the pseudo- 
first-order and pseudo-second-order kinetic models, while the adsorp-
tion isotherms are fitted with the Langmuir and Freundlich models. BTCs 
of I– are fitted with the deterministic equilibrium convection-dispersion 
model (CDM); BTCs of Pb(II) are fitted with the linear or nonlinear two- 
site sorption model (TSM, a deterministic nonequilibrium CDM). Sim-
ulations of measured BTCs concerning transport parameters using CDM 
are conducted in the Hydrus-1D software (version 4.16). Meanwhile, 
measured BTCs concerning Pb(II) adsorption parameters in a continuous 
flow system (i.e., column experiments) are fitted by the Thomas and Yan 
models. The details for modeling and related equations were docu-
mented in Texts S4–S6. Data were plotted using Origin 2024.

3. Results and discussion

3.1. Characterization of aged TWP and tested soils

Comparative analysis results of SEM indicated that the microcosmic 
surface morphology of TWP with/without photoaging both had granular 
protrusions presumed to be carbon black particles (Fig. 2a). The V-TWP 
presented an oligoporous and uneven but relatively smooth surface 
structure. However, the A-TWP exhibited a polyporous surface where a 
noticeable variation was observed. The surface of A-TWP showed a more 

Fig. 1. Diagram of the experimental set-up for column transport.
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pronounced roughness, accompanied by the formation of an evident 
dendritic protrusion structure. Additionally, the increased specific sur-
face area (from 0.4038 to 0.8633 m2/g) and the decreased mean particle 
size (from 155.11 to 140.64 μm) of the A-TWP further demonstrated that 
the surface of A-TWP was rougher and the pore structure developed 
more adequately (Table S1). The above information suggested that the 
photoaging of TWP was longitudinally deep, which was similar to the 
findings of prior researches (Chen et al., 2024).

As shown in FTIR spectra (Fig. 2b), the intensity of bands in A-TWP 
was strongly enhanced, including the symmetric stretching vibration of 
–OH at 3437 cm–1, asymmetric and symmetric stretching vibration of 
–CH2 at 2920 and 2854 cm–1, and asymmetric stretching vibration of 
C–O–C at 1043 cm–1. Meanwhile, the intensity of the peaks at 1630 and 
1440–1382 cm–1, corresponding to C=C stretching vibration and C–H 
bending vibration, was decreased, and 700 cm–1 fingerprint areas (ar-
omatic/olefin C–H) changed slightly. TGA analysis revealed that the 
content of volatile substances (30–300 ◦C) and carbon black (600–850 
◦C) increased by 2.02 % and 1.50 %, respectively, and the rubber 
polymeric substances (300–600 ◦C) in A-TWP were reduced from 53.61 
to 50.35 %, suggesting a greater quantity of rubber compositions were 
decomposed during the photoaging process (Fig. 2c). Based on the re-
sults of FTIR and TGA, the aging mechanism was preliminarily specu-
lated. The increase in oxygen-containing functional groups of A-TWP 
may be primarily attributed to C–H and C=C bonds of rubber long- 
carbon chains deconstructing and recombining during photoaging. 
The C–H bond reacted with oxygen to generate peroxy radicals and 
absorbed hydrogen from the ambient environments, leading to the for-
mation of –CH2 and –OH (Wang et al., 2020). C–H and C=C bonds after 
rupture absorbed oxygen and generated hydroperoxides, resulting in the 
generation of C–O–C (Huang et al., 2023). Eventually, free radicals 
collide each other, generating small-molecule products or further 
crosslinking to form cyclic aromatic compounds. XPS spectra could 
evaluate the surface elemental components and chemical states of TWP 
(Figure S1 and Table S2). In comparison to V-TWP, all the peak areas of 
O=C–O and C–O determined by C 1 s or those of O=C–O and C=O 
determined by O 1 s in A-TWP increased (Fig. 2d, 2e and Table S3). The 
ratio of O/C and the polarity index (O + N)/C in A-TWP both increased 
by 1.97 % and 1.25 %, respectively, supporting that the TWP surface was 
oxidized under UV irradiation (Duan et al., 2021). Additionally, the 

A-TWP tended to have more negative charge, and the zeta potential of 
TWP decreased with increasing pH (Table S4 and Figure S2). In 
conclusion, the photoaging evidently altered the morphology, size, and 
surface chemistry of TWP, which have an important effect on their 
capture performance.

The physicochemical properties of the sampled soil are listed in 
Table S5. With reference to Wade et al. (2021), total lead content (117 
mg kg-1) in the sampled soil is below the average level (220 mg kg-1) in 
urban soils and ranges from 50 to 200 mg kg-1, indicating that the 
sampled urban soil was well represented. As Figure S3 and Table S6 
presented, although the absorption peaks positions of sampled soil or 
soil-TWP mixtures were similar, the peaks intensity at the same position 
was diverse. The characteristic adsorption peaks at 3697 and 3620 cm–1 

exhibited a slight shifting, which was responsible for the N–H or O–H 
stretching vibration of inner surfaces of kaolinite (Liu et al., 2023a). 
Likewise, a slight shifting of the peaks at 1636 and 1032 cm–1 was 
attributed to the C=O stretching of the carboxyl group. The peaks at 
796, 693, 534, and 471 cm–1, related to quartz, were unchanged basi-
cally. Particularly, the peak at 3438 cm–1 (stretching vibration of O–H) 
exhibited an apparent and regular shifting, and it shifted to 3445 cm–1 in 
S+10% A-TWP. These findings suggested that the incorporation of TWP 
may introduce more oxygen-containing groups into the sampled soil, 
enhancing the soils’ hydrophilicity and promoting their adsorption of 
heavy metals. Furthermore, the pronounced changes in other soil 
properties (e.g., bulk density, soil texture, and zeta potential) will affect 
the internal channels for transporting solutions (Table S4 and S10, 
Figure S2 and S4). The physicochemical properties of soils after incu-
bation varied remarkably, which had a crucial influence on the retention 
of solutes in the soil.

3.2. Effect of TWP on the adsorption of Pb(II) by soil

As presented in Fig. 3a, the Pb(II) adsorption amount increased over 
time. The presence of TWP remarkably enhanced the adsorption of Pb 
(II) by soil and effectively prolonged the time to reach adsorption 
equilibrium. This was contrary to the inhibition effect shown by con-
ventional MPs (Liu et al., 2024b), mainly because TWPs, a composite 
sorbent material, contained a certain proportion of carbon black powder 
with stronger sorption domains than polymer (i.e., rubber) participating 

Fig. 2. Characterization of the virgin and photoaged TWP. SEM images (a), FTIR spectra (b), and TGA diagram (c) of the TWP. XPS split-peak fitting for C 1 s (d) and 
O 1 s (e) in TWP.
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in adsorption (Sattayanurak et al., 2020). The adsorption equilibrium 
time of Pure Soil was approximately 1 h, while that of S+0.1% 
V-TWP/A-TWP was about 4 h, and that of other soils was approximately 
12–16 h. It was indicated that Pb(II) may be mainly adsorbed on the 
surface of soil particles rather than TWPs in the early rapid adsorption 
stage. Parameters of the Pb(II) adsorption kinetic models are listed in 
Table S7. It could be observed that the pseudo-second-order kinetic 
model (R2 ≥ 0.998) fits the experimental data on adsorption kinetics 
more accurately than the pseudo-first-order kinetic model (R2 ≥ 0.992), 
demonstrating that a chemical adsorption involving valence forces 
generated by sharing or exchanging electrons was the rate-limiting step 
of the Pb(II) adsorption process (Song et al., 2018).

As illustrated in Fig. 3b–3d and Table S8, the Pb(II) adsorption iso-
therms are better fitted with the Freundlich model (higher R2), indi-
cating that Pb(II) adsorption onto soils was a multilayer and 
heterogeneous adsorption process (Liu et al., 2022a). Meanwhile, the 
changes in Pb(II) adsorption isotherms under different simulated acid 
rain environments suggested the Pb(II) adsorption amount by soils 
decreased with the decrease in pH. This phenomenon may be ascribed to 
the fact that the soils were more susceptible to protonation at a lower 
pH, hindering soil chelation with Pb(II) and reducing the stability of soil 
organic matter-heavy metal complexes. Moreover, the soil’s negative 
electrification was diminished with the decrease in pH (Figure S2), 
leading to a weakened electrostatic gravitational force between soils and 
Pb(II). Meanwhile, as shown in Table S9, conventional MPs in general 
environments (close to neutral or similar to a pH of this study) exhibited 
a ‘dilution effect’ on the soil’s ability to adsorb heavy metals, which was 
in contrast to the facilitation effect of TWP, mainly because they would 
occupy the soil’s adsorption sites rather than provide them. Notably, in 
soils treated with the same concentration of TWP (except for 10 %), the 
Pb(II) adsorption capacity of A-TWP-treated soils was memorably 
stronger than that of V-TWP-treated soils (e.g., the value of 1/n in pH =
4.5: S+0.1% V-TWP (0.194) < S+0.1% A-TWP (0.175), S+1% V-TWP 
(0.176) < S+1% A-TWP (0.148), S+10% A-TWP (0.148) < S+10% 
V-TWP (0.147)). The evident changes in pore structure, zeta potential, 

SBET, oxygen-containing functional groups, and major components of 
TWP after photoaging might be the dominant reasons for the discrep-
ancies in adsorption behaviors between V-TWP-treated soils and 
A-TWP-treated soils at concentrations of 0.1 % and 1 %. Since the 
photoaging process would result in the disintegration of coarser TWP 
into finer ones (consistent with the particle size characterization re-
sults), low-density and tiny A-TWP was more prone to suspension and 
agglomeration than V-TWP (Klöckner et al., 2020), contributing to that 
A-TWPs separated from soil were apt to adhere to the centrifugal tube 
wall and were not fully involved in the reaction during oscillation 
adsorption. The phenomenon inevitably occurred in soil with a higher 
content of A-TWP, which explained the abnormal adsorption in S+10% 
A-TWP. Particularly in terms of data fitting trends, V-TWP exhibited a 
regular accelerative effect of Pb(II) adsorption onto soil (Pure Soil <
S+0.1% V-TWP < S+1% V-TWP < S+10% V-TWP), whereas A-TWP 
showed an irregular boosting effect (Pure Soil < S+0.1% A-TWP <
S+10% A-TWP < S+1% A-TWP). Despite the relative content of soil 
particles was reduced in soil-TWP mixtures, the interaction between 
TWPs and soil particles could provide more adsorption sites to intensify 
the Pb(II) adsorption capacity of soils. Moreover, the aging of TWP 
during soil cultivation may also facilitate the generation of environ-
mentally persistent free radicals (EPFRs), a pervasive kind of free radi-
cals that can stay stable for months and react with water in diverse ways 
to produce reactive oxygen species (ROS), thereby affecting key 
adsorption mechanisms (Xu et al., 2023). Simultaneously, the addition 
of TWP changed the pore structure, chemical functional groups, and 
bacterial communities in soils, thus changing the adsorption and 
transport ability to Pb(II) (Liu et al., 2023b, 2024c).

3.3. Effect of TWP on the transport of Pb(II) in soil

3.3.1. Simulations of measured BTCs concerning transport parameters 
using CDM

Ground on the assumption that the tracer (I–) is non-reactive and 
cannot be adsorbed by soils (retardation factor = 1), use the 

Fig. 3. (a) Adsorption kinetics of 100 mg/L Pb(II) onto soils at pH = 4.5. Adsorption isotherms of 60–140 mg/L Pb(II) onto soils at pH = 3.5 (b), pH = 4.5 (c), and pH 
= 5.6 (d). Data are presented as the mean ± standard deviation (n = 3).
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deterministic equilibrium CDM model by manually intervening the 
water content value iteration range (between actual water content and 
theoretical saturated water content) and its embedded neural network 
prediction module in Hydrus-1D to estimate hydraulic parameters of the 
soil columns, such as the dispersivity (d), the saturated hydraulic con-
ductivity (Ks), and the darcy velocity (Jw). The soil bulk weight and 
texture of each soil column are different, resulting in a certain variability 
among these parameters. As shown in Fig. 4a and Table S10, the BTCs of 
I– in all soil columns were almost symmetrical, and the simulated BTCs 
of I– were in good agreement with the measured BTCs (R2 ≥ 0.983). The 
good repeatability of tracer experiments indicated that the experimental 
methods were feasible to manifest hydrodynamic conditions of the 
columns, implying that each soil column was filled well and was not 
impacted by preferential flows or wall effects throughout the experi-
ment. Nevertheless, the equilibrium CDM is unsuitable to model the Pb 
(II) BTCs (data not shown). The measured BTCs of Pb(II) are fitted by the 
nonequilibrium TSM, which incorporates a linear or nonlinear sorption 
assumption based on the Freundlich model.

For soil columns incorporated with 0, 0.1, 1, and 10 % V-TWP, the C/ 
C0 values of Pb(II) after 96 h were determined as 0.75, 0.68, 0.61, and 
0.49, respectively; for soil columns incorporated with 0.1, 1, and 10 % 
A-TWP, the C/C0 values were equivalent to 0.64, 0.62, and 0.48, 
respectively (Fig. 4b and 4c). According to simulation results fitted by 
linear TSM (Tables S11 and S12), optimized parameters, such as the 
partitioning coefficient (Kd), the first-order kinetic rate coefficient (α), 
and the fraction of instantaneous sorption (f), were obtained. Particu-
larly with the increase in V-TWP/A-TWP content, the growth trend of 
the column-derived Kd values (Pure Soil < S+0.1% V-TWP < S+0.1% A- 
TWP < S+1% V-TWP < S+10% A-TWP < S+10% V-TWP < S+1% A- 
TWP) did not always coincide with that of the batch-derived KF values 
(Pure Soil < S+0.1% V-TWP < S+0.1% A-TWP < S+1% V-TWP < S+1% 
A-TWP < S+10% V-TWP < S+10% A-TWP). With the support of various 
characterization and adsorption results, it seemed that the variation rule 
of the Pb(II) distribution coefficient obtained by the column tests was 

more consistent with the real situation. As also reported previously, 
transfer rules simulated by the TSM were found to be more realistic in 
heavy metal-polluted agricultural soils (Rheinheimer dos Santos et al., 
2013). Similarly, previous studies have also reported obvious in-
consistencies in the conclusions drawn between equilibrium adsorption 
and column tests (Aly et al., 2018; Yang et al., 2022). Experimental 
constraints (e.g., agitation of samples, soil-water ratios) and analytical 
imprecision (e.g., errors/variations) may be responsible for these ob-
servations (Van Glubt et al., 2021). The values of f and partitioning 
coefficient (β) diminished gradually with the increase in TWP addition, 
apart from S+0.1% A-TWP, implying that the interaction between TWPs 
and soil particles could provide more rate-limited sorption sites to 
enhance the Pb(II) adsorption capacity of soil and prolong breakthrough 
time. The teeny values of α (≤ 4.1E-07) meant slower Pb(II) nonequi-
librium mass transfer rates in these soils contaminated by TWP. Besides, 
extra proof for the nonequilibrium transfer of Pb(II) in the soil-TWP 
mixture column was provided by the lower values of the mass migra-
tion coefficient (ω ≤ 9.6E-04). The retardation factor (R) increased from 
1.098 to 13.90 or to 16.38, respectively, with the increasing content of 
V-TWP or A-TWP in soil (from 0 % to 10 %), reflecting a reinforced 
resistance of Pb(II) transport through the soil columns after the incor-
poration of TWP. It was interpreted as the stronger Pb(II) adsorption 
affinity of TWP-treated soils. Moreover, the higher R values in the 
A-TWP-treated soils than the V-TWP-treated soils suggested that a more 
obvious effect of slowing down in the A-TWP-treated soils. Meanwhile, 
the inhibitory effect of TWP on the transport of heavy metals in soils was 
still opposite to the promotional effect of conventional MPs reported in 
previous studies (Chang et al., 2024; Zhang et al., 2020b). Nevertheless, 
it does not mean that the larger R is, the longer the breakthrough time is. 
Especially, 1 % TWP-treated soils showed a longer breakthrough time 
(approximately 24 h) than other soils (Fig. 4b and 4c), which can be 
ascribed to the fact that different concentrations of TWP change the pore 
structure of soils to different degrees. Therefore, 1 % TWP-treated soils 
with the clearly larger dispersivity (d) had more tortuous pores channels 

Fig. 4. (a) I– breakthrough curves fitted by equilibrium CDM. Pb(II) breakthrough curve fitted by linear (b) or nonlinear (c) two-site sorption model (TSM), Thomas 
model (d), and Yan model (e).
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(Table S10), bringing about the slower Pb(II) transport process in the 
soil column. In addition, the d of V-TWP-treated soils was greater than 
that of A-TWP-treated soils. Firstly, on account of stronger electrostatic 
attraction and ligand exchange, A-TWP may exhibit stronger in-
teractions with positively charged iron oxides (e.g., magnetite or 
goethite) compared to V-TWP. Secondly, due to enhanced ligand ex-
change between O-containing functional groups with hydroxyl groups 
on mineral surfaces, the A-TWP adsorption on negatively charged clay 
minerals (e.g., montmorillonite or kaolinite) may be intensified (Xu 
et al., 2024). Consequently, we speculated that the stronger interactions 
between A-TWP and minerals make A-TWP more vulnerable to hetero-
aggregation, adsorption, and co-precipitation with minerals, influencing 
the distribution of soil pore throat.

Comparative results of the output parameter simulated by linear 
TSM and nonlinear TSM suggested that the changing trend of column- 
derived Kd values showed excellent agreement between them, while 
that of f values was just the opposite (Tables S11 and S12). Analogously, 
the variation tendency of 1/n values fitted by nonlinear TSM was also 
not consistent with 1/n values obtained from the Freundlich model. 
Although the data of BTCs were well fitted by linear TSM or nonlinear 
TSM, giving relatively high correlation coefficients (R2 ≥ 0.984 or 
0.951), the model with the lower values of Akaike Information Criterion 
(AIC) and Bayesian Information Criterion (BIC) would be chosen by 
advantage. Accordingly, the simulation incorporating the nonlinear 
sorption assumption strengthened the model goodness in soils with a 
higher proportion of TWP (1, 10 %) compared to the linear sorption 
assumption but reduced the model goodness in soils with a lower pro-
portion of TWP (0, 0.1 %), revealing more critical effects of sorption 
nonlinearity on the retention of Pb(II) in the presence of 1 or 10 % TWP 
under the experimental conditions. In summary, it is an indication of the 
complexity of Pb(II) sorption mechanisms in TWP-treated soils, and 
nonlinear sorption replaced linear sorption as the main Pb(II) sorption 
mechanism in soils with a higher concentration of TWP (1, 10 %). Given 
that the f simulated by nonlinear TSM increased bit by bit with the 
growth in TWP addition, the instantaneous sorption/desorption equi-
librium sites of Pb(II) in soils increased gradually, hinting that more Pb 
(II) could be rapidly transferred from the soils to the water phase, 
possibly during recurrent rainfall and other waterlogging events. Note-
worthy, no matter linear TSM or nonlinear TSM, the fitted f value in A- 
TWP-treated soils was larger than that in V-TWP-treated soils. There-
fore, the incorporation of higher concentrations of photoaged TWP may 
enhance the Pb(II) potential risks of mobilization into deeper soil and 
groundwater environments. Furthermore, according to the Pb(II) 
adsorption isotherms under different acid rainwater environments, the 
more severe environmental risks of Pb(II) to terrestrial ecosystems with 
the change in pH from various perspectives can be predicted. Briefly, 
enhanced Pb(II) sorption capacity of soils at a higher pH (pH = 5.6) 
would lead to more Pb(II) accumulation in the topsoil environments; 
acidic stormwater co-existing with unadsorbed Pb(II) at a lower pH (pH 
= 3.5) would transport into deeper soil and groundwater environments.

3.3.2. Simulations of measured BTCs concerning adsorption parameters 
using Thomas and Yan models

As shown in Fig. 4d, 4e and Table S13, the Yan model was better at 
fitting the BTCs (R2 ≥ 0.963) compared to the Thomas model. The 
boosting trend of qT (all soils apart from 10 % TWP-treated soils) or qY 
(all soils apart from 1 % TWP-treated soils) was in line with that of 
column-derived Kd values, further confirming the above conclusion (the 
Pb(II) partitioning trend reflected in column tests was more realistic). 
The observed abnormity of qT and qY may be attributed to the Thomas 
and Yan models exclusively focuses on adsorption and does not take soil 
characteristics such as pore dispersion into account. In addition, as a 
consequence of a shorter retention period in column experiments, the 
maximum adsorption capacity values (qT and qY) obtained from the 
Thomas and Yan models were all below those (KL) derived from batch 
experiments (Table S8). The smaller values of rate constants, which 

describe the transfer rate of Pb(II) from the liquid to the soil, indicated a 
higher decline in the adsorption rate with increasing time as a result of 
fewer unoccupied adsorption sites. The rate constants (KY) in A-TWP- 
treated soils were markedly lower than those in V-TWP-treated soils, 
which suggested that the BTCs of A-TWP-treated soils tended to flatten 
out more quickly. In addition, the BTCs of 1 % TWP-treated soils with 
the maximum KY were the steepest, while the BTCs of Pure Soil with the 
minimum KY was the flattest. In short, the Thomas and Yan models could 
help analyse the results of the BTCs better.

3.3.3. Retention of Pb(II) in soil
Although the retention profile at 96 h did not accurately reflect the 

lead vertical distribution situation when Pb(II) completely penetrated 
the soil bottom, the lead vertical distribution trend in soil columns 
contaminated with the same concentrations of V-TWP or A-TWP 
exhibited a similar pattern at the moment (Fig. 5). The lead concen-
tration of each layer in Pure Soil showed minimal variation, whereas 
those in other soils displayed significant disparities. The notable effect of 
TWP on the retention behavior of Pb(II) may be ascribed to the fact that 
TWP affected the physicochemical reactions (e.g., mechanical resis-
tance, sorption, and chelation) involved in the Pb(II) transport by 
altering the physicochemical properties of the soil. Besides, from left to 
right in Fig. 5, the lead concentrations in the upper sections were 10.6, 
11.53, 11.33, 15.6, 11.99, 12.7, and 16.4 mg g-1, whereas those in the 
bottom sections were 10.6, 11.56, 12.03, 4.29, 11.75, 13.86, and 2.62 
mg g-1, respectively. It can be inferred that TWP observably facilitated 
lead accumulation on the topsoil and impeded lead transport into the 
deeper soil layer. Moreover, TWP effectively enhanced the soil’s ability 
to adsorb lead and extended the time required for adsorption equilib-
rium, which entirely aligned with the above conclusions of batch 
adsorption experiments.

4. Conclusions and environmental implications

This study employed experimental and numerical methods to 
initially elucidate the adsorption and transport mechanisms of Pb(II) in 
urban soils contaminated by ubiquitously photoaged TWP under acid 
rainfall. Specifically, TWP dramatically enhanced the adsorption ca-
pacity and retardation factor of Pb(II) in soils, which led to the Pb(II) 
initial accumulation in the topsoils and the Pb(II) hindered downward 
transport, thereby intensifying the Pb(II) retention risks in surface soil 
environments. And the promotion effect of photoaged TWP was more 

Fig. 5. Retention profiles of Pb in soil column.
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pronounced than virgin TWP. Based on the simulated results by TSM, 
higher concentrations of photoaged TWP will enhance the Pb(II) po-
tential risks of downward mobilization into deeper soil and groundwater 
environments if multiple rainfalls or other waterlogging events occur. 
Besides, this study emphasized the key role of nonlinear sorption in the 
retention of Pb(II) in the presence of 1 or 10 % TWP and underscored the 
implications of TWP on the Pb(II) harmful environmental risks in soil 
under different acid rain environments according to results of batch and 
column experiments. Given that soil organisms are inevitably exposed to 
TWP and Pb(II), more attention is warranted to the terrestrial ecological 
impact of TWP under environmentally relevant exposure conditions. 
Additionally, it should be noted that future work is strongly recom-
mended to investigate the relative role of other factors (e.g., composite 
aging of TWP, the cotransport of TWPs themselves or leachates, more 
complicated rainfall, field scales) on the Pb(II) migration behaviors in 
urban soils to narrow the gaps between the laboratory and natural en-
vironments. In total, this research provides crucial insights into the ef-
fects of TWP on the geochemistry process and severer potential 
environmental risks of Pb(II) in urban soils, which will contribute to 
calling attention to the correct disposal and recycling of spent tire par-
ticles or their products.
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