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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

• Sand physicochemical heterogeneity 
caused two-stage NP transport 
dynamics.

• NPs initially filled heterogeneous sand 
sites, then attached to smoother areas.

• Early retardation was driven by rapid 
irreversible with minor reversible 
attachment.

• Weathering of NPs masked heterogene
ity effects and weakened initial 
retardation.

• NOM molecular weight governed 
attachment of non- and UV-weathered 
NPs..

A R T I C L E  I N F O
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A B S T R A C T

The deposition of nanoplastics (NPs) in porous media is strongly influenced by natural weathering processes, 
such as UV exposure and adsorption of natural organic matter (NOM), but the deposition mechanisms of both, 
non-weathered and weathered NPs, remain poorly understood. In this study the effect of NOM on the transport of 
non-weathered polystyrene (PS) NPs and UV-weathered PS NPs was examined in saturated porous media under 
low ionic strength conditions. It revealed that the physical and chemical heterogeneity of the sand surface 
created favorable attachment sites, leading to site blocking and retardation of NPs. NPs followed a non-steady- 
state, two-stage transport dynamic: rapid, irreversible, and reversible or pseudo-equilibrium attachment on 
heterogeneous areas until site saturation, followed by slow, irreversible attachment on relatively homogeneous 
surfaces. Both UV weathering and NOM coating generated more negatively charged NPs, reducing the irre
versible and reversible deposition of NPs. These weathering processes reshaped NP transport dynamics and 
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masked the retardation effects induced by sand surface heterogeneity. Moreover, the impact of NOM on NP 
deposition varied depending on the extent of UV weathering and the molecular weight of the NOM.

1. Introduction

Microplastics have been widely studied due to their persistence and 
ecological toxicity [1,2]. More recently, nanoplastics (NPs, <1 µm) have 
gained increasing attention [3,4]. NPs originate from two main sources: 
primary NPs, which are intentionally manufactured for commercial and 
industrial applications [5], and secondary NPs that are formed through 
the degradation of larger plastic particles, e.g. by UV-induced break
down [6]. NPs have been detected in various water sources, including 
surface water, groundwater, and riverbank filtrate (RBF) [7]. Especially, 
the presence of NPs in RBF raises concerns about its effectiveness in 
removing these particles.

Studies on NP transport and deposition often draw upon established 
knowledge of colloid transport in porous media [8]. The classical clean 
bed filtration theory (CFT) is the most commonly used approach for 
describing the filtration of colloidal particles [9]. The CFT assumes that 
collector surfaces are perfectly smooth and uniformly charged, with the 
deposition rate being constant. A first-order kinetic model is typically 
employed to describe deposition, where colloids break through without 
retardation (i.e., breakthrough occurs at or before the first pore volume) 
and the breakthrough curve (BTC) remains a steady-state plateau [10]. 
The classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is 
commonly used to explain the deposition phenomena [11]. However, 
non-steady-state breakthrough, driven by mechanisms such as site 
blocking, is commonly seen in experiments [12,13]. This is usually 
explained by the physical and chemical heterogeneity of the collector 
surface, resulting in varying deposition rates [10,14]. Particularly 
retardation, which deviates from the CFT, has been observed in the case 
of colloids [15,16]. While retardation is associated with “equilibrium 
adsorption” during the transport of reactive solutes [17], this concept 
cannot directly be applied to colloid transport as colloids are typically 
thermodynamically unstable [18]. Despite these advances, the mecha
nisms governing retardation and non-steady-state breakthrough in 
porous media remain poorly understood.

The transport of NPs in porous media has extensively been studied 
using commercially available NPs, such as PS NPs [19–27]. Natural 
weathering processes, including UV irradiation and eco-corona forma
tion via adsorption of natural organic matter (NOM), can modify NP 
surface properties and thereby influence their transport behavior [19, 
22,23,25–27]. For instance, some authors have reported that NOM 
adsorption can enhance NP transport by increasing electrostatic repul
sion [23,26], or by inducing additional steric repulsion [19,27]. How
ever, weathering processes may not only enhance the transport capacity 
of NPs, but may also lead to distinct transport dynamics. 
Non-steady-state breakthrough and retardation, deviating from CFT, are 
often observed during transport of non-weathered NPs, whereas 
weathered NPs tend to show steady-state breakthrough with reduced or 
negligible retardation compared to pristine particles [27,28]. Despite 
these observations, this aspect has not been explicitly studied. Overall, 
the mechanisms behind these deviations from CFT, as well as how 
weathering reshapes NP transport dynamics in porous media, remain 
unclear.

Therefore, the main objective of this study is to elucidate the 
mechanisms of controlling the transport dynamics of non-weathered and 
weathered NPs in saturated porous media. Commercial PS NPs, repre
senting non-weathered NPs, were UV-aged using a mercury lamp to 
produce UV-weathered PS NPs. Suwanee River NOM was incubated with 
both non-weathered and UV-weathered PS NPs to generate NOM- 
adsorbed NPs. NOM was further split into different MW fractions to 
study how NOM size modifies NPs and affects their deposition. BTCs for 
non-weathered and weathered NPs in saturated porous media were 

obtained by filtering over clean quartz sand columns. Finally, a two-site 
kinetic model and an equilibrium-kinetic model, combined with DLVO 
and extended DLVO (XDLVO) theory, were used to elucidate the 
mechanisms driving the deposition of non-weathered and weathered 
NPs.

2. Materials and methods

2.1. Materials

A PS stock solution with a concentration of 50% w/v and a nominal 
NP size of 100 nm was obtained from Zhichuan Intelligent Technology 
(Suzhou, China) Co., Ltd. The PS NPs were unfunctionalized but con
tained the surfactant sodium dodecyl sulfate (SDS), as specified by the 
manufacturer. To minimize interference from SDS, the PS suspension 
(5 g/L) underwent four rounds of washing with ultrapure water via ul
tracentrifugation (22000 × g, 30 min) and sonication (40 kHz, 5 min) 
until the total organic carbon (TOC) in the supernatant water was 
reduced to near the level of quantification (0.38 ± 0.11 mg C/L). The 
cleaning process did not lead to NP aggregation, as found in our previous 
study [29]. Suwannee River NOM was purchased from the International 
Humic Substances Society. Polyvinylidene fluoride (PVDF) ultrafiltra
tion membranes with cutoff sizes of 0.05 µm, 30 kDa, 10 kDa, and 3 kDa 
were acquired from RisingSun Membrane Technology (Beijing, China) 
Co., Ltd to separate NOM fractions based on molecular weight.

The used quartz sand had a diameter of 0.4–0.8 mm, and was pur
chased online from vidaXL. For comparison, two other types of quartz 
sand were obtained from Sigma-Aldrich: Sigma− 1, with a size range of 
0.2–0.8 mm, and Sigma− 2 with a narrower range of 0.21–0.30 mm. The 
vidaXL sand and the Sigma− 1 sand were then sieved using stainless steel 
screens (30 and 40 mesh) to obtain 0.425–0.6 mm vidaXL sand, 
0.425–0.6 mm Sigma− 1 sand, and 0.2–0.425 mm Sigma− 1 sand. The 
sand was then cleaned to remove possible organic residues and metals 
by sequentially soaking it in concentrated NaOH for 24 h, followed by 
washing with concentrated HCl for 24 h. After cleaning, the sand was 
thoroughly rinsed with ultrapure water until the pH stabilized at 
approximately 6.5. Finally, the cleaned quartz sand was heated at 550 ◦C 
for 5 h.

2.2. Preparation of weathered nanoplastics

The UV-weathered PS NPs were prepared in ultrapure water by 
exposing 300 mg/L PS NPs to a 500 W mercury lamp (35 mW/cm2) for 2, 
4 and 8 days [29]. Detailed procedures are provided in Text S1 and 
Figure S1. The pristine and UV-weathered NPs are denoted as PS0, PS2, 
PS4, and PS8, respectively. The particle number concentrations of both 
pristine and UV-weathered NPs were assumed to remain unchanged, as 
UV aging did not result in obvious fragmentation of the NPs (Figure S2). 
After the aging process, the UV-weathered NPs were washed four times 
with ultrapure water using ultracentrifugation (Eppendorf, Centrifuge 
5910 Ri, 22000 × g, 30 min) and sonication (DK-3000H, 40 kHz, 5 min) 
to remove any leached dissolved organic carbon from plastic photo
degradation. To account for changes in NP concentration during 
washing, the concentration of washed weathered NPs was adjusted to 
match the UV absorbance at 289 nm (UV289) of unwashed aged NPs. At a 
concentration of 10 mg/L, pristine PS0 exhibited a UV289 absorbance of 
0.952 cm− 1, corresponding to approximately 4.68 × 1012 particles/L. 
For the same particle number concentration (~4.68 × 1012 particles/L), 
the UV289 values of aged PS2, PS4, and PS8 decreased to 0.927 cm− 1, 
0.916 cm− 1, and 0.902 cm− 1, respectively. The TOC concentrations for 
PS0, PS2, PS4, and PS8 at this particle concentration were 29.2 mg C/L, 
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26.8 mg C/L, 24.7 mg C/L, and 23.6 mg C/L, respectively (Table S1). For 
the transport experiments, the pristine (PS0) and UV-weathered NPs 
(PS2, PS4, PS8) were diluted to 4.68 × 1012 particles/L in a 10 mM NaCl 
solution. 10 mM NaCl was selected to represent a typical surface water 
with low ionic strength. The pH was adjusted to 6.0 ± 0.1 using 0.1 M 
HCl or NaOH to reflect environmentally relevant conditions [30,31]. As 
this pH was close to the initial pH of the diluted NP suspensions, only 
minimal adjustment was required.

NOM-adsorbed NPs were prepared by mixing the Suwannee River 
NOM (2 mg C/L) with either 4.68 × 1012 particles/L pristine or UV- 
weathered NPs in 10 mM NaCl, with the pH adjusted to 6.0 ± 0.1. 
Relatively high NP concentrations were used, to avoid NOM's influence 
on UV289 for NPs’ measurement. NOM with a size below 0.05 µm, which 
represents the majority of total NOM [32,33], was selected for easy 
separation from the larger NPs after the adsorption experiment using 
0.1 µm filters. NOM was further fractionated by ultrafiltration to obtain 
size-defined fractions based on molecular weight, as detailed in Text S2. 
The prepared concentrations were as follows: 343 mg/L for bulk NOM 
(< 0.05 µm), 244 mg/L for NOM (30 kDa–0.05 µm), 101 mg/L for NOM 
(10–30 kDa), 243 mg/L for NOM (3–10 kDa), and 131 mg/L for NOM (<
3 kDa). To obtain stable NOM-adsorbed NPs, the mixture was allowed to 
react for 24 h to reach equilibrium [29]. The adsorption of NOM by NPs 
was further tested, as described in Text S3, Figure S3 and S4.

2.3. Column transport experiments

Polymethyl methacrylate column with a height of 9 cm and an inner 
diameter of 2 cm was used to study NP transport in the porous media 
(see the setup in Figure S4). The ratio between the column diameter and 
sand grain diameter was 33, which falls within the recommended range 
of 20–50, ensuring minimal wall effects and preferential flow paths [34]. 
To prevent sand loss from the bottom and ensure a uniform flow dis
tribution at the top, a stainless steel mesh with a 200 µm opening was 
placed at the bottom of the column. During sand packing, ultrapure 
water was introduced from the bottom of the column. The cleaned, dry 
sand was then wetted with ultrapure water, and gradually added to the 
column using a spoon and while gently stirring the column to prevent 
layering and air entrapment. The resulting sand bed porosity was 0.39, 
calculated based on the inserted sand mass, the packed column volume, 
and a sand density of 2.56 g/cm3. After packing, several pore volumes 
(PVs) of ultrapure water were injected to wash the sand in the columns. 
10 mM NaCl was used as a tracer to assess the conservative transport 
properties of the packed columns, while measuring the electrical con
ductivity with a potable conductivity meter (HQ1140, HACH, USA) in 
the effluents of the column. As for all experiments, a constant flow of 
1 mL/min (0.54 m/h) was applied in an upward direction, using a 
peristaltic pump (Longer BT100–3J).

For NP transport studies, the columns were pre-flushed with a 
particle-free background electrolyte (10 mM NaCl) for 10 PVs to 
establish stable baseline conditions. Following this, 25 or more PVs of 
NP suspension were injected, followed by 10 PVs of background elec
trolyte elution to allow the column effluent UV289 to return to baseline 
levels. Effluent samples were collected in glass tubes from the top of the 
column at equal time intervals to obtain BTCs. NP concentrations were 
measured using a UV spectrophotometer (G10S UV-Vis, Thermo Fisher 
Scientific) at a wavelength of 289 nm. For NPs in the presence of NOM, 
the UV289 was corrected by subtracting the contribution of non- 
adsorbed NOM. Transport experiments for pristine NPs were conduct
ed at concentrations of 2 mg/L (9.36 ×1011 particles/L, 
UV289=0.211 cm− 1), 5 mg/L (2.34 ×1012 particles/L, 
UV289=0.505 cm− 1), and 10 mg/L (4.68 ×1012 particles/L, UV289=

0.952 cm− 1) in 10 mM NaCl. For UV-weathered and NOM-adsorbed 
NPs’ transport studies, 4.68 × 1012 particles/L in 10 mM NaCl was 
used. Both non-weathered and weathered NPs were pre-equilibrated for 
24 h before injection. NP aggregation was not observed after the 24-h 
reaction period, as indicated by dynamic light scattering 

measurements. Either duplicate or triplicate experiments were con
ducted for each transport condition.

2.4. Adsorption and desorption experiments

Batch adsorption experiments were conducted to study the adsorp
tion of non-weathered and weathered NPs by the cleaned 
0.425–0.600 mm vidaXL sand. A 100 mL suspension of 4.68 × 1012 

particles/L (UV289= 0.952 cm− 1) of either non-weathered or weathered 
NPs was mixed with 50 g of sand in 10 mM NaCl. The mixture was 
agitated at 160 rpm for 48 h. The suspension was sampled at specific 
time intervals (0, 1, 2, 10 min and 0.5, 2.5, 20, 24 and 48 h) and tested 
for UV289. After 48 h, the suspension was replaced with 85 mL of 
particle-free 10 mM NaCl solution, and the desorption of NPs was tested 
at several time intervals (0, 1, 2, 10, and 30 min). Controls, without sand 
addition, showed no obvious UV289 reduction of NPs following agitation 
for 48 h (Figure S5). Blanks, without NP addition, indicated that agita
tion caused the fragmentation and release of suspended fine sands, 
which interfered with the UV289 for NPs’ measurement (Figure S6). The 
UV289 of NPs was corrected by subtracting the blank UV289 measured at 
the same time. Detailed analysis results are presented in Text S4.

2.5. Characterization

The hydrodynamic size and zeta potential of non-weathered and 
weathered NPs were measured using a Zetasizer Nano ZS90 (Malvern 
Instruments, UK). The size and morphology of the pristine and UV- 
weathered NPs in ultrapure water were analyzed using a scanning 
electron microscope (SEM, Quattro, FEI). To detect surface functional 
groups of NPs, attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR, Nicolet iN10, Thermo Fisher Scientific) was 
used, covering wavenumbers from 400 to 4000 cm− 1. The pristine and 
UV-weathered PS NPs samples were prepared by drying concentrated 
NPs on a glass slide at 40◦C, while NOM samples were freeze-dried using 
a freeze-dryer (BK-FD12PT, BIOBASE BIODUSTRY) prior to FTIR anal
ysis. The zeta potential of the used sands was also characterized using a 
Zetasizer Nano ZS90. Prior to testing, the sands were ground into fine 
particles using a stainless steel rod to facilitate suspension and mea
surement [35].

The surface morphology of the sand and the deposited NPs was 
characterized using both an optical microscope and SEM. Energy- 
dispersive X-ray spectroscopy (EDX; EDX1800ROHS) was conducted to 
identify the major elemental components present on the sand surfaces. 
In addition, X-ray diffraction (XRD; PHILIPS PW 1710) was used to 
analyze the mineralogical composition of the sands.

2.6. Modelling

In porous media, the transport and deposition of NPs are primarily 
controlled by three major processes: advection, dispersion, and attach
ment/detachment to/from collector surfaces. These processes are typi
cally described by 1-D advection-dispersion-reaction (ADR) equation: 

∂C
∂t

= D
∂2C
∂z2 − ν ∂C

∂z
−

ρb

θ
∂S
∂t

(1) 

Where t represents time (min), z is the distance (cm), C denotes the 
concentration of NPs in solution (mg/L or particle/L), D is the hydro
dynamic dispersion coefficient (cm2/min), ν is the average pore water 
flow velocity (cm/min), ρb is the sand bulk density (mg/cm3),θ is the 
porosity of the sand media (dimensionless), and S (mg/kg) denotes the 
concentration of NPs on the sand due to deposition. The mean pore- 
water flow velocity and the hydrodynamic dispersion coefficient used 
in NP simulations were obtained by fitting to a NaCl tracer breakthrough 
curve.

The reaction term ρb
θ

∂S
∂t in the transport equation can further be 

Y. Xu et al.                                                                                                                                                                                                                                       Journal of Hazardous Materials 514 (2026) 142872 

3 



described using a first-order reversible kinetic model, which is expressed 
as follows [36]: 

ρb

θ
∂S
∂t

= kattψC −
ρb

θ
kdetS (2) 

Where katt (min− 1) is the first-order attachment coefficient, kdet (min− 1) 
is the first-order detachment coefficient (equal to 0 for irreversible 
retention), and ψ is a variable depending on the attachment mechanisms 
being modeled. The following three attachment models were considered 
in this study to simulate the experimental results [12]. 

(1) Clean bed filtration (CFT) model. 
The function ψ in the attachment term is 1 for CFT. Under 

steady-state flow conditions, the NP attachment rate katt in the 
attachment term can be expressed as below: 

katt =
ν
L

ln(
C0

C
) (3) 

Where L is the column length (cm), C0 and C represent the 
influent and steady-state effluent NP concentrations (mg/L), 
respectively. The steady-state concentration C is used to evaluate 
the retention of NPs in the column during CFT. The obtained first- 
order attachment rate coefficient katt (min− 1) can then be used to 
calculate the attachment efficiency α (dimensionless), the ratio of 
particles attached to the collector to all particles colliding with 
the collector, using the following equation [16]: 

α =
2kattdc

3(1 − θ)νη0
(4) 

Where dc is the diameter of sand grain (cm), and η0 is the single 
collector efficiency (dimensionless), calculated using the 
Tufenkji-Elimelech equation [37].

(2) Site blocking. The clean bed with site-blocking model includes a 
maximum retention capacity, Smax (µg/g), to limit NP deposition 
[12]. This is represented by the following equation: 

ψ = 1 −
S

Smax
(5) 

In this model, ψ is a dimensionless Langmuirian blocking 
function. When the retention capacity Smax is much larger than S, 
ψ approaches 1, and Eq. (2) simplifies to CFT model. As NP 
attachment increases and S approaches Smax, the ψ approaches 
zero. 

To study the presence of multiple kinetic deposition sites, a 
two-site kinetic model was employed to fit the BTCs using 
HYDRUS 1-D. This model accounts for both reversible and irre
versible kinetic attachment at two different sites, as described by 
the equation below [14]: 

ρb

θ
∂(S1 + S2)

∂t
= ka1ψ1C+ ka2ψ2C −

ρb

θ
kd1S1 (6) 

ψ1 = 1 −
S1

Smax1
(7) 

ψ2 = 1 −
S2

Smax2
(8) 

Where S1 (µg/g) and S2 (µg/g) are the solid phase NP concen
trations on site 1 and site 2, respectively, ka1 (min− 1) and ka2 
(min− 1) are the attachment rate coefficient for site 1 and site 2, 
respectively. S1 was assumed to be the preferential attachment 
site. Therefore, ka1 at S1 was set a value one order of magnitude 
higher than ka2 at S2, capturing a fast initial attachment phase 

followed by slower subsequent attachment. Sensitivity analysis 
showed that ka1 mainly influenced the initial retardation, while 
ka2 governed the plateau in the later stage of the BTCs. kd1 is the 
detachment rate at site 1 while the attachment at site 2 was 
assumed to be irreversible [14]. ψ₁ and ψ₂ represent dimension
less Langmuirian blocking functions at site 1 and site 2, respec
tively, while Sₘₐₓ₁ (µg/g) and Sₘₐₓ₂ (µg/g) denote the maximum 
retention capacities at these sites.

(3) Combined kinetic and equilibrium model. A combined model 
containing a first-order kinetic component (Sk) and an equilib
rium component (Se), in accordance with a linear Freundlich 
isotherm, can be written as:

ρb

θ
∂(Sk + Se)

∂t
= kattC −

ρb

θ
kdetS +Kd

ρb

θ
∂C
∂t

(9) 

.
When the kinetic detachment term (kdet) is neglected, and first-order 

attachment was assumed to be irreversible, the equilibrium component 
could then be incorporated into 1-D advection-dispersion-reaction 
(ADR) Eq. (1): 

(1+ Kd
ρb

θ
)
∂C
∂t

= D
∂2C
∂z2 − ν ∂C

∂z
− kattC (10) 

R = 1+ Kd
ρb

θ
(11) 

Where R is the retardation factor and Kd is the distribution coefficient.
Introducing Kd in NP transport modeling simplifies the attachment/ 

detachment process by reducing the parameters. However, conceptu
ally, the equilibrium assumption is invalid because Kd is fundamentally 
based on Gibbs energy and the assumption of thermodynamic equilib
rium, whereas NPs are inherently thermodynamically unstable [18]. On 
the other hand, several authors have successfully applied the concept of 
Kd in modeling NP transport [8,38–40], aligning with other experi
mental studies that observe retarded BTCs [14,41]. In this study, 
“equilibrium retention” of NPs was observed based on the adsorption 
and desorption experiments, along with obvious retardation in the BTCs 
of PS NPs. Therefore, the equilibrium-kinetic model incorporating the 
distribution coefficient (Kd) and retardation factor (R) was also consid
ered to fit the BTCs using STANMOD software.

2.7. DLVO and XDLVO interaction energy

The classical DLVO theory, which accounts for Van der Waals 
attraction and electrostatic double-layer repulsion, was applied to 
describe the interaction energies between NPs and sand [42,43]. In the 
presence of NOM, the extended DLVO (XDLVO) theory was employed to 
incorporate steric repulsion when evaluating the interaction energies 
between NPs and sand surfaces. Surface physical heterogeneity or 
roughness (Figure S7), and chemical heterogeneity were also considered 
in the DLVO and XDLVO interaction calculation [44,45]. Detailed cal
culations are provided in Text S7, Table S2 and S3.

3. Results and discussion

3.1. Two-stage deposition of nanoplastics

The BTCs of 2, 5 and 10 mg/L PS NPs, along with the corresponding 
total input mass and cumulative breakthrough mass profiles during a 
single pulse under 10 mM NaCl are depicted in Fig. 1. The BTC of the 
tracer (10 mM NaCl) in the column showed distinct single peaks 
(Figure S8), suggesting that NaCl behaved as a non-reactive tracer, 
confirming that the sand-packed column was properly prepared. In 
contrast with most previous studies, where NP BTC was typically 
observed after only a few PVs [24,25], NP suspensions in this study were 
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injected for 25 PVs, to observe the full breakthrough. This study 
revealed an S-shaped breakthrough pattern: the BTCs of NPs in the first 
pulse exhibited an initial retardation, followed by a rapid increase, and 
then a gradual rise until eventually flattening at C/C0 = 0.91 (Fig. 1a). 
Also, at lower NP concentrations, the initial NP breakthrough curve was 
S-shaped but the plateau of constant NP effluent concentration was 
reached later (Figs. 1b and 1c). Correspondingly, the cumulative 
breakthrough mass profiles showed a negligible NP breakthrough in the 
initial stage, followed by a gradual, linear increase at a near-constant 
rate until the start of the elution stage.

The elution stage with NP-free solution should theoretically result in 
a washout of C/C0*PV = 0.91 (representing the mass of NPs in 1 PV of 
water) if no detachment occurs. However, the integrated areas under the 
elution curves during the first pulse were C/C0*PV = 1.30–1.33 at 
different NP input concentrations, suggesting that only a small part of 
the NPs underwent reversible attachment. This observation is consistent 
with the results of the batch experiments, where NPs were detached 
upon replacement with NP-free solution (Text S4 and Figure S6). By 
subtracting the total breakthrough (including the elution stage) from the 
total mass input, the retained NPs were attributed to irreversible 
attachment. The mass of irreversibly attached NPs was calculated to be 

in pulse 1 a (2.50 mg – 1.52 mg =) 0.98 mg, pulse 1 b (2.05 mg – 
1.20 mg =) 0.85 mg, and pulse 1 c (1.39 mg – 0.72 mg =) 0.67 mg for 
input concentrations of 10 mg/L, 5 mg/L, and 2 mg/L, respectively. 
These results demonstrate that both reversible and irreversible NP 
attachment are concentration-dependent processes, with irreversible 
attachment predominating during the first pulse.

Unlike the first pulse BTCs, all concentrations of NPs in the second 
and subsequent pulses exhibited approximately an expected break
through: no noticeable retardation (noticeably breaking through at the 
first PV) and quickly leveled off at the same plateau (i.e., 0.91) (Fig. 1). 
The shaded area under the tail of the curve in the elution stage mirrored 
that observed during the initial ascent, indicating symmetry between the 
initial injection and the final elution. This breakthrough pattern is 
consistent with the principles of traditional CFT that assumes a constant 
attachment rate under steady-state conditions [12]. Furthermore, the 
integrated areas under the elution curves during the second and subse
quent pulses showed little change compared to the elution stage of the 
first pulse. This suggests that the amount of reversibly attached NPs 
remained relatively constant and low between pulses, indicating that NP 
attachment was predominantly irreversible, and reversible attachment 
mainly occurred during the initial stage of transport.

Physical straining and site blocking are commonly cited mechanisms 
explaining the deviation of colloid transport from CFT [8]. Straining 
refers to the trapping of relatively large particles, where the ratio of 
particle radius to the median collector radius exceeds 0.0017, within 
pore throats [46]. As higher concentrations may lead to more colloid 
aggregation and increased particle size, straining typically results in 
decreased transport of colloids as the input concentration increases [47]. 
In this study, PS NPs had a size ratio to sand grains of about 0.0003, 
showed no aggregation, and demonstrated an opposite 
concentration-dependent transport behavior, suggesting straining was 
not the deposition mechanism of PS NPs. Therefore, to study site 
blocking, a modeling approach (Eq. 5) was adopted where a maximum 
solid phase concentration (Smax) was added to constrain the NP depo
sition. As NP attachment increases over time, the available sites on the 
collector surface are gradually covered by the deposited NPs (as S ap
proaches Smax), leaving fewer sites available for further deposition [12]. 
Typically, increasing the input concentration of particles facilitates their 
transport, as higher input concentrations lead to greater surface 
coverage and faster site saturation [48–50]. Therefore, in this study, site 
blocking might be responsible for the time-dependent and 
concentration-dependent deposition of PS NPs in the first pulse.

However, the one-site model, both with and without the Langmuir
ian blocking function, did not adequately fit the entire BTCs in the first 
pulse (Figure S9). On the other hand, the two-site kinetic model with a 
Langmuirian blocking function for each site provided a good fit for all 
the BTCs (Figure S9). The value of the attachment coefficient ka1 was 
approximately one order of magnitude larger than ka2 for PS NPs 
(Table 1), indicating that NP deposition was dominated by fast deposi
tion at site 1. The time retardation of BTCs was predominantly deter
mined by the values of ka1 and Smax1. A higher value of ka1 indicates a 
more favorable deposition, leading to complete retention until the solid 
phase concentration of NPs at site 1 approached Smax1. The above 
analysis indicates that some reversible attachment could occur during 
the initial stage of transport; therefore, the detachment rate constant kd1 
was incorporated in the two-site blocking model. The fitted values 
showed that kd1 was approximately one order of magnitude lower than 
ka1 (Table 1), suggesting that the attachment process dominated over 
detachment at site 1 during NP filtration, until saturation. In the batch 
experiments, the rapid attachment of PS NPs by sand during the initial 
mixing stage (< 10 min), along with rapid detachment (Figure S6), was 
consistent with rapid attachment during the first NP injection and fast 
detachment during the initial elution stage in the transport experiments, 
suggesting that breakthrough curve can be approximated with a model 
that uses equilibrium processes [51,52]. Additionally, the observed 
initial retardation followed by e breakthrough supports the use of an 

Fig. 1. The BTCs (yellow dots), total input NP mass (red dots), and accumu
lative breakthrough mass profiles (blue dots) of 2, 5 and 10 mg/L non- 
weathered NPs during a single pulse in 10 mM NaCl. The red, blue, and 
green numbers indicate the total input NP mass (mg), total NP breakthrough 
(mg), and total retention (mg), respectively, during a single pulse. The shaded 
area under the tail of the curve represents the normalized NP concentration 
during the elution stage, which is symmetric to the shaded region during initial 
ascent stage. Error bars represent the mean ± range (minimum to 
maximum) (n = 2).
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equilibrium-kinetic model, which also well described the BTCs 
(Figure S9). The initial retardation, as indicated by high R and Kr, re
flected the rapid, instantaneous retention of NPs during the first stage. 
As particle accumulation continued, the sand surface reached its 
apparent equilibrium, leading to breakthrough. Subsequently, NP 
attachment during the plateau (katt) was primarily governed by slow 
kinetic irreversible attachment, consistent with ka2 in the two-site ki
netic model. Overall, the modeling further supports a two-stage depo
sition process of NPs: an initial stage characterized by a low amount of 
fast, reversible or pseudo-equilibrium attachment until site saturation, 
followed by a subsequent stage dominated by slow, irreversible 
attachment.

3.2. Sand surface heterogeneity creates favorable deposition sites

Typically, primary and secondary energy minima can produce irre
versible and reversible deposition sites, with primary-minimum depo
sition being much more stable than secondary-minimum deposition [10, 
53]. Based on DLVO theory calculations (Figure S10), a relatively high 
energy barrier (220 kBT) was observed for NP-sand interactions, making 
it difficult for the NPs to diffuse over these barriers into the primary 
energy minimum [54]. The shallow secondary energy minimum of 
− 0.145 kBT suggests that only limited NP deposition might occur. 
Therefore, the visible retardation of BTC and site blocking of PS NPs 
could not be explained by the classical DLVO theory, although the 
interaction energy only represents the average value between NPs and 
sand surfaces. For a homogeneous surface, the attachment potential 
predicted by the interaction energy would result in a constant deposition 
rate. However, natural sands are typically physically and chemically 
heterogeneous, leading to variations in the interaction energies between 
particles and different locations on the heterogeneous surfaces [55], 
which might explain the deviation from the classical DLVO and CFT.

To elucidate the underlying mechanism behind the observed retar
dation phenomenon, the transport behavior of PS NPs in 10 mM NaCl 

was tested using sands from various sources, as shown in Fig. 2a. Site 
blocking was observed across all types of sands; however, differences in 
retardation were evident. Specifically, negligible retardation occurred in 
Sigma− 1 sands with diameters of 0.425–0.6 mm and 0.2–0.425 mm, 
whereas considerable retardation was observed in the 0.210–0.297 mm 
Sigma− 2 sand, similar to the behavior seen with vidaXL sand. SEM 
images exhibited that the surface of Sigma− 1 sand was relatively 
smooth, with regular shallow scratches or grooves (Figs. 2c and 2d). 
However, the surfaces of vidaXL sand and Sigma− 2 sand exhibited 
numerous irregularities and pronounced unevenness. Most NPs tended 
to accumulate at these rough sites, suggesting that physical heteroge
neity was likely responsible for the retardation of NPs in vidaXL and 
Sigma− 2 sand (Figs. 2b and 2e). In a previous study [56], we observed a 
similar phenomenon, where retardation of silver nanoparticles occurred 
in rough sand, while negligible retardation was noted in relatively 
smooth sand.

The surface roughness of sand including protruding asperities and 
concave areas can create favorable sites for NP attachment under un
favorable conditions [13,14]. As calculated, the energy barrier 
decreased from 220 kBT to 84.6 kBT, 44.1 kBT, and 33.5 kBT in the 
presence of 50 nm, 20 nm, and 10 nm convex asperities, respectively 
(Figure S10a1). Irreversible attachment at the primary energy minimum 
may be enhanced at the tops of nanoscale protruding asperities [55]. In 
contrast, within the concave valleys between asperities of these sizes, 
the secondary minimum depth increased from 0.145 kBT to 0.629 kBT, 
0.583 kBT, and 0.507 kBT, respectively (Figure S10b2). It indicated that 
concave areas enhance reversible attachment at the secondary energy 
minimum by increasing its depth [10,45]. Beyond this, concave areas 
may also reduce hydrodynamic drag forces, thereby enabling irrevers
ible attachment [10]. Studies further indicate that colloid immobiliza
tion under unfavorable conditions may arise from wedging within 
grain-grain junctions [57,58]. Instead of overcoming the energy bar
rier, colloids may migrate along collector surfaces via 
secondary-minimum interactions until they become immobilized in 

Table 1 
The average effluent concentration, attachment efficiency, and the fitted parameters using two-site kinetic model and equilibrium-kinetic model. C/C0 and C2/C0 are 
the overall and steady-state plateau average effluent concentrations, respectively. α and α₂ are the overall and steady-state attachment efficiency, respectively. α₁ (= α - 
α₂) represents the attachment efficiency before steady-state plateau.

C/C0 α C2/ 
C0

α2 α1 Smax1 (µg/ 
g)

ka1 

(min− 1)
kd1 

(min− 1)
Smax2 

(µg/ 
g)

ka2 

(min− 1)
R Kd 

(mL/ 
g)

katt 

(min− 1)

PS0 0.559 9.40E− 02 0.912 1.49E− 02 7.91E− 02 8.84 1.038 0.104 0.632 2.15E− 02 10.03 2.153 9.93E− 03
PS0 + bulk 0.814 3.29E− 02 0.979 3.38E− 03 2.95E− 02 0.72 0.266 0.039 0.161 3.88E− 03 3.64 0.629 2.41E− 03
PS0 + > 30 kDa 0.826 3.03E− 02 0.974 4.11E− 03 2.62E− 02 0.97 0.267 0.097 0.185 9.57E− 03 3.24 0.534 3.36E− 03
PS0 

+ 10–30 kDa
0.780 3.98E− 02 0.964 5.93E− 03 3.39E− 02 1.07 0.315 0.062 0.256 9.99E− 03 4.01 0.718 4.55E− 03

PS0 + 3–10 kDa 0.767 4.28E− 02 0.964 5.97E− 03 3.69E− 02 1.32 0.426 0.083 0.276 7.94E− 03 4.26 0.776 4.82E− 03
PS0 + < 3 kDa 0.752 4.62E− 02 0.960 6.58E− 03 3.97E− 02 1.53 0.475 0.096 0.309 8.37E− 03 4.49 0.832 5.34E− 03
PS2 0.681 6.48E− 02 0.958 7.29E− 03 5.75E− 02 6.12 0.464 0.017 0.391 1.85E− 02 7.46 1.540 5.28E− 03
PS2 + bulk 0.798 3.76E− 02 0.972 4.69E− 03 3.29E− 02 0.91 0.314 0.044 0.324 4.94E− 03 3.82 0.672 4.34E− 03
PS2 + > 30 kDa 0.813 3.43E− 02 0.971 4.80E− 03 2.95E− 02 0.92 0.292 0.062 0.340 6.83E− 03 3.40 0.573 4.66E− 03
PS2 

+ 10–30 kDa
0.786 3.97E− 02 0.970 5.11E− 03 3.46E− 02 0.81 0.331 0.032 0.337 7.58E− 03 3.94 0.701 4.76E− 03

PS2 + 3–10 kDa 0.759 4.59E− 02 0.966 5.73E− 03 4.01E− 02 1.11 0.509 0.063 0.303 9.85E− 03 4.46 0.825 5.12E− 03
PS2 + < 3 kDa 0.748 4.86E− 02 0.960 6.77E− 03 4.18E− 02 0.82 0.321 0.079 0.372 8.45E− 03 4.66 0.874 4.93E− 03
PS4 0.723 5.71E− 02 0.961 7.09E− 03 5.00E− 02 3.01 0.328 0.024 0.310 4.85E− 03 6.76 1.373 2.83E− 03
PS4 + bulk 0.781 4.26E− 02 0.961 6.76E− 03 3.58E− 02 1.70 0.452 0.115 0.331 6.97E− 03 3.99 0.712 4.13E− 03
PS4 + > 30 kDa 0.797 3.91E− 02 0.961 6.78E− 03 3.23E− 02 1.16 0.322 0.098 0.332 1.32E− 02 3.47 0.589 5.70E− 03
PS4 

+ 10–30 kDa
0.776 4.37E− 02 0.962 6.62E− 03 3.71E− 02 0.79 0.342 0.035 0.308 1.14E− 02 4.03 0.722 5.12E− 03

PS4 + 3–10 kDa 0.755 4.92E− 02 0.963 6.56E− 03 4.26E− 02 1.25 0.580 0.084 0.269 1.08E− 02 4.51 0.837 4.82E− 03
PS4 + < 3 kDa 0.715 5.92E− 02 0.962 6.90E− 03 5.22E− 02 3.06 0.681 0.136 0.330 1.36E− 02 5.22 1.006 5.82E− 03
PS8 0.765 4.84E− 02 0.966 6.26E− 03 4.21E− 02 2.96 0.300 0.058 0.276 1.31E− 02 5.43 1.057 3.30E− 03
PS8 + bulk 0.771 4.67E− 02 0.960 7.30E− 03 3.94E− 02 2.15 0.466 0.116 0.347 6.87E− 03 4.09 0.736 3.85E− 03
PS8 + > 30 kDa 0.798 4.05E− 02 0.960 7.37E− 03 3.32E− 02 1.31 0.334 0.106 0.329 1.05E− 02 3.40 0.571 5.52E− 03
PS8 

+ 10–30 kDa
0.766 4.79E− 02 0.961 7.19E− 03 4.08E− 02 0.84 0.353 0.039 0.338 1.13E− 02 4.07 0.732 5.55E− 03

PS8 + 3–10 kDa 0.731 5.60E− 02 0.962 6.99E− 03 4.90E− 02 2.31 0.587 0.073 0.342 1.44E− 02 4.65 0.871 6.54E− 03
PS8 + < 3 kDa 0.728 5.67E− 02 0.962 6.98E− 03 4.97E− 02 4.71 0.741 0.138 0.337 1.75E− 02 6.01 1.194 5.78E− 03
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Fig. 2. (a) BTCs of tracer and NPs in different types of sand; microscopic images of the sand, SEM images showing NP deposition on sand surfaces, and XRD spectra of 
the sands: (b) vidaXL 0.525–0.600 mm, (c) Sigma− 1 0.425–0.600 mm, (d) Sigma− 1 0.200–0.425 mm, and (e) Sigma− 2 0.210–0.297 mm.
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regions with reduced hydrodynamic shear, such as interstitial spaces 
between grains [57,58].

In addition, microscopic analyses showed that the 0.425–0.6 mm 
and 0.2–0.425 mm Sigma− 1 sands were clean and transparent with no 
visible impurities, whereas the 0.210–0.297 mm Sigma− 2 sand and 
vidaXL sand exhibited colored hues (Figs. 2b-2e). Despite sequential 
treatments with HCl, NaOH, and thermal combustion to remove metal 
oxides and organic impurities, certain clay minerals might have 
remained due to their resistance to these treatments [59]. SEM-EDS and 
XRD analyses confirmed the potential presence of minerals in vidaXL 
sand (albite, kaolinite, and illite) and in the 0.210–0.297 mm Sigma− 2 
sand (albite and kaolinite) (Figure S11, 2b, and 2e) [60]. The presence of 
minerals was also associated with the less negative zeta potential of 
vidaXL sand (− 41.7 ± 0.8 mV) and 0.210–0.297 mm Sigma− 2 sand 
(− 40.4 ± 0.7 mV) compared to the 0.425–0.6 mm (− 45.5 ± 0.5 mV) 
and 0.2–0.425 mm (− 46.8 ± 1.3 mV) Sigma− 1 sands (Figure S12), 
likely due to positively charged edge positions such as Al3+ [61–63]. 
Considering the chemical heterogeneity, the energy barrier decreased 
from 220 kBT to 163 kBT, 119 kBT, and 34.1 kBT in the presence of a 
positively charged area (e.g., + 40 mV) with size of 10 nm, 20 nm, and 
50 nm, respectively (Figure S10c1), likely promoting irreversible 
attachment at the primary energy minimum. Concurrently, the sec
ondary energy minimum increased from 0.145 kBT to 0.155 kBT, 0.165 
kBT, and 0.217 kBT (Figure S10c2), enhancing the likelihood for 

irreversible attachment as hydrodynamic drag forces became less 
influential. Although previous studies did not explicitly mention retar
dation, the findings have suggested a potential link between the 
observed retardation of colloids and the presence of clay minerals [59, 
63,64]. For instance, increasing contents of clay minerals such as 
kaolinite, montmorillonite, and illite have appeared to cause more 
retardation of NPs [63–65]. Using the same 0.210–0.297 mm Sigma− 2 
sand, retardation has also been observed for PS NPs [27], and graphene 
oxide nanoparticles [66].

Consequently, the combined physical and chemical heterogeneity of 
sand surfaces in sand can lead to a wide distribution of primary and/or 
secondary minimum depths as well as attenuated hydrodynamic shear 
forces, which may contribute to the observed breakthrough behavior of 
NPs. As reported, attachment to kinetically limited sites may occur in the 
primary energy minimum where overcoming an energy barrier is 
required, while attachment to fast equilibrium sites may take place in 
the secondary energy minimum [67]. In the initial stage, surface het
erogeneity may create numerous favorable locations for both rapid 
reversible (less important) and irreversible (dominant process) NP 
attachment at these energy minima, leading to initial NP retardation. As 
these high-affinity sites become saturated, they may be no longer 
available for further attachment, resulting in site blocking. Subse
quently, during the second or third NP pulses, incoming NPs may deposit 
predominantly onto relatively smooth surfaces, where irreversible 

Fig. 3. The BTCs of non-weathered and UV-weathered NPs in the absence and presence of bulk NOM and NOM fractions (2 mg C/L) in 10 mM NaCl. Subscripts 0, 2, 
4 and 8 mean aging times of 0, 2, 4 and 8 d. Error bars represent the mean ± range (minimum to maximum) (n = 2).
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attachment at the primary energy minimum dominates [53,68].

3.3. UV weathering reduces surface heterogeneity effects

The BTCs for both pristine and UV-weathered NPs in sand columns 
are depicted in Fig. 3. Compared to the pristine NPs, the UV-weathered 
NPs exhibited earlier breakthrough. The concentration plateau was 
reached faster as the aging time increased, indicating that photo- 
oxidation enhanced NP mobility (Table 1). The equilibrium-kinetic 
model and two-site kinetic model also accurately described the trans
port of UV-weathered NPs (Figure S9). The reduction in Kd from an 
initial value of 2.15 mL/g to 1.54 mL/g, 1.37 mL/g and 1.06 mL/g in
dicates that the retention capacity of sand for PS NPs decreased with UV 
weathering. This trend was consistent with the batch experiments, 
where the removal of NPs after 48 h decreased from 82.0% for PS0 to 
58.0%, 49.9%, and 32.8% for PS2, PS4, and PS8, respectively (Figure S6). 
The initial ka1 value of 1.038 min⁻1 for PS0 reduced to 0.464 min⁻1, 
0.328 min⁻1, and 0.300 min⁻1 for PS2, PS4, and PS8, respectively. The 
same trend was observed for ka2 and katt. Correspondingly, Smax1 
exhibited a decrease from 8.84 µg/g for PS0 to 6.12 µg/g, 3.01 µg/g, and 
2.96 µg/g for PS2, PS4, and PS8, respectively, while Smax2 dropped from 
0.632 µg/g for PS0 to 0.391 µg/g, 0.310 µg/g, and 0.276 µg/g for PS2, 
PS4, and PS8, respectively. Similar to pristine NPs, multi-site deposition 
was observed for UV-weathered NPs; however, the number of available 
sites was lower compared to the pristine NPs. This reduction likely re
flected changes in surface properties of the NPs, impacting their inter
action dynamics with the collector surfaces.

As shown in Fig. 4a, UV weathering increased oxygen-containing 
functional groups on NP surfaces, resulting in more negatively 
charged particles (Fig. 4e). Consequently, the increased electrostatic 
repulsion between the NPs and sand could be a contributing factor for 

the reduced retention [25]. Table 2 shows the energy barrier and sec
ondary energy minimum between NPs and heterogeneous/homoge
neous surfaces. Although surface roughness greatly reduced the energy 
barriers, the barriers between UV-weathered NPs and convex asperity (e. 
g., 10 nm) (46.1–52.4 kBT) remained higher than those for pristine NPs 
(33.5 kBT). Meanwhile, the secondary minimum between NPs and 
concave valley decreased (0.090–0.196 kBT vs. 0.507 kBT). Although the 
presence of positively charged areas may favor the attachment of more 
negatively charged UV-weathered NPs, DLVO calculations still predicted 
higher energy barriers (54.2–96.2 kBT vs. 34.1 kBT) and shallower sec
ondary minima (0.038–0.079 kBT vs. 0.217 kBT) between UV-weathered 
NPs and a positively charged area (e.g., 50 nm, + 40 mV) (Table 2), due 
to the dominant influence of the surrounding negatively charged sur
face. It indicates that UV weathering reduced both irreversible deposi
tion at the primary energy minimum and reversible deposition at the 
secondary energy minimum. Furthermore, UV weathering rendered 
these originally favorable heterogeneous sites for non-weathered NPs 
unfavorable, leading to the reduced retardation and the rapid reaching 
of the steady-state plateau observed in the BTCs of UV-weathered NPs. 
Although not emphasized by the respective authors, carboxyl 
group-functionalized NPs that mimic weathered NPs, exhibited negli
gible retardation compared to their non-functionalized counterparts 
when transported through Sigma sand with an average diameter of 
0.260 mm [27] Therefore, UV weathering can reshape NP surface 
properties, reducing the influence of sand surface heterogeneity and 
causing NPs to undergo distinct transport dynamics.

3.4. NOM reduces surface heterogeneity effects

The retardation of pristine NPs decreased in the presence of NOM, as 
evidenced by the rapid breakthrough of NPs at first PV (Fig. 3). After 

Fig. 4. (a) FTIR spectra of pristine and photoaged NPs. (b) FTIR spectra of bulk NOM and NOM fractions. (c) UV absorbance of bulk NOM and different NOM 
fractions (4 mg C/L). (d) The reduction in UV280 (NOM removal) of bulk NOM and NOM fractions after adsorption on pristine and photoaged NPs in 10 mM NaCl. 
Error bars represent the mean ± range (minimum to maximum) (n = 2). (d) The zeta potential of pristine and photoaged NPs with and without bulk NOM and NOM 
fractions in 10 mM NaCl (f). Error bars represent the mean ± 1.96 SE (n = 10). (e) The hydrodynamic size of pristine and photoaged NPs with and without bulk NOM 
and NOM fractions in 10 mM NaCl. Error bars represent the mean ± 1.96 SE (n = 10). Subscripts 0, 2, 4 and 8 mean aging times of 0, 2, 4 and 8 d.
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NOM addition, the attachment efficiencies α1 and α2 reduced from 0.079 
and 0.015–0.030 and 0.003, respectively, corresponding to the reduc
tion in Kd and katt in the equilibrium-kinetic model. Based on the two-site 
model fitting, the parameters Smax1 and Smax2 decreased from 8.84 µg/g 
and 0.632 µg/g to 0.720 µg/g and 0.161 µg/g after the addition of NOM, 
indicating that NP deposition on both heterogeneous and homogeneous 
surfaces decreased. Batch adsorption experiments revealed that 9% of 
NOM adsorbed onto PS NPs (Fig. 4d). Additionally, the adsorption of 
NOM greatly increased the negative charge of the pristine NPs (Fig. 4e), 
probably due to the charge superposition of the adsorbed NOM [69,70]. 
The increase in electrostatic repulsion likely explains the enhanced 
mobility of NPs in the presence of NOM [23]. Steric repulsion due to 
NOM adsorption is typically considered a key factor contributing to 
increased mobility of engineered colloids in porous media, such as 
graphene oxide [71], ZnO [72], and Ag [73], as well as PS NPs [19,27]. 
In this study, steric repulsion likely played a critical role in increasing 
the mobility of PS NPs as well. According to XDLVO theory, NOM 
adsorption greatly increased the energy barrier between NPs and sand 
surfaces (Table 2), thereby reducing the irreversible deposition of NPs.

Similar to pristine NPs, the deposition of UV-weathered NPs on 
heterogeneous and homogeneous surfaces reduced in the presence of 
NOM, as indicated by reductions in the fitted parameters ka1, ka2, Smax1 
and Smax2, as well as Kd and katt. In contrast to the pristine NPs, the zeta 
potential of UV-weathered NPs, especially PS4 and PS8, became less 
negative in the presence of NOM (Fig. 4f). Limited studies have reported 
this phenomenon, but we propose that the reduction in negative charges 
may be attributed to the shielding of charges or oxygen-containing 
groups on UV-weathered NPs by NOM [29]. Furthermore, this effect 
was more pronounced as UV aging time increased, due to the generation 
of more surface oxygen-containing groups on the more weathered NPs 
(Fig. 4f). Although NOM could decrease the electrostatic repulsion be
tween UV-weathered NPs and the sand, steric repulsion may outweigh 
the effects of reduced electrostatic interaction. XDLVO theory suggested 
that NOM-induced short-distance steric repulsion primarily affected the 
energy barriers between UV-weathered NPs and both heterogeneous and 
homogeneous surfaces, with minimal impact on the secondary energy 
minimum (Table 2). This led to a reduction in the irreversible deposition 

of UV-weathered NPs at the primary energy minimum.
Similar to UV weathering, the weathering of NPs by NOM also 

diminished the effect of sand surface heterogeneity on NP transport and 
greatly reduced retardation. Different effects of NOM on NP transport 
dynamics have been identified in previous studies, although not 
explicitly highlighted. For instance, on standard quartz sand and glass 
beads, NPs have exhibited a steady-state breakthrough, and model NOM 
compounds such as humic acid, bovine serum albumin, and sodium 
alginate have been found to only enhance the height of the BTC plateau 
without altering the overall transport dynamics [26,74]. However, in 
the study by Zhu et al., retardation of pristine NPs has been observed in 
Sigma sand (0.260 mm), while NOM components such as fulvic acid, 
humic acid, and macromolecular extracellular polymeric substances 
(EPS) have been found to reduce this retardation. In particular, EPS 
appeared to eliminate retardation entirely, resulting in a near 
steady-state breakthrough [27]. Similarly, low-molecular-weight 
organic acids have been observed to reduce the retardation of NPs in 
columns using sand sourced from Tianjin Guangfu Technology Devel
opment Co., Ltd. Chen et al., [75]. These findings highlight the complex 
interplay between NP weathering by NOM and sand surface heteroge
neity in shaping NP transport.

3.5. NOM molecular weight-dependent deposition of nanoplastics

NOM is a heterogeneous group of compounds with varying MW and 
chemical properties [76]. The MW of NOM could determine its reac
tivity with NPs and control their mobility in porous media [27]. For 
pristine NPs in the presence of NOM fractions, the attachment effi
ciencies α, α1 and α2 generally decreased as the MW of NOM increased, 
indicating that mostly the higher-MW NOM increased NP mobility. In 
the equilibrium-kinetic model, the Kd value increased from 0.534 mL/g 
to 0.718 mL/g, 0.776 mL/g, and 0.832 mL/g, and katt increased from 
0.0034 min− 1, 0.0034 min− 1, 0.0046 min− 1, 0.0048 min− 1 as NOM MW 
decreased. Similarly, ka1, Smax1, Smax2 decreased with increasing NOM 
MW, whereas ka2 showed no obvious correlation. This suggests that 
NOM with a higher MW had a stronger capacity to reduce the deposition 
of NPs.

Table 2 
The DLVO and XDLVO energy barrier (Emax, kBT) and the secondary minimum (|E2-min|, kBT) for NP–asperity and NP–valley (assuming a 10 nm asperity), and NP- 
positively charged area on heterogeneous surface (assuming a +40 mV region with a diameter of 50 nm) and NP-plate on homogeneous surface.

NP-Sand Heterogeneous Surface Homogeneous Surface

NP-asperity NP-valley NP-positively charged area NP-plate

Emax | E2-min | Emax | E2-min | Emax | E2-min | Emax | E2-min |

PS0 33.5 0.135 774 0.507 34.1 0.217 220 0.145
PS0 + bulk 177 0.131 3900 0.487 1216 0.206 1480 0.140
PS0 + > 30 kDa 348 0.129 7761 0.483 2737 0.203 3013 0.138
PS0 + 10–30 kDa 170 0.130 3759 0.485 1145 0.205 1414 0.139
PS0 + 3–10 kDa 61.7 0.130 1381 0.486 197 0.206 450 0.140
PS0 + < 3 kDa 47.4 0.129 1078 0.482 66.8 0.203 320 0.138
PS2 46.1 0.053 1063 0.196 54.2 0.079 300 0.056
PS2 + bulk 98.4 0.054 2186 0.199 508 0.081 762 0.057
PS2 + > 30 kDa 201 0.053 4461 0.197 1392 0.080 1659 0.056
PS2 + 10–30 kDa 103 0.054 2301 0.198 546 0.080 804 0.056
PS2 + 3–10 kDa 62.4 0.053 1403 0.197 186 0.080 443 0.056
PS2 + < 3 kDa 46.9 0.054 1063 0.200 81.3 0.082 316 0.057
PS4 49.0 0.031 1120 0.113 57.3 0.045 315 0.032
PS4 + bulk 58.0 0.032 1296 0.117 189 0.047 411 0.033
PS4 + > 30 kDa 71.2 0.032 1592 0.116 286 0.047 520 0.033
PS4 + 10–30 kDa 61.9 0.032 1386 0.117 211 0.047 441 0.033
PS4 + 3–10 kDa 46.7 0.032 939 0.118 96.2 0.047 314 0.033
PS4 + < 3 kDa 42.9 0.032 976 0.117 56.4 0.047 279 0.033
PS8 52.4 0.024 1195 0.090 60.6 0.035 335 0.025
PS8 + bulk 57.5 0.026 1281 0.095 189 0.038 405 0.027
PS8 + > 30 kDa 62.4 0.025 1394 0.094 218 0.037 443 0.027
PS8 + 10–30 kDa 58.9 0.026 1316 0.094 189 0.037 414 0.027
PS8 + 3–10 kDa 43.1 0.025 947 0.096 61.3 0.037 279 0.027
PS8 + < 3 kDa 42.1 0.025 922 0.095 48.6 0.037 269 0.026
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As shown in Figs. 4b and 4c, higher-MW NOM exhibited fewer 
oxygen-containing functional groups but greater aromaticity, which 
could favor adsorption onto hydrophobic PS surfaces through hydro
phobic and π–π interactions [29]. Batch adsorption experiments further 
showed that higher-MW NOM exhibited greater adsorption onto pristine 
NPs (Fig. 4d). Although the difference was not statistically significant, 
the hydrodynamic size of NPs was slightly larger in the presence of 
higher-MW NOM compared to lower-MW NOM (Fig. 4f). The higher 
adsorption and larger molecular size of higher-MW NOM may enhance 
steric repulsion, thereby increasing the mobility of pristine NPs 
compared to lower-MW NOM. XDLVO theory revealed that the energy 
barriers between NPs and sand surfaces increased with higher NOM 
MW, while the secondary energy minima between NPs and sand surfaces 
remained nearly unchanged across different NOM MWs (Table 2). 
Therefore, NOM MW primarily influenced the availability of irreversible 
deposition sites on heterogeneous and homogeneous surfaces.

For UV-weathered NPs, a similar trend was observed, with higher 
mobility in the presence of higher MW NOM. However, not all MW 
NOMs enhanced the mobility of UV-weathered NPs. As evidenced by the 
increase in attachment efficiencies α, the presence of < 3 kDa and 
3–10 kDa NOM reduced the mobility of PS4 and PS8. Although all NOM 
fractions reduced the negative charges of UV-weathered NPs (Fig. 4e), 
the adsorption of lower MW NOM (e.g., < 3 kDa) on PS4 and PS8 was 
negligible (Fig. 4d). This suggests that steric repulsion induced by lower- 
MW NOM on PS4 and PS8 is very weak. We therefore propose that a 
competition between electrostatic interaction and steric repulsion was 
at play. In the presence of higher MW NOM, the additional steric 
repulsion outweighed the reduced electrostatic repulsion, leading to 
enhanced mobility of UV-weathered NPs. Conversely, with lower MW 
NOM, the reduced electrostatic repulsion dominated, resulting in 
increased deposition of PS4 and PS8. According to XDLVO predictions, 
the energy barrier between PS8 and convex asperity increased from 52.4 
kBT to 62.4 and 58.9 kBT in the presence of > 30 kDa and 10–30 kDa 
NOM, respectively, but decreased to 43.1 and 42.1 kBT in the presence of 
3–10 kDa and < 3 kDa NOM, respectively (Table 2). On smooth sur
faces, the energy barriers remained high (> 260 kBT) both in the absence 
and presence of NOM fractions. Therefore, the influence of NOM and its 
fractions on the irreversible deposition of UV-weathered NPs primarily 
occurred on these heterogeneous surfaces.

4. Conclusions and implications

This study focused on the deposition mechanisms of non-weathered 
and weathered PS NPs in saturated porous media under typically low 
ionic strength conditions. Our findings reveal that the transport dynamic 
of NPs deviated from traditional CFT and DLVO theory. Instead, a two- 
stage transport with mostly irreversible and to a lesser degree also 
reversible attachment was observed, particularly for non-weathered NPs 
during the first filtration pulse. This retardation behavior is not 
emphasized in other studies due to their different research objectives 
[20,23,59], and it may resemble steady-state transport with a very low 
breakthrough when breakthrough curves are measured over short 
timeframes and/or at low concentrations of NPs. These results highlight 
the importance of considering the full breakthrough curve, especially 
during the first filtration pulse.

The study also reveals the critical role of sand grain physical and 
chemical heterogeneity in this two-stage transport of NPs. It suggests 
that clean, ideal quartz sands or glass beads are inadequate represen
tations of natural sands in transport studies. Additionally, this study 
underscores the role of natural weathering in reshaping the transport 
behaviors of NPs, particularly in masking the influence of sand surface 
heterogeneity on retardation. To better reflect real-world scenarios, 
future studies should prioritize the use of natural heterogeneous porous 
media and weathered NPs.

However, several limitations remain in this study. The experiments 
were conducted under simplified and controlled conditions to explore 

the effects of sand heterogeneity and NP weathering on NP transport 
dynamics. Other factors, such as NP size and polymer type, ionic 
strength and composition, and the presence of clay minerals, microor
ganisms, biofilms, and natural colloids, were not considered. Therefore, 
caution should be exercised when extrapolating these findings to more 
complex environmental systems, where multiple physicochemical and 
biological processes may interact. In addition, characterization of sand 
surfaces is largely qualitative due to current analytical limitations. The 
interaction calculations are also based on idealized assumptions and are 
intended to provide a qualitative understanding of NP–sand in
teractions, rather than quantitatively precise predictions of interaction 
energies under environmental conditions.

Environmental implication

This study demonstrates that natural weathering processes funda
mentally alter nanoplastic transport in porous media by reducing sur
face heterogeneity–driven retention. Weathered nanoplastics exhibit 
enhanced mobility and diminished retardation, increasing their likeli
hood of penetrating subsurface environments and reaching ground
water. The findings challenge conventional filtration and transport 
models that neglect surface heterogeneity and weathering effects. 
Moreover, the dependence on natural organic matter characteristics 
highlights the complexity of nanoplastic behavior in real waters. These 
results underscore the need to incorporate weathering and environ
mental variability into risk assessments and to reassess the effectiveness 
of natural and engineered filtration systems in controlling nanoplastic 
pollution.
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