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Abstract

Aluminosilicates are commonly present in natural soils, contributing to their texture and composition. The fate and transport
of nanoplastics within natural sediments containing aluminosilicates have not been comprehensively studied yet. To inves-
tigate the interactions between nanoplastics and sediments, polystyrene nanoplastics (PS-NPs) were injected into columns
filled with zeolite under the condition of different flow rates, pH values, and ionic strengths (IS). Results show that zeolite
inhibited polystyrene nanoplastics (PS-NPs) transport to different extents under different conditions. The limitation of PS-
NPs transport was mainly governed by (1) the PS-NPs—zeolite interaction energy obtained via the Derjaguin—Landau—Ver-
wey—Overbeek calculation, (2) the amphoteric sites on zeolite surface (they will possess positive charges attracting negative
PS-NPs when pH <pH,,.), and (3) surface roughness leading to physical straining phenomena. In addition, the flow rate
of pore water played an essential role during the PS-NPs transport. The retention of PS-NPs decreased at higher flow rates,
likely due to a reduction in particle-collector contact efficiency. This study uncovers the migration mechanism of PS-NPs
within zeolite, providing insights into the behavior of nanoparticles in natural porous media.

Highlights

Zeolite significantly alters PS-NPs flow under diverse conditions.
Amphoteric sites on zeolite surface edges affect PS-NPs transport.
Increased flow rates boost PS-NPs mobility effectively.

Varying ionic strength impacts PS-NPs retention notably.
Different cation types crucially influence PS-NPs transport.
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Introduction

With economic development, polymers have been widely
utilized in daily life products, such as personal care prod-
ucts, electronic devices, and packing materials. The expected
total amount of produced plastics will exceed 33 billion tons
by 2050 (Sharma et al. 2020). Due to ineffective recycling
policies, plastics can be found in high amounts in natural
systems such as lakes, oceans, rivers, streams, and terrestrial
systems (Kumar et al. 2021). Larger plastic debris can be
degraded and fragmented via weathering, photo-oxidation,
and biodegradation, into nanoplastics (fragments less than
100 nm) (Andrady et al. 2022; Wang et al. 2019, 2022; Yu
et al. 2024). Research has shown that nanoplastics (NPs)
can penetrate cell membranes, raising concerns about their
potential harmful effects, which have attracted significant
global attention (Qiana et al. 2024). The associated health
risks are extensive, encompassing oxidative stress, cyto-
toxicity, metabolic alterations, immune system disruption,
translocation to distant organs, neurotoxicity, reproductive
toxicity, and carcinogenicity (Rahman et al. 2021; Zhang
et al. 2024). In terrestrial environments, NPs are known to
negatively affect plant growth by adhering to plant roots,
altering soil properties, and disrupting microbial commu-
nities (Qu et al. 2023). Furthermore, human exposure to
microplastics and NPs can occur via ingestion, inhalation,
and dermal contact, potentially exacerbating inflammatory
responses and increasing the risk of non-communicable dis-
eases (Shen et al. 2019). As high abundances of NPs have
been found in various soil and groundwater systems (Castan
et al. 2021), it is important to understand the mechanisms
controlling the fate and transport of NPs in subsurface envi-
ronments (Lai et al. 2022; Ma et al. 2023; Yu and Flury
2021).

Compared to larger plastic debris, the distinctive proper-
ties of NPs—such as their higher surface-to-volume ratio
and enhanced ability to remain suspended in water—signifi-
cantly influence their transport through soil and groundwater
aquifers (Liu et al. 2021; Lu et al. 2021b). The increased
surface area of NPs facilitates greater interaction with water
molecules, dissolved substances, and particulates, enhancing
their stability and suspension in water columns (Lai et al.
2022). This stability increases the residence time of NPs in
the water column, thereby enhancing the potential for bio-
logical uptake and subsequent incorporation into the food
chain. Moreover, their ability to remain suspended in water
for extended periods contributes to their enhanced dispersion
and broader transport ranges. These characteristics promote
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a more uniform distribution of NPs in aquatic environments,
potentially increasing exposure to aquatic organisms (Chen
et al. 2024; Hu et al. 2019). To date, most research on NP
transport has been conducted using pure quartz sands as a
model system for porous media. In-depth studies have been
carried out through adsorption and column experiments (Liu
et al. 2024; Zhang et al. 2023a, b). However, these over-
simplified settings often fail to represent the complex con-
ditions in natural subsurface environments (Yu and Flury
2021). Recently, an increasing number of studies have begun
to investigate the mechanisms controlling the transport of
nanoplastics under more realistic experimental conditions.
The effect of different alumino-silicate minerals on NPs
transport within saturated porous media was investigated
by Lu et al. (2021a). NP retention in porous media con-
taining illite or kaolinite was significantly higher than in
pure quartz sand, likely due to the abundance of amphoteric
sites on the surfaces of the aluminosilicate minerals (Shu
et al. 2024).These sites could favor polystyrene nanoplastics
(PS-NPs) deposition (Lu et al. 2021a). Increased mobility
of PS-NPs was observed at higher pH levels; for instance,
at pH 9, the edge sites of alumino-silicate minerals become
less positively charged, which reduces the deposition rate
of the negatively charged PS-NPs. These results are very
relevant for natural porous media environments as natural
soils and aquifers usually contain alumino-silicate minerals
affecting the physicochemical properties of porous media
significantly. Different alumino-silicate minerals show dif-
ferent extents in the isomorphic substitution that happened
in the mineral crystals and different abilities of protonation/
deprotonation (Fan et al. 2024; Liang et al. 2023; Lin et al.
2023). As a result, different alumino-silicate minerals may
exert different influences on the NPs transport. Zeolite, a
naturally occurring alumino-silicate mineral, is ubiquitous
in the subsurface (Motsi et al. 2009). However, the effects
of zeolite on NPs transport are still unclear.

The primary objective of this research is to elucidate the
effects of zeolite on the transport and retention behavior of
polystyrene nanoplastics (PS-NPs) under varying solution
chemistries and flow rates in water-saturated conditions.The
study is organized around several specific objectives: (1) to
investigate the impact of zeolite on the mobility of polysty-
rene nanoplastics (PS-NPs) in water-saturated environments;
(2) to analyze the transport patterns of PS-NPs through a
series of column experiments; (3) to examine how varia-
tions in solution chemistry—specifically pH, cation species,
and ionic strength—affect the transport of PS-NPs; (4) to
assess the influence of pore water velocities on the mobility
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of PS-NPs in a zeolite-packed system; and (5) to apply the
Derjaguin—-Landau—Verwey—Overbeek (DLVO) theory to
quantify the interaction energies between nanoplastics and
minerals, helping to interpret the retention patterns observed
in the experiments.

Materials and Methods
Materials

Carboxylate coated PS-NPs were purchased from Huge
Biotechnology Co., Ltd. (Shanghai, China). The average
diameter of the PS-NPs was approximately 100 nm, as
confirmed by the TEM images presented in Figure S1. The
PS-NPs stock solution was diluted using deionized water to
prepare PS-NPs suspension (~ 10 mg/L) used in the experi-
ments. Furthermore, the pH values of the PS-NPs suspen-
sion (5.9-9) were adjusted using 0.1 M HCI and NaOH. The
ionic strength (1-10 mM) was adjusted using 0.1 M NaCl.
At last, various monovalent and divalent cations (e.g., NaCl,
KCl, CsCl, MgCl,, CaCl,, and BaCl,), which were analytical
reagents obtained from Shanghai Macklin Reagent Co. Ltd.,
Shanghai, China, were used to investigate the impact of dif-
ferent types of cations. A zetasizer (Nano ZS90) was used to
measure zeta potentials and hydrodynamic diameters (Mal-
vern Instrument, UK). The specific method can be found as
part of the Supplementary Material (Sze et al. 2003).
Zeolite with a particle size of 60—80 mesh was purchased
from a Mineral Trading Company located in Huangshi,

Table 1 Experimental protocols of column tests

China. The pore size desnity of the zeolites ranges from
0.10t0 0.35 cm3/g (Sowunmi et al. 2018; Szala et al. 2015).
The average grain size was~0.21 mm, with a rough sur-
face (SEM images were provided in Figure S2). Based on
Brunauer—-Emmett-Teller (BET) measurements, the average
surface area of the zeolite minerals was 29.1 m?/g. Accord-
ing to the method provided by Qi et al. (2014), the zeolite
was cleaned to remove impurities before being used as part
of the column experiments. X-ray Diffraction (XRD) and
X-ray Fluorescence (XRF) were applied to the cleaned zeo-
lite (see Figure S3). The XRD result showed that the zeo-
lite mainly consisted of Na/Ca clinoptilolite, and the XRF
result suggested that zeolite primarily contained 68.6% SiO,,
14.7% Al,05, 6.9% CaO, 3.7% Fe,05, 3.6% K,O and 1.2%
MgO, which is in line with EDX results.

Column Experiments

As shown in Figure S4, a 1.6 cm inner diameter, 20 cm long
borosilicate glass column was utilized during the column
experiments (Shanghai Suke Industrial Co., Ltd.). Stainless
steel screens were positioned at both ends of the column.
The method used for packing the zeolite column was based
on our previous study to ensure a uniform distribution (Lu
et al. 2017). Approximatley 17 g of zeolite was filled into the
column having an average length of 6.0+0.1 cm. During the
experiment, a TYDO2 syringe pump (Lead Fluid Technol-
ogy Co., China) was utilized to inject the prepared PS-NPs
solution into the column. Before the PS-NPs solution was
injected, the packed columns were saturated with 30 mL

Column no Column properties Input characteristics
Porous media  Porosity (—) Background solution Flow rate pH PS-NPs C-Potential (mV)  Z,,.* (nm) dp/dcb
(mL/h) conc.
(mg/L)

1 Zeolite 0.361 1 mM NaCl 0.2 59 8.7 —-44.6+04 100.7+1.6  0.000480
2 Zeolite 0.359 1 mM NaCl 0.4 59 89 —-44.6+04 100.7+1.6  0.000480
3 Zeolite 0.352 1 mM NaCl 0.6 59 89 —-44.6+04 100.7+1.6  0.000480
4 Zeolite 0.367 5 mM NaCl 0.4 59 94 —-419+1.5 100.6+1.4 0.000479
5 Zeolite 0.355 10 mM NaCl 0.4 59 8.1 —33.7+29 98.7+1.5 0.000470
6 Zeolite 0.368 1 mM KCl1 0.4 59 85 —42.7+0.7 103.9+1.9 0.000495
7 Zeolite 0.366 1 mM CsCl 0.4 59 99 —41.4+03 101.7+0.7 0.000484
8 Zeolite 0.374 0.5 mM MgCl, 0.4 59 83 —-27.6+2.1 99.8+1.0 0.000475
9 Zeolite 0.377 0.5 mM CaCl, 0.4 59 9.7 -268+19 106.5+1.0 0.000507
10 Zeolite 0.388 0.5 mM BaCl, 0.4 59 85 -225+19 112.9+0.5 0.000538
11 Zeolite 0.368 1 mM NaCl 0.4 7.0 8.8 —-479+13 99.1+0.7 0.000472
12 Zeolite 0.353 1 mM NaCl 0.4 9.0 8.6 —-521+15 100.6+0.4 0.000479

Values following the sign (+) indicate the standard deviation obtained from conducting two replicates

*The mean value of the hydrodynamic diameter of PS-NPs

“The ratio of the average size of aggregated PS-NPs to the average diameter of zeolite can be expressed as dy/d,
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deionized water at a rate of 1.0 mL/h; after saturation, the
zeolite was equilibrated by 180 mL background electrolyte
solution under a flow speed of 6.0 mL/h. Then, 100 mL of
PS-NPs solution stored in the syringe was introduced into
the column via pumping, followed by the background elec-
trolyte solution at the preset flow rate. An automatic fraction
sampler (Huxi Instrument BSZ-40, China) was applied to
collect the effluent solution from the column’s outlet at fixed
time intervals of 20 min. The UV absorbance of PS-NPs was
measured via a UV-vis spectrophotometer (Metash Instru-
ment, China) at 220 nm. The concentration of PS-NPs was
determined using a calibration curve established prior to the
experiments (see Figure S5). The column experiments were
performed twice to ensure data reliability. In addition, the
porosity and dead volume of the column were calculated by
inversely fitting the breakthrough curves (BTCs) of KBr,
which was used as a conservative tracer (refer to Figure S6).
Table 1 outlines the specific protocol for the column experi-
ments. The calculation of energy profiles between particles
and collectors was based on the application of the DLVO
theory, and the detailed equations for this calculation can
be found in the supplementary material.

Results and Discussion

Effects of Flow Rate on the Transport of PS-NPs
in Saturated Zeolite

Figure 1 shows a positive correlation between the flow rate
of pore water and the mobility of PS-NPs within the zeolite
column. At a flow rate of 0.2 mL/h, PS-NP retention was
maximized, with (C/C),,,,, reaching 63.4% at approximately
10 pore volumes (PV).With increasing flow rate, the mobil-
ity of PS-NPs gradually increased. At the highest flow rate of
0.6 mL/h, (C/C),,« reached 81.2% after approximately 10
pore volumes (PV). Although previous studies have shown

that increased flow velocities generally enhance the trans-
port of other nanoparticles (Liang et al. 2013; Sharma et al.
2014), our results also indicate that pore water flow rate
is a critical factor influencing the movement of PS-NPs in
saturated zeolite. As the flow rate increases, the particle-
collector contact efficiency decreases due to the heightened
shear forces acting on the particles at higher flow veloci-
ties (Braun et al. 2015). This phenomenon may explain why
particle mobility is limited at lower flow velocities. Fur-
thermore, increasing pore-scale flow velocities also can lead
to a remobilization of deposited PS-NPs in porous media
(Sasidharan et al. 2014). The higher the flow rate, the more
easily the retained nanoparticles will detach from the surface
of zeolite minerals due to the higher hydrodynamic forces
acting on the particles (Wang et al. 2016). Similar to the
research conducted by Lu et al. (2021a), which showed that
more PS-NPs were trapped inside kaolinite, SEM images
also suggest that the rough surface of zeolite may retain a
greater number of PS-NPs, particularly at lower flow rates.

Effects of lonic Strength on the Transport of PS-NPs
in Saturated Zeolite

Figure 2a illustrates that the breakthrough capability of
PS-NPs in the zeolite-packed columns decreased as ionic
strength (IS) increased. The (C/Cy),,.x Was found to be
73.7% at an ionic strength of 1 mM, 34.9% at 5 mM, and
6.8% at 10 mM.

The interaction energies between the mineral surface and
the PS-NPs played a key role in determining the deposi-
tion behavior of the PS-NPs (see Fig. 2b). Compared to 1
and 5 mM NaCl, the calculated interaction energies (e.g.,
the height of energy barriers (®,,,,) and depth of secondary
wells (@) were the lowest for 10 mM NaCl. This suggests
that the PS-NPs could readily surpass the energy barrier
and adhere to the zeolite surface. Hence, the increasing IS
results in a corresponding increase in the PS-NPs deposition.

Fig. 1 Effects of flow rate (0.2, 1.2
0.4, and 0.6 mL/min) on the
transport of PS-NPs in saturated 1.0 |

zeolite at a pH of 5.9 and an

ionic strength of 1 mM NaCl
0.8 1

0.6

c/c

0.4 -

0.2 1

——0O—— 0.2 mL/min
—-='— 0.4 mL/min
——{+—— 0.6 mL/min

0.0 -
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Fig. 2 Effects of ionic strengths (1, 5, and 10 mM NaCl) on the transport of PS-NPs in saturated zeolite at a pH of 5.9 and a flow rate of 0.4 mL/
min: a breakthrough curves and b calculated DLVO interaction energy profiles

Furthermore, the point of zero charge of zeolite was esti-
mated to be around pH 6.5 (Kragovic et al. 2012). The
amphoteric sites on the surfaces of zeolite exhibited posi-
tive charges at a pH of 5.9, thereby creating more additional
sites for PS-NPs deposition. As ionic strength increases, the
concentration of ions rises, significantly altering the electro-
static environment around the PS-NPs and zeolite surfaces.
At low ionic strengths (e.g., | mM NaCl), the electrostatic
double layers surrounding the PS-NPs and zeolite are rela-
tively thick, due to the limited number of ions available to
disrupt the electric fields generated by surface charges (Miao
et al. 2019; Shang et al. 2021). This results in strong electro-
static repulsion between the PS-NPs and zeolite, inhibiting
deposition. As the ionic strength increases to 5 mM NaCl,
more ions penetrate the double layer, partially neutralizing
the surface charges and compressing the electrostatic dou-
ble layer, which reduces the separation between particles
and surfaces and increases the likelihood of interaction. At
10 mM NaCl, the double layer is further compressed, and
the charges on both PS-NPs and zeolite are nearly neutral-
ized by the excess ions, drastically reducing repulsion and
facilitating deposition (Cai et al. 2018; Wu et al. 2020).
These results are consistent with previous findings by Mit-
zel et al. (2016) and Quevedo and Tufenkji (2012). The
PS-NP particles had an average hydrodynamic diameter of
approximately 100 nm at 1 mM, 5 mM, and 10 mM NaCl,
respectively. Consequently, the dp/dc values presented in
Table 1 were significantly lower than the critical threshold
of 0.002, indicating that physical straining is unlikely to be
a significant mechanism for retention. Under natural condi-
tions, variations in ionic strength could significantly affect

the behavior of NPs. In groundwater systems, ionic strength
can fluctuate due to geological factors, seasonal variations in
rainfall, and anthropogenic activities. The findings from this
study are essential for assessing potential ecological impacts
and developing strategies to mitigate adverse effects on eco-
systems (Fang and Nakagawa 2021; Liu et al. 2024).

Effects of Different Cations on the Transport
of PS-NPs in Saturated Zeolite

Results for the column experiments using different cation
species are presented in Fig. 3a. In general, the mobility of
PS-NPs was observed to decrease in the following order for
cations: Na*>K*> Cs*; Mg?*> Ca®* > Ba®*.

Na* had a only a small impact on PS-NP mobility, as
indicated by a (C/Cy),,.x of approximately 73.8%. In con-
trast, the presence of Cs* significantly decreased the PS-NPs
mobility, with a (C/Cy),,,, of around 59.7% at 10 PV. For K,
(C/Cp)max Of 67.4% was located between the corresponding
ratios observed in the experiments using Na* and Cs®. This
observation can be explained using the DLVO theory, which
shows that the maximum energy barrier height in Fig. 3b
followed a decreasing order: Na* (154.5 KgT) > K" (148.2
KgT)>Cs* (134.0 KgT). When Na® is the background cat-
ion, the energy barrier is highest, making the deposition pro-
cess relatively more difficult compared to situations where
K* or Cs" serves as the background cation. Interestingly,
the decreasing energy barrier with increasing ionic radius
and atomic number aligns with the Hofmeister series. For
Cs" it was shown that they can act as bridging ions connect-
ing graphene oxide to the grains of porous media Xia et al.

@ Springer
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Fig. 3 Effects of cation species (NaCl, KCl, and CsCI; MgCl,, CaCl, and BaCl,) on the transport of PS-NPs in saturated zeolite at a pH of 5.9
and a flow rate of 0.4 mL/min: a, ¢ breakthrough curves and b, d calculated DLVO interaction energy profiles

(2015). However, this bridging function was not observed
for Na*™ and K*. Thus, the increased retention of PS-NPs in
the zeolite-packed column in the presence of Cs* may be
attributed to the bridging effect of Cs* ions, which connect
the carboxyl groups on the PS-NPs to the zeolite surface.
The binding efficiency of PS-NPs to zeolite surfaces, influ-
enced by steric hindrance, is governed by the size of the
hydrated cationic radius. This indicates that the accumula-
tion of larger hydrated ions can hinder the ability of PS-NPs
to attach to or adsorb onto the zeolite surface (Nightingale Jr,
1959). Table S2 showed that the monovalent cations had dif-
ferent hydrated radii, with Nat having the largest, followed

@ Springer

by K* and Cs*. This suggests that Cs* experienced the least
steric hindrance, while Na* encountered the greatest steric
hindrance. As a result, the column containing Cs* resulted
in the highest deposition of PS-NPs.

To further validate the Hofmeister effects, additional
experiments were conducted to measure how the transport
of PS-NPs within zeolite was influenced by divalent cati-
ons (see Fig. 3c). Maximum C/C,, ratios were ~76.1% for
Mg?* followed by Ca>* with~73.6% and Ba** with ~68.9%.
Based on DLVO calculations, the energy profile under the
condition of Ba*"showed that ®__ was the lowest and ®

max sec

was the shallowest (see Fig. 3d). In this context, PS-NPs
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of 0.4 mL/min.: a breakthrough curves and b calculated DLVO interaction energy profiles

demonstrate an increased ability to overcome energy barri-
ers, facilitating their deposition onto the surface of the zeo-
lite. Additionally, compared to Ca** or Mg>*, Ba®* shows a
stronger affinity for forming inner-sphere complexes with
the oxygen-containing functional groups on the surfaces of
both PS-NPs and zeolite, making it a more effective bridging
agent. On the contrary, Ca’* and Mg?* have a tendency to
create outer-sphere complexes and therefore exhibit weaker
binding to solid surfaces. Analogous conclusions also have
been demonstrated by Xia et al. (2017).

Effects of pH on the Transport of PS-NPs
in the Saturated Zeolite

The transport of PS-NPs in the zeolite was noticeably influ-
enced by the pH of the solution, as depicted in Fig. 4a. An
increase in pH was found to enhance the PS-NPs mobility
in the saturated zeolite. For example, PS-NPs were retained
to a significant degree, with a (C/C,),,. of approximately
71.4% at the pH value of 5.9. As the pH increased, the
mobility of PS-NPs increased progressively. As an exam-
ple, the (C/Cy),,.x reached 79.3% and 83.2% at pH 7.0 and
9.0, respectively.

The following aspects can explain this phenomenon. The
PS-NPs migration depends on the variable charges of the
zeolite surface, which are pH-dependent. Considering the
pH py of zeolite, which was identified to lie around pH 6.5,
the variable charges were positive at pH 5.9. In contrast, they
were negative at pH 7.0 and 9.0. Therefore, at a pH of 5.9,

there was a more significant electrostatic attraction between
the positively charged edge sites on zeolite and the nega-
tively charged PS-NPs. Furthermore, when the pH levels
increased, the absolute values of the zeta potential for both
zeolite and PS-NPs also increased. This suggests that as the
pH levels rose, it became more difficult for the PS-NPs to
deposit onto the zeolite. This information can be found in
Table 1 and Table S1. The conclusion is also supported by
the DLVO calculation results (as shown in Fig. 4b).

Conclusions

This study demonstrated the impact of zeolite on the trans-
port of polystyrene nanoplastics (PS-NPs) under various
solution chemistry conditions and flow rates. The migra-
tion of PS-NPs within zeolites was significantly influenced
by factors such as flow rate, ionic strength, cation species,
and pH. Notably, increased flow rates enhanced PS-NP
mobility within the zeolite matrix by reducing particle-
collector contact efficiency and amplifying hydrodynamic
forces, which facilitated the detachment of nanoparticles
from the zeolite surface. As ionic strength increased,
the breakthrough capability of PS-NPs decreased, while
deposition onto the zeolite surface intensified. This phe-
nomenon was linked to changes in the interaction energies
between the mineral surface and PS-NPs, with higher ionic
strengths helping to overcome energy barriers and promot-
ing adhesion to the surface. In terms of cation impact,
monovalent cations exhibited a trend of Na* > K" > Cs”,
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while divalent cations followed Mg?* > Ca** > Ba**. These
differences were explained using DLVO theory, which
considers factors such as energy barrier heights, steric hin-
drance, and bridging effects. Additionally, increased pH
levels enhanced PS-NP mobility in the saturated zeolite,
attributed to pH-dependent variable charges on the zeolite
surface. Lower pH levels induced positive charges that
attracted PS-NPs, while higher pH levels reduced deposi-
tion due to negative charges. These insights significantly
advance our understanding of nanoplastic behavior in the
natural environment.
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