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ARTICLE INFO ABSTRACT

Edited by: Professor Bing Yan The widespread utilization of plastic products ineluctably leads to the ubiquity of nanoplastics (NPs), causing
potential risks for aquatic environments. Interactions of NPs with mineral surfaces may affect NPs transport, fate

Keywords: and ecotoxicity. This study aims to investigate systematically the deposition and aggregation behaviors of

Clay minerals

Carboxylated polystyrene nanoplastics
Ca®*-assisted bridging

Deposition

Electrostatic interactions

carboxylated polystyrene nanoplastics (COOH-PSNPs) by four types of clay minerals (illite, kaolinite, Na-
montmorillonite, and Ca-montmorillonite) under various solution chemistry conditions (pH, temperature,
ionic strength and type). Results demonstrate that the deposition process was dominated by electrostatic in-
teractions. Divalent cations (i.e., Ca®*, Mg2+, Cd?**, or Pb*") were more efficient for screening surface negative
charges and compressing the electrical double layer (EDL). Hence, there were significant increases in deposition
rates of COOH-PSNPs with clay minerals in suspension containing divalent cations, whereas only slight increases
in deposition rates of COOH-PSNPs were observed in monovalent cations (Na®, K™). Negligible deposition
occurred in the presence of anions (F~, Cl°, NOs’, CO%’, SOAZC, or PO?(). Divalent Ca** could incrementally
facilitate the deposition of COOH-PSNPs through Ca?*-assisted bridging with increasing CaCl, concentrations
(0-100 mM). The weakened deposition of COOH-PSNPs with increasing pH (2.0-10.0) was primarily attributed
to the reduce in positive charge density at the edges of clay minerals. In suspensions containing 2 mM CaCly,
increased Na* ionic strength (0-100 mM) and temperature (15-55 °C) also favored the deposition of COOH-
PSNPs. The ability of COOH-PSNPs deposited by four types of clay minerals followed the sequence of
kaolinite > Na-montmorillonite > Ca-montmorillonite > illite, which was related to their structural and surface
charge properties. This study revealed the deposition behaviors and mechanisms between NPs and clay minerals
under environmentally representative conditions, which provided novel insights into the transport and fate of
NPs in natural aquatic environments.

1. Introduction 2023; Geyer et al., 2017). These plastic wastes can be fragmented into
smaller particles such as microplastics (MPs, 1 pm-5 mm) or further into

Plastic products are extensively used in daily life due to their light nanoplastics (NPs, <1 pm) through the physical fragmentation, me-
weight, corrosion resistance, stable chemical properties and low price. chanical abrasion, chemical weathering, ultraviolet radiation, and the
Approximately 12 billion tons of plastic waste will accumulate in the biological degradation, leading to the ubiquitousness of MPs and NPs in
natural environment by 2050 due to the mismanagement (Chang et al., aquatic and soil environments (Vu et al., 2023; Yu et al., 2021; Zhang
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et al., 2023). Unlike bulk plastics, owing to their unique surface prop-
erties (i.e., high specific surface area and surface reactivity, abundant
surface functional groups, as well as adsorption sites), NPs are prone to
the adsorb and enrich the heavy metals, pathogenic microorganisms and
organic contaminants, thereby affecting their migration, fate, bioavail-
ability, reactivity and ecotoxicity in the ecosystem (Sun et al., 2021).
The nanoscale size enables NPs to be easily ingested by the organisms
and can even penetrate cell membranes, directly producing negative
effects on specific cells, tissues, and organs (Ling et al., 2021). NPs could
be accumulated by the marine and the freshwater organisms, ultimately
affecting human health through the food chain (Yang et al., 2022).
Nowadays, NPs have received considerable attention as an emerging
contaminant for the hazardous effects on ecosystems (Ding et al., 2022;
Zhang et al., 2023). Therefore, investigating the environmental behav-
iour of NPs is fundamental to evaluate their potential risks to human
health.

Once discharged into aqueous environments, most NPs continue to
undergo aging, transport, aggregation, and deposition, which inevitably
affect their environmental fate and subsequent ecological risks. Aging
processes, including the ultraviolet radiation, physical abrasion, chem-
ical oxidation, and/or biodegradation, will alter the surface morphology
and physicochemical properties of NPs (e.g., increasing surface rough-
ness, oxygen-containing groups and negative surface charges), resulting
in increased specific surface area, hydrophilicity, and adsorption ability
for harmful contaminants (Li et al., 2022; Zhang et al., 2022). The
transport and deposition behaviors of NPs in aquatic and soil environ-
ments can be affected by multiple factors, such as the physicochemical
properties of NPs, the environmental factors, and the coexisting min-
erals. Previous studies have shown that natural minerals with large
surface areas and functional groups were important components of
sediments and soils, and had a high affinity for NPs (Lu et al., 2021). The
interactions between NPs and minerals through electrostatic and/or
hydrophobic interactions, ligand exchange-surface complexation,
hydrogen bonding, van der Waals forces, bridging, and steric forces,
have been found to be important mechanisms in governing the transport
and deposition behaviors of NPs in aqueous environments as well as the
ecotoxicity associated with various contaminants (Xia et al., 2021; Xie
et al., 2023; Yang et al., 2022). Hence, understanding the deposition
behaviors and corresponding mechanisms of aged NPs with minerals in
natural aqueous environments is significant for assessing the ecological
and human risks.

As a class of hydrated phyllosilicates, clay minerals are the most
important and ubiquitous natural minerals in soils and aquifer sedi-
ments that inevitably interact with NPs and affect the environmental
behaviors. Clay minerals are typically characterized by permanent and
variable charge components. Variable charge components are suscepti-
ble to pH changes (Lu et al., 2021; Vu et al., 2023). The surface charge of
2:1 layer structure clay minerals (e.g., montmorillonite and illite) is
dominated by permanent negative charges, whereas it is mainly gov-
erned by variable charges for 1:1 layer structure clay minerals (e.g.,
kaolinite) (Bergaya et al., 2006; Lu et al., 2021). Despite interactions
(association) between plastic particles and minerals that have been re-
ported, most of the previous studies have solely explored scenarios
where heterogeneous aggregation occurs between large-sized MPs and a
single clay mineral (Chang et al., 2023). Different types of clay minerals
have different physicochemical properties, and may have markedly
contrasting effects on the transport and deposition behaviors of NPs (Lu
et al., 2016). Our previous research gained some fundamental under-
standing of the interaction mechanisms between NPs and clay minerals
(Nie et al., 2023; Zeng et al., 2023). Notwithstanding, these chemical
conditions do not represent the natural water composition, where the
salinity (ionic strength of Na™) or hardness (concentration of Ca®** or
Mg®") may have an interactive effect on the transport and deposition
behaviors of NPs (Ling et al., 2021). Existing studies have shown that the
transport of carboxylated NPs may be suppressed in subsurface envi-
ronments because divalent cations can bind to the negatively charged
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sites on the clay mineral’s surface through electrostatic attraction,
promoting the retention of NPs on the surface (Torkzaban et al., 2012;
Wang et al., 2020). To date, available data (or studies/publications)
investigated related to the interactions between clay minerals and NPs
under environmentally relevant concentrations of divalent electrolytes
(e.g., Ca®" or Mg®") remain scarce. In addition, ambient temperature
varies with the season, the longitude and latitude, and the depth of the
underground, but there are still limited researches on the
temperature-dependent deposition of NPs (Singh et al., 2019). There-
upon, more detailed investigations are desired to understand funda-
mentally the effects of hydrochemical factors and clay mineral types on
the deposition behaviors of aged NPs in environmentally relevant
conditions.

Herein, carboxylated polystyrene nanoplastics (COOH-PSNPs) with a
particle size of about 300 nm in diameter were employed as represen-
tative aged NPs, which have been widely used as surrogates of NPs in
previous scientific studies (Nie et al., 2023; Yu et al., 2021). Illite,
kaolinite and montmorillonite (Na-montmorillonite and
Ca-montmorillonite), represented the most abundant clay minerals in
soils and sediments (Ding et al., 2022; Wu et al., 2023), were thus
selected as representative natural clay minerals. The impacts of various
solution hydrochemical conditions (pH, temperature, ionic strength and
type) on the deposition behavior of COOH-PSNPs by four types of clay
minerals in the presence or absence of divalent background electrolytes
(CaCly) were systematically examined to identify the prevailing factor
and further elucidate the interaction mechanism between COOH-PSNPs
and clay minerals.

2. Materials and methods
2.1. Nanoplastics and minerals

Carboxylated polystyrene nanoplastics (COOH-PSNPs, 2.5 % w/v,
5 mL) with an average diameter of 300 nm were procured from Shanghai
Aladdin Biochemical Technology Co., Ltd. The commercial plastic sus-
pensions were diluted to 125 mg/L with deionized water and used as a
stock solution for subsequent experiments. Four types of clay minerals
(illite, kaolinite, Na-montmorillonite, and Ca-montmorillonite) with
micrometer sizes were purchased from Hunan Guzhang Shanlin Shiyu
Mineral Co., Ltd. Other chemicals were of analytical reagent grade. All
experimental solutions were prepared with ultrapure water.

2.2. Characterization

The morphology of the samples was characterized by scanning
electron microscopy (SEM, Scios, FEIL, US). The zeta potentials of clay
minerals and COOH-PSNPs and the hydrodynamic diameters (Dy) of
COOH-PSNPs were determined with a high-sensitivity zeta potential and
particle size analyzer (Omni, Brookhaven Instruments, USA). All mea-
surements were executed in triplicate and averaged. The attenuated
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR,
Vertex 70 spectrometer, BRUKER OPTICS, US) was employed to explore
the changes in surface functional groups of the samples under different
hydrochemical conditions in the wavelength range 4000-400 cm ™!, and
the ATR-FTIR scan time of the samples was maintained at 32 scans. The
characterization results of clay minerals and COOH-PSNPs are presented
in Supplementary Information.

2.3. Deposition experiments of COOH-PSNPs with clay minerals

For a typical deposition experiment, 0.01 g of clay minerals and
100 mL of 20 mg/L COOH-PSNPs suspension were added to a 250 mL
conical flask. The suspension concentration of COOH-PSNPs in prior
studies was generally set at 20 mg/L (Li et al., 2022; Nie et al., 2023; Xie
et al., 2023). The effects of pH, ionic strength, ionic type, temperature
and CaCly concentrations on the deposition of COOH-PSNPs with clay
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minerals were studied by batch experiments. Various anions and cations
exist universally in natural aquatic environments. In order to compre-
hensively understand the effects of ionic type on the deposition of
COOH-PSNPs with clay minerals, various representative cations (NacCl,
KCl, CaCly, MgCly, CdCly, or PbCly) or anions (NaCl, NaF, NayCOgs,
NaNOs, NaySO4, or NasPO,4) were added into the solution. The wide-
spread and substantial salinity and hardness in surface waters that might
alter the deposition behavior of COOH-PSNPs onto clay minerals should
not be negligible. The total hardness of water was dominated by Ca®*
and Mg?", with Ca?" being significantly more abundant than Mg?*,
accounting for almost 70 %. The average total hardness of fresh water
was approximately 2 mM (173-236.3 mg/L CaCOs) (Roberts and
Powell, 2003; Shariati-Rad and Heidari, 2021). The high deposition rate
of COOH-PSNPs and clay minerals in the presence of Ca>" was possibly
attributed to bridging effects in which divalent cations serve as a bridge
between the clay minerals and carboxyl functional groups on the
COOH-PSNPs (Ling et al., 2021; Torkzaban et al., 2012). For this aim,
the effect of CaCly concentration (0-100 mM) on the deposition of
COOH-PSNPs was investigated at initial pH 6.0 to confirm the role of
divalent cations in the deposition process. A background Ca" concen-
tration of 2 mM was selected to simulate natural waters for deposition
experiments. The influence of ionic types at the same level was
compared, and the concentration of various ions was also 2 mM, which
was commonly employed in previous studies (Dong et al., 2021; Tork-
zaban et al., 2012). HCl and NaOH solutions were applied to adjust the
initial suspension pH-value. To better simulate the natural aquatic
environmental conditions, a near-neutral pH of 6.0 was selected for
deposition experiments, except for the pH effect. The temperature of the
reaction solution was maintained at 25 °C throughout the experiment
period, except for the temperature effect. The mixtures were shaken in
an orbital incubator shaker (ZWYR-D2403, Zhicheng, China) at
200 rpm. At various time intervals (0, 10, 30, 60, 120, 180, 300,
480 min), 10 mL of mixed suspension was sampled and centrifuged at
8000 rpm for 5 min, and then 5 mL supernatant was carefully taken out
for subsequent analysis. Preliminary experiments showed that a reaction
time of 8 hours was sufficient to achieve equilibrium. A similar experi-
mental approach was applied to explore the influence of pH and tem-
perature on COOH-PSNPs deposition, in which the experiments were
performed at the initial solution pH-value range of 2.0-10.0 or at
various temperatures (15, 25, 35, 45, and 55 °C). The concentration of
COOH-PSNPs was determined at the maximum absorption wavelength
(234 nm) using an ultraviolet-visible spectrophotometer (UV-Vis,
Cary-300, Agilent, USA) (Nie et al., 2023; Xie et al., 2023; Zhang et al.,
2023). The ratio of suspended concentration (C) to initial concentration
(Co) of COOH-PSNPs was used to calculate the deposition extent of
COOH-PSNPs, and the normalized deposition curves were drawn by the
relationship between C/Cy and time (t). Each deposition experiment was
repeated twice for obtaining the standard deviation. Thereafter, the
solid samples were dried at 30 °C, and the morphology and surface
functional groups were further observed by SEM and ATR-FTIR.

3. Results
3.1. Effect of ionic type

Fig. 1 shows the deposition curves of COOH-PSNPs with clay min-
erals in the presence of various cations or anions at initial pH 6.0. Mixing
COOH-PSNPs with four types of the clay minerals showed that the
concentrations of COOH-PSNPs in the solutions were stable. With the
addition of NaCl, KCl, NaF, NayCO3, NaNOs, NajSO4, or NazPOy,
negligible deposition of COOH-PSNPs by the clay minerals was also
observed except for kaolinite. For kaolinite, adding 2 mM NaCl, KCl, and
NaNOs led to approximately 28.2 %, 25.4 %, and 28.1 % of COOH-
PSNPs deposited after 8 h, respectively. On the contrary, with the
addition of CaCly, MgCl,, CdCly, or PbCly, the concentrations of COOH-
PSNPs remaining in the suspensions decreased significantly with time,
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suggesting divalent cations (Ca?*, Mg?", Cd?*, and Pb?*) have signifi-
cant enhancement effects on the deposition of COOH-PSNPs with clay
minerals. The ability to enhance the deposition of COOH-PSNPs fol-
lowed the sequence of Pb?" > Cd?* =~ Mg?" > Ca?*. For instance, in the
presence of Ca®*, approximately 23.9 %, 97.0 %, 58.8 %, and 46.5 % of
COOH-PSNPs were deposited by illite, kaolinite, Na-montmorillonite,
and Ca-montmorillonite after 8 h, respectively. By adding Pb?*,
COOH-PSNPs were deposited completely by illite, kaolinite, and Na-
montmorillonite within 8 h, and approximately 85.2 % of COOH-
PSNPs deposited by Ca-montmorillonite after 8 h. To further evaluate
whether COOH-PSNPs deposited with clay minerals when COOH-PSNPs
and clay minerals were copresent in suspensions containing various
cations or anions, controlled experiments were conducted by mixing
COOH-PSNPs with 2 mM cations or anions. We have also found (data not
shown here) that the concentrations of COOH-PSNPs in solutions
remained unchanged after 8 h.

3.2. Effect of CaCly concentration

Fig. 2 shows that negligible deposition of COOH-PSNPs with clay
minerals was observed at CaCl, concentrations of 0-0.1 mM, and the
relative concentration (C/Cp) of COOH-PSNPs in the suspension after
8 h almost remained unchanged, except for kaolinite could deposit
38.7 % of COOH-PSNPs at 0.1 mM CaCl,. Clearly, the deposition rates of
COOH-PSNPs increased with CaCl, concentration from 2 to 100 mM,
indicating that the extent of COOH-PSNPs deposition exhibits a high
dependence on CaCly concentration. For instance, in the presence of
2 mM CaCl,, about 19.5 %, 98.1 %, 73.9 %, and 57.5 % of COOH-PSNPs
were deposited with illite, kaolinite, Na-montmorillonite, and Ca-
montmorillonite, respectively, after 8 h. When the CaCl, concentration
reached 100 mM, almost all the COOH-PSNPs were removed from the
suspension within just 1 h.

3.3. Effect of pH

The relative concentrations of COOH-PSNPs (C/Cy) remaining in the
suspension as a function of deposition time and initial pH in the presence
or absence of CaCl, indicated that pH had a significant effect on the
deposition behavior of COOH-PSNPs. In the suspension without CaCly
(Fig. 3a, ¢, e, and g), when the initial pH-value increased from 2.0 to
10.0, the deposition rates of COOH-PSNPs declined from 70.5 %,
99.4 %, 79.7 %, and 83.0 % to nearly zero after 8 h of interaction with
illite, kaolinite, Na-montmorillonite, and Ca-montmorillonite, respec-
tively. COOH-PSNPs deposited only slightly with clay minerals in the pH
range of 6.0-10.0, but began to be significantly deposited at acidic pH
2.0, indicating that the occurrence of deposition was highly dependent
on pH. Interestingly, the deposition of COOH-PSNPs with clay minerals
at pH ranging from 6.0 to 10.0 was remarkable for the suspensions
containing 2 mM CaCl,. Even when increasing the pH to 10.0 (Fig. 3b, d,
f, and h), approximately 25.7 %, 84.7 %, 49.7 % and 45.0 % of COOH-
PSNPs were deposited after mixing with illite, kaolinite, Na-
montmorillonite, and Ca-montmorillonite for 8 h, respectively. Such a
phenomenon again illustrates that Ca>" plays a crucial role in control-
ling the deposition behavior of COOH-PSNPs. Based on the observations
in Fig. 3, it was theoretically inferred that divalent cations and lower
pHs could promote the deposition of COOH-PSNPs by increasing their
affinity for clay minerals.

3.4. Effect of ionic strength

The effect of NaCl concentration (0-100 mM) on the deposition of
COOH-PSNPs was examined at initial pH 6.0 and 2 mM CaCl, (Fig. 4).
With the addition of 1 mM NacCl, the deposition curves of COOH-PSNPs
almost overlapped with those of 0 mM NaCl. The deposition rates of
COOH-PSNPs with clay minerals increased with increasing NaCl con-
centrations. As the NaCl concentration was 10 mM, deposition rates of
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Fig. 1. Deposition curves of COOH-PSNPs with clay minerals in the presence of 2 mM various cations or anions at pH 6.0: (a, b) illite; (c, d) kaolinite; (e, f) Na-

montmorillonite; (g, h) Ca-montmorillonite.
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Fig. 2. Deposition curves of COOH-PSNPs with clay minerals at different CaCl, concentrations at pH 6.0: (a) Illite; (b) kaolinite; (c) Na-montmorillonite; (d) Ca-

montmorillonite.

COOH-PSNPs with illite, kaolinite, Na-montmorillonite, and Ca-
montmorillonite were approximately 34.8 %, 94.7 %, 57.7 %, and
46.4 %, respectively, after stirring for 8 h. At a concentration of 100 mM
NaCl, approximately 57.1 %, 96.0 %, 73.2 %, and 73.0 % of COOH-
PSNPs were deposited after 8 h in illite, kaolinite, Na-montmorillonite,
and Ca-montmorillonite, respectively.

3.5. Effect of temperature

Fig. 5 presents the temperature-dependence experiments of COOH-
PSNPs deposition performed at different temperatures with the initial
pH 6.0 and 2 mM CaCl,. With increasing temperatures from 15 to 55 °C,
the deposition rates of COOH-PSNPs after 8 h of interaction with illite,
kaolinite, Na-montmorillonite, and Ca-montmorillonite increased from
19.5% to 54.8%, 90.8-98.4 %, 40.0-89.0%, and 39.5-80.5 %,
respectively, indicating that higher temperatures facilitate the
deposition.

4. Discussion
4.1. Influence of solution chemistry
4.1.1. Deposition mechanisms of cation-dependence

This study clearly demonstrated that electrostatic interactions
dominated the interactions between COOH-PSNPs and clay mineral

surfaces. The addition of 2 mM cations or anions alone could not cause
the deposition of COOH-PSNPs. Therefore, the decrease in concentra-
tions of COOH-PSNPs in solutions containing various cations or anions
coexisting with clay minerals should undoubtedly be attributed to the
deposition of COOH-PSNPs on clay minerals. In the suspensions without
any cations or anions, the zeta potentials of illite, kaolinite, Na-
montmorillonite, Ca-montmorillonite, and COOH-PSNPs were all
negative at pH 6.0, leading to strong repulsive electrostatic forces and
high energy barriers between highly negatively charged clay minerals
and COOH-PSNPs, thus preventing the deposition of COOH-PSNPs
(Fig. 6, Table S2). According to Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, cations with the same valence should exhibit similar
effects towards neutralizing surface negative charges (Li and Kobayashi,
2021). Monovalent cations (e.g., Na®, K™) compress EDL only to a
certain extent. Divalent cations have a higher positive charge density to
dramatically screen surface negative charges and compress EDL, leading
to the electrostatic repulsive force and interaction energy barrier be-
tween clay minerals and COOH-PSNPs decreasing more than that of
monovalent ions, as indicated by a significant decrease in their zeta
potentials with increasing cation valence (Fig. 6a). Whereas anions will
be repelled by negatively charged surfaces via electrostatic repulsion,
which has a negligible effect on the surface charge of the negatively
charged COOH-PSNPs and clay minerals (Fig. 6b). Therefore, divalent
cations exhibited higher enhancement effects on the deposition extent of
COOH-PSNPs than anions and monovalent cations. With the addition of
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Fig. 3. Deposition curves of COOH-PSNPs with clay minerals at different pHs in the absence (a, c, e, and g) and presence (b, d, f, and h) of 2 mM CaCl,: (a, b) illite; (c,
d) kaolinite; (e, f) Na-montmorillonite; (g, h) Ca-montmorillonite.
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Fig. 4. Deposition curves of COOH-PSNPs with clay minerals at different ionic strengths in the presence of 2 mM CaCl, and at pH 6.0: (a) illite; (b) kaolinite; (c) Na-

montmorillonite; (d) Ca-montmorillonite.

Cd?*, Mg?*, and Ca?*, the zeta potentials of both COOH-PSNPs and clay
minerals were maintained at similar values. More interestingly, in the
presence of Pb%t, the zeta potentials of illite, kaolinite,
Na-montmorillonite, Ca-montmorillonite, and COOH-PSNPs at pH 6.0
were 31.6, 45.4, 23.2, 35.6, and 10.7 mV, respectively, suggesting that
Pb%" exhibits stronger capacities to penetrate the EDL to neutralize
surface negative charges of both COOH-PSNPs and clay minerals more
effectively, and even cause their potential reversal from negative to
positive. Owing to its lower hydration layers, Pb%* has a significantly
stronger affinity for clay minerals and COOH-PSNPs than Cd>*, Mg?*,
and Ca?*. Cd?*, Mg?*, and Ca?t were adsorbed onto clay mineral sur-
faces mainly via electrostatic interaction, outer-sphere surface
complexation, or cation exchange reactions. Pb%* could also be specif-
ically adsorbed by clay minerals through surface complexation (inner--
sphere complexes) or surface precipitation, and form strong covalent
bonds to form stable complexes with COOH-PSNPs and both edge and
planar sites on the clay mineral surface, which are more thermody-
namically stable than non-specific interactions (Bergaya et al., 2006;
Hizal and Apak, 2006). In the presence of the same cations except for
Pb%*, kaolinite showed the highest enhancement effect on COOH-PSNPs
deposition, followed by montmorillonite and illite, suggesting that
kaolinite has the greatest inhibitory effect on the mobility of
COOH-PSNPs. SEM images of clay minerals mixed with COOH-PSNPs
after 8 h in the presence of various cations at 2 mM are shown in
Fig. S4. Only a few particles can be observed on the surface of various

clay minerals with the addition of Na* and K'. Clearly, numerous
COOH-PSNPs particles attached to four clay mineral surfaces can be
observed by adding various divalent cations, indicating the formation of
COOH-PSNPs-clay mineral heteroaggregates, which was a predominant
contributor to the increased deposition as well as decreased mobility of
COOH-PSNPs.

Fig. S5 illustrates the variations of zeta potentials of COOH-PSNPs
and clay minerals as a function of CaCl, concentration at pH 6.0. As
shown, increasing CaCl, concentration from 0 to 0.01 mM led to the zeta
potentials of COOH-PSNPs, illite, kaolinite, Na-montmorillonite and Ca-
montmorillonite became less negative from —47.0 to —38.8, —40.7 to
—29.3, —30.3 to —16.0, —35.7 to —25.8, and —27.0 to —17.7 mV,
respectively. This may be attributed to an increase in ionic strength that
screens the surface negative charges of COOH-PSNPs and clay minerals,
implying that the electrostatic repulsion between them was weakened.
The number of COOH-PSNPs on the clay minerals surface gradually
increased with increasing CaCl, concentration.

Dynamic light scattering and homoaggregation experiments were
also performed to exclude the effect of COOH-PSNPs homoaggregation
on the deposition process. Figs. S1 and S2 showed that COOH-PSNPs
exhibited little change in homoaggregation rates (<20 %) and Dy
values (304.1 + 5.3 nm) over a period of 8 h in the CaCl, concentrations
ranging from O to 5 mM. When the concentration of CaCl, reached
10 mM, the Dy of COOH-PSNPs increased to ~330 nm after 8 h, and the
homoaggregation rate of COOH-PSNPs reached 43.9 %. Almost all the
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Fig. 5. Deposition curves of COOH-PSNPs with clay minerals at various temperatures in the presence of 2 mM CaCl, at pH 6.0: (a) illite; (b) kaolinite; (c¢) Na-

montmorillonite; (d) Ca-montmorillonite.
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Fig. 6. Zeta potentials of clay minerals and COOH-PSNPs under the influence of 2 mM various ions at pH 6.0: (a) cations; (b) anions.

COOH-PSNPs aggregated at 100 mM CaCly and rapidly formed large
agglomerates (up to ~3000 nm). That was consistent with previous
findings that high ionic strengths lead to a decrease in the stability of
nanoparticle suspensions (Dong et al., 2019; Torkzaban et al., 2012).
Such results implied that the deposition of COOH-PSNPs at <5 mM
CaCly should not be caused by homoaggregation, but by hetero-
aggregation between COOH-PSNPs and clay minerals with the

assistance of cation bridging.

The ATR-FTIR results of four clay minerals before and after the
deposition experiments in the presence of different CaCl, concentrations
are shown in Figs. 7a—d and S6. For COOH-PSNPs, the absorption peaks
at 538, 699, 760, 1198 and 2923 cm~! were attributed to C—H bending
vibration, the peaks at 1452, 1492 and 1600 cm ™! were ascribed to
aromatic structures, and the peak at 1730 cm™! belonged to the
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O—C=0 stretching vibration of the carboxyl groups (Xie et al., 2023).
Clay minerals (illite, kaolinite, = Na-montmorillonite, and
Ca-montmorillonite) are mainly composed of Si—O—Si and Al-OH
bonds, corresponding to absorption peaks around 1110-1114,
3620-3688, 906-974, 690-791, and 427-529 em™! (Vu et al., 2023).
For illite, the absorption peaks at 1627 and 3620 cm ™! were assigned to
the O—H stretching vibration and H-O—H bending vibration, respec-
tively. For kaolinite, the peaks at 3619, 3652 and 3688 cm™' were
ascribed to the vibration of O—H, while 1629 and 3374 em ! were the
vibration peaks of adsorbed water (H—O—H). For Na-montmorillonite
and Ca-montmorillonite, the peak at 3620 cm™! was ascribed to the
stretching vibration of the silanol group (Si—OH), whereas the peaks
around 1630 cm ™! and the board adsorption peak at 3380 cm™! were
attributed to the vibration of interlayer water molecules in the silicate
matrix and surface adsorbed water, respectively (Maged et al., 2020; Vu
etal., 2023; Zhang et al., 2022). The peak intensity of adsorbed water for
illite, kaolinite, Na-montmorillonite, and Ca-montmorillonite around
3382 and 1629 cm ™! gradually enhanced with increasing CaCl, con-
centration. Simultaneously, their Si—O and Si—O-Si peaks near
908 cm™! gradually weaken (Fig. S6). Cation could be adsorbed onto
clay minerals by cation exchange or by the formation of inner- or
outer-sphere complexes through Si—O and Al-O groups, etc. Specif-
ically, the strong hydration of Ca>* and water molecules attenuated the
stretching vibrations of Si—O and Si—O—Si, indicating significant Ca"
adsorption on the surface of clay minerals that is positively correlated
with CaCly concentration (Bergaya et al., 2006; Briao et al., 2021). As
mentioned above, the deposition behavior of clay minerals and
COOH-PSNPs in the presence of Pb* differs from that of Ca%*. Thus, a
parallel comparison with Pb?* validates that the peaks of adsorbed
water on the mineral surface can be used as evidence for the interaction
of Ca%t with clay minerals (Figs. S7 and S8). All the positions of clay
minerals adsorption peaks did not shift significantly after interaction
with COOH-PSNPs (Fig. 7a-d). The characteristic absorption peaks of
COOH-PSNPs were apparently observed at CaCl, concentrations of 5,
0.1, 1, and 1 mM for illite, kaolinite, Na-montmorillonite, and
Ca-montmorillonite, respectively, which verified the aforementioned
results (Fig. 2). The intensities of characteristic peaks associated with
COOH-PSNPs gradually increased with CaCl, concentration, whereas
the peak intensity of H—O—H decreased, indicating that more
COOH-PSNPs were adsorbed by clay minerals at higher concentrations
of CaCly. Ca?" with a small hydration radius is sufficient for the for-
mation of an inner-sphere complex with COOH-PSNPs, which can pro-
vide abundant binding sites due to the abundance of carboxyl groups
(Xia et al., 2021). Hence, the deposition of COOH-PSNPs with clay
minerals may occur through cation bridging. Fig. S9 shows the SEM
images of four clay minerals before and after being mingled with
COOH-PSNPs at different CaCl; concentrations, where the attachment of
COOH-PSNPs to the clay mineral surface is visible. Also, COOH-PSNPs
remain heteroagglomerated in a relatively monodisperse form at lower
CaCl; concentrations, whereas homoaggregation occurs at higher CaCl,
concentrations. This indicates that negligibly the deposition behavior of
COOH-PSNPs affected by homoaggregation at lower CaCly
concentrations.

As noted in previous studies, interlayer cation exchange and pro-
tonation or deprotonation of hydroxyl groups at the edge surfaces of clay
minerals can alter the pH of the suspension (Zeng et al., 2023). It
changes in the final pH during the deposition experiments in the absence
and presence of CaCl, were further compared, and the results are shown
in Table S1 and Fig. S3. The initial pH of COOH-PSNPs suspensions was
6.0. After mixing with illite, kaolinite, Na-montmorillonite and
Ca-montmorillonite, the final pH rose to 6.42, 6.84, 7.51 and 6.89 after
8 h, respectively. Intriguingly, the change in the final pH for the mixture
suspensions containing 2 mM CaCl, was not pronounced, especially for
that of Na-montmorillonite and Ca-montmorillonite. This may also be
related to their water absorption mechanisms mediated by Ca".

Under the same conditions, the highest rates of COOH-PSNPs
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deposited were observed on kaolinite, followed by Na-
montmorillonite, Ca-montmorillonite, illite. By combining all the re-
sults, the deposition mechanism of divalent cations dominated by
cation-bridging is again confirmed. In addition, the spillover of the
electric double layer of negatively charged basal plane surfaces (C¢) may
screen the coulombic attraction of the edges (Ce) to COOH-PSNPs at low
CaCl, concentrations, whereas the C¢ spillover effect will be weakened at
higher CaCl, concentrations, and thus heteroaggregation between
COOH-PSNPs and clay minerals may occur (Singh et al., 2019; Ye et al.,
2022).

In general, the absolute zeta potentials showed downward trends
with increasing ionic strength (Fei et al., 2022). However, the zeta po-
tentials of illite, kaolinite, Na-montmorillonite, Ca-montmorillonite, and
COOH-PSNPs became from —18.5 to —33.1, —8.1 to —23.1, —11.1 to
—31.4, —8.4 to —28.9, and —31.7 to —40.3 mV, respectively, with the
addition of NaCl from O to 100 mM in the presence of 2 mM CaCl,
(Fig. S10). This phenomenon could be accounted for by the enhanced
competitive effects of coexisting cations on the finite adsorption sites, as
well as the exchange of adsorbed Ca?" with high-concentration cations
(Gao et al., 2021). In the coexistence of CaCl,; and NaCl, the surface
adsorption of Ca®" was significantly higher than that of Na* when their
concentrations were not much different (Bergaya et al., 2006; Torkzaban
et al., 2012). The variation in zeta potentials was found to be minimal
for NaCl concentrations of 0-10 mM, thus the deposition behavior was
driven mainly by Ca®" bridging. At NaCl concentrations up to 100 mM,
the elevated ionic strength compressed the EDL and lowered the
repulsive energy barriers between interacting clay minerals and
COOH-PSNPs, resulting in the dominance of van der Waals interaction
(Ling et al., 2022; Wang et al., 2020). The Ca®* adsorbed on the surface
and interlayer, meanwhile, was gradually replaced by Na™ through the
cation exchange reaction. Nevertheless, the actual exchange of Na* with
Ca?* is less than 2:1, resulting in decreased positive charges on their
surfaces. This explains why more negative zeta potentials were observed
with the addition of NaCl in the present study. Furthermore, since the
total Ca®" concentration in the system is constant, thus implying an
increase in free Ca%* concentration in solution, the bridging effect may
be primarily implemented through this fraction of Ca®* outside the Stern
layer of EDL. The more Ca* is replaced by Na* inside the Stern layer of
EDL, the more significant the bridging effect and the faster the deposi-
tion rates. Also, COOH-PSNPs are more likely to form homoaggregates
under high ionic strength (Fei et al., 2022). Therefore, the deposition
rates of COOH-PSNPs increased with NaCl concentration due to the
combination effect of Ca®" bridging, van der Waals attraction, and EDL
compression.

4.1.2. Deposition mechanisms of pH-dependence

The influence of pH on the surface charges of clay minerals and
COOH-PSNPs was significant. As pH increased from 2.0 to 12.0, the zeta
potentials of illite, kaolinite, Na-montmorillonite, Ca-montmorillonite
and COOH-PSNPs became more negative from —32.8 to —47.9, 7.2 to
—48.8, —36.3 to —35.3, —27.7 to —31.8 and —40.8 to —74.2mV,
respectively (Fig. S11a). For both COOH-PSNPs and clay minerals, the
negative zeta potentials increase with pH, which was attributed to their
surface deprotonation as well as the increase of negative surface
charges, leading to more negative zeta potentials under alkaline condi-
tions (Ling et al., 2021), which increased the energy barriers and elec-
trostatic repulsion between particles and enhanced their stability,
preventing the occurrence of aggregation and deposition. Whereas the
addition of 2 mM CaCl, significantly reduces their zeta potentials over
the pH range we observed (Fig. S11b). The ATR-FTIR spectra of clay
minerals and COOH-PSNPs before and after deposition under different
pHs are illustrated in Figs. 7e-h and S12-14. Regardless of CaCly pres-
ence or not, the adsorption peaks in four clay minerals under different
pHs remained nearly unchanged (Figs. S12, S13). In the absence of
CaCly, COOH-PSNPs-associated characteristic peaks (699, 1452, 1492,
and 1730 cm™!) could only be observed at pH below 2.0, 4.0, 5.0, and



X. Lin et al.

5.0 on illite, kaolinite, Na-montmorillonite, and Ca-montmorillonite,
respectively (Fig. S14). In the presence of CaCl,, the characteristic ab-
sorption peaks of COOH-PSNPs were obviously observed on illite,
kaolinite, Na-montmorillonite and Ca-montmorillonite at pH 10.0, and
the peak intensities increased gradually with decreasing pH (Fig. 7e-h).
Clearly, the coexistence of Ca®" promotes the deposition of
COOH-PSNPs with clay minerals.

4.1.3. Deposition mechanisms of COOH-PSNPs with different types of clay
mineral

Clay minerals have various isomorphic substitutions, which create
permanent negative charged Cr (pH-independent charges) on the silica
basal planes and variable charged C. (pH-dependent charges) on the
edge surfaces. The charge type and density controlled by the protonation
and deprotonation of the amphoteric Si-OH and Al-OH groups at the
edges of different clay minerals are also different (Wu et al., 2023; Ye
et al., 2022). An excess of protons produces positive edge charges when
the pH is below the point of zero edge charge (pHpzc.edge), and the
density of positive charges increases with decreasing pH (Al-OH + H"
& Al-OH3). Therefore, heteroaggregation between negatively charged
COOH-PSNPs and positively charged edges of clay minerals may occur
at low pH. Negative charges are created by the dissociation of silanol
and aluminol groups (Al-OH + OH™ < AlO~, Si—-OH + OH™ & Si—07).
The pHpzc.edge Of aluminum and silanol groups at the edges of kaolinite,
montmorillonite and illite is close to 6.0-6.5, 6.5, and 2.5, respectively,
and thus both positively charged C and permanently negatively charged
Cgare present on kaolinite and montmorillonite surfaces at pH 6.0, while
both C¢and C. are negatively charged for illite at the same condition (Lu
etal., 2021, 2016). However, negligible deposition of COOH-PSNPs with
all clay minerals was observed without the addition of any cations. This
is because the negative EDL extending from the C¢ can spill over into the
edge region and screen C. columbic attraction for COOH-PSNPs (Nie
et al., 2023), as validated by their zeta potentials, which indicated that
the net charge of all clay minerals was negative at pH 6.0. The surface
potentials of 2:1 clay minerals are dominated by the pH-insensitive C¢
(Lu et al., 2021). For two 2:1 clay minerals, the zeta potentials of
montmorillonite slightly varied with pH compared to illite, indicating
that pH has less influence on the zeta potentials of montmorillonite than
illite (Fig. S11a) (Wu et al., 2023). Despite this, the surface potentials of
illite were still more negative than those of montmorillonite at the same
pH (e.g., —39.8, —33.9, and —26.6 mV for illite, Na-montmorillonite
and Ca-montmorillonite at pH 6.0, respectively), which led to a
greater inhibition of COOH-PSNPs deposition with illite. For both types
of montmorillonite, similar COOH-PSNPs depositions were observed.
Kaolinite is a 1:1 clay mineral with more C. and fewer C¢ in comparison
with montmorillonite and illite owing to its limited isomorphic sub-
stitutions and higher aspect ratio (thickness/diameter ratio) of the
particles, resulting in a reduced Cf spillover effect for screening the
positive edge charges (Bergaya et al., 2006; Lu et al., 2016). The zeta
potentials of kaolinite were found to vary significantly with pH, become
less negative with decreasing pH, and even turn positive at pH 2.0
(7.2 mV). This is attributed to the edge area of kaolinite occupies a
significantly higher total surface area than that of montmorillonite and
illite. The overall net charges of kaolinite significantly became less
negative by adding divalent cations (Borst et al., 2020). Thus, compared
to montmorillonite and illite, kaolinite possesses more positively
charged edge sites on its surface, which will be more conducive to the
deposition of negatively charged COOH-PSNPs (Ye et al., 2022).

4.1.4. Deposition mechanisms of temperature-dependence

The zeta potentials of both COOH-PSNPs and clay minerals were also
dependent on temperature. Specifically, when the temperature was
increased from 15 to 55 °C, the zeta potentials of illite, kaolinite, Na-
montmorillonite, Ca-montmorillonite and COOH-PSNPs changed from
—20.4 to —8.5, —9.3 to —4.1, —15.0 to —5.3, —10.8 to —5.0, and —38.6
to —17.1 mV, respectively, and became less negative at higher
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temperatures (Fig. S15). This implies that increasing temperature
weakens the EDL repulsion between COOH-PSNPs and clay minerals,
and the deposition process should be endothermic (Ling et al., 2022).
The less negative zeta potentials can be attributed to the reduced
dissociation extent of —OH/—COOH and the number of negative charges
on the surfaces of COOH-PSNPs and clay minerals (Zeng et al., 2023).
Higher temperatures could enhance the Brownian motion, kinetic en-
ergy, and chemical attachment of particles, which is beneficial for
improving the collision frequency and heteroaggregation between
COOH-PSNPs and clay minerals (Ling et al., 2021, 2022). Besides,
increasing temperature facilitates the penetration of
small-hydration-radius cations (i.e., Ca>") into the interlayer of clay
minerals and adsorption on the surface (Bergaya et al., 2006). And it also
promoted the dissolution of clay minerals, increased the ionic strength
of the suspension, and reduced the negative zeta potentials of both
COOH-PSNPs and clay minerals, thereby reducing their electrostatic
repulsion (Cama et al., 2002; Zeng et al., 2023). As such, increases in
temperatures lead to higher deposition rates.

4.2. Environmental implications

Nanoplastics have been increasingly identified in aquatic ecosystems
in recent decades. Since nanoplastics can adsorb and transport metallic
and organic contaminants, their accumulation in aquatic environments
increases the risk of hazardous substances’ transmission through the
food chain to humans (Sun et al., 2021). Much of the current research
related to nanoplastics has focused on the environmental behaviors of
pristine nanoplastics, while the behavior of aged nanoplastics neglected.
Aging processes alter nanoplastics physicochemical properties, thereby
significantly increasing their ability to adsorb environmental contami-
nants. However, divalent cations (e.g., Ca®") may bridge
oxygen-containing functional groups of nanoplastics to soil and sedi-
ment surfaces, leading to their high deposition and mobile limitation
(Wang et al., 2020). In freshwater, estuaries, and marines, where various
clay minerals are ubiquitous and divalent cation concentrations are
within the corresponding ranges, aged nanoplastics are likely to be
deposited by clay minerals due to divalent cation-assisted bridging.
Herein, the effects of four clay minerals (illite, kaolinite,
Na-montmorillonite, and Ca-montmorillonite) ubiquitous in soil and
aquifer sediments on the deposition of aged nanoplastics (COOH-PSNPs)
under ambient environmental conditions (pH, temperature, ionic
strength and type) were systematically investigated. Our findings pro-
vide theoretical and technical foundations for the prediction, preven-
tion, and control of nanoplastics contamination in natural waters, with
significant references and underlying applications for public health.

5. Conclusions

Our results indicated that divalent cations contributed more effec-
tively to the deposition of COOH-PSNPs with clay minerals due to the
additional cation-bridging effect, higher EDL compression, and charge
neutralization. With decreasing pH, the deposition of COOH-PSNPs
increased both in the presence and absence of Ca®*. Increasing Ca%*
concentration, Na™ ionic strength, and temperature could suppress the
EDL repulsion between particles and thus facilitate the deposition of
COOH-PSNPs with clay minerals. The deposition rate of COOH-PSNPs
mediated by Ca®* showed a trend of kaolinite > Na-montmorillonite
~ Ca-montmorillonite > illite, and the deposition of COOH-PSNPs was
clearly controlled by the structural and surface charge properties of the
four clay minerals. Overall, the interaction between COOH-PSNPs and
clay minerals in natural aqueous environments is mainly mediated
through the bridging effects of divalent cations. Outcomes of this study
will help to comprehensively understand the transport and deposition
mechanisms of NPs in natural environments, and can also provide new
insights for assessing the environmental behaviors of NPs on Earth’s
surface.
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