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ARTICLE INFO ABSTRACT

Editor: Yi Yang The ubiquitous nanoplastics (NPs) in the environment are emerging contaminants due to their risks to human
health and ecosystems. The interaction between NPs and minerals determines the environmental and ecological

Keywords: risks of NPs. In this study, the deposition behaviors of carboxyl modified polystyrene nanoplastics (COOH-PSNPs)

Carb“f‘yl'm"diﬁed polystyrene nanoplastics with goethite (a-FeOOH) were systematically investigated under various solution chemistry and organic mac-

]();zgg:itieon romolecules (OMs) conditions (i.e., pH, ionic type, humic acid (HA), sodium alginate (SA), and bovine serum

albumin (BSA)). The study found that electrostatic interactions dominated the interaction between COOH-PSNPs
and goethite. The deposition rates of COOH-PSNPs decreased with an increase in solution pH, due to the
enhanced electrostatic repulsion by higher pH. Introducing cations or anions could compress the electrostatic
double layers and compete for interaction sites on COOH-PSNPs and goethite, thereby reducing the deposition
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rates of COOH-PSNPs. The stabilization effects, which were positive with ions valence, followed the orders of
NaCl ~ KCl < CaCly, NaNO3 ~ NaCl < NaySO4 < NazPOy. Specific adsorption of SO~ or HoPOj caused a po-
tential reversal of goethite from positive to negative, leading to the electrostatic forces between COOH-PSNPs
and goethite changed from attraction to repulsion, and thus significantly decreasing deposition of COOH-
PSNPs. Organic macromolecules could markedly inhibit the deposition of COOH-PSNPs with goethite because
of enhanced electrostatic repulsion, steric hindrance, and competition of surface binding sites. The ability for
inhibiting the deposition of COOH-PSNPs followed the sequence of SA > HA > BSA, which was related to their
structure (SA: linear, semi-flexible, HA: globular, semi-rigid, BSA: globular, with protein tertiary structure) and
surface charge density (SA > HA > BSA). The results of this study highlight the complexity of the interactions
between NPs and minerals under different environments and provide valuable insights in understanding trans-
port mechanisms and environmental fate of nanoplastics in aquatic environments.

1. Introduction

Plastics are extensively used in various fields, but are often ineluc-
tably released into the environment due to mismanagement (Li et al.,
2021a; Yu et al., 2019b). Most plastic debris can be broken down into
smaller particles known as microplastics (1 pm — 5 mm) and further into
nanoplastics (NPs; <1 pm) via physical, chemical, and biological pro-
cesses (Singh et al., 2019). Nanoplastics have been regarded as emerging
contaminants of global concern in aquatic and soil environments due to
their high chemical stability, persistence, adsorption capacity, and
bioavailability. Owing to the large specific surface area, high surface
reactivity, abundant surface functional groups and adsorption sites, the
ubiquitous existence of NPs pose great ecological risks to organisms and
humans (Abdolahpur Monikh et al., 2020; Yu et al., 2019b). Thus, un-
derstanding NPs' environmental behavior is crucial for assessing their
ecological risks.

Once entering into the environment, NPs inevitably undergo a series
of aging, transport and deposition processes, which play an essential role
in mediating their subsequent environmental fates and ecological risks
(Gigault et al., 2021; Liu et al., 2019). Aging processes of NPs such as
ultraviolet irradiation, biodegradation and chemical oxidation can alter
their physicochemical properties, e.g., generating a large number of
oxygen-containing functional groups, increasing surface negative
charges, enhancing complexing ability and adsorption capacity for
harmful contaminants (Li et al., 2022a; Luo et al., 2022; Zhang et al.,
2022). The deposition behaviors of NPs in natural terrestrial and aquatic
environments can be affected by their intrinsic properties (e.g., size,
surface charges, functional groups), solution chemistry (e.g., pH, ionic
strength and type), and coexisting organic macromolecules (OMs) and
minerals (Li et al., 2022b; Sharma et al., 2021; Wu et al., 2022a; Wu
et al., 2023b). As reported, pH and ionic strength had significant in-
fluences on the transport of NPs in aquatic systems. Cations and anions
with various valence are ubiquitous in the natural aquatic media, which
may play different roles on the transport and deposition behaviors of
NPs (Li et al., 2022b; Wang et al., 2022b; Wu et al., 2023b; Zhao et al.,
2021). However, to date, most studies focused on the impacts of cations
on the deposition behaviors of NPs in aquatic systems, the roles and
related mechanisms about anions are still limited. Minerals especially
iron (hydr)oxides (e.g., goethite, ferrihydrite, hematite, and magnetite)
with variable surface charge, and high specific surface area and surface
reactivity, are universally present in terrestrial and aquatic environ-
ments, thus they could interact with NPs and affect the environmental
behaviors of NPs (Li et al., 2021b; Nie et al., 2023). Furthermore, OMs
(including humic substance, polysaccharide and protein), with
numerous surface functional groups (such as hydroxyl, carboxyl,
carbonyl, phenolic, and amino groups), are also pervasively distributed
in natural environments with concentrations typically ranging from 0.1
to 10 mg/L. Organic macromolecules can strongly interact with iron
(hydr)oxides to form Fe-OMs associations in natural aquatic and
terrestrial environments via electrostatic interaction, ligand exchange-
surface complexation, hydrogen bonding, and hydrophobic interac-
tion, thereby resulting in changes in original surface properties and
reactivity of iron (hydr)oxides (Bao et al., 2021; Philippe and

Schaumann, 2014; Vindedahl et al., 2016). The interaction between iron
(hydr)oxides minerals, OMs, and NPs may govern the transport, fate,
and ecological risks of NPs, and thereby potentially alter the geochem-
ical behaviors and toxicity of the associated contaminants in the envi-
ronment (Abdolahpur Monikh et al., 2020; Bao et al., 2021; Ding et al.,
2022; Liu et al., 2020; Wu et al., 2022b). In our previous work, we have
systematically investigated the interactions between NPs and various
iron (hydr)oxides minerals (hematite, goethite, magnetite, and ferrihy-
drite), and found that electrostatic interaction and ligand exchange were
the dominant mechanism in the heteroaggregation of NPs with iron
(hydr)oxides minerals. Humic acid could markedly suppressed hetero-
aggregation between NPs and iron (hydr)oxides minerals due to
enhanced electrostatic repulsion, steric hindrance, and competition of
surface attachment sites (Nie et al., 2023). Therefore, it is essential to
gain a fundamental understanding of the roles of iron (hydr)oxides
minerals, cations and anions as well as OMs in the transport and fate of
NPs in the environment. Additionally, a molecular-level understanding
of the deposition behaviors of aged NPs with iron (hydr)oxides minerals
in the presence of various types of OMs under environmentally relevant
conditions has a significant implication for the risk assessment of NPs.

Herein, carboxyl-modified polystyrene nanoplastics (COOH-PSNPs),
the commonly used plastics and ubiquitous plastic contaminants in the
environment, were selected as representative aged NPs in this study
(Ding et al., 2022; Wu et al., 2020; Zhu et al., 2022). Goethite (a-FeOOH)
is one of the most abundant iron containing mineral in soils and sedi-
ments (Cornell and Schwertmann, 2003; Uwayezu et al., 2019), thus was
chosen as representative iron oxide mineral. Humic acid (HA), sodium
alginate (SA), and bovine serum albumin (BSA), which are the major
components of OMs in surface water, were selected as reasonable sur-
rogates for humic substance, polysaccharide and protein, respectively
(Liu et al., 2020). The effects of various solution chemistry conditions
(pH and ionic type) and OMs on the deposition behavior of NPs with
goethite were systematically investigated. The interaction mechanisms
between COOH-PSNPs, goethite, and various OMs were elucidated and
discussed.

2. Materials and methods
2.1. Materials

Goethite was synthesized according to the method described in
supplementary material (Li et al., 2019). Carboxyl modified polystyrene
nanoplastics (COOH-PSNPs, 2.5 % w/v) with an average diameter of 0.3
pm and humic acid were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Sodium alginate and bovine serum albumin
(fraction V, heat shock isolation) were purchased from Sangon Biotech
(Shanghai) Co., Ltd. Other chemicals were purchased from Shanghai
Chemical Reagent Corporation, China. All reagents were used as
received. Ultrapure water was used in the study.

2.2. Characterization

Scanning electron microscopy (SEM, Scios, FEI Company) and



R. Xie et al.

transmission electron microscope (TEM, G2 F20 S-TWIN, Tecnai) were
used to examine the morphologies of samples. The zeta potentials of
samples were measured by a high-sensitivity zeta potential analyzer
(Omni, Brookhaven). The surface functional groups of samples were
obtained using an attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR, Vertex 70 spectrometer, BRUKER
OPTICS). The ATR-FTIR scan time of background and sample always
kept at 16 and 32 scans, respectively. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES, 700 Series, Agilent) was used
to obtain the concentration of ions. The characterization results of
COOH-PSNPs and goethite can be found in supplementary material.

2.3. Deposition experiments between COOH-PSNPs and goethite

The experiments were carried out in 250 mL conical flasks, where
0.01 g of goethite was added to a 100 mL solution of COOH-PSNPs. The
concentration of COOH-PSNPs was set at 20 mg/L, a representative
concentration of NPs commonly used in previous studies (Nie et al.,
2023; Wang et al., 2022a). The study investigated the effects of pH, ionic
type (including NaCl, KCl, CaCl,, NaNOs, NaySO4, and NagPOy), and
organic macromolecules on the deposition between COOH-PSNPs and
goethite through batch experiments. Since the pH of natural aquatic
environments normally ranged from 5.0 to 9.0, a near-neutral reaction
pH of 6.0 was selected in deposition experiments, except in the study of
pH effect (Li et al., 2020). The concentration of ions is <10 mM in most
real freshwater and could reach or above 10 mM in seawater (Hausmann
et al., 2021; Wang et al., 2021). According to Wang et al. (2021), the
effects of different ions (such as Na™, Ca2+, and SO%’) on the stability of
NPs can be distinguished in an ion concentration of 10 mM (Wang et al.,
2021). In order to compare the impacts of ionic type at the same level,
the concentration of various ions was 10 mM, a concentration which was
usually employed in previous studies (Wang et al., 2021; Wang et al.,
2022b; Zhao et al., 2021). The concentration of OMs ranged from 0 to
100 mg/L. To verify the roles of hydrogen bonding and hydrophobic
interactions in the deposition process of COOH-PSNPs, various con-
centrations of urea (a hydrogen bonding breaker) and 50 % dimethyl
sulfoxide (DMSO) (an dipolar aprotic organic solvent) were added into
the solutions, respectively (Martin et al., 1967; Panuszko et al., 2019;
Wu et al., 2023a; Zandieh and Liu, 2022). The initial pH of solution was
adjusted by adding HCI or NaOH. The reaction solution was kept at 25 °C
throughout the experiment. The mixtures were agitated in an orbital
incubator shaker (ZWYR-D2403, Zhicheng) at 200 rpm. The suspension
was sampled at different time intervals and centrifuged at 8000 rpm for
5 min to separate goethite from the solution of COOH-PSNPs. After that,
5 mL supernatants were taken out to measure the concentration of
COOH-PSNPs using ultraviolet-visible spectrophotometry (UV-VIS, Cary
300, Agilent) at a wavelength of 230 nm (Nie et al., 2023). The differ-
ence between the initial concentrations (Cp) and suspended concentra-
tions (C) of COOH-PSNPs at a given time was used to calculate the extent
of deposition of COOH-PSNPs. The C/Cy against the time (t) was used for
plotting the normalized deposition curves. Each experiment was
repeated twice. The solid specimens were dried at 30 °C, and their
surface chemical groups and morphologies were further measured with
ATR-FTIR, SEM, and TEM.

2.4. Quality control and quality assurance

For each batch of samples, one procedural blank, one matrix dupli-
cate, and two spiked blanks were analyzed. Reported concentrations are
average values obtained from two parallel experiments, and expressed
as mean + standard deviation. The recoveries of COOH-PSNPs were 98
+ 6 % in blank samples. No COOH-PSNPs were found in the procedural
blank samples. All measure concentrations were not corrected with
surrogate recoveries. All glassware used in the deposition experiments
was soaked in 10 % aqua regia for >24 h and then thoroughly rinsed
with deionized water to minimize cross-contamination prior to use (Nie
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et al., 2023).
3. Results and discussion

3.1. Effects of solution chemistry on deposition of COOH-PSNPs with
goethite

3.1.1. Effect of pH

The deposition extent of COOH-PSNPs was highly pH-dependent
(Fig. la). When pH was <6.0, the concentrations of COOH-PSNPs
remaining in the suspensions significantly decreased with time when
they were mixed with goethite, and 100 % of COOH-PSNPs deposited
within 10 min. Both SEM (Fig. S1) and TEM (Fig. S2) images showed that
COOH-PSNPs and goethite in suspension tend to form heteroaggregates,
which could decrease the mobility and stability of COOH-PSNPs. How-
ever, the deposition extent gradually decreased with the increase of pH
from 6.0 to 11.0, and only about 33 % of COOH-PSNPs deposited at pH
11.0 after 120 min, which were positively relevant with the zeta po-
tentials of COOH-PSNPs and goethite (Fig. 2a). The zeta potential of
COOH-PSNPs maintained at a highly negative value within the pH
ranges (2.0-11.0), as a result of the dissociation of carboxyl groups on
COOH-PSNPs surface (Zhu et al., 2022), and it decreased with an in-
crease of pH, reaching —42.0 mV at pH 2.0 and —64.6 mV at pH 11.0,
respectively. When pH increased from 3.0 to 5.0, the zeta potential of
goethite was maintained at about 45.0 mV. As pH increased from 5.0 to
9.2 (the isoelectric point (pHigp) of goethite), the zeta potential values of
goethite became less positive due to reduced protonation on goethite,
indicating that the surface positive charges of goethite gradually became
less, which resulted in a decrease of electrostatic attractions between
COOH-PSNPs and goethite. When pH > pHjgp, the surface charge of
goethite became negative due to the deprotonation of Fe-OH, which
could induce repulsive electrostatic forces between highly negatively
charged COOH-PSNPs and goethite and thus prevent deposition
(Uwayezu et al., 2019). This suggests that the electrostatic interactions
played an important role in the deposition of COOH-PSNPs with goethite
(Wu et al., 2022a; Wu et al., 2023b; Zhang et al., 2020).

3.1.2. Effect of ionic type

The universal occurrence of various cations and anions in estuarine
and coastal waters is of great importance to affect the transport and fate
of COOH-PSNPs in real aquatic environments. To thoroughly under-
stand the influence of ionic type on the deposition of COOH-PSNPs with
goethite, various representative cations (NaCl, KCl, or CaCly) and anions
(NaNOs, NaCl, NasSOy4, or NagPQ4) were added into the solution.

The deposition profiles of COOH-PSNPs with goethite were also
established at pH 6.0 in the existence of various cations and anions. The
deposition extent of COOH-PSNPs without any ions was significantly
faster than that in the presence of 10 mM cations or anions. Without the
presence of ions, COOH-PSNPs were deposited completely by goethite
within 10 min. With the addition of NaCl, KCl, or CaCl,, approximately
95 %, 94 %, and 89 % of COOH-PSNPs were deposited after 120 min,
respectively (Fig. 1b). Divalent cations (Ca2+) showed higher inhibitory
effects on deposition extent of COOH-PSNPs than monovalent cations
(Na™, K"). By adding NaNOs, NaCl, NaSOy, or NasPQ,, approximately
95 %, 95 %, 70 %, and 40 % of COOH-PSNPs deposited after 120 min,
respectively (Fig. 1c).

In the presence of no cations, Na*, K*, or Ca®" at pH 6.0, the zeta
potential of goethite was 32.2, 20.3, 14.4, and 1.4 mV, while the zeta
potential of COOH-PSNPs was —59.3, —60.6, —63.8, and —33.6 mV,
respectively (Fig. 2b). The zeta potentials of goethite and COOH-PSNPs
became less positive and negative as the ion valence rose, respectively.
This can be attributed to more significant compression of electric double
layer by divalent ions in comparison to monovalent ions. Cations with
the same valence had parallel abilities to neutralize surface negative
charges of COOH-PSNPs according to the Derja-
guin-Landau-Verwey-Overbeek (DLVO) theory (Zhu et al., 2022),
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Fig. 1. Deposition curves of COOH-PSNPs with goethite: (a) at different pHs;
trations at pH 6.0.

while divalent cations exhibited stronger capacities to neutralize surface
negative charges than monovalent cations (Tan et al., 2021; Wu et al.,
2020). Hence, the decreased deposition extent of COOH-PSNPs with
goethite obtained with addition of multivalent cations suggests the
dominant role of electrostatic forces.

Similarly, the effects of the anions on the COOH-PSNPs interaction
were also found to be correlated with their zeta potentials. The zeta
potential of COOH-PSNPs at pH 6.0 showed no significant changes in
response to the addition of different anions. The zeta potential of
goethite in the presence of no anions, NaNOg, NaCl, NaySO4, or NagPO4
was 32.2, 14.9, 20.3, —28.1, and —38.2 mV, respectively (Fig. 2¢). In the
presence of NaNOs or NaCl, the deposition extent of COOH-PSNPs
decreased as a result of the reduction of electrostatic attractions be-
tween goethite and COOH-PSNPs. The special interaction between SOF~

in the presence of different (b) cations, (c) anions, (d) urea, and (¢) DMSO concen-

or HyoPOy (the existence form of phosphate at pH 6.0) with goethite can
be found in Fig. S3. Briefly, after interaction with goethite for 120 min,
the concentration of HoPO4 and SO?{ reduced by about 5 % and 3 %,
respectively, indicating that both HyPOZ and SO~ could be absorbed by
goethite. Specific adsorption of SO~ or H,POz on goethite could
penetrate the electric double layer (EDL) more easily and neutralize
surface positive charges more effectively, and even cause a potential
reversal of goethite from positive to negative (Wang et al., 2018; Zhang
and Peak, 2007; Zhu et al., 2022). This led to the electrostatic forces
between COOH-PSNPs and goethite altered from attraction to repulsion
in the presence of NaySO4 and NasPOy, thus significantly lowered the
deposition of COOH-PSNPs.
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3.1.3. Deposition mechanisms of COOH-PSNPs with goethite

The above results indicated that electrostatic interactions dominated
for the deposition of COOH-PSNPs with goethite. However, although
both goethite and COOH-PSNPs were negatively charged at pH 11.0
(Fig. 2a), and were thereby expected to electrostatically repel each
other, approximately 33 % COOH-PSNPs could still be deposited.
Therefore, electrostatic interaction alone cannot explain the decreased
COOH-PSNPs concentration in the suspensions in relatively high pH.
Various mechanisms, including electrostatic interactions, Van der Waals
forces, hydrogen bonding, and chemical bonds might contribute to the
deposition process of COOH-PSNPs. Abundant oxygen-containing
functional groups (e.g., carboxyl and hydroxyl groups) on surface of
COOH-PSNPs and goethite might form hydrogen bonds (i.e.,
—C-H.--O—Fe, -C-O-H:--O—Fe, and C—O---H-O-Fe) and induce Lewis
acid-base interactions (Nie et al., 2023; Wu et al., 2022b; Zandieh and
Liu, 2022). The ATR-FTIR spectra of goethite before and after mixing
with COOH-PSNPs were further discussed in the section of Section 3.2.2.
Formation of chemical bonds between -COOH on COOH-PSNPs and
surface Fe coordinated -OH on goethite (-FeOHj + RCOO~ -
-FeOOCR -+ H20) may also be an important interaction mechanism for
COOH-PSNPs with goethite (Bao et al., 2021; Lv et al., 2018; Wu et al.,
2023b). Therefore, the electrostatic repulsions could be offset at high
pH, which allows COOH-PSNPs to aggregate with goethite.

The deposition of COOH-PSNPs reached 100 % within 10 min at urea
concentration of 0-500 mM, while almost 95 % COOH-PSNPs deposited
after 120 min in the presence of 5000 mM urea, indicating that hydrogen
bonding only plays a minor role in the deposition of COOH-PSNPs
(Fig. 1d). COOH-PSNPs was deposited completely within 20 min with
addition of 50 % DMSO, suggesting negligible function of hydrophobic
interactions (Fig. 1e) (Martin et al., 1967; Panuszko et al., 2019; Wu
et al., 2023a; Zandieh and Liu, 2022). Such results once again addressed
the leading roles of electrostatic interactions and chemical bonds in the
interaction of COOH-PSNPs and goethite (Wu et al., 2023b).

3.2. Effects of organic macromolecules on deposition of COOH-PSNPs
with goethite

3.2.1. Deposition profiles of COOH-PSNPs with organic macromolecules

As shown in Fig. 3a, the deposition extent of COOH-PSNPs clearly
decreased with increasing HA concentration from 0 to 0.5 mg/L.
Approximately 100 %, 81 %, and 13 % COOH-PSNPs deposited in the
presence of 0, 0.2, and 0.5 mg/L HA, respectively. By increasing of SA
concentration from O to 0.1 mg/L, the stability of COOH-PSNPs
enhanced steadily in mixture solution containing goethite. For
instance, with addition of 0, 0.01, 0.02, and 0.05 mg/L SA, 100 %
deposition of COOH-PSNPs with goethite could be reached after 10, 45,
90, and 120 min, respectively. Only 17 % of COOH-PSNPs deposited
after 120 min when SA concentration was up to 0.1 mg/L (Fig. 3b). The
deposition of COOH-PSNPs also remarkably retarded with increasing
BSA concentration from 0 to 5 mg/L (Fig. 3c). For instance, 100 %, 96 %,
and 16 % COOH-PSNPs were deposited after 120 min with addition of 0,
2, and 5 mg/L BSA, respectively. The concentration of COOH-PSNPs in
the supernatant remained almost unchanged with time when HA, SA, or
BSA concentration exceeded 0.5, 0.1, and 5 mg/L, respectively, sug-
gesting that high OMs concentration could significantly inhibit the
deposition of COOH-PSNPs with goethite. Fig. 4 shows the SEM images
of goethite before and after mixed with COOH-PSNPs in the presence of
different OMs concentrations. The number of COOH-PSNPs-goethite
heteroaggregates reduced remarkably with increasing OMs concentra-
tion, and any COOH-PSNPs-goethite heteroaggregates cannot be
observed since the HA, SA, and BSA concentration exceeded 0.5, 0.1,
and 5 mg/L, respectively, which further confirms the decreased depo-
sition of COOH-PSNPs with goethite.
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Fig. 3. Deposition curves of COOH-PSNPs with goethite in the presence of
different concentrations of (a) HA, (b) SA, and (c) BSA at pH 6.0.
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3.2.2. Deposition mechanisms of COOH-PSNPs with organic
macromolecules

Organic macromolecules tend to interact with mineral surface,
which can modify the surface physicochemical properties and reactivity
of minerals, thus affecting the deposition behavior of COOH-PSNPs with
goethite (Lee and Hur, 2020). To obtain the detailed insights on the
surface charge characteristics of COOH-PSNPs and goethite in the
presence of OMs, their zeta potentials were systematically measured by
adding different concentrations OMs. The zeta potential of HA (—44.6
mV), SA (—52.0 mV), and BSA (—20.5 mV) were negative at pH 6.0
(Fig. 5) due to the presence of a large number of negatively charged
carboxylic acid (-COOH) and phenolic (-OH) functional groups on their
surfaces. After mixed with OMs, zeta potential of goethite was gradually
changed from positive to negative and was close to the value of pure
OMs with increasing OMs concentration in the solution at pH 6.0. This
indirectly implied that a positively charged goethite surface can adsorb
OMs through electrostatic interaction and ligand exchange (Bao et al.,
2021). Sorbed OMs could neutralize the positive charges on a goethite
surface or even cause a reversal of surface charge from positive to
negative at higher concentrations of OMs. Moreover, ligand exchange
between hydroxyl groups on goethite surface with carboxylic acid
(—COOH) and phenolic (-OH) functional groups on OMs surfaces, which
may provide fewer hydroxyl groups on goethite surface for protonation,
could also be partly responsible for the decreased zeta potential (Yang
and Xing, 2009). Increasing the concentrations of OMs also resulted in
the shifted pHygp of goethite to lower pH and more negative charges on
the goethite surface apparently. For instance, in the presence of 0, 0.01,
0.1, 1,10, and 100 mg/L HA, the zeta potential of goethite at pH 6.0 was
32.2, 30.9, —9.8, —32.0, —42.4, and —49.4 mV, respectively (Fig. 5a).
Similar trend of the zeta potentials of goethite can be seen with addition
of SA (Fig. 5b) and BSA (Fig. 5¢). There was no substantial difference in
the zeta potentials of COOH-PSNPs in the presence versus absence of HA
or SA (Fig. 5d and e), indicating that HA and SA exerted a negligible
effect on the surface charge density of COOH-PSNPs. Increasing the BSA
concentration slightly shifted the zeta potential of COOH-PSNPs to a less
negative value, suggesting that the positively charged aromatic amino
acids residues of BSA could complex with COOH-PSNPs (Fig. 5f) (Li
et al., 2021a). Consequently, it can be assumed that the decreased
deposition of COOH-PSNPs with increasing OMs concentration is related
to the enhanced electrostatic repulsions between COOH-PSNPs and
goethite (Loosli et al., 2013; Tan et al., 2021).

To better understand the deposition mechanisms of COOH-PSNPs
with goethite, ATR-FTIR spectra of goethite before and after mixing
with COOH-PSNPs were systematically investigated in the absence and
presence of HA, SA, and BSA (Figs. S4 and 6). The typical adsorption
peaks at 619, 792, 889, 1654, and 3138 cm~! can be found on goethite.
The peaks at 619 em ™! were ascribed to the stretching vibration of
Fe—O. The peaks at 792 and 889 cm™! belonged to the outward and
inward bending vibration of Fe—OH, respectively. The bending vibra-
tion of H — O — H was observed at the peaks of 1654 em L. The board
adsorption peak at 3138 cm™! belonged to the stretching vibration of
Fe—OH (Zhang et al., 2020; Zhang et al., 2022). For COOH-PSNPs, the
peaks at 540, 698, 758, 1197, and 2920 em™? represented C—H vibra-
tions, the peaks at 1452, 1492, and 1601 cm ™! were ascribed to the
aromatic structure, and a peak at 1728 em™? corresponded to O—C=0
stretching vibration of carboxyl groups (Zhu et al., 2022). More details
about typical peaks of HA, SA, and BSA were provided in supplementary
material Fig. S4.

For comparison, the interaction mechanisms between different OMs
and goethite were studied by ATR-FTIR spectra (Fig. S4). After inter-
action with goethite, the adsorption peaks of C—O stretching vibration
(1020 and 1024 cm’l) and —OH vibration (3300 cm’l) for HA and SA
disappeared distinctly, while the position of C—O bending vibration for
BSA shifted from 1390 to 1400-1421 em ™. Furthermore, the stretching
band of -COOH for three kinds of OMs shifted to different degrees. For
instance, the peaks at 1355, and 1552 cm ™! of HA shifted to 1425-1377,
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Fig. 4. Scanning electron microscopy images of goethite after interaction with COOH-PSNPs in the presence of different concentrations of (a) HA, (b) SA, and (c) BSA

for 120 min at pH 6.0.

and 1610-1595 cm™ !, respectively. Moreover, not only the position of
amide band I (1637 cm 1) and 11 (1529 cm 1) vibration of BSA changed
in various degrees but also the intensity of amino groups on goethite
gradually strengthened as BSA concentration increased, indicating that
BSA was adsorbed on the surface of goethite. Such phenomena implied
that new bonds were formed during the interaction between goethite
and OMs. These results indicated that OMs can be adsorbed onto

goethite by the interaction between =Fe-OH on goethite and oxygen-
containing functional groups (-COOH and phenolic-OH) or amino
groups in OMs, forming inner-sphere complexes via hydrogen bonding
or ligand exchange/surface complexation. Thus, electrostatic interac-
tion, hydrogen bonding, and ligand exchange might be the dominant
mechanisms for the adsorption of OMs onto goethite (Bao et al., 2021;
Kang and Xing, 2008; Tang et al., 2016).
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Fig. 5. Zeta potentials of goethite (a—c) and COOH-PSNPs (d-f) in the presence of different concentrations of organic macromolecules at different pH values.

All the position of goethite adsorption peaks did not shift signifi-
cantly after interaction with COOH-PSNPs. Without OMs, the typical
peaks of COOH-PSNPs appeared on goethite clearly without obvious
alteration of position. With increasing OMs concentration, the peak in-
tensity of the characteristic peaks related to COOH-PSNPs weakened
gradually, whereas the typical peaks of OMs increased progressively
(Fig. 6), indicating that fewer COOH-PSNPs and more OMs were
adsorbed on goethite. For example, when HA concentration was up to
0.2 mg/L, almost no COOH-PSNPs adsorption peaks could be found on
goethite, but the peak for HA at 1552 cm ™! improved gradually. Similar
phenomena could be seen in SA and BSA when their concentrations were
up to 0.1 and 2 mg/L, respectively. These results further confirmed that
the deposition of COOH-PSNPs with goethite could be hindered by HA,
SA, and BSA.

Both COOH-PSNPs and OMs can interact with goethite through
ligand exchange or hydrogen bonding due to plentiful oxygen-
containing functional groups (mainly -COOH and phenolic-OH) on
their surfaces. OMs would be preferentially adsorbed onto goethite
surface to compete for available binding sites (e.g., =Fe-OH) for COOH-

PSNPs on goethite surface, consequently impairing the deposition of
COOH-PSNPs with goethite (Bao et al., 2021; Prajapati et al., 2022).
Furthermore, the adsorption of OMs on the surface of COOH-PSNPs
and goethite created strong steric hindrance between the adsorbed OMs
on goethite and COOH-PSNPs, thus inhibiting the deposition of COOH-
PSNPs (Liu et al., 2020; Singh et al., 2019; Wu et al., 2022a). A higher
concentration of OMs led to more OMs adsorption on the surface of
COOH-PSNPs and goethite and established a high repulsive energy
barrier, hindering the interaction between COOH-PSNPs and goethite,
resulting in a lower deposition extent. The presence of OMs can be
visually corroborated by TEM images (Figs. S5-7). As the concentration
of OMs elevated from 0 to 100 mg/L, the number of COOH-PSNPs-
goethite aggregates decreased, corresponding to the lowered deposi-
tion extent, implying that the OMs provided more steric hindrance for
inhibiting the deposition of COOH-PSNPs with goethite (Figs. S5a, S6a,
and S7a). Furthermore, a gelatinous OMs layer intimately wrapped on
the surface of the COOH-PSNPs-goethite aggregates could be clearly
observed in the presence of OMs. Comparatively, increasing the con-
centration of OMs also resulted in a thicker adsorption layer of OMs on
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Fig. 6. Attenuated total reflectance - Fourier transform infrared spectroscopy of
goethite after interaction with COOH-PSNPs in the presence of different con-
centrations of (a) HA, (b) SA, (c) BSA for 120 min at pH 6.0.
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the surface of COOH-PSNPs (Figs. S5b, S6b, and S7b) and goethite
(Figs. S5c¢, Séc, and S7c), demonstrating that OMs absorbed on both
COOH-PSNPs and goethite. Although OMs and COOH-PSNPs were both
negatively charged at pH 6.0, OMs may still adsorb on the surface of
COOH-PSNPs through hydrophobic interaction, hydrogen bonding, and
ligand exchange (Yu et al., 2019a). Besides, COOH-PSNPs gradually
became adherent and surface deformed, and the edges of goethite
became blurred. This layer of OMs can thus serve as a protective coating
to prevent COOH-PSNPs deposition with goethite via steric repulsive
force.

Overall, OMs coatings were found to hinder the deposition process
between COOH-PSNPs and goethite due to enhanced electrostatic
repulsion and steric hindrance. The suppression capacity of OMs is
directly related to their concentrations. When the concentrations of OMs
were insufficient to occupy the entire surface of goethite, COOH-PSNPs
could still attach with goethite through electrostatic interactions. When
the surface of goethite was completely occupied by OMs, the deposition
of COOH-PSNPs with goethite was insignificant. Meanwhile, SA
exhibited the highest inhibiting capacity on the deposition of COOH-
PSNPs with goethite, followed by HA and BSA, and the minimum
inhibitory concentrations for the deposition of COOH-PSNPs were 0.1,
0.5, and 5 mg/L for SA, HA, and BSA, respectively. This may be related
to a higher electrostatic repulsion and steric hindrance originated from
the SA layer than from HA and BSA, which was in accordance with the
rank of their surface charge density: SA > HA > BSA (Duan et al., 2021).
For instance, the zeta potential of goethite at pH 6.0 was —15.8, —9.8,
and 29.9 mV in presence of 0.1 mg/L SA, HA, and BSA, respectively. The
structural and physicochemical differences within HA (semi-rigid with
globular structure macromolecule), SA (semi-flexible and linear
macromolecule), BSA (globular macromolecule with protein tertiary
structure) may also play crucial roles in their reaction (Liu et al., 2020;
Wu et al., 2021). The flexible and linear macromolecule is prone to
attach to COOH-PSNPs and goethite surface (Liu et al., 2020). Thus, a
higher adsorption capacity and steric hindrance on COOH-PSNPs and
goethite surface could be obtained for SA as compared with HA and BSA.

Therefore, based on the aforementioned discussion, it can be
concluded that the decreased deposition extent of COOH-PSNPs with
goethite in the presence of OMs is probably caused jointly by multiple
mechanisms, including enhanced electrostatic repulsion and steric hin-
drance between COOH-PSNPs and OMs-coated goethite surface, and
competition of surface binding sites on goethite between COOH-PSNPs
and OMs (Dong et al., 2019; Singh et al., 2021; Yu et al., 2021). OMs
play vital roles in mediating the environmental behavior of COOH-
PSNPs in natural environments, and typical environmental concentra-
tions of OMs would greatly enhance the mobility of COOH-PSNPs and
modify their physicochemical properties, transportation, and bioavail-
ability. Additionally, due to the complicated components in realistic
scenarios of natural water and soil, such as the coexistence of various
ions, OMs, inorganic colloids, and minerals may contribute to the sta-
bility of PSNPs, more parameters should be considered for elucidating
the exact environmental behavior of PSNPs in natural ecosystems.

4. Conclusions

Our results indicate that the positively charged goethite can form
heteroaggregates with COOH-PSNPs. Solution chemistry and organic
macromolecules play substantial roles in the deposition process. With
increasing pH, the deposition extent of COOH-PSNPs gradually reduced.
The addition of cations and anions bid a hindrance in the deposition
behaviors of COOH-PSNPs with goethite. The inhibition effects are
positive with ions valence. Organic macromolecules also exhibited
negative effects for the deposition of COOH-PSNPs, following the orders
of SA > HA > BSA, which can be explained by electrostatic interactions,
steric hindrance, ligand exchange, hydrogen bonding, and competitive
adsorption sites. These findings reveal that the interaction between NPs
and minerals in aquatic system is complicated, and further
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investigations using other nanoplastics, natural organic matter, and
minerals are necessary to elucidate the interaction between NPs and
minerals. Furthermore, due to various ions and organic matter might
alter the environmental behaviors of NPs, further experiments should be
performed in the presence of various harmful organic pollutants, heavy
metals, plastic additives, and pathogenic microorganisms for better
understanding the environmental behaviors and ecological risk of NPs as
well as associated pollutants under real environment.
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