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ARTICLE INFO ABSTRACT

Edited by Dr. HAO ZHU In aquatic environments, the deposition behaviors of nanoplastics (NPs) are closely associated with interfacial

interaction between NPs and iron (hydr)oxides minerals, which are typically coupled with solution chemistry

Keywords: and organic matter. However, the roles of solution chemistry and organic matter in the deposition behavior of

NanOple.lSthS NPs with iron (hydr)oxides minerals and related interfacial interaction mechanism are still poorly understood. In

I]\)/[agnej?_te this study, the deposition behaviors of carboxyl-modified polystyrene nanoparticles (COOH-PSNPs) with
eposition

magnetite were systematically investigated. The results showed that electrostatic attraction, hydrogen bond, and
charge-assisted hydrogen bond (CAHB) were the main forces for the deposition and interfacial interaction
mechanism between COOH-PSNPs and magnetite. Increasing pH could significantly inhibit the deposition of
COOH-PSNPs with magnetite. At pH 6.5, phosphate and dichromate significantly inhibited the deposition of
COOH-PSNPs since their competitive adsorption for the surface sites on magnetite led to a potential reversal of
magnetite, resulting in the strong electrostatic repulsion between COOH-PSNPs and magnetite. Moreover, when
the concentration of phosphate exceeded 0.01 mM, the deposition of COOH-PSNPs was completely hindered.
Organic macromolecules (OMs) markedly inhibited the interfacial interaction and deposition of COOH-PSNPs
with magnetite by enhancing the electrostatic repulsion and steric hindrance between COOH-PSNPs and
magnetite due to the formation of magnetite-OM associations. The inhibition abilities followed the order sodium
alginate (0.1 mM) > humic acid (0.2 mM) > bovine serum albumin (5 mM). This study may provide insights for
better understanding of environmental behaviors of COOH-PSNPs associated with magnetite and organic matter
in natural environments at the molecular level.

Interfacial interaction
Organic macromolecules

2020). Large plastic waste fragments can decompose into small frag-
ments or particles through physical, chemical, and biological degrada-

1. Introduction

Plastic products are widely used in industrial production and daily
life because of their low cost, durability, and easy of manufacture
(Mamun et al., 2023; Huang et al., 2022). According to statistics, the
global plastic production greatly increased from 1.5 million tons in 1950
to nearly 376 million tons in 2020, and it is expected to double in the
next 20 years (Zhang et al., 2022a; Huang et al., 2021). However, only
6-26 % of plastics wastes were recycled, which means that most of
plastics entered the environment (Zandieh and Liu, 2022; Zhang et al.,
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tion processes in the environment (Zandieh and Liu, 2022; Zhang et al.,
2020), and further degraded into microplastics (MPs; 1 pm - 5 mm) and
nanoplastics (NPs; < 1 um) (Gigault et al., 2018; Nie et al., 2023; Sob-
hani et al., 2020; Gaylarde et al., 2021). Micro/nano plastics (M/NPs)
can be absorbed by organisms and cells, and may be accumulated
through the food chain, and may even be transferred to a higher trophic
level, like humans (Schmidtmann et al., 2022; Wardrop et al., 2016;
Chae et al., 2018). Compared with MPs, NPs have larger specific surface
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area, higher mobility, abundant surface functional groups, and higher
surface reactivity. Thus, NPs not only have higher adsorption capacity
for pollutants, but they can also cross biological barriers, which may
lead to more complex toxic effects to organisms and humans (Gaylarde
et al.,, 2021; Bellingeri et al., 2020). Therefore, understanding the
environmental behaviors of NPs is of vital importance for predicting
their ecological risks.

The aggregation and deposition behaviors of NPs would affect their
transport, fate, and ecological risk in aquatic environments, which are
commonly influenced by their original physicochemical properties, so-
lution chemistry (such as pH, ionic strength, and anions or cations), and
coexisting organic matter as well as minerals (Huang et al., 2022; Xie
et al., 2023; Li et al., 2019, 2021a). Previous studies have shown that
natural minerals have high affinity for NPs due to their large surface area
and abundant surface functional groups (Nie et al., 2023; Xie et al.,
2023; Lin et al., 2024). As important components in sediments and soils,
iron (hydr)oxides minerals are the most common minerals in natural
environment, which can interact with various components in the envi-
ronment due to their variable surface charge, high specific surface area,
and surface reactivity (Bao et al., 2021; Vindedahl et al., 2016), and they
have been proven to play important roles in the transport, deposition,
and fate of NPs (Zandieh and Liu, 2022; Zhang et al., 2020; Nie et al.,
2023). Thus, understanding the interfacial interaction mechanism be-
tween NPs and iron (hydr)oxides minerals is crucial for assessing the
environmental behavior of NPs. Previous works have systematically
studied deposition behaviors of NPs with various iron (hydr)oxides
minerals (e.g., ferrihydrite, goethite, hematite, and magnetite), and
gained some fundamental understanding of their interfacial interaction
mechanisms (Nie et al., 2023; Xie et al., 2023). However, more detailed
investigations are desired to fundamentally understand the effects of
hydrochemical factors in environmentally relevant conditions. As one of
the most common iron (hydr)oxides minerals in soils and sediments,
magnetite (Fe3O4) has high reaction activity, abundant surface groups,
and high surface area (Lin et al., 2021; Hu et al., 2021). Therefore, it
could readily aggregate with NPs and cause the deposition of NPs. The
strong magnetism of magnetite makes it easy to separate, making it
applicable for removal of NPs via magnetic separation. Furthermore,
organic matters such as humic substance, polysaccharide, and protein,
which are commonly present in natural environments, can strongly
interact with both NPs and iron (hydr)oxides minerals through elec-
trostatic interaction, hydrogen bonding, van der Waals forces, ligand
exchange, and steric forces, leading to the changes of surface properties
and reactivity for both NPs and iron (hydr)oxides, which may greatly
affect the environmental behaviors and toxicity of NPs (Xie et al., 2023;
Zhang et al., 2019; Zhao et al., 2011). In addition, the formation of
mineral-organic matter associations and their characteristics is strongly
associated with molecular structure of organic matter. However, a
molecular-level understanding of the effects of solution chemistry and
various types of organic matter on the interfacial interaction mecha-
nisms between NPs and magnetite at environmentally relevant condi-
tions remains scarce, and the existing studies are not sufficient to
elucidate the deposition mechanisms of NPs with magnetite under
conditions similar to the actual aquatic environment, especially in the
presence of various ions and complex organic macromolecules (OMs).

Polystyrene nanoplastics are one of the most common NPs in the
environment. They will ineluctably undergo various aging processes to
change their physical and chemical properties (such as increasing sur-
face oxygen-containing functional groups and surface negative charges,
etc.), thus affecting their environmental behaviors (Kong et al., 2023;
Wang et al., 2023a; Shao et al., 2022; Zhang et al., 2022b; Dong et al.,
2024; Yan et al., 2024). Consequently, in this study, carboxyl-modified
polystyrene nanoparticles (COOH-PSNPs) were selected as representa-
tive aged NPs. The effects of solution chemistry (including pH, tem-
perature, ionic type, and phosphate concentration) and OMs (including
humic acid (HA), sodium alginate (SA), and bovine serum albumin
(BSA)) on the deposition of COOH-PSNPs with magnetite were
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systematically studied. The interfacial interaction mechanism between
COOH-PSNPs and magnetite was also elucidated.

2. Materials and methods
2.1. Materials

Magnetite, Carboxyl-modified polystyrene nanoplastics (COOH-
PSNPs, 2.5 % w/v), and HA were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. SA and BSA were purchased from
Sangon Biotech (Shanghai) Co., Ltd. Other chemicals were purchased
from Shanghai Chemical Reagent Corporation, China. All reagents were
of analytical reagent grade.

The magnetite sample used in this experiment was confirmed to be
pure magnetite by XRD pattern (Fig. S1). The specific surface area of
magnetite was measured to be 14.124 m?/g using a nitrogen adsorption
apparatus. The sample of COOH-PSNPs received was a 300 nm sus-
pension containing 2.5 % w/v COOH-PSNPs. 125 ppm COOH-PSNPs
suspension was prepared by diluting 5 mL COOH-PSNPs stock solution
in 1 L of ultrapure water for subsequent experiments. Fig. S2 confirms
that COOH-PSNPs used in this study were uniform particles with a
diameter of 300 nm. HA, SA, and BSA were dissolved in ultrapure water
to prepare 100 ppm solution, and stored in a refrigerator at 4 °C for
subsequent experiments. Ultrapure water was used in all experiments in
this study.

2.2. Characterization

The morphologies of COOH-PSNPs, magnetite, and the solid speci-
mens of suspension containing COOH-PSNPs and magnetite after
interaction for 5 h under different conditions, were examined by scan-
ning electron microscope (SEM, Scios, FEI Company) and transmission
electron microscope (TEM, G2 F20 S-TWIN, Tecnai). High-sensitivity
zeta potential analyzer (Omni, Brookhaven) was used to measure the
zeta potentials of COOH-PSNPs and magnetite at pH 3.0, 6.5, and 10.0.
In order to better explain the interaction mechanisms between COOH-
PSNPs and magnetite under various conditions, attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Vertex
70 spectrometer, BRUKER optics) was used to analyze the types of
surface groups of samples before and after the reaction. The phase
structure of the magnetite sample was characterized by X-ray diffraction
(XRD, Empyrean, PANalytical B.V) operating with Cu-Ka radiation. The
specific surface area was analyzed by a multi-point BET method using a
nitrogen adsorption apparatus (Autosorb-iQ2-MP, Quantachrome, Boy-
nton Beach, FL, USA).

2.3. Deposition experiments of COOH-PSNPs with magnetite

The deposition experiments of COOH-PSNPs with magnetite were
carried out in 250 mL conical flasks. All experiments in this study were
performed at an initial COOH-PSNPs concentration of 20 ppm, which
was a commonly used concentration of COOH-PSNPs in prior studies
(Nie et al., 2023; Xie et al., 2023; Lin et al., 2024; Wang et al., 2023b). In
a typical experiment, the initial pH of COOH-PSNPs solution was
adjusted by adding HCl or NaOH. 50 mL. COOH-PSNPs solution (40 ppm)
and 50 mL water containing 0.01 g magnetite were firstly adjusted to the
requisite initial pH, and then mixed together for further deposition ex-
periments. Except for the study of pH effect, the deposition experiments
were carried out at initial pH 6.5. The mixtures containing COOH-PSNPs
and magnetite were agitated at room temperature (except for the study
of temperature effect) and 200 rpm in an orbital incubator shaker
(ZWYR-D2403, Zhicheng) to ensure a uniform interaction between
COOH-PSNPs and magnetite. 10 mL of the suspension was sampled at
different time intervals (0, 10, 30, 60, 90, 120, 150, 180, 240, and
300 min), and magnetite was separated magnetically from the suspen-
sion and the supernatant was carefully collected. After that, the
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absorbance of COOH-PSNPs in supernatant was measured by
ultraviolet-visible spectrophotometer (UV-VIS, Cary 300, Agilent) at a
wavelength of 234 nm (Nie et al., 2023; Xie et al., 2023; Lin et al., 2024).
The deposition extent of COOH-PSNPs was calculated by the ratio of the
COOH-PSNP suspended concentration (C) and the initial COOH-PSNP
concentration (Cp) at different times. The relationship between C/Cy
and time (t) was used to plot the normalized deposition curves.

In order to better simulate the natural water environment, the effects
of ionic type and OMs were also studied. Ions such as KCl, NaCl, MgCl,,
CaCl,, NaF, NaNOs, NaySO4, NayCOs, and NaH,PO4 are common in
natural water environment (Xie et al., 2023). Cr(VI) is a common and
highly toxic heavy metal in the environment, and magnetite has a good
adsorption capacity for Cr(VI) (Yuan et al., 2010), which may have a
significant effect on the heteroaggregation deposition of COOH-PSNPs
with magnetite. Consequently, the effect of K5CroO; was included in
the study. The HA, SA, and BSA (as substitutes for humus, poly-
saccharide, and protein, respectively) were selected respectively, which
were the representative OMs commonly used in previous experiments
(Xie et al., 2023; Duan et al., 2021; Liu et al., 2020; Wu et al., 2021).
Therefore, in this study, the effects of initial pH (3.0, 5.0, 6.5, 8.0, and
10.0), temperature (15, 25, 35, 45, and 55 °C), ionic type (cations: KCl,
NaCl, MgCl,, and CaCly; anions: NaF, NaCl, NaNOs, NaSO4, NaCOs,
NaH,PO4, and KoCry07; the concentration was set to 5 mM), phosphate
concentration (0-10 mM), and OMs (HA, SA, and BSA) on the deposition
behaviors of COOH-PSNPs with magnetite were determined. Wherein
the concentration range of OMs was 0-10 ppm. When OMs existed,
magnetite was firstly added to the solution containing OMs for shaking
2 h, then COOH-PSNPs solution was added to react with them. In order
to verify the role of hydrogen bond and hydrophobic interaction in the
deposition of COOH-PSNPs, 5 mM urea (a hydrogen bond breaker) and
50 % dimethyl sulfoxide (DMSO, a dipolar aprotic organic solvent) were
added to the solution, respectively (Xie et al., 2023). In order to further
explain the heteroaggregation mechanism of COOH-PSNPs and
magnetite, deaggregation experiments were carried out. Deaggregation
experiments are presented in the Supplementary Material. Each exper-
imental data was the average of the data from two parallel experiments.
The solid specimens separated magnetically from the suspension were
dried at 30 °C, and their morphologies and chemical surface groups were
characterized useing SEM, TEM, and ATR-FTIR.

3. Results and discussion

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

3.1.1. Effects of pH and temperature

As shown in Fig. 1a, pH had a significant effect on the deposition of
COOH-PSNPs with magnetite. About 100 % of COOH-PSNPs were
deposited within 2.5 h when the pH was between 3.0 and 6.5. SEM
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images (Fig. 2a) showed the formation of COOH-PSNPs-magnetite het-
eroaggregates, and the number of heteroaggregates was consistent with
the deposition curves of COOH-PSNPs, indicating that the hetero-
aggregation of COOH-PSNPs with magnetite was the main factor leading
to the deposition of COOH-PSNPs. With increasing pH from 6.5 to 8.0,
the deposition rates of COOH-PSNPs decreased significantly. No depo-
sition of COOH-PSNPs occurred and no COOH-PSNPs-magnetite heter-
oaggregates could be observed within 5 h at pH 8.0 or 10.0. The zeta
potentials of COOH-PSNPs and magnetite at different pHs are presented
in Fig. S3a. COOH-PSNPs exhibited a highly negative charge at pH
3.0-10.0. This was attributed to the presence of a large number of
negatively charged carboxyl groups (-COO™) on the surface of COOH-
PSNPs (Nie et al., 2023; Xie et al., 2023). The pHjgp (isoelectric point)
of magnetite was at about pH 6.8 (Liang et al., 2021). When pH < 6.8,
with the increase of pH, the protonation on the surface of magnetite
decreased, and the positive charge on the surface of magnetite gradually
decreased, which leads to the decrease of electrostatic attraction be-
tween COOH-PSNPs and magnetite. Therefore, the deposition rates of
COOH-PSNPs with magnetite decreased with the increase of pH. For
example, when the pH was 3.0, 5.0, or 6.5, the deposition rates of
COOH-PSNPs with magnetite at 10 min were 36 %, 30 %, and 19 %,
respectively. When pH > 6.8, the surface charge of magnetite was
reversed to negative charge due to the deprotonation of magnetite. The
negative charge of magnetite increased with the increase of pH, so the
electrostatic repulsion between magnetite and negatively charged
COOH-PSNPs increased, thus hindering the deposition of COOH-PSNPs
with magnetite. When pH was 8.0 or 10.0, the deposition rates of
COOH-PSNPs decreased to nearly zero after interaction with magnetite
for 5 h.

In order to verify the deposition mechanism of COOH-PSNPs with
magnetite, 5 M urea and 50 % DMSO were added to verify the role of
hydrogen bonding and hydrophobic interaction in the deposition of
COOH-PSNPs. Fig. 1b showed the deposition profiles of COOH-PSNPs
with magnetite at pH 6.5 in the presence of 5M urea and 50 %
DMSO. The deposition of COOH-PSNPs was significantly inhibited by
5M urea, and only about 8 % of COOH-PSNPs were deposited within
5 h, suggesting that hydrogen bond should be the predominant force
between COOH-PSNPs and magnetite (Zandieh and Liu, 2022). 50 %
DMSO had no significant effect on the deposition of COOH-PSNPs with
magnetite, and COOH-PSNPs were almost completely deposited within
2.5 h, indicating that hydrophobic interaction played negligible role in
the deposition of COOH-PSNPs. ATR-FTIR spectra of magnetite before
and after mixing with COOH-PSNPs were systematically investigated
(Fig. S4). The stretching vibration peak of Fe-O bond of magnetite was
observed at 544 cm ™! (Lee and Kim, 2022). For COOH-PSNPs, the peaks
at 698, 758, 1452, 1492, 1601, 2922, and 3026 cm ™" were the charac-
teristic peaks of polystyrene (Huang et al., 2022). The peaks at 540 and
1197 cm™! were ascribed to the G-H vibration, and the peak at
1726 cm™! was ascribed to the stretching vibration of carboxyl in

(a) Mag + COOH-PSNPs (b) Mag + COOH-PSNPs (c) Mag + COOH-PSNPs
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Fig. 1. Deposition profiles of COOH-PSNPs with magnetite: (a) at different pHs; (b) in the presence of urea and DMSO and (c) at different temperatures at pH 6.5.
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Fig. 2. SEM images of magnetite after interaction with COOH-PSNPs for 5 h under different conditions: (a) different pHs; different concentrations of (b) HA, (c) SA,
and (d) BSA at pH 6.5.
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COOH-PSNPs (Xie et al., 2023; Wang et al., 2023a). At pH 3.0-6.5,
COOH-PSNPs were deposited by magnetite, and the typical peaks of
COOH-PSNPs could be observed on magnetite. At pH 8.0 and 10.0, the
characteristic peaks of COOH-PSNPs could not be observed on magne-
tite, which further confirms that COOH-PSNPs could not hetero-
aggregate with magnetite at these pHs. At pH 3.0 and 6.5, the peak
position of Fe-O bond for magnetite shifted from 544 to 549 and
555 cm ™! after the interaction between COOH-PSNPs and magnetite,
indicating that the Fe-O bond of magnetite may have formed hydrogen
bonds with —CH, —OH, and —-COOH on the surface of COOH-PSNPs. In
addition, negatively charged substances can form complexes with
proton-containing and positively charged substances through
charge-assisted hydrogen bonding (CAHB) or electrostatic forces (Song
et al., 2024). The bond energy of CAHB is four times that of normal
hydrogen bonds due to electrostatic attraction, making CAHB possess a
certain degree of covalent character (Mahmudov et al., 2017; Li et al.,
2023). Magnetite belongs to hydrophilic minerals (Zandieh and Liu,
2022; Rhein et al., 2022), and it will be positively charged by the
presence of a small amount of protonated hydroxyl groups (-OH3) on
the surface at pH 6.5 (pH < pHjgp), which may create charge-assisted
hydrogen bonding with the negatively charged COOH-PSNPs. There-
fore, hydrogen bonds (i.e., -C-O--H-O-Fe, -C-H--O-Fe, and -C-O-H--
O-Fe), CAHB, and electrostatic interactions dominated the deposition
behavior of COOH-PSNPs depending on the solution pH. In the deag-
gregation experiments by changing pH, no deaggregation occurred
when pH was 3.0, 5.0, 6.5, or 8.0, and only about 18 % of COOH-PSNPs
deaggregated when pH was 10.0 (Fig. S5). It may be due to hydrogen
bonds and strong CAHB generated during heteroaggregation of
COOH-PSNPs with magnetite that hindered the deaggregation of
COOH-PSNPs. Therefore, the deaggregation experiments further
confirmed the possibility of hydrogen bonding and CAHB between
COOH-PSNPs and magnetite in addition to electrostatic interaction.

Fig. 1c shows the effect of temperature on the deposition of COOH-
PSNPs. As the temperature of the solution increased from 15 to 55 °C,
the deposition curves of COOH-PSNPs with magnetite almost over-
lapped. With the increase of temperature, the stability of hydrogen
bonds decreases (Ross and Rekharsky, 1996), and the absolute value of
zeta potentials of magnetite and COOH-PSNPs significantly decreased
(Fig. S3b), leading to the reduction of COOH-PSNPs heteroaggregation
rates. However, higher temperature was favorable for Brownian motion
and led to quicker aggregation of PSNPs (Ling et al., 2022). Therefore,
temperature had negligible effect on the deposition of COOH-PSNPs
with magnetite.

3.1.2. Effect of ionic type

As shown in Fig. 3a and b, COOH-PSNPs were completely deposited
within 2.5 h in the absence of ions at pH 6.5. The addition of KCl, NaCl,
MgCl,, CaCly, NaF, NaNOs, NaySO4, or NayCO3 had insignificant effect

Cations + Mag + COOH-PSNPs

1.0} -lll- Without Cations
KCI
08l NaCl
MgCl,
06l -@- cac,
Q
© 04}
0.2}
0.0

2 3
t (h)
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on the heteroaggregation of COOH-PSNPs with magnetite. However, the
addition of NaH2PO4 or KCr,07 significantly inhibited the deposition of
COOH-PSNPs, and negligible deposition of COOH-PSNPs after 5 h was
observed.

At pH 6.5, cations had a negligible effect on the zeta potential of
magnetite (Fig. S6a). The monovalent cations had an insignificant effect
on the surface charge of COOH-PSNPs, while divalent cations (Ca%* and
Mg?") caused a significant decrease in the zeta potentials of COOH-
PSNPs from —58.30 mV to —36.99 mV and —35.33 mV, respectively
(Fig. S6b). This can be attributed to the fact that divalent cations
exhibited stronger ability to neutralize surface negative charges and
compress the electric double layer than univalent cations (Kong et al.,
2023; Li et al., 2021b), and had the same ability to neutralize surface
negative charges by cations with the same valence state (Xie et al.,
2023). The negative surface charge of COOH-PSNPs was decreased,
resulting in a lower electrostatic attraction between COOH-PSNPs and
magnetite. However, the deposition rates of COOH-PSNPs remained
unaltered, which further confirms that electrostatic force was not the
dominant force of heteroaggregations between COOH-PSNPs and
magnetite. The influence of anions on COOH-PSNPs deposition may be
related to zeta potentials. With the addition of NaH;PO4 or K5CroO7, the
zeta potentials of magnetite changed from positive (3.28 mV) to nega-
tive (—39.97 mV and —27.96 mV) (Fig. 4a). COOH-PSNPs carried highly
negative charge (between —56.01 mV and —76.91 mV) regardless of the
presence or absence of anions (Fig. 4b). HoPO4 could form inner-sphere
surface complexes with magnetite (Liang et al., 2021; Lin et al., 2023),
and Cr,0%~ could be adsorbed and immobilized on magnetite surface
through redox and isomorphic substitution (Yuan et al., 2010; Zhang
et al.,, 2017a), effectively neutralizing the surface charge and even
reversing the surface charge of magnetite from positive to negative,
leading to strong repulsive electrostatic forces and high energy barriers
between negatively charged magnetite and COOH-PSNPs. Therefore, the
occurrence of competitive adsorption between COOH-PSNPs and HoPO4
or Cry02~ on the surface of magnetite and electrostatic repulsion
inhibited the deposition of COOH-PSNPs with magnetite. When NaCl,
NaNO3 NapSOj4, or NapCO3 was present, there were negligible effects on
the zeta potentials of magnetite and COOH-PSNPs (Fig. 4a and b), and
therefore no effects on the deposition of COOH-PSNPs with magnetite.
The zeta potential of magnetite in the presence of NaF was —5.32 mV
(Fig. 4a). It could be ascribed that F~ can be adsorbed on the surface of
magnetite by replacing —OH and protonated -OH3 (Zhang et al., 2017b;
Xu et al., 2007), leading to the change of surface charge of magnetite.
Fluorine (F) adsorbed on the magnetite surface can also form hydrogen
bonds with —C—H, —OH, and —COOH of COOH-PSNPs (Manna et al.,
2015; Dalvit and Vulpetti, 2016). F atom is known to have smaller
atomic radius and greater electronegativity than oxygen (O) atom, thus
it can form stronger hydrogen bonds with —C—H, —OH, or —COOH.
Furthermore, F~ could change the electrification of magnetite, resulting

Anions + Mag + COOH-PSNPs

(b)

< Without Anions

-@-N\aF - Nacl
o 06 NaNO; -@)-Na,SO,
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Fig. 3. Deposition profiles of COOH-PSNPs with magnetite in the presence of (a) different cations and (b) different anions at pH 6.5.
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in electrostatic repulsion between magnetite and COOH-PSNPs. There-
fore, the combined effects of increased electrostatic repulsion and
hydrogen bond force determined the negligible deposition of
COOH-PSNPs with magnetite.

3.1.3. Effect of phosphate

Phosphorus (P) is an essential nutrient for aquatic biota, but eutro-
phication of freshwater in lakes, rivers, and oceans is a serious global
environmental problem (Lin et al., 2023; Lee and Kim, 2017; Hou et al.,
2020). The presence of phosphate will alter the surface physicochemical
properties of iron (hydr)oxides minerals and affect the interaction be-
tween minerals and NPs (Amstaetter et al., 2012; Hiemstra, 2018). Iron
(hydr)oxides have high adsorption affinity toward phosphate (Liang
et al., 2021). It was speculated that phosphate might significantly affect
the interfacial interaction between COOH-PSNPs and magnetite.
Therefore, the effect of phosphate on the deposition of COOH-PSNPs
with magnetite was further investigated. As shown in Fig. 5a, low con-
centrations of phosphate could significantly inhibit the deposition of
COOH-PSNPs at pH 6.5. As phosphate concentration increased from 0 to
0.01 mM, the deposition rates of COOH-PSNPs decreased from 100 % to
0 %. When the concentration of phosphate exceeded 0.01 mM, the
deposition of COOH-PSNPs with magnetite was completely inhibited.
This was also correlated with the change in their zeta potentials (Fig. 4c
and d). Low concentrations of phosphate significantly reduced the zeta
potentials of magnetite, e.g., the zeta potentials of magnetite were 3.28,
3.27, —15.12, and —26.35 mV at pH 6.5 in the presence of 0, 0.0001,
0.001, or 0.01 mM phosphate, respectively. At pH 6.5, phosphate exis-
ted in solution mainly in the form of HoPO4 and HPOZ™ (Lee and Kim,
2022), and the negatively charged phosphate could be specifically
absorbed on the surface of the magnetite via inner-sphere complexation,
ion exchange and electrostatic attraction. The primary mechanism is the
inner-sphere complexation between Fe and phosphate (Lee and Kim,
2022; Lin et al., 2023), reversing the surface charge of the magnetite
from positive to negative. Similarly, Xie et al. found that the specific
adsorption of phosphate on goethite could penetrate the electric double
layer more easily than other ions, effectively neutralizing the surface
charge, leading to the surface potential reversal of goethite from positive
to negative, thus significantly inhibiting the deposition of COOH-PSNPs
with goethite due to enhanced electrostatic repulsion (Xie et al., 2023).

Fig. 5b, c, and d represent the deposition curves of COOH-PSNPs with
magnetite at 0.001, 0.01, and 1 mM phosphate concentration at
different pHs, respectively. As shown, the deposition of COOH-PSNPs
with magnetite was highly dependent on pH at all phosphate concen-
trations, and the deposition extent of COOH-PSNPs showed a significant
negative correlation with pH and phosphate concentration. Both pH
(3.0-10.0) and the concentrations of phosphate (0-10 mM) had negli-
gible effects on the surface potential of COOH-PSNPs, but they showed
significant effects on the zeta potential of magnetite (Fig. 4c and d). In
the presence of low phosphate concentration (0.001 mM) (Fig. 5b), the
deposition rates of COOH-PSNPs decreased gradually with increasing
pH. The deposition extent of COOH-PSNPs was 100 %, 99 %, and 77 %
at pH 3.0, 5.0, and 6.5 within 2.5 h, respectively, and was 100 % at pH
6.5 within 5 h. The deposition extent of COOH-PSNPs was 0 % within
5 hat pH 8.0 and 10.0. The deposition of COOH-PSNPs was significantly
correlated with the zeta potential of magnetite. Although both magne-
tite and COOH-PSNPs were negatively charged at pH 6.5 and electro-
static repulsion prevented their heteroaggregation, the strong hydrogen
bond that existed between them could overcome the energetic barrier of
repulsion, leading to the reduced deposition rates of COOH-PSNPs with
magnetite. When the pHwas 8.0 or 10.0, the surface charges of
magnetite were more negative, generating larger electrostatic repulsion
and energy barriers to COOH-PSNPs, preventing their heteroaggregation
and stabilizing the COOH-PSNPs in suspension. Similar trends were
observed for the deposition of COOH-PSNPs in the presence of 0.01 or
1 mM phosphate. No deposition of COOH-PSNPs with magnetite
occurred when the pH was above 6.5 and 5.0 with addition of 0.01 and
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1 mM phosphate, respectively. These results indicated that the electro-
static repulsion between COOH-PSNPs and magnetite originated from
the specific adsorption of phosphate on magnetite inhibited the depo-
sition of COOH-PSNPs in the presence of phosphate.

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

3.2.1. Deposition profiles of COOH-PSNPs with magnetite in the presence of
organic macromolecules

Interactions between mineral and OMs to form mineral-OM associ-
ations through electrostatic interactions, hydrogen bonds, and ligand
exchange, are commonly existed in a variety of natural environments,
which will alter the original physicochemical properties of mineral
surfaces and play crucial roles in regulating the deposition of NPs with
minerals (Bao et al., 2021; Zhou et al., 2014; Lee and Hur, 2020; Safiur
Rahman et al., 2013). OMs and minerals existed earlier in natural water
bodies than artificial NPs (Kong et al., 2023). Therefore, in order to
investigate the deposition behaviors of COOH-PSNPs with minerals in
the presence of OMs, magnetite and a series of concentrations of OMs
(HA, SA, and BSA) were first mixed in solution for 2h to form
magnetite-OM associations, and then COOH-PSNPs were added for
further deposition experiments.

As shown in Fig. 6, three OMs significantly inhibited the deposition
of COOH-PSNPs with magnetite, and the inhibition effect enhanced with
the increase of the concentration of OMs. Specifically, the deposition of
COOH-PSNPs decreased significantly as HA concentration increased
from 0 to 0.2 ppm (Fig. 6a). In the presence of 0, 0.1, and 0.2 ppm HA,
about 100 %, 27 %, and 0 % of COOH-PSNPs were deposited within 5 h,
respectively. Increasing SA concentration from O to 0.1 ppm markedly
decreased the deposition rates of COOH-PSNPs. When SA concentration
exceeded 0.1 ppm, almost no deposition of COOH-PSNPs was observed
within 5 h (Fig. 6b). As BSA concentration increased from 0 to 5 ppm,
the deposition rates of COOH-PSNPs also remarkably decreased
(Fig. 6¢). Overall, the inhibition capacities of the three OMs followed an
order of SA > HA > BSA, and the minimum inhibitory concentrations of
SA, HA, and BSA for the deposition of COOH-PSNPs were 0.1, 0.2, and
5 ppm, respectively.

SEM images of magnetite after mixing COOH-PSNPs for 5 h under
different OMs with a series of concentrations are shown in Fig. 2b, ¢, and
d. It can be visually observed that the number of COOH-PSNPs-
magnetite heteroaggregates remarkably decreased with increasing the
concentration of OMs. The COOH-PSNPs-magnetite heteroaggregates
could not be observed when the concentration of HA, SA, and BSA
exceeded 0.2, 0.1, and 5 ppm, respectively, confirming that OMs could
significantly inhibit the deposition of COOH-PSNPs with magnetite.

3.2.2. Interfacial interaction mechanisms between COOH-PSNPs and
magnetite in the presence of organic macromolecules

In order to further clarify the influence of OMs on the deposition of
COOH-PSNPs with magnetite, zeta potentials, ATR-FTIR spectroscopy,
and TEM were used to analyze the interfacial interaction mechanisms
between COOH-PSNPs and magnetite in the presence of OMs. Fig. S7
shows the zeta potentials of COOH-PSNPs and magnetite in the presence
and absence of OMs. At pH 6.5, the zeta potentials of HA, SA, and BSA
were —49.18, —39.23, and —24.24 mV, respectively. The zeta potentials
of COOH-PSNPs were highly negative (—42.82 ~ —61.64 mV) regard-
less of the presence or absence of OMs (Fig. S7a, ¢, and e). The decrease
in zeta potentials of magnetite after reacting with three OMs indicates
that the OMs were adsorbed on the surface of the magnetite (Fig. S7b, d,
and f). The electrostatic attraction between positively charged magne-
tite and negatively charged OMs facilitated the adsorption of OMs onto
the surface of magnetite, thus neutralizing the surface charge of
magnetite. The increase in the concentration of OMs induced more OMs
to adsorb onto the surface of magnetite, resulting in the charge reversal
of magnetite. The deposition of COOH-PSNPs in the presence of OMs
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Fig. 6. Deposition profiles of COOH-PSNPs with magnetite at pH 6.5 in the presence of different concentrations of (a) HA, (b) SA, and (c) BSA.

was correlated with the zeta potentials of magnetite, and the deposition
rates of COOH-PSNPs decreased with the increase in the negative charge
on magnetite surface (Fig. 6; Fig. S7b, d, and f). The reversal degree of
the surface charge of magnetite in the presence of HA, SA, and BSA was
consistent with their inhibition capacities for the deposition of COOH-
PSNPs, and thus electrostatic repulsion should be the main mechanism
for inhibiting the deposition of COOH-PSNPs in the presence of HA, SA,
and BSA.

The ATR-FTIR spectra of magnetite in the presence and absence of
OMs are shown in Fig. S8a, b, and c. The absorption peaks of organics
could be observed on magnetite in the presence of OMs, and the peak
intensities were positively correlated with the concentration of OMs. For
HA and SA, the peaks at 1031 and 1024 cm ™! were attributed to the C-O
stretching vibration, and the board adsorption peaks at about
3300 cm ™! were attributed to the stretching vibration of ~-OH. The peaks
at 1363, 1404, and 1544 cm_l, and 1591 cm™! respectively represented
the C=0 symmetric and asymmetric stretching of the carboxyl group
(Xie et al., 2023). For BSA, the peak at about 1389 em ™! belonged to
C—O and N — H bending vibration and C—N stretching. The peak at
1528 cm ! was ascribed to C—N stretching vibration and N — H bending
vibration. The peak at 1637 cm™! belonged to C=0 and N — H
stretching vibration. The peak at 3285 cm ™' corresponded to N — H
stretching vibration of amino group (Wu et al., 2021). After interaction
with magnetite, the adsorption peaks of OMs could be observed, sug-
gesting that HA, SA, and BSA could be adsorbed on the magnetite sur-
face (Safiur Rahman et al.,, 2013). In addition, ATR-FTIR spectra of
magnetite before and after mixing with COOH-PSNPs in the absence and
presence of HA (Fig. S8d), SA (Fig. S8e), and BSA (Fig. S8f) were
analyzed. The characteristic absorption peaks of COOH-PSNPs were
observed on magnetite after mixing with COOH-PSNPs, and the peak
intensity was negatively correlated with the concentration of OMs. The
characteristic absorption peaks of COOH-PSNPs could not be observed
when the concentrations of HA, SA, and BSA were greater than 0.2, 0.1,
and 5 ppm, respectively. This result further confirmed that OMs could
react with the surface of magnetite, thus hindering the hetero-
aggregation and deposition of COOH-PSNPs with magnetite.

OMs could interact with COOH-PSNPs (Xie et al., 2023; Li et al.,
2021b; Saavedra et al., 2019) and magnetite (Zhou et al., 2015; Hu et al.,
2010; Li et al., 2018) to form layers of organic matter on their surfaces,
which could inhibit the deposition of COOH-PSNPs with magnetite
through the steric hindrance effect of the organic matter layers. As
shown in the TEM image (Fig. S9), the COOH-PSNPs-magnetite heter-
oaggregates were observed when OMs were not present. In the presence
of 10 ppm OMs, no heteroaggregate could be observed, confirming that
the deposition of COOH-PSNPs was completely inhibited under this OMs
concentration. In addition, organic macromolecular layers encapsulated
on the surface of magnetite and COOH-PSNPs were clearly observed
(Fig. S9), suggesting that OMs could induce great steric hindrance to
inhibit the heteroaggregation and deposition of COOH-PSNPs with

magnetite.

In addition, the three OMs had different abilities to inhibit the het-
eroaggregation and deposition of COOH-PSNPs with magnetite. In this
experiment, the lowest concentrations of HA, SA, and BSA that
completely inhibited the deposition of COOH-PSNPs were 0.2, 0.1, and
5 ppm, respectively. It is postulated that this phenomenon may be
closely related to their charge density, hydrophilicity, and structure. The
order of hydrophilicity of the three OMs is SA > HA > BSA (Liu et al.,
2020), which is consistent with their inhibition ability to the deposition
of COOH-PSNPs. COOH-PSNPs and magnetite are hydrophilic sub-
stances (Zandieh and Liu, 2022; Rhein et al., 2022), and therefore, it can
be postulated that SA is more likely to adsorb on the surfaces of
COOH-PSNPs and magnetite than HA and BSA. Moreover, in terms of the
structure of organic macromoleculars, SA is a linear and semi-flexible
macromolecule, HA is a globular and semi-rigid macromolecule, and
BSA is a globular macromolecule with the tertiary structure of protein
(Xie et al., 2023; Liu et al., 2020). The linear and flexible structure of SA
showed strong ductility and will be easily adhered to the surface of
particles to produce higher steric hindrance as compared with HA and
BSA (Huang et al., 2022; Xie et al., 2023). Due to the hydrophilicity,
linear and flexible structure, and high surface charge density of SA, it
will be more easily adsorbed onto the surfaces of COOH-PSNPs and
magnetite, changing the chargeability of magnetite surface and gener-
ating steric hindrance effect. The absolute values of zeta potentials of the
three OMs followed the order of HA (—49.18 mV) > SA (39.23 mV)
> BSA (-24.24 mV). However, when the concentrations of HA and SA
were 0.2 and 0.1 mM, the zeta potentials of magnetite were —30.75 and
—31.75 mV, respectively, implying that SA was more easily attached to
magnetite surface. Thus, based on above discussion, it could be
concluded that the enhanced steric hindrance and electrostatic in-
teractions between COOH-PSNPs and magnetite-OM associations in the
presence of OMs could inhibit the interfacial interaction and deposition
of COOH-PSNPs with magnetite.

4. Conclusion

The results indicated that COOH-PSNPs could heteroaggregate with
magnetite by electrostatic attraction, hydrogen bond, and CAHB. The
deposition rates of COOH-PSNPs with magnetite decreased with
increasing solution pH. The effect of temperature on COOH-PSNPs
deposition was negligible. Cations exerted a negligible effect on the
heteroaggregation of COOH-PSNPs with magnetite, whereas anions
such as phosphate and dichromate significantly inhibited the deposition
of COOH-PSNPs through competitive adsorption and electrostatic
repulsion. Moreover, the low concentration of phosphate could effec-
tively reverse the surface charge of magnetite and significantly inhibit
the deposition of COOH-PSNPs. OMs significantly inhibited the inter-
facial interaction and deposition of COOH-PSNPs with magnetite by
enhancing the electrostatic repulsion and steric hindrance between
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COOH-PSNPs and magnetite due to the formation of magnetite-OM as-
sociations. Meanwhile, the ability of OMs for inhibiting the deposition of
COOH-PSNPs followed the sequence of SA > HA > BSA. These findings
may provide new insights into a deeper understanding of geochemistry
behaviors of COOH-PSNPs associated with magnetite and organic mat-
ter in natural environments. Moreover, our results also show the po-
tential that magnetite may be used as a good candidate for effectively
removing nanoplastics from the natural aquatic environment.
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