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a b s t r a c t
This study investigated heteroaggregation of three surface-functionalized polystyrene nanoparticles (PSNPs), i.e.
negatively charged unfunctionalized nanoparticles (Bare-PS) and carboxylated nanoparticles (COOH-PS), and
positively charged amino-functionalized nanoparticles (NH2-PS), with two model natural colloids, positively
charged hematite and negatively charged kaolin, respectively. Heteroaggregation was conducted at a constant
natural colloid concentration and variable NP/colloid concentration ratios. Electrostatic interaction was the
main mechanism driving the formation of heteroaggregates. In binary systems containing hematite and BarePS/COOH-PS, a charge neutralization – charge inverse mechanism was observed with the increase of PSNP concentration. At NP/hemetite concentration ratios much smaller or larger than the full charge neutralization point,
the primary heteroaggregates were stable, while full charge neutralization induced the formation of large secondary heteroaggregates. Large aggregates were not observed in suspensions containing kaolin and NH2-PS, as
highly positively charged NH2-PS reversed surface charges of kaolin at extremely low concentrations.
Heteroaggregation between PSNPs and natural colloids with the same charge is unfavorable due to strong electrostatic repulsion. In the presence of electrolytes, homoaggregation and heteroaggregation both occurred, and
homoaggregation of hematite played a key role when the concentration of PSNPs was low. The presence of Suwannee River natural organic matter (SRNOM) could modify surface charges of nanoparticles, and thus affect
heteroaggregation behaviors of the binary suspension. When SRNOM and electrolytes were both present,
whether SRNOM inducing or hindering the stability of the binary system was a combined effect of NP/colloid concentration ratios, SRNOM concentrations, electrolyte types and ionic strength. Mechanisms extensively reported
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in homoaggregation such as steric hindrance and cation bridging effects between SRNOM and Ca2+ also stand for
heteroaggregation. These results highlight the critical role of surface modiﬁcation on the environmental behaviors of NPs, and will underpin our understanding of the fate and transport of NPs in the aquatic environment.
© 2021 Elsevier B.V. All rights reserved.

inﬂammatory responses after NP exposure (Lehner et al., 2019),
which arouses increasing concerns about the potential risks of NPs.
The physical state of nanoparticles, in either disperse particles or aggregated forms, are of great importance, as it will determine the pathways of nanoparticles within the natural system, and signiﬁcantly
affect their ﬁnal fate, transport and toxicity to organisms. It was
shown that water chemistry, such as ionic strength, electrolyte types,
pH, and temperature played essential roles in the stability of NPs in
the water column (Besseling et al., 2017; Cai et al., 2018; Mao et al.,
2020; Singh et al., 2019; Wang et al., 2021). Natural organic matter
(NOM), omnipresent in the environment, can adsorb on NP surfaces
through hydrophobic interaction, hydrogen bonding or π-π interaction
(Philippe and Schaumann, 2014; Singh et al., 2019; Yu et al., 2019), and
thus inﬂuence their environmental behaviors. Previous studies showed
that NOM could promote the stability of negatively charged NPs via steric hindrance and electrostatic repulsion (Mao et al., 2020; Wu et al.,
2019), at the same time enhancing the particle attachment in the presence of polyvalent electrolytes by cation bridging (Cai et al., 2018; Singh
et al., 2019). Additionally, neutralization of the surface charges of positively charged NPs was reported in the presence of NOM. Fast aggregation of positively charged NPs was observed with low concentrations of
NOM, while NP suspensions became stable again with high concentrations of NOM due to the charge reversal effects (Wu et al., 2019; Yu
et al., 2019). UV-irradiation or surface modiﬁcation can change the surface properties, which dramatically inﬂuences the fate of NPs in the
aquatic system (Liu et al., 2019; Song et al., 2019; Tallec et al., 2019;
Yu et al., 2019).
Most of the previous studies emphasized the homoaggregation of
NPs, while data on the interaction of NPs with naturally occurring
colloids are still lacking. Natural colloids, such as clays and minerals,
are ubiquitous in the aquatic system. The predicted concentrations of
natural colloids are in the range of 1 to 20 mg L−1 in the environment
(Batley et al., 2013), which is several orders of magnitude higher
than that of NPs (μg L−1 or even lower). Therefore, NPs have more
chances to encounter natural colloids, making heteroaggregation
more likely to happen. Wang et al. systematically reviewed the
heteroaggregation between nanoparticles and natural colloids in
the aquatic environment, in which the primary mechanisms, existing
models, and typical indicators for studying the heteroaggregation
process were thoroughly outlined (Wang et al., 2015a), which is
helpful to better understand the heteroaggregation between NPs
and natural colloids. The study on the interaction between positively
charged polystyrene nanoparticles (PSNPs) and negatively charged
iron oxide (Fe2 O3 ) revealed that electrostatic attraction induced
the formation of heteroaggregates, and the coating of alginate
could modify surface charges of PSNPs and Fe2O3 particles, resulting
in a shift of the optimal heteroaggregation concentration, i.e. the isoelectric point (IEP) concentration of PSNPs (Oriekhova and Stoll,
2018). A recent study (Zhang et al., 2020b) investigating the interaction of PSNPs with typical minerals showed that PSNPs did not
interact with negatively charged minerals such as kaolinite and
montmorillonite due to electrostatic repulsion. In contrast, positively charged minerals like goethite and magnetite greatly reduced
the stability of NPs by heteroaggregation. NPs are also demonstrated
to adhere to large suspended sediments (SS) (Li et al., 2019). Water
salinity enhanced the co-settle of PSNPs with SS in the water column,
and humic acid could adsorb on the surface of PSNPs and SS to alleviate heteroaggregation by steric repulsion (Li et al., 2019).

1. Introduction
Plastics are a large group of synthetic polymers, among which thermoplastics such as polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyvinyl-chloride (PVC), and polyethylene terephthalate (PET)
are widely used in our daily life due to the low cost and durability.
These thermoplastic polymers can be melted after heating and reshaped
before cooling down, so they can be applied in packing materials,
clothes, toys, and construction materials (Lehner et al., 2019). The widespread application also ushered in an explosive growth in the global annual production of plastics, which exceeds 359 million tonnes in 2018
(PlasticsEurope, 2019), and the number may double in the next
20 years (Lebreton and Andrady, 2019). Meanwhile, abundant plastic
wastes are generated, the majority of which are buried in landﬁlls or
discarded directly to the environment (Geyer et al., 2017). It is estimated that about 1.15 to 2.41 million tonnes of plastic wastes enter
oceans every year from rivers (Lebreton et al., 2017). With the growing
production of plastics, this number is still increasing.
Once abandoned into the environment, plastics would be frequently subjected to solar irradiation, mechanical abrasion and
biological erosion (Ivleva et al., 2017). Plastics are polymers made
up of carbon‑carbon backbones or with carbon-heteroatoms in the
main chain. UV-exposure, external and biological attacks may
cause the surface oxidation and chain scission, leading to the breakdown of plastic debris (Gewert et al., 2015; Song et al., 2017). The
ongoing degradation of small plastic pieces would even result in
the formation of microplastics (MPs, 1 μm – 5 mm particles) and
nanoplastics (NPs, <1 μm particles) (Li et al., 2020). Besides the indirect sources of NPs, some plastic pellets are intentionally produced and
widely incorporated in personal care products such as facial scrub, toothpaste and shampoo (Ivleva et al., 2017; Lehner et al., 2019). The release
and degradation of these primary microbeads is the direct source of NPs
(Hernandez et al., 2017). The large surface area enables NPs to adsorb
and enrich a myriad of toxic pollutions, such as heavy metals, polycyclic
aromatic hydrocarbon, polychlorinated biphenyls, and polybrominated
diphenyl ethers (Law and Thompson, 2014). The transfer of NPs in the
environment may enhance the mobility of these harmful contaminates
(Ivleva et al., 2017).
Due to the small size, NPs are easily internalized by organisms. Toxicological studies have shown that both negatively and positively
charged NPs can accumulate in the terrestrial plant Arabidopsis thaliana,
thereby inhibiting the plant growth and seedling development (Sun
et al., 2020). Even when exposed to NPs at μg L−1 levels, Caenorhabditis
elegans can induce the mitochondrial unfolded protein response to defense the toxicity of NPs (Liu and Wang, 2020). Compared with the terrestrial biota, marine organisms are more vulnerable to NPs due to
severe plastic pollution in the sea (Shen et al., 2019). The accumulation
of NPs in zebraﬁsh could disorder their normal metabolism and energy
cycling (Lu et al., 2016), disturb the gene expression and inhibit acetylcholinesterase activity (Chen et al., 2017). After exposed to NPs, Daphnia
galeata showed decreased survival and reproduction, and abnormal development in the embryos (Cui et al., 2017). Human exposure to NPs
may occur through different pathways, such as respiratory inhalation
and dietary ingestion (Lehner et al., 2019; Zhang et al., 2020a). Indoor
air is the primary inhalation source, which is more relevant to occupational exposure, while dietary ingestion of NPs would be the main exposure route for the general population (Lehner et al., 2019). In vitro
experiments revealed that different human cell lines exhibited pro2

S. Yu, Q. Li, W. Shan et al.

Science of the Total Environment 784 (2021) 147190

the suspension in concentrated HCl and diluting with ultrapure
water. Kaolin suspensions were prepared according to previous
studies (Wang et al., 2015b), and the details were given in the
Supplementary Material.

Surface functionalization, determining the surface charges, is shown
to affect the toxicity of NPs. Nomura et al. (Nomura et al., 2013) showed
that the cytotoxicity of positively charged PSNPs was much higher than
their negatively charged counterparts toward yeast (Saccharomyces
cerevisiae). Differently charged PSNPs showed distinct accumulation in
a terrestrial plant Arabidopsis thaliana (Sun et al., 2020). Our previous
study revealed that surface modiﬁcation of PSNPs dramatically affected
their homoaggregation process in different water media (Yu et al.,
2019). However, information on the inﬂuence of surface functional
groups on the heteroaggregation between NPs and naturally occurring
colloids is still lacking.
The main objective of the current study is to explore the interaction between natural colloids and NPs with different surface
functionalizations. Hematite and kaolin, commonly found in the
natural waters (Oriekhova and Stoll, 2019; Wang et al., 2015b),
are employed as model inorganic colloids. PS is one of the most
extensively used plastics in the polymer family, which can ﬁnd
applications in food packaging, electrical and electronic areas,
building insulations and eyeglasses frames (PlasticsEurope,
2019). Multiple million tons of PS are produced every year (Maul
et al., 2000). When degraded in the environment, the surface of
PS may be modiﬁed with different functional groups and charges.
Thus, three PSNPs with diverse surface modiﬁcations and charges,
i.e. unfunctionalized PS (Bare-PS, negatively charged), carboxylated PS (COOH-PS, negatively charged), and amino-functionalized
PS (NH 2 -PS, positively charged), are selected in this study, which
are also widely used as NP models in previous scientiﬁc research
(Tallec et al., 2019; Wang et al., 2020). By ﬁxing the concentration
of inorganic colloids, this work using time-resolved dynamic light
scattering (DLS) to monitor the heteroaggregation kinetics between natural colloids and PSNPs at different concentration ratios
in both monovalent and divalent electrolytes. The impact of NOM
on the heteroaggregation process was also investigated, aiming to
get a deep insight into the fate of NPs under different environmental conditions.

2.3. Characterization of hematite, kaolin and PSNPs
Three PSNP, kaolin and hematite working suspensions were prepared by directly diluting the stock suspensions with ultrapure water.
Field emission scanning electron microscopy (SEM) was used to characterize PSNPs and colloid-PSNP aggregates, while hematite and kaolin
particles were characterized by transmission electron microscopy
(TEM) and powder X-ray diffraction (XRD). The details were given in
the Supplementary Material. Zeta potential and hydrodynamic diameters and of PSNPs and natural colloids in different media were determined by the Malvern Zetasizer Nano instrument (ZEN3600, Malvern
Instruments Ltd., UK) at 25 °C.
2.4. Experimental procedures
Time-resolved DLS measurements were conducted to determine
the heteroaggregation kinetics between PSNPs and natural colloids.
The light scattering system employs a 633 nm laser source and
173° backscattering detector. Each measurement was accumulated
for 10 s, and the whole monitoring process was taken continuously
between 10 min and 90 min at 25 °C to obtain a sufﬁcient increase
in the hydrodynamic diameter. In the batch experiment, PSNP, kaolin and hematite stock suspensions were ﬁrstly sonicated for
10 min to disperse the particles before DLS measurement. All the
working suspensions were prepared in 4 mL disposable cuvettes
with a ﬁnal volume of 1 mL. DLS measurement was carried out immediately after the preparation of the suspension. As most natural
water is slightly alkaline (Conway et al., 2015), pH of the suspensions
was set to 7.4 by using the borate buffer (1 mM) to avoid the inﬂuence of pH variation on the aggregation process. Our previous
study (Yu et al., 2019) and Fig. S1 in the Supplementary Material
showed that the sizes of three PSNPs and model natural colloids
did not change much during 2 h, implying that the inﬂuence of low
concentrations of buffers can be negligible. The concentration of
hematite and kaolin in this study was maintained at 10 mg L −1,
while the concentration of PSNPs varied from 0 to 50 mg L−1. After
monitoring the evolution of particle sizes for 10 min, zeta potential
of the suspension was determined. The effect of electrolytes and
SRNOM on the heteroaggregation process was also evaluated.
Meanwhile, homoaggregation behaviors of hematite in mono- and
divalent electrolytes were monitored to draw appropriate comparisons with aggregation in the binary particle system. Each measurement was run at least in duplicates.

2. Materials and methods
2.1. Materials
Bare-PS and COOH-PS suspensions (2.5% w/v, 10 mL, 100 nm)
were provided by Tianjin BaseLine ChromTech Research Centre
(Tianjin, China). Latex NH2 -PS, with polyethylenimine (PEI)
modiﬁed on surfaces, was supplied by Tianjin Saierqun Technology
Co. Ltd. (Tianjin, China). Kaolin (K7375) was obtained from SigmaAldirich Co. Ltd. (St. Louis, USA). Suwannee River natural organic
matter (SRNOM), employed as the representative NOM, was
purchased from the International Humic Substances Society
(St. Paul, USA). All other reagents were supplied from Beijing
Chemicals (Beijing, China). Ultrapure water (18.3 MΩ·cm) was
used throughout the experiment.

2.5. Calculation of the aggregation kinetics
For both homo- and hetero-aggregation process, the initial
aggregation rate (k) was obtained by linear regression of time (t)
versus the measured hydrodynamic diameter Dh (t) up to 25% increase of the aggregate size from the initial size Dh(0) determined
by DLS (Chen and Elimelech, 2007; Shen et al., 2015). The detailed
calculation of aggregation rate (k), the attachment efﬁciency (α)
and critical coagulation concentration (CCC) was presented in the
Supplementary Material.

2.2. Preparation of hematite particles and kaolin suspensions
Hematite particles were synthesized following the method reported by Raming et al. (Raming et al., 2002) with minor modiﬁcation. Brieﬂy, into 100 mL of boiling water were added concentrated
(37 wt%) HCl and FeCl3 in sequence to make a mixture of 2 mM HCl
and 25 mM FeCl3. The solution was transferred into preheated reaction vessels and then incubated at 100 °C for 12 h in a forced convection oven. After cooling down at room temperature, hematite
particles were collected by centrifugation at 10000g for 30 min and
then washed with ultrapure water twice. The ﬁnal stock suspension
was kept at 4 °C for further use. The concentration of hematite suspensions (deﬁned as the concentration of Fe3+) was determined by
Agilent 5110 ICP-OES (Santa Clara, CA, USA) after dissolving

2.6. Derjaguin-landau-verwey-overbeek calculation
Derjaguin-landau-verwey-overbeek (DLVO) theory was used to calculate the interaction energies between hematite colloids and three
PSNPs at different concentration ratios. Detailed calculations were provided in the Supplementary Material.
3
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repulsion prevented the interaction with hematite particles, and
heteroaggregation would not happen (Fig. 1f, 1i and 1l). Since NH2PS suspensions are more positively charged than hematite
(33.1 mV vs 27.2 mV in Table S1), zeta potential values of the binary
system increased sharply at the initial time with the addition of NH2PS, and then leveled off above 10 mg L−1 of NH2-PS, possibly due to
that the charge density became constant (Khanh An et al., 2012).
Meanwhile, with the increase of NH2-PS concentration, z-average diameters gradually increased, indicating that NH2-PS dominated the
light scattering signals due to the larger size.
Heteroaggregation behaviors between PSNPs and kaolin were further monitored. Kaolin particles have irregular plate-like structures,
which hindered the calculation of the particle number concentrations
in the suspensions. Thus, the mass concentrations of kaolin were used.
As kaolin particles, Bare-PS and COOH-PS were all highly negatively
charged, electrostatic repulsion between kaolin and the two PSNPs
inhibited the attachment of the particles. SEM images (Fig. S5d and
S5e) showed that no heteroaggregate was observed in the binary particle system. Since large particles are extremely sensitive to DLS measurements, the measured size mainly represented the diameter of kaolin
particles (Smith et al., 2015). With the increase of the concentration of
PSNPs, particle numbers of PSNPs far exceeded that of kaolin, resulting
in a decrease of the measured z-average diameter (Fig. S5a and S5b).
Though kaolin and NH2-PS carried opposite charges, even low concentrations of NH2-PS could reverse surface charges of kaolin colloids
(Fig. S5c). Only some primary aggregates were observed in the SEM
image (Fig. S5f).

3. Results and discussion
3.1. Characterization
The as-synthesized hematite particles are near-spherical, with a
mean size of 66.9 ± 7.8 nm (Fig. S2a and S2b), which was obtained by
manually counting more than 250 individual particles in the SEM images and averaged them. XRD patterns (Fig. S2c) demonstrate that the
particles meet the crystalline form of α-Fe2O3 with high purity. Kaolin
particles have irregular plate-like structures, with the size ranging
from 80 to 600 nm (Fig. S2e). The average sizes of Bare-PS, COOH-PS
and NH2-PS are 90.8 ± 7.2 nm, 99.8 ± 8.6 nm, and 106.8 ± 7.8 nm, respectively. (Fig. S3). The hydrodynamic diameters of Bare-PS, COOH-PS,
NH2-PS, hematite, and kaolin (Table S1) are 105.0 nm, 116.4 nm,
235.8 nm, 91.7 nm, and 676.8 nm, with the polydispersity indices of
0.15, 0.08, 0.08, 0.10 and 0.31, respectively. Hydrodynamic diameters
given by DLS results are bigger than that counted from TEM and SEM
images, since only the core sizes of particles are observed in TEM images, while polymer and hydration layers are also included in DLS measurements (Kittler et al., 2010). Zeta potential measurements display
that Bare-PS, COOH-PS and kaolin particles carry strong negative
charges (−36.4 mV, −33.4 mV and − 31.5 mV), while NH2-PS and hematite particles are positively charged (33.1 mV and 27.2 mV) under
near-neutral conditions (Table S1). We further measured zeta potential
of hematite and kaolin particles in the pH range of 3–11. Zeta potential
values of hematite varied from 30.2 mV at pH around 3 to −19.6 mV at
pH 11 with the IEP around pH 9.6 (Fig. S2d). Our previous study (Yu
et al., 2019) and Fig. S2f revealed that Bare-PS, COOH-PS and kaolin particles became more negative with the increase of solution pH, while
positive charges on the surface of NH2-PS decreased, but no IEP was observed. To prevent effects of pH on the variation of particle sizes, 1 mM
borate buffer was used in all the experiment to adjust pH values of the
working suspensions to 7.4.

3.3. Interaction between PSNPs and colloids with electrolytes
To further illustrate the effect of electrolytes on the heteroaggregation
process, the stability of the binary particle system in the presence of NaCl
and CaCl2 was evaluated. Since hematite particles were monodisperse,
and the data monitored by DLS would be more accurate, hematite was
used as the model colloid. Three representative concentrations of PSNPs
were selected, i.e., 0.1 mg L−1 (PS concentrations lower than IEP),
2 mg L−1 (PS concentrations near IEP), and 20 mg L−1 (PS concentrations
higher than IEP). Although the much lower electrostatic repulsion at PS
concentrations near IEP (2 mg L−1) could induce the fast aggregation of
the nanoparticles, this concentration was still chosen to assess the inﬂuence of NOM in the following study, as previous studies reported that
NOM could modify the surface charges of nanoparticles, and further inﬂuence their stability in the water column (Oriekhova and Stoll, 2018).
Meanwhile, homoaggregation behaviors of hematite particles and
PSNPs were also investigated for comparison. Homoaggregation kinetics
of three PSNPs have reported in our previous study (Yu et al., 2019),
while homoaggregation proﬁles of hematite particles and their interaction with PSNPs were given in Figs. S6–S8. In some circumstances, the
binary particle system aggregated severely driven by charge neutralization even in the absence of electrolyte, or failed to achieve favorable aggregation conditions even at high ionic strength, hindering to compute
attachment efﬁciencies (Afrooz et al., 2013). In these cases, only the
aggregation rates were given.
Fig. 2 demonstrated the aggregation behaviors between hematite
and PSNPs within a wide range of NaCl and CaCl2 concentrations. At a
low concentration of PSNPs (0.1 mg L−1), corresponding to the NP/
hematite particle number ratio of about 0.014, the number of hematite
particles greatly outnumbers PSNPs. As shown in Fig. 2a-2c, CCC values
of the binary particle system in NaCl solutions were 32.2, 39.3 and
42.9 mM (corresponding to ionic strength values of 32.2, 39.3 and
42.9 mM) for Bare-PS, COOH-PS and NH2-PS, respectively, and in CaCl2
solutions were 6.2, 6.8 and 10.1 mM, respectively (corresponding to
ionic strength values of 18.6, 20.4 and 30.3 mM), which was comparable
with the homoaggregation CCC values of hematite (42.8 mM in NaCl
and 9.2 mM in CaCl2 solutions) (Fig. S6c). The ratios of CCC values in
CaCl2 and NaCl solutions were 2–2.28, 2–2.40, and 2–2.06 for Bare-PS,

3.2. Interaction between PSNPs and colloids without electrolytes
We ﬁrst investigated the heteroaggregation kinetics between commercial PSNPs and hematite in water by time-resolved DLS (Fig. S4).
In the experiment, the concentration of hematite was ﬁxed at
10 mg L−1, and various concentrations of PSNPs (0.1–50 mg L−1)
were added. Aggregate sizes in the last 2 min were averaged, and zeta
potential values were also recorded after measuring the aggregation
sizes (about 10 min after the preparation of the mixture). The mass concentration ratios of PSNPs and hematite were translated to particle
number ratios to better understand the observed phenomena (Bansal
et al., 2017; Kim and Berg, 2000; Piechowiak et al., 2010). Particle
number ratios and the corresponding PSNP concentrations in the
suspensions were shown in Table S2. As shown in Fig. 1a-1c,
heteroaggregation between PSNPs and hematite particles largely
depended on the surface charge and PS/hematite particle number ratios. For negatively charged Bare-PS and COOH-PS, the measured zaverage diameter increased with elevated PS/hematite particle number ratios initially (Fig. 1a and 1b), due to the formation of primary
heteroaggregates by electrostatic attraction (Fig. 1d and 1e). At this
stage, the attachment of primary heteroaggregates were inhibited
as electrostatic repulsion still existed. Increased concentrations of
PSNPs progressively reduced surface charges of hematite, while primary heteroaggregates became unstable, tending to form secondary
aggregates (Yi et al., 2015) until zeta potential decreased to zero, i.e.
the IEP (Fig. 1g and 1h). At this point, corresponding to about
3 mg L−1 of Bare-PS and 4 mg L−1 of COOH-PS, the z-average diameter reaching the maximum (Fig. 1a and 1b). Continuing to increase
concentrations of PSNPs, charge reversal of the system occurred.
Elevated negative charges stabilized primary aggregates again
(Fig. 1j and 1k), resulting in a sharp reduction of the hydrodynamic
diameter. As for positively charged NH2-PS, strong electrostatic
4
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Fig. 1. Zeta potential and z-average hydrodynamic diameters (a-c) of mixtures of PSNPs and hematite colloids versus NP/hematite particle number ratios and representative SEM images
(d-l). (a, d, g, j) Bare-PS, (b, e, h, k) COOH-PS, and (c, f, i, l) NH2-PS; (d-f) 0.1 mg L−1 PSNPs and 10 mg L−1 hematite colloids, (g-i) 2 mg L−1 PSNPs and 10 mg L−1 hematite colloids, (j-l)
20 mg L−1 PSNPs and 10 mg L−1 hematite colloids.

When the concentration of Bare-PS and COOH-PS increased to
2 mg L−1, corresponding to the NP/hematite particle number ratio of
0.28, surface charges of the binary particle system were close to zero
(Fig. 1). PS and hematite underwent fast heteroaggregation, which
was in accord with the DLVO theory (Figs. S9b, S9e, S10b, and S10e). A
previous study (Wang et al., 2007) reported that in the binary Al2O3
and ZrO2 suspensions (carrying opposite charges), when the numbers
of the two kinds of particles approached equal, and pH values of the suspension were in a certain range, stability of the system enhanced with
the increase of ionic strength, as electrostatic attraction between dissimilar particles was the dominant interaction. However, improved
stability with increasing salt concentrations was not observed in this
study, probably because homoaggregation was more prevalent than
heteroaggregation in our system, which was also reported in the same

COOH-PS and NH2-PS, respectively, which was consistent with the
Schulze-Hardy rule. DLVO calculations (Figs. S9a, S9d, S10a and S10d)
showed that there was no energy barrier between hematite and BarePS/COOH-PS in both electrolytes, indicating heteroaggregation was favorable. However, the DLVO potentials between PSNPs and hematite
may not precisely explain aggregation behaviors in the binary particle
system, because besides heteroaggregation, homoaggregation between
PSNPs themselves and hematite themselves could also happen. As the
concentration of PSNPs was very low, and the particle number of
PSNPs was far less than that of hematite, homoaggregation of hematite
particles seemed to dominate the aggregation process (Oriekhova and
Stoll, 2019; Quik et al., 2012). The hydrodynamic diameters of the binary particle system did not change much at low concentrations of
electrolytes.
5
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Fig. 2. Aggregation behaviors of Bare-PS (a, d), COOH-PS (b, e), and NH2-PS (c, f) with hematite colloids at various NaCl and CaCl2 concentrations with different PS/hematite concentration
ratios.

produce different results. SRNOM, a standard river NOM supplied by
International Humic Substances Society, is selected as the representative NOM because the chemical compositions are well known, and it
is also extensively used in other studies. The concentrations of NOM
in river and lakes are generally ranging from 1 to 10 mg C L−1
(Gatselou et al., 2014); therefore, three NOM concentrations (1, 5 and
10 mg C L−1) were investigated in this study.
Hematite suspensions (10 mg L−1) with different concentrations of
SRNOM (1, 5 and 10 mg C L−1) were ﬁrst prepared, and then various
concentrations of PSNPs were added. The heteroaggregation proﬁles
were shown in Fig. S12. Zeta potential values of hematite suspensions
changed from positive to negative immediately after the addition of
1 mg C L−1 of SRNOM (Fig. S13), and negative charges elevated with increased SRNOM concentration, indicating fast adsorption of SRNOM on
the surface. Charge reversal dramatically inﬂuenced heteroaggregation
between PSNPs and hematite. For negatively charged Bare-PS and
COOH-PS, the variation of PS concentration had no signiﬁcant effect
on zeta potential of the system (Fig. 3), probably due to similar charge
densities after the addition of SRNOM. Strong electrostatic repulsion
prevented particle coalescence, and hydrodynamic diameters of the binary particle system kept constant during the whole PS concentration
range (Fig. S12). Compared with Fig. 1g and 1h, SEM images in Fig. 3j
and 3k demonstrated that SRNOM in the system vastly enhanced the
particle stability. However, increased concentrations of NH2-PS gradually neutralized or even reversed negative charges of NOM coated hematite particles. Since much more NH2-PS particles were required to
compensate the elevated negative charges at higher concentrations of
SRNOM, the IEP point right shifted with the increase of SRNOM concentrations, corresponding to 0.6, 3.3, and 4.6 mg L−1 NH2-PS in the presence of 1, 5, 10 mg L−1 SRNOM, respectively. The bridging of primary
heteroaggregates induced the formation of large secondary aggregates
around IEP (Fig. 3l). However, hydrodynamic diameters of the binary
particle system decreased again at high concentrations of NH2-PS due
to the charge reversal effect.
Similar results were observed between kaolin and PSNPs. For
Bare-PS and COOH-PS, the presence of 5 mg C L−1 SRNOM made zeta
potential of the system more negative (Fig. S14a and S14b), and no

study when pH values of the suspension exceeded the optimal pH
ranges (Wang et al., 2007). As for NH2-PS, the high energy barrier hindered the heteroaggregation between hematite and NH2-PS (Fig. S11).
Since our previous study (Yu et al., 2019) showed that NH2-PS could disperse well even in the presence of 1000 mM NaCl or 150 mM CaCl2,
homoaggregation of NH2-PS was impossible to happen at the tested
electrolyte concentrations. Homoaggregation of hematite would be
the main route for the particle coagulation.
Although the presence of high concentrations of Bare-PS and COOHPS (20 mg L−1), corresponding to NP/hematite particle number ratio of
2.8, could reverse the system charges, and zeta potential values of the
binary particle system became highly negative (around −30 mV in
Fig. 1) to stabilize the primary hetetoaggregates, aggregation could nevertheless be trigger by extremely low concentrations of electrolytes
(Fig. 2d and 2e). DLVO calculation revealed that heteroaggregation
was still preferred at this concentration ratio (Fig. S9c, S9f, S10c and
S10f). With 20 mg L−1 Bare-PS or COOH-PS in the binary particle system, much more PSNPs were coagulated to form large heteroaggregates,
and the aggregation rates were higher than that of 2 mg L−1 PSNPs
(Fig. 2d and 2e). When the system contained 20 mg L−1 NH2-PS, increased energy barriers were observed between hematite and PS particles (Fig. S11c and S11f). The much higher concentrations of PSNPs may
act as a hindrance to hematite particle collision, leading to a fast drop in
the aggregation rates of the binary particle system. These results clearly
showed that the aggregation behavior was closely related to PS/hematite concentration ratios.
3.4. Effects of NOM on PS-colloid heteroaggregation without electrolytes
Previous studies have extensively reported that NOM, ubiquitous in
the natural system, may adsorb on the surface of nanoparticles, change
the surface properties, and thus signiﬁcantly affect their fate and
environmental process (Khanh An et al., 2012; Li et al., 2020; Yu et al.,
2019; Yu et al., 2018). Therefore, the effect of NOM on the
heteroaggregation between PSNPs and natural colloids was investigated. It is worth noting that the functional groups of NOM from different sources may vary signiﬁcantly (Akaighe et al., 2011), which would
6
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Fig. 3. Zeta potential and z-average hydrodynamic diameter (a-i) of mixtures of PSNPs and hematite colloids versus NP/hematite particle number ratios in the presence of 1 (a-c), 5 (d-f),
and 10 (g-i) mg C L−1 SRNOM and representative SEM images (j-l). (a, d, g, j) Bare-PS, (b, e, h, k) COOH-PS, and (c, f, i, l) NH2-PS; (j) 2 mg L−1 Bare-PS and 10 mg L−1 hematite colloids with
5 mg C L−1 SRNOM, (k) 2 mg L−1 COOH-PS and 10 mg L−1 hematite colloids with 5 mg C L−1 SRNOM, (l) 2 mg L−1 NH2-PS and 10 mg L−1 hematite colloids with 5 mg C L−1 SRNOM.

the behavior of PSNPs in the natural environment. Hematite particles
were also selected as the model colloid due to the narrow size distribution. Three representative concentrations of PSNPs (0.1, 2, and
20 mg L−1) were conducted. For negatively charged Bare-PS and
COOH-PS, Fig. 2a and 2b have shown that the binary particles reached
favorable aggregation regime with 100 mM NaCl in the system for all
three PS/hematite concentration ratios due to the screening of electrostatic interaction. The rapid increase in hydrodynamic size also revealed
the formation of heteroaggregates (Fig. S15a and S15b). However, when
1 mg C L−1 SRNOM was present, the size of all the binary particle system
almost unchanged throughout the tested time. The stabilizing effect of
NOM was extensively reported in previous studies, as NOM could
form corona structures around nanoparticles to stabilize the particles
by steric repulsion (Tan et al., 2019). Zeta potential of the system with

attachment of PSNPs to kaolin particles occurred (Fig. S14d and S14e).
The drop of the measured size was due to that kaolin particles dominated the scattering intensity at low concentrations of PSNPs, which
has been explained before. For positively charged NH2-PS, a charge
neutralization–charge inverse phenomenon was also observed with
the increase of PS concentration (Fig. S14c). At the IEP point
(3 mg L−1 NH2-PS), the SEM image (Fig. S14f) unequivocally illustrated
that NH2-PS were associated with kaolin particles to form large
aggregates.
3.5. Effects of NOM on PS-colloid heteroaggregation with electrolytes
The inﬂuence of NOM and ionic strength on the heteroaggregation
between PSNPs and natural colloids was studied to better understand
7
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neutralize the surface charges, and the binary particle system kept stable (Fig. S15c and S15f).
We subsequently evaluated the effect of NOM concentration on the
heteroaggregation process in electrolytes. The aggregation proﬁles of
the binary particle system in NaCl solutions were shown in Fig. 4. For
Bare-PS, COOH-PS, and 0.1 mg L−1 NH2-PS (Fig. 4a-e, 4g and 4h),
heteroaggragation was suppressed noticeably with increased SRNOM
concentration. Only for 0.1 mg L−1 Bare-PS in the presence of 500 mM
NaCl, the aggregation proﬁles did not change much with increased concentrations of SRNOM, indicating that the system may reach the
diffusion-controlled regime (Li et al., 2019). Fig. S15d-15f showed that
zeta potential of these systems became more negative with the increase
of NOM concentration. Increased steric repulsion and electrostatic
forces may account for the suppressed aggregation (Feng et al., 2019;
Li et al., 2019; Yu et al., 2019).
At an intermediate PS/hematite concentration ratio for NH2-PS
(2 mg L−1 NH2-PS) (Fig. 4f), as stated above, the presence of

and without SRNOM was also determined. In the presence of 0.1 and
2 mg L−1 PSNPs, the binary particle system was positively charged.
The addition of 1 mg C L−1 SRNOM changed the charge from positive
to negative, but the absolute values of zeta potential increased, indicating electrostatic repulsion between adjacent particles elevated. For
20 mg L−1 PSNPs, the presence of 1 mg C L−1 SRNOM made zeta potential more negative as well. The combination of strong electrostatic repulsion and steric hindrance may explain the improved stability.
For positively charged NH2-PS, the presence of SRNOM also increased the net charges of the system at a low PS/hematite concentration ratio (0.1 mg L−1 NH2-PS) to enhance the stability. (Fig. S15c and
S15f). Though zeta potential partly dropped at an intermediate PS/hematite concentration ratio (2 mg L−1 NH2-PS) with SRNOM, Fig. S15c
showed that heteroaggregation was still inhibited in the presence
SRNOM, possibly due to that steric hindrance compensated the reduced
electrostatic forces to some extent (Wang et al., 2021). At a high PS/hematite concentration ratio (20 mg L−1 NH2-PS), SRNOM only slightly

Fig. 4. Representative aggregation proﬁles of Bare-PS (a, d, g), COOH-PS (b, e, h), and NH2-PS (c, f, i) with hematite colloids in NaCl solutions in the presence and absence of SRNOM at
different PS/hematite concentration ratios. (a-c) 0.1 mg L−1 PSNPs and 10 mg L−1 hematite colloids, (d-f) 2 mg L−1 PSNPs and 10 mg L−1 hematite colloids, (g-i) 20 mg L−1 PSNPs
and 10 mg L−1 hematite colloids.
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1 mg C L−1 SRNOM promoted the system stability. However, when the
SRNOM concentration further increased to 5 mg C L−1, charge reversal
took place (Fig. S15f), causing the fast aggregation of particles in electrolytes. Although continuing to increase the SRNOM concentration made
the zeta potential values more negative (Fig. S15f), the stability of the
binary particle system did not improve (Fig. 4h). Adsorbed NOM
might interact with the surface modiﬁer PEI of NH2-PS to change the
conformation and thus inﬂuenced the steric hindrance, as our previous
study found that the size of NH2-PS changed from 224 nm to 150 nm
with the addition of 10 mg C L−1 SRNOM in the system (Yu et al.,
2019). At a high PS/hematite concentration ratio for NH2-PS
(20 mg L−1 NH2-PS), the stability of the binary system became worse
with the increase of SRNOM concentration (Fig. 4i). Zeta potential measurements showed that SRNOM neutralized positive charges of the

system, making zeta potentials gradually decreasing (Fig. S15f).
Reduced electrostatic repulsion may explain the instability of the
system.
At low and intermediate PS/hematite concentration ratios (0.1 and
2 mg L−1 PSNPs), the inﬂuence of SRNOM on the heteroaggregation in
CaCl2 solutions (Fig. 5a-5f) was similar to that in NaCl solutions. For
Bare-PS and COOH-PS at a high PS/hematite concentration ratio
(20 mg L−1 PSNPs) (Fig. 5g and 5h), the increase of NOM concentration
enhanced the stability of the binary particle system at low concentrations of CaCl2 (5 mM), but accelerated particle attachment at high
concentrations of Ca2+ (10 and 20 mM). Suspended SRNOM macromolecules may bridge with SRNOM on surfaces of nanoparticles by Ca2+
complexation, inducing the formation of secondary heteroaggregates,
which was widely reported in the homoaggregation of nanoparticles

Fig. 5. Representative aggregation proﬁles of Bare-PS (a, d, g), COOH-PS (b, e, h), and NH2-PS (c, f, i) with hematite colloids in CaCl2 solutions in the presence of SRNOM at different PS/
hematite concentration ratios. (a-c) 0.1 mg L−1 PSNPs and 10 mg L−1 hematite colloids, (d-f) 2 mg L−1 PSNPs and 10 mg L−1 hematite colloids, (g-i) 20 mg L−1 PSNPs and 10 mg L−1
hematite colloids.
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(Chen et al., 2006; Shen et al., 2015; Yin et al., 2015). Additionally,
-COOH groups on the surface of COOH-PS were more likely to associate
with Ca2+, leading to higher aggregation rates for COOH-PS. At a high
PS/hematite concentration ratio for NH2-PS (20 mg L−1), the binary system was highly positively charged in the presence of SRNOM (Fig. S15f),
and they remained stable in the presence of 40 mM Ca2+. Since this concentration surpassed Ca2+ contents in most natural waters, higher concentrations were not conducted.
Freshwater systems often contain low concentrations of NOM
(1–50 mg C L−1), Na+ (0.2–2.2 mM) and Ca2+ (0.2–2.5 mM) (Liu
et al., 2013; Yi et al., 2015), and the concentration of natural colloids
would be much higher than that of PSNPs. Our study showed that all
the three PSNPs either dispersed well or formed stable primary
heteroaggregates with natural colloids at relatively low PS/hematite
concentration ratios under these conditions, indicating that they
would stay for a long time in the water column, which may pose an ongoing threat to the aquatic biota. Only in the seawater system or other
aquatic environments with a high ionic strength, PSNPs would form
large secondary heteroaggregates or even settle down with natural colloids. Still, the ingestion by benthic organisms is expected. Understanding the behaviors of NPs in the environment would be essential to
evaluate their potential hazards.
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