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a b s t r a c t
The increasing application of plastics is accompanied by increasing concern over the stability and potential risk of nanoplastics. Heteroaggregation with metal-based nanoparticles (e.g., CeO2 -NPs) is critical to
the environmental mobility of nanoplastics, as they are likely to be jointly emitted to the aquatic environment. Here, time-resolved dynamic light scattering was employed to evaluate the inﬂuence of CeO2 -NPs
on the aggregation kinetics of differentially surface functionalized polystyrene nanoplastics (PS-NPs) in
various water types. Natural organic matters and ionic strength were dominating factors inﬂuencing the
heteroaggregation of PS-NPs and CeO2 -NPs in surface waters. The critical coagulation concentrations of
PS-NPs were dependent on their surface coatings, which decreased in the presence of CeO2 -NPs due to
electrostatic attraction and/or speciﬁc adsorption. Incubation of PS-NPs and CeO2 -NPs under different pH
conﬁrmed the importance of electrostatic force in the aggregation of PS NPs. A relatively low humic acid
(HA) concentration promoted the heteroaggregation of NH2 -coated PS-NPs and CeO2 -NPs because the introduction of a HA surface coating decreased the electrostatic hindrance. At high HA concentrations, the
aggregation was inhibited by steric repulsion. The combined effects of high eﬃciency of double layer
compression, bridging and complexation contributed to the high capacity of Ca2+ in destabilizing the
particles. These ﬁndings demonstrate that the environmental behavior of nanoplastics is inﬂuenced by
the presence of other non-plastic particles and improve our understanding of the interactions between
PS-NPs and CeO2 -NPs in complex and realistic aqueous environments.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
We are living in a plastic age. Plastics are commonly present
in our daily life, ranging from packaging to construction materials, electronics, aerospace, and automobile (Hernandez et al., 2017;
Zhang et al., 2017). The widespread use of commercial products
containing plastics and the poor disposal of plastic waste have
caused a large amount of plastic debris accumulating in the environment (Napper and Thompson, 2016; Halle et al., 2016). Researchers have investigated the distribution of plastics, and found
that they are widely distributed in oceans, rivers, sediments, and
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soils (Cózaret al., 2014; Blettler et al., 2019; Lorenz et al., 2019;
He et al., 2020). It is worth noting that the larger plastic fragments
present in the ambient environment can break down into smallsized particles, namely microplastics (< 5 μm) and nanoplastics (<
100 nm) via abiotic (UV radiation, mechanical abrasion, and weathering) and biotic (biodegradation) processes (Halle et al., 2016;
Enfrin et al., 2019). Especially, nano-sized plastics, possessing small
size and high speciﬁc area to volume ratio, are attracting increasing attention because they are more easily ingested by organisms,
and may accumulate in food chains, thus ﬁnally posing potential
risks to ecosystems and humans (Wright et al., 2013; Cole et al.,
2015; Dawson et al., 2018).
The number of investigations on the environmental behavior,
fate and toxicity of nanoplastics has increased exponentially, as
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nanoplastics have become a signiﬁcant environmental concern.
Many researchers focused on nanoplastics aggregation due to its
importance in water and wastewater treatment processes, and
subsequently transport, sedimentation, bioavailability and toxicity
(Dong et al., 2019; Wu et al., 2019; Enfrin et al., 2020a, 2020b).
Various factors can inﬂuence the colloidal stability and aggregation kinetics of nanoplastics in aqueous environments. For example, Cai et al. (2018) reported that signiﬁcant aggregation of
nanoplastics occurred in the presence of Fe3+ as compared to Na+
and Ca2+ . Singh et al. (2019) showed that higher temperature affected the kinetic energy of nanoplastics, making them unstable in
aquatic media. Recently, Yu et al. (2019) found that natural organic
matter reduced the aggregation of nanoplastics in NaCl solution by
steric hindrance, while the Ca2+ bridging effect and carboxyl complexion accelerated nanoplastic aggregation. The above-mentioned
studies revealed that the prevailing physical and chemical conditions of the aquatic environment basically drive the homoaggregation behavior of nanoplastics. Additionally, with the increasing application of engineered nanoparticles (ENPs), it is highly likely that
nanoplastics and ENPs could interact with each other, resulting in
the formation of heteroaggregates (Dong et al., 2019). The studies
of Cai et al. (2019) and Singh et al. (2019) conﬁrmed that the presence of other nanoparticles was responsible for the heteroaggregation and transport of nanoplastics. Oriekhova and Stoll, (2018) reported that the colloidal stability and particle sizes of nanoplastics were closely related with the mass ratio of nanoplastics/Fe2 O3
NPs under experimental conditions. So far, no speciﬁc studies
have been performed to depict the heteroaggregation of nanoplastics and ENPs under realistic environmental conditions. The dominating environmental factors inﬂuencing the interaction between
nanoplastics and ENPs thus remain unclear.
It was indicated that the surface properties of ENPs controlled the interfacial interaction and heteroaggregation of ENPs
(e.g. Ag NPs, graphene oxide), as well as the subsequent toxicity (Lodeiro et al., 2018; Zhao et al., 2018). Plastics debris, it may
undergo chemical reaction and form new functional groups after discharged into the environments, which will further inﬂuence
their surface properties and colloidal stability (Gewert et al., 2015;
Yu et al., 2019). However, the existing studies regarding interaction between nanoplastics and ENPs mainly concentrated on single nanoplastics, and neglected the importance of surface properties of nanoplastics, which thus cannot allow full understanding of their environmental behavior (Cai et al., 2019; Dong et al.,
2019; Yu et al., 2019). Furthermore, the interaction force may vary
dependent on the surface properties of the ENPs. For instance,
Wang et al. (2015) reported that humic acid modiﬁed the surface
of Ag NPs, and inhibited their heteroaggregation with kaolin due to
steric repulsion. Song et al. (2019) compared colloidal stability of
nano-particulate biochar derived from different feedstock sources,
showing that biochar with more O-containing functional surface
groups tends to complex or coprecipitate with other pollutants. To
understand the heteroaggrergation behavior and exact mechanism
of emerging nanoplastics in a more realistic environment with
other coexisting nanoparticles, further studies are needed which
take the speciﬁcity of surface functional groups into account.
In the present study, the heteroaggregation of polystyrene
nanoplastics (PS NPs) with artiﬁcially produced nanoparticle was
investigated in natural waters and in experimental solutions.
Cerium dioxide NPs (CeO2 NPs), a typical engineered nanoparticle widely applied in industry and commercial products (Fall et al.,
2007; Piccinno et al., 2012), was selected as a model manufactured nanoparticle. We hypothesize that there were signiﬁcant differences in heteroaggregation kinetics due to the surface functionalization of PS NPs and the complex physicochemical properties
of surface waters. To verify this hypothesis, time-resolved dynamic
light scattering was employed to characterize the heteroaggrega-

tion proﬁles of PS NPs with different surface properties (none,
carboxyl, amine, epoxy and sulfonic) and CeO2 NPs in a diverse
array of natural surface waters, including sea water, river water,
lake water, and ground water. The underlying interaction forces between PS NPs and CeO2 NPs were revealed by the application of
Fourier Transform Infrared spectrometer and X-ray photoelectron
spectroscopy.
2. Materials and methods
2.1. Chemicals
Aqueous suspensions of PS-Bare, PS-COOH, PS-NH2 , PS-C2 H2 O,
and PS-SO3 H with a concentration of 10% w/v, were obtained from
Shanghai Huge Biotechnology Co., Ltd. (Shanghai, China). The primary particle size of PS-SO3 H was 80 nm, whereas the nominal
size of the other modiﬁed PS particles was 50 nm, according to
the manufacturer. CeO2 NPs power with nominal particle diameter < 25 nm was purchased from Sigma Aldrich (USA). The morphological properties, size distribution, and point of zero charge
(PZC) of all nanoparticles were determined with a transmission
electron microscopy (TEM) (Tecani G2 Spirit TWIN, FEI, Netherlands) and Malvern Zetasizer Nano ZS90 (Malvern, Worcestershire,
UK), respectively. The details were described in our previous study
(Li et al., 2020). Humic acid (HA) was used as the representative
natural organic matter (Sigma Aldrich, USA). HA stock suspensions
with a concentration of 10.8 mg C/L were prepared following the
method described earlier (Li et al., 2020). The stock suspensions
were stored at 4°C before use.
2.2. Natural water samples
Eight natural waters, including sea water (SW), lake water (LW),
river water (RW), and ground water (GW), were sampled and ﬁltered through a 0.45 μm mixed cellulose ester membrane under
vacuum. The ionic composition and total organic carbon (TOC) content was analyzed by ionic chromatographic analyzer (ICS-50 0 0,
Thermo Fisher) and TOC analyzer (TOC-V, Shimadzu, Japan). The
samples were preserved at 4°C before use. Details on sampling site
and physicochemical properties of the water samples are given in
the Supplementary Material (Table S1 and S2).
2.2. Aggregation experiments
The suspensions were prepared just before use and sonicated
for 30 min at 120 W to obtain a homogeneous system before the
batch experiments. The pH of the suspensions was adjusted to 5.0
± 0.1 with either 0.1 M HCl or 0.1 M NaOH solution, unless specifically pointed out. The ﬁnal concentration of PS NPs and CeO2 NPs
was 10 mg/L, and 20 mg/L for achieving convenient aggregation
rates, respectively.
The aggregation experiments were performed using timeresolved dynamic light scattering (TR-DLS, Malvern Zetasizer Nano
ZS90, Malvern, Worcestershire, UK) with 173° scattering angle under different water chemistry. The hydrodynamic diameter (Dh )
was recorded every 30 s continuously for 30 min, with no delay
between measurements. The heteroaggregation kinetics of PS NPs
with CeO2 NPs in natural waters or experimental solutions were
initiated by adding an aliquot of the PS NPs and CeO2 NPs suspension into SW, LW, RW, GW, and electrolyte solution (NaCl and
CaCl2 ) with or without HA. The assessment of the homoaggregation kinetics of PS NPs and CeO2 NPs induced by NaCl and CaCl2
followed a similar procedure.
The aggregation rate constant (k) was obtained from the slope
of the aggregation proﬁle. The slope can be calculated by linear
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regression of the Dh exceeding 1.5 times its initial value (D0 ),
which is proportional to (dDh (t)/dt) Chen and Elimelech, 2006:
dD (t )

k ∝ N1 ( d (ht ) )t → 0 (1)
0
Here N0 is the initial particle concentration (mg/L), and Dh (t) is
the average hydrodynamic diameter (nm) at time t.
The attachment eﬃciency (α ) was used to reﬂect the aggregation kinetics. The α is calculated by normalizing the ratio of the
aggregation rate in the reaction-limited regime (k) to that in the
diffusion-limited regime (kfast ) in a certain solution as follows:

α =

k
k f ast

=

1
N0
1

(N0 ) f ast

 dDh (t ) 

 dDh ((t )) 
d t

d (t )

t→0

t → 0, f ast

(2)

2.3. Cryonic transmission electron microscopy
The conventional transmission electron microscopy (TEM) technique with sample drying cannot reproduce the correct aggregates structure and size, and will inevitably result in agglomeration. Hence, the cryonic TEM (cryo-TEM, Talos F200C G2 , FEI, USA),
which is optimal for observing the in-situ morphology of colloids
in solutions, was employed in the present study to visualized the
morphology of heteroaggregates of PS NPs with CeO2 NPs in SW-X
and LW-S. In detail: 3 μL of the selected samples was deposited
on a carbon-coated copper grid that had been ionized in a Femto
plasma cleaner (Diener Electronic, Germany) for 60 s. The grid was
then blotted by ﬁlter paper, placed on a vitriﬁcation robot (Vitrobot, FEI Vitrobot Mark IV), and ultrafast-frozen in liquid ethane
to achieve a thin layer of vitreous ice. The vitriﬁed specimens were
kept in liquid nitrogen until they were inserted into a cryo-TEMholder Gatan 626 (Gatan Inc., USA) for analysis.
2.4. Spectral analysis
To obtain heteroaggregates of PS NPs with CeO2 NPs, heteroaggregation suspensions were prepared by mixing CeO2 NPs and PS
NPs in NaCl, CaCl2 , or HA solution at pH = 5. After heteroaggregation for 30 min, the mixture was freeze-dried for spectral analysis. Fourier Transform Infrared spectrometer (FTIR, Nicolet, Madison, WI, USA) was used to investigate the changes of functional
groups and surface structures before and after heteroaggregation
at the spectral range of 40 0 0 ~ 40 0 cm−1 . The surface elemental composition was identiﬁed by X-ray photoelectron spectroscopy
(XPS, AXIS UltraDLD, Shimadzu, Japan), with a magnesium Kα Xray source (1253.5 eV). Survey spectra were recorded from 1200 ~
0 eV for each sample in a vacuum of 10−8 Pa. All peaks were calibrated using C1s peak at 284.8 eV. The data was processed using
the CacaXPS software.
2.5. Derjaguin-landau-verwey-overbeek calculations
To revel the underlying interaction mechanisms between PS NPs
and CeO2 NPs, the net energy barrier between PS NPs and CeO2
NPs under different electrolytes and different IS was calculated
based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.
Detailed calculations are presented in the Supplementary information (Text S1).
3. Results and discussion
3.1. Characterization
The particle size, morphology, and hydrodynamic diameter of
PS NPs and CeO2 NPs were determined using TEM and DLS measurements (Fig. S1 and Table S3). As evident from the results of
TEM, the ﬁve PS NPs displayed spherical morphology with an average diameter of ~50 nm for PS-Bare, PS-COOH, and PS-C2 H2 O, and
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~80 nm for PS-NH2 and PS-SO3 H. The hydrodynamic diameter of
PS-Bare, PS-COOH, and PS-C2 H2 O was basically equal to its diameter, meaning these PS NPs were fairly stable. In contrast, the hydrodynamic diameter of PS-NH2 and PS-SO3 H was larger than the
value of the diameter obtained by TEM. This size difference can be
attributed to the polymer layer and the hydration shell adsorbed
on PS NPs surfaces (Yu et al., 2019; Wang et al., 2020). The CeO2
NPs were either cubic or pyramidal of shape with a mean diameter of 25 nm. The much larger hydrodynamic diameter of CeO2 NPs
can be ascribed to the formation of homo-aggregates in suspension
(Tiwari et al., 2020).
In Fig. S2, the zeta potential of the particles is displayed as a
function of pH. The surface charge of PS-Bare, PS-COOH, PS-C2 H2 O,
and PS-SO3 H remained negative over a wide range of pH levels,
indicating that the point of zero charge (pHPZC ) was beyond the
pH range investigated. Since pH in the aquatic environment typically ranges from 5.0 to 9.0, these four PS NPs would be stable for
a long period in the aqueous environment, posing a serious environmental concern (Li et al., 2018). The zeta potential of PS-NH2
decreased from 41.2 to - 2.5 mV as the pH increased from 3.0 to
10, with pHPZC = 7.5. In this present study, the homo-, and heteroaggregation kinetics were assessed at pH 5.0 where the absolute
zeta potentials of the NPs exceed a value of 30 mV, which was favorable for assessing their aggregation kinetics.
3.2. Heteroaggregation kinetics of PS NPs with CeO2 NPs in surface
waters
Natural environments are highly heterogeneous systems where
CeO2 NPs and PS NPs are likely to coexist. Here, the heteroaggregation kinetics of PS NPs and CeO2 NPs in natural aquatic matrices
were ﬁrst explored. For four negatively charged PS NPs, noticeable
aggregation was observed in SW-X, while negligible aggregation
was found in RW, LW, and GW (Fig. 1). This difference can be explained by the signiﬁcant difference in the physicochemical properties of the surface water samples (Table S2). As SW-X had the highest ionic strength (IS), particles can form aggregates rapidly due to
electrostatic screening. However, the aggregation was inhibited in
RW, LW, and GW because of steric hindrance induced by natural
organic matter (NOM). In term of chemical compositions, dissolved
organic carbon (DOC) content of SW-S and SW-X was similar, but
SW-S possessed a lower IS, which thus cannot overcome the steric
repulsion arising from the NOM corona on the surface of the particles. This result implies that particles may suspend in sea water with high NOM content. Cryo-TEM samples were obtained on
a controlled environment vitriﬁcation system, which can in-situ visualized the heteroaggregates morphology of PS NPs and CeO2 NPs
in SW-X and LW-H (Fig. 2). In SW-X, the CeO2 NPs clusters clearly
became larger and were bound with PS-Bare aggregates, forming
larger and more compact heteroaggregates (Figs. 2a and b). Similarly, CeO2 NPs clusters attached on the surfaces of PS-Bare in LWH, but the heteroaggregates were visibly smaller and in a sparse
state of aggregation (Figs. 2c and d). These results conﬁrmed the
formation of heteroaggregates, which was consistent with the DLS
results.
As shown in Figs. 1c and f, the positively charged PS-NH2 and
CeO2 NPs tended to aggregate in SW-X, SW-S, and LW-S, with average hydrodynamic diameters exceeding 800 nm after heteroaggregation for 30 min. The combined effect of high NOM content
and high IS in sea water samples resulted in reversion of the surface potential and destabilization of PS-NH2 and CeO2 NPs. Due
to the low IS, negligible aggregation was observed in RW-N, RWY, LW-H, and GW-H. Compared to the negatively charged PS NPs,
NH2 modiﬁed PS NPs showed fast aggregation in GW-S. This can
be attributed to the high anion concentrations in GW-S (213 mg/L
Cl− , 423 mg/L SO4 2− ), which favored adsorption on the positively
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Fig. 1. Heteroaggregation kinetics of polystyrene nanoplastics (PS NPs) with ceria nanoparticles (CeO2 NPs) in different types of water (a-e), and average hydrodynamic
diameter of particles after heteroaggregation for 30 min.

charged PS-NH2 and CeO2 NPs, and destabilized the particles due
to electrostatic screening. Based on this, we hypothesized that the
interaction between PS NPs and CeO2 NPs was related to the surface properties of PS NPs, as well as the composition of the receiving environment, especially with regard to IS and to NOM concentration. Hence, we further examined the individual contributions of
pH, IS, and NOM concentration on the aggregation of the PS NPs as
inﬂuenced by CeO2 NPs in experimental conditions.
3.3. Homoaggregation
The TR-DLS has been widely applied in determining heteroaggregation kinetics and colloidal stability of a wide range of
nanoparticles (Wang et al., 2015; Li et al., 2020). However, when

two different particles are mixed in a solution, the obtained data
with regard to the averaged diameter are system speciﬁc, and
thus cannot quantify the aggregation rate of different particles,
respectively. To better understand the inﬂuence of CeO2 NPs on
the aggregation and stability of PS NPs, homoaggregation attachment eﬃciencies (α ) of ﬁve studied PS NPs and CeO2 NPs were
calculated based on their homoaggregation kinetics. The homoaggregation proﬁle and attachment eﬃciency (α ) of particles as a
function of electrolyte concentration (NaCl and CaCl2 ) are plotted in Fig. S3 and Fig. 3. The critical coagulation concentration
(CCC), the minimum electrolyte concentration at which nanoparticles undergo favorable aggregation, is presented in Table 1. Generally, the aggregation behavior of CeO2 NPs, PS-Bare, PS-COOH,
PS-C2 H2 O, and PS-SO3 H in the two electrolyte solutions was
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Fig. 2. Cryo-TEM images of polystyrene (PS) Bare nanoplastics and ceria nanoparrticles (CeO2 NPs) in seawater (SW-X, a and b), and lake water (LW-H, c and d).

Table 1
The critical coagulation concentration (CCC) values of polystyrene nanoplastics (PS
NPs) with different surface modiﬁcations in the presence and absence of ceria
nanoparticles (CeO2 NPs) at pH 5.0.

NaCl
CaCl2

CeO2 NPs

PS-Bare

PS-COOH

PS-NH2

PS-C2 H2 O

PS-SO3 H

15.0
10.0

264
29.1

191
16.0

-

83.5
10.1

264
29.0

Binary system (CeO2 NPs+)

NaCl
CaCl2

PS-Bare

PS-COOH

PS-NH2

PS-C2 H2 O

PS-SO3 H

167
20.4

60.2
7.50

182
27.0

78.0
10.8

46.6
1.70

consistent with the DLVO theory, suggesting that electrostatic interactions were the dominant stabilization mechanism (Yu et al.,
2019; Fernando et al., 2020). The distinct reaction-limited regime
(RLR) and the diffusion-limited regime (DLR) are illustrated in
Fig. 3a and b. As the electrolyte concentration was lower than the
CCC (in RLR), the Dh progressively increased with increasing electrolyte concentration because of charge screening or charge neutralization, as revealed by the increase of α (Fernando et al., 2020).
As the electrolyte concentration exceeded the CCC (in DLR), the
surface charge of particles was completely screened and the energy
barrier between particles was eliminated, resulting in the aggregation rate reaching the maximum (α = 1). Similar trends were also
regularly observed for other ENPs (Yi et al., 2015; Fernando et al.,

2020; Wang et al., 2019a). The CCCs for PS-Bare, PS-COOH, PSC2 H2 O, and PS-SO3 H were 264, 191, 83.5, and 264 mM in NaCl,
and 29.1, 16.0, 10.1, and 29.0 mM in CaCl2 , respectively. The observed CCCs of PS NPs were higher than for other ENPs, e.g. TiO2
NPs (50 mM, NaCl) (Wang et al., 2015), CuO NPs (54.5 mM, NaCl)
(Miao et al., 2016), and Ag NPs (12 mM, NaCl) (Fernando et al.,
2020). This implies that the released PS NPs can well disperse in
the surface water, and impair the organisms living in the water
column due to chronic exposure (Zhang et al., 2019). The CCCCa of
these four PS NPs was signiﬁcantly lower than the CCCNa , conﬁrming that divalent electrolytes destabilized PS NPs suspensions more
effectively than a monovalent electrolyte mainly because of their
stronger charge neutralization ability (Singh et al., 2019), which
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Fig. 3. Attachment eﬃciency of ceria nanoparticles (CeO2 NPs) and polystyrene nanoplastics (PS NPs) with different surface modiﬁcations (a and b) as a function of NaCl
and CaCl2 concentrations at pH 5.0. Aggregation kinetics of PS-NH2 at various NaCl (c) and CaCl2 (d) concentrations at pH 5.0.

was also reported for other ENPs (Yi et al., 2015; Miao et al., 2016).
The CCC ratio of CaCl2 and NaCl was 2−3.18 for PS-Bare, 2−3.64 for
PS-COOH, 2−3.05 for PS-C2 H2 O, and 2−3.18 for PS-SO3 H, which was
in accordance with the Schulze−Hardy rule (the CCC ratio of CaCl2
and NaCl should be in the range of z−6 to z−2 , where z is the valence of Ca2+ ) (Chen and Huang, 2017).
Comparison of the CCCs of PS NPs with different functional
groups revealed an obvious difference in their colloidal stability, which followed the sequence PS-C2 H2 O < PS-COOH < PSSO3 H = PS-Bare  PS-NH2 at pH = 5 (Fig. 3 and Table 1). The
lower salt tolerance of PS-C2 H2 O and PS-COOH seems related to
the combined effects of double layer compression and cation complexation (Song et al., 2019). For positively charged PS-NH2 , the
presence of electrolytes, even 10 0 0 mM NaCl or 100 mM CaCl2 ,
had no or just a minor effect on its hydrodynamic size, suggesting that other non-DLVO interactions are involved in the stabilizing role (Fig. 3c and 3d). PS-NH2 would remain stable in seawater
or in electrolyte solutions, as already reported in previous studies (Dong et al., 2019; Yu et al., 2019). The high stability of PSNH2 may be derived from the branched polymer PEI chain layer on
the surface of the PS NPs, which provides steric repulsion to overcome the electrostatic attraction (Yu et al., 2019; Ying et al., 2019).
Overall, the difference in CCC values shows that surface functional
groups have signiﬁcant inﬂuences on the colloidal stability of PS
NPs (Gewert et al., 2015; Yu et al., 2019).
3.4. Role of ionic strength and cation type
To explain the effects of positively charged CeO2 NPs on the
aggregation behavior of modiﬁed PS NPs, batch experiments of
ﬁve PS NPs with different surface functional groups (PS-Bare,

PS-COOH, PS-C2 H2 O, PS-NH2 , and PS-SO3 H) in the presence of
CeO2 NPs were performed in NaCl and CaCl2 solutions at pH 5.
As the concentration of electrolytes increased, the absolute values
of the zeta potential progressively decreased, subsequently inducing an increase of the hydrodynamic diameter and the attachment
eﬃciency (Fig. S4 and Fig. 4). Based on the comparison of the CCCs
of PS NPs in the absence and presence of CeO2 NPs, it clearly
showed that the addition of CeO2 NPs in both electrolyte solutions resulted in lower CCC values of the three negatively charged
PS NPs (PS-Bare, PS-COOH, and PS-SO3 H), demonstrating the presence of metal-based nanoparticles aggravated the aggregation and
sedimentation of PS NPs (Fig. 4, and Table 1). At pH 5, CeO2 NPs,
PS-Bare, PS-COOH, and PS-SO3 H were oppositely charged and well
dispersed in the suspensions. When the anisotropic surface charges
of the particles came together, the negatively charged PS NPs attached to positively charged CeO2 NPs through electrostatic attraction (Yi et al., 2015; Li et al., 2020). This can be conﬁrmed
by the measured zeta potentials and calculated net energy barrier of the CeO2 NPs – PS NPs heteroaggregates (Figs. 4c and d,
and Fig. S5). However, although the hetero-system of PS-C2 H2 O
and CeO2 NPs followed the DLVO theory (Fig. S5g and S5h), negligible differences in the CCCs of PS-C2 H2 O were observed in the
presence and absence of CeO2 NPs (Table 1). This unexpected result can be caused by the epoxy group being capable of offering sorption sites for cations (Song et al., 2019). Hence, homoaggregates of PS-C2 H2 O were formed quickly even in the presence
of CeO2 NPs. Interestingly, the stability of positively charged PSNH2 in the copresence of CeO2 NPs in NaCl and CaCl2 suspensions
was obviously different from that of single PS-NH2 as shown in
Figs. 3c and d, 4a and b. In salt solutions, the addition of CeO2 NPs
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Fig. 4. Attachment eﬃciency (a and b) and corresponding zeta potential (c and d) of polystyrene nanoplastics (PS NPs) in the presence of ceria nanoparticles (CeO2 NPs)
and as a function of NaCl and CaCl2 concentrations at pH 5.0.

induced signiﬁcant aggregation of PS-NH2 (e.g. CCCNa = 181.6 mM,
CCCCa = 27 mM), while single PS-NH2 remained stable even in
10 0 0 mM NaCl and 100 mM CaCl2 (Fig. 4 and Table 1). According to DLVO theory, electrostatic repulsion dominates the behavior of two isotropic charged particles, e.g. carbon nanocapsules –
montmorillonite (Lan and Cheng, 2012), graphene oxide – goethite
(Zhao et al., 2015), and biochar NPs – kaolin (Liu et al., 2018).
The contradictory result obtained in this study indicates that other
non-electrostatic interactions played an important role in the adsorption of PS-NH2 to CeO2 NPs, as discussed below.
Generally, classical DLVO theory is widely applied to elaborate
the interactions between particles (Wang et al., 2015; Li et al.,
2020). However, other non-DLVO interactions, e.g. hydrogen force,
chemical bonding, π -π interaction or steric repulsion, also participate in the attachment process of carbon materials (Lu et al.,
2018; Song et al., 2019; Tan et al., 2019). The surface composition
of PS NPs heteroaggrergated with CeO2 NPs under simulated natural environmental was determined to understand the underlying
interaction mechanisms. As shown in Fig. S6a, XPS C1s spectra of
PS-Bare displayed that the peak at 291.33 eV decreased slightly
after heteroaggregation with CeO2 NPs, meaning that π -π interaction force contributed to the heteroaggregation of PS NPs and
CeO2 NPs (Fig. 5a) (Lu et al., 2018). To further identify the role
of surface functional groups, the chemical functional groups of PS
NPs, before and after interaction with CeO2 NPs and electrolytes
were analyzed by FTIR (Figs. 5b–f). The peak at 756 cm−1 is assigned to an aromatic group, which can bind strongly with cations
because of the presence of π -electrons (Harvey et al., 2011). The
decrease of intensity of the peak of the aromatic group after heteroaggregation suggests the involvement of the aromatic group
in the heteroaggregation of CeO2 NPs and PS NPs. The bands

at 1601, and 3419~3434 cm−1 correspond to C=C and -OH, respectively (Wang et al., 2019a). They increased in intensity after
heteroaggregation. This is in agreement with the observations of
Lu et al. (2018), indicating the presence of hydrated cations adsorbed on the surface of PS NPs. Compared to PS-Bare, the new
bands of 1324 cm−1 in PS-COOH (Liu et al., 2013), 698 cm−1 and
3450 cm−1 in PS-NH2 (Feng et al., 2019), 908 and 1181 cm−1 in
PS-C2 H2 O (Ho et al., 2017; Yang et al., 2019a), and 620 cm−1 in PSSO3 H (Bosque et al., 2014), are the evidence of functional groups
grafting on the surface of PS NPs. After heteroaggregation for 30
min, the intensity of these peaks decreased, conﬁrming that functional groups contributed to CeO2 NPs and electrolytes adsorption
to PS NPs. Hence, PS-COOH, PS-C2 H2 O, and PS-SO3 H, were more
prone to attachment to CeO2 NPs in the presence of electrolytes,
as compared to PS-Bare. These results also indicated us that plastics debris may increasingly tend to heteroaggregate with ENPs as
plastics are ageing, which thus increases exposure risk to benthic
organisms.
3.5. Role of solution pH
The pH-dependent charge changes are commonly reported for
ENPs and correlated with their colloidal stability and aggregation
behavior (Wang et al., 2019b). Exposing CeO2 NPs and PS-NPs to
various pH levels (pH = 5, 7, and 9), caused signiﬁcant differences
in diameter increase and colloidal stability, as shown in Fig. S7 and
Fig. 6. The attachment eﬃciencies of PS NPs in the presence of
CeO2 NPs displayed similar trends under two electrolytes. At pH 5,
fast aggregation was observed, and the corresponding α was ﬁxed
at 1. Upon pH increase, the α obtained from negatively charged PS
NPs decreased signiﬁcantly, indicating that high pH inhibited the
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Fig. 5. FTIR spectra of polystyrene nanoplastics (PS NPs) in the co-presence of ceria nanoparticles (CeO2 NPs) and NaCl, or CaCl2 solution, respectively (a-e).

heteroaggregation between negatively charged PS NPs and CeO2
NPs. Wang et al. (2019b) also observed that the heteroaggregates
of n-ZVI and clay mineral particles were smaller at pH 9.5 than
at pH 6.5. The particles possessed a more negative surface charge
as pH increased to 9, which further increased electrostatic repulsion and the energy barrier among particles, and in turn stabilized the particles (Mao et al., 2020). In contrast, an increased pH
led to a higher value of α for positively charged PS-NH2 (except
for NaCl at pH 9). At pH = 7, being the pH at which the surface
charges of PS-NH2 and CeO2 NPs were close to zero with minimal electrostatic repulsion between the particles, fast heteroaggregation occurred (Fig. S2a and 2d). A similar phenomenon also has
been reported by Yi et al. (2015), who found that heteroaggregation of nanoparticles of pyrolyzed biomass and CeO2 NPs occurred
at pH 7.1. They concluded that this heteroaggregation was induced
by a core−shell stabilization mechanism. Hence, we speculates that

core−shell stabilization may have contributed to the heteroaggregation of PS-NH2 and CeO2 NPs: PS-NH2 can bind to and form a
positively charged shell on the neutral surface of the nascent CeO2
NPs core. As pH further increased from 7 to 9, the aggregation rate
was reduced due to the increase in electrostatic repulsion, as conﬁrmed by the corresponding zeta potential of the PS-NH2 and CeO2
NPs (Fig. S2a and 2d).
3.6. Role of humic acid
Humic acid is widely distributed in the natural aquatic environment and plays a critical role in driving the stability, dissolution, and transport of ENPs (Philippe et al., 2014; Li et al., 2020). In
this study, the role of HA was clearly corroborated by the behavior
of α as a function of the concentrations of HA at ﬁxed electrolyte
concentrations (Fig. S8 and Fig. 7). Overall, the effects of HA concentrations varied depending on the PS NPs functional groups and
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Fig. 6. Effect of pH on the fast aggregation of polystyrene nanoplastics (PS NPs) with different surface modiﬁcations with ceria nanoparticles (CeO2 NPs) in NaCl and CaCl2
solutions. The attachment eﬃciency was calculated by normalizing the aggregation rate at the critical coagulation concentration (CCC).

the cation type. For NaCl, a value of α > 1 was observed for three
PS NPs (PS-Bare, PS-COOH, and PS-NH2 ) in the presence of 0.1 mg
C/L HA. This can be attributed to charge neutralization (Wu et al.,
2019), as conﬁrmed by the decrease of the zeta potential (Figs. S7a,
7b and 7c). However, addition of 0.1 mg C/L HA enhanced the stability of PS-C2 H2 O and PS-SO3 H. This opposite result observed for
the ﬁve PS NPs again indicates that their surface properties should
be taken into consideration when assessing their colloidal stability. As the HA concentration further increased from 0.1 to 10 mg
C/L, the value of α for the ﬁve PS NPs decreased gradually, accompanied with a decrease of the corresponding zeta potential (Fig. 5
and Fig. S9). This reduction can be interpreted by electrostatic and
steric effects resulting from the adsorption of HA onto the surface of PS NPs and CeO2 NPs, as reported for gold nanoparticles
(Liu et al., 2013), black phosphorus (Tan et al., 2019), and biochar
colloids (Yang et al., 2019b). The analysis of O1s spectra of PSBare displayed that the binding energy in the position of 532.15 eV
(C=O) and 533.24 eV (C-O) decreased, further conﬁrming HA was

adsorbed on the surface of heteroaggregates (Fig. S6) (Wang et al.,
2020). Unlike in NaCl solutions, signiﬁcant heteroaggregation was
observed in CaCl2 solutions at any HA concentration studied. This
suggests that divalent cations possess a higher eﬃciency in destabilizing NPs than monovalent cations (Yu et al., 2019; Li et al.,
2020). When the concentration of HA was lower than 5 mg C/L,
aggregation of both PS-Bare and PS-NH2 was promoted by HA due
to the cation bridging effect and double layer compression (Fig. 7)
(Singh et al., 2019). In contrast, the stability of PS-COOH, PS-C2 H2 O
and PS-SO3 H was increased. At low HA concentration (< 5 mg C/L),
large amounts of HA molecules were adsorbed on the surface of
the three particles, and a limited number of HA molecules can bind
with Ca2+ to form larger clusters (Yu et al., 2019). Furthermore, the
addition of 10 mg C/L HA effectively reduced the aggregation of the
ﬁve PS NPs studied. This stabilizing effect may arise from steric repulsion because of the adsorption of HA onto the surface of the
particles (Liu et al., 2013; Li et al., 2020). Compared to negatively
charged PS NPs, the presence of 10 mg C/L HA had a limited effect
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Fig. 7. Effect of HA concentration on the fast aggregation of polystyrene nanoplastics (PS NPs) with different surface modiﬁcations with ceria nanoparticles (CeO2 NPs) in
NaCl and CaCl2 solutions at pH 5.0. The attachment eﬃciency was calculated by normalizing the aggregation rate at the critical coagulation concentration (CCC).

on the heteroaggregation of PS-NH2 and CeO2 NPs (Fig. 7 and Fig.
S8). This can be explained by the fact that the steric repulsion is
weaker than the Ca2+ bridging effect (Yang et al., 2019b).
4. Conclusions
Interactions between PS NPs and non-plastic CeO2 NPs may occur because CeO2 NPs particles are prevalently present in aquatic
environments. This study is the ﬁrst to investigate the aggregation behavior of PS NPs with different surface modiﬁcation, as inﬂuenced by CeO2 NPs as well as environmental factors (pH, ionic
strength, cation type and humic acid). Results revealed that CeO2
NPs could form heteroaggregates with both negatively and positively charged PS NPs in high ionic compositions (e.g. SW-X) due to
charge screening. In GW-S, limited aggregation was found for the
four negatively charged PS NPs, but obvious aggregation happened
in PS-NH2 – CeO2 NPs suspensions. These different processes can
mainly be ascribed to the surface charge of the particles and the

high content of anions in GW-S. The presence of CeO2 NPs effectively destabilized four PS NPs, including PS-Bare, PS-COOH, PSNH2 , and PS-SO3 H, in both NaCl and CaCl2 solutions because of
electrostatic neutralization and adsorption of functional groups. It
is concluded that a neutral environment facilitates the heteroaggregation of PS-NH2 and CeO2 NPs, whilst enhancing the stability of negatively charged PS NPs and CeO2 NPs. The heteroaggregation kinetics of PS NPs and CeO2 NPs was also inﬂuenced by
the surface functional groups of PS NPs, HA concentrations, and
the interaction of functional groups, HA and cations. These results
highlight the importance of surface coating of PS NPs in understanding the aggregation, transport, and the eventual fate of PS
NPs, and provide profound insight into their actual environmental
behavior.
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