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a b s t r a c t

The intentional production and degradation of plastic debris may result in the formation of nanoplastics.
Currently, the scarce information on the environmental behaviors of nanoplastics hinders accurate
assessment of their potential risks. Herein, the aggregation kinetics of different surface-modified poly-
styrene nanoparticles in monovalent and divalent electrolytes was investigated to shed some light on the
fate of nanoplastics in the aquatic environment. Three monodisperse nanoparticles including unmodified
nanoparticles (PS-Bare), carboxylated nanoparticles (PSeCOOH) and amino modified nanoparticles (PS
eNH2), as well as one polydisperse nanoparticles that formed by laser ablation of polystyrene films (PS-
Laser) were used as models to understand the effects of surface groups and morphology. Results showed
that aggregation kinetics of negatively charged PS-Bare and PS-COOH obeyed the DLVO theory in NaCl
and CaCl2 solutions. The presence of Suwannee river natural organic matters (SRNOM) suppressed the
aggregation of PS-Bare and PS-COOH in monovalent electrolytes by steric hindrance. However, in diva-
lent electrolytes, their stability was enhanced at low concentrations of SRNOM (below 5mg C L�1), while
became worse at high concentrations of SRNOM (above 5mg C L�1) due to the interparticle bridging
effect caused by Ca2þ and carboxyl groups of SRNOM. The cation bridging effect was also observed for PS-
laser in the presence of high concentrations of divalent electrolytes and SRNOM. The adsorption of
SRNOM could neutralize or even reverse surface charges of positively charged PS-NH2 at high concen-
trations, thus enhanced or inhibited the aggregation of PS-NH2. No synergistic effect of Ca2þ and SRNOM
was observed on the aggregation of PS-NH2, probably due to the steric repulsion imparted by the surface
modification. Our results highlight that surface charge and surface modification significantly influence
aggregation behaviors of nanoplastics in aquatic systems.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Since the widespread use and production of plastics in 1950s,
plastic items are present everywhere in our life, ranging from
packaging and electronics to aerospace, automotive and construc-
tion applications (Ivleva et al., 2017). Once plastic products are
discarded into the environment, they would probably find their
way in the aquatic system, causing potential threats to related or-
ganisms (Panti et al., 2019). It is calculated that 275 million tonnes
e by Bernd Nowack.
of plastic waste were generated in 192 coastal countries in 2010, of
which 4.8 to 12.7 million tonnes were ending up in the ocean
(Jambeck et al., 2015).

Due to the lightweight and durability properties, abandoned
plastics are likely to float on the water surface, which would
frequently exposed to the UV irradiation, wind, wave and sand
friction. Photo-oxidation, mechanical abrasion or biological degra-
dation may convert plastics into small debris, even may result in
the generation of microplastics or nanoplastics (NPs) (Mattsson
et al., 2015). Previous studies showed that plastic pellets
including low-density polyethylene, polypropylene, and expanded
polystyrene were fragmented into tens of thousands of particles
after being subjected to a simulated beach environment with UV
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exposure and mechanical abrasion (Song et al., 2017). Moreover,
76.5% of the expanded polystyrene volume was missing, implying
that a great number of generated particles were undetectable
submicron particles or smaller molecules (Song et al., 2017). In
addition, the release of microplastic fibers from synthetic clothes
(Hernandez et al., 2017a), and the release of NPs from personal care
and cosmetic products (Cheung and Fok, 2017; Hernandez et al.,
2017b; Lei et al., 2017), and from different packaging into mineral
water (Ossmann et al., 2018; Schymanski et al., 2018) were also
reported in recent studies. Compared with the large plastic frag-
ments, NPs were more difficult to detect, and may lead to unpre-
dictable consequences. The large surface area of NPs facilitates the
adsorption and enrichment of various organic and inorganic con-
taminants, which may be transported to organisms through the
ingestion of NPs (Ivleva et al., 2017). NPs can be ingested by aquatic
organisms and accumulated in the digestive tract (Giani et al., 2019;
Pozo et al., 2019), permeate through biological lipid membranes,
modulate the gene expression, and even affect the embryo devel-
opment (Besseling et al., 2014; Della Torre et al., 2014; Nomura
et al., 2013). As the bioeffect of NPs is closely related with the
size and surface properties of the particles (Cai et al., 2019; Jeong
et al., 2016; Lee et al., 2013), the disperse state, aggregation
behavior and surface modification of NPs in the natural environ-
ment would greatly impact their final fate, mobility and toxicity.

Although the aggregation kinetics of carbon based nanoparticles
(including C60, carbon nanotubes, and graphene oxide) (Chen and
Elimelech, 2007; Chen et al., 2010; Han et al., 2017; Hwang et al.,
2018; Shen et al., 2015; Shen et al., 2019), metal and metal oxide
nanoparticles (including titanium oxide, zinc oxide, cerium oxide,
silver and gold nanoparticles) (Babakhani et al., 2018; Chen et al.,
2006; Dong and Lo, 2013; Han et al., 2014; Huynh and Chen,
2011; Liu et al., 2013) have been investigated a lot, the behavior
of different engineered nanoparticles may vary significantly in
aqueous environments due to their distinct physiochemical prop-
erties (Liu et al., 2011). Even for the same nanoparticle, the modi-
fication with diverse surface coatings could greatly alter their
aggregation states (Yin et al., 2015). Therefore, a case-by-case study
would be more suitable to evaluate the aggregation behavior of
nanoparticles in the aquatic environment (Liu et al., 2011).

Until now, information on the aggregation of NPs in aquatic
systems is limited (Alimi et al., 2018; Besseling et al., 2017). Some
earlier toxicology studies showed that polystyrene nanoparticles
(PS) could form large aggregates quickly in seawater (Della Torre
et al., 2014; Wegner et al., 2012). The influence of different elec-
trolytes and natural organic matter (NOM) on the aggregation of PS
was reported (Cai et al., 2018). Compared with Naþ and Ca2þ, PS
aggregated quickly at a very low concentration (0.01mM) of Fe3þ.
Interestingly, NOM could weaken the aggregation of PS at a low
concentration of Fe3þ (0.1mM), while enhance the aggregation at a
high concentration Fe3þ (1mM). Meanwhile, heteroaggregation
rate of positively charged PS in the presence of inorganic colloids
and NOM was strongly dependent on the concentration ratio be-
tween Fe2O3, alginate and PS (Oriekhova and Stoll, 2018). Only one
single kind of PS was used in these studies, which cannot represent
the large diversity of NPs. Once plastic polymers were released into
the environment, the UV irradiation and oxygen may trigger the
degradation of carbon-carbon backbones and chain scission, and
even the generation of new functional groups, which remarkably
change their surface properties and stability (Gewert et al., 2015).
Very recently, the aggregation behaviors of different surface func-
tionalized NPs were reported, and the effects of particle size, humic
acid, salinity, and divalent cations on the stability of NPs were
investigated (Song et al., 2019; Tallec et al., 2019; Wu et al., 2019;
Zhang et al., 2019). However, only the hydrodynamic diameters and
zeta potentials of NPs in different artificial waters were determined,
and important parameters for quantitatively assessing the stability
and describing the aggregation kinetics such as the critical coagu-
lation concentration (CCC) values and attachment efficiencies were
missing. More importantly, the chemical synthesized NPs like PS
used in these studies were mainly monodiperse nanospheres,
which could not well represent NPs formed in the real environ-
ment. Recently, laser ablation of polymer films was reported as an
efficient approach to fabricate environmentally relevant NPs (Magri
et al., 2018). Compared with chemically synthesized NPs, NPs
fabricated by laser ablation of polymer films are highly poly-
disperse with irregular shapes and complex surface chemistry, and
free from solvent residuals, which are suitable models to study the
behaviors of NPs in the environment.

In this study, three commercial PS with different surface mod-
ifications, including unmodified PS (PS-Bare), carboxylated PS
(PSeCOOH), and amino modified PS (PSeNH2), were used as model
NPs to systematically evaluate the aggregation kinetics of different
NPs in monovalent and divalent electrolytes, in the presence and
absence of NOM, respectively. The CCC values and attachment ef-
ficiencies in different solutions were carefully calculated to inter-
pret the possible fate of NPs in the aquatic environment.
Furthermore, PS synthesized by laser ablation of polystyrene films
(PS-Laser), which can better represent NPs in the real environment,
were adopted to study the influence of NOM on the hydrodynamic
diameters of PS in monovalent and divalent electrolytes. Compar-
isons of experimental conditions with previous studies were also
shown in Table S1 in the Supplementary Material.

2. Materials and methods

2.1. Materials

Aqueous suspensions of PS-Bare, PS-COOH (synthesized by
grafting methyl methacrylate on the surface of PS-Bare and then
hydrolysis) and PS-NH2 (synthesized by grafting polyethylenimine,
PEI, on the surface of PS-Bare) (2.5% w/v, 10mL, 100 nm) were
purchased from Tianjin BaseLine ChromTech Research Centre
(Tianjin, China). Polystyrene films were supplied by Goodfellow
Ltd. (Cambridge, UK). Suwannee river natural organic matter
(SRNOM), used as the model humic substance, was provided from
the International Humic Substances Society (St. Paul, MN, USA).
Other chemicals, including NaCl, CaCl2, H3BO3, Na2B4O7$10H2O,
HNO3, and NaOH were purchased from Beijing Chemicals (Beijing,
China). All the reagents were of analytical purity or higher andwere
used without further purification. Ultrapure water produced with a
Milli-Q water purification system (Millipore, Billerica, MA, USA)
was used in the study.

2.2. Synthesis of PS by laser ablation of polystyrene films

Ablation of polystyrene films were performed with a MQU-
2000-III excimer laser (irradiation wavelength 355 nm, repetition
rate of 5 Hz). In brief, the film (20mm� 20mm) was placed at the
bottom of a quartz tube filled with 3mL ultrapure water. The laser
beam was focused with a lens and achieved on the surface of film
vertically. The tube was rotated at about 10 rpm during the ablation
to prevent the target cratering. The ablationwas conducted with an
irradiation fluence of 250mJ cm�2, by shooting 1 h on a 4 cm2 area.
The dispersion was then filtered to remove large particles (glass
fiber film, 0.30 mm, Toyo Roshi Kaisha, Ltd), and stored at 4 �C for
further use. A multishot pyrolyzer (Frontier, EGA/PY-3030D, Kor-
iyama, Japan) attached to an Agilent 7890A gas chromatograph
(Santa Clara, CA) coupled with an Agilent 5975C mass-
spectrometer detector (Py-GC-MS) was used to determine the
concentration of NP. Styrene trimer (m/z 312) was used for the
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identification of PS, while the common ion fragment for styrene
trimer with the highest intensity, m/z 91, was used for quantifica-
tion (Zhou et al., 2019). Furthermore, a Phoenix 8000 total organic
carbon analyzer (Tekmar-Dohrmann, Cincinnati, OH) was also used
to quantify PS-Laser. As the carbon content of PS is 92.3%, the
concentration of PS-Laser can be calculated by dividing the
measured carbon concentration of the PS-Laser suspension by
92.3%. The calculated concentration of PS-Laser was
2.42± 0.21mg L�1 by total organic carbon analyzer, which was
comparable with 2.13± 0.32mg L�1 given by Py-GC-MS, demon-
strating that the determined concentration of PS-Laser was
believable.
2.3. Sample preparation and characterization

The stock dispersions of PS were diluted directly with ultrapure
water to desired concentrations before use. SRNOM stock solution
at 1 g L�1 was prepared by dissolving dry SRNOM powders into
ultrapure water, and stirred overnight. Then the solution was
filtered through 0.22 mm cellulose acetate filter membranes. The
dissolved organic carbon content was measured with a Phoenix
8000 total organic carbon analyzer. Themorphological images of PS
stock suspensions were captured with field emission scanning
electron microscopy (SEM, Quanta FEG 250). SEM samples were
prepared by drying a drop of the PS stock solution on a small piece
of silicon wafer under vacuum. The primary size of PS was deter-
mined by manual measurements of over 200 individual particles.
The hydrodynamic diameter and zeta potential of PS in different
electrolytes was determined using dynamic light scattering (DLS)
with Zetasizer Nano (ZEN3600, Malvern Instruments, UK) at 25 �C.
2.4. Batch experiments

Time-resolved DLS measurements were carried out using a
Zetasizer Nano to determine the aggregation kinetics of PS in
different water chemistry. A laser source of 633 nm was employed
and the detection angle was 173�. Each correlation function was
accumulated for 10 s, and the measurement for each sample was
conducted between 10min and 90min at 25 �C to make sure that
an adequate increase in the hydrodynamic radius was obtained.
The working solutions were adjusted to pH 7.4 with 1mM borate
buffer in all experiments for three commercial PS, with the final
volume of 1mL. DLS measurements (Fig. S1) demonstrated that the
hydrodiameters of three commercial PS were negligibly changed in
1mM borate buffer within 2 h, indicating that the low concentra-
tion of buffer did not significantly affect the stability of PS.
Considering the polydispersity of PS-Laser, the experiments were
carried out without buffer to avoid possible effects of ion compo-
sitions on the stability of PS-Laser. When evaluating the aggrega-
tion kinetics of three commercial PS, a high concentration of PS
(10mg L�1) was used to improve the data quality and to accurately
detect CCC values, while a low concentration (1mg L�1) was
selected for PS-Laser due to the low yield. We also tried to use PS-
Laser at lower concentrations to make the detection as environ-
mentally relevant as possible; however, the poor sensitivity of the
instrument hindered our further study. The aggregation kinetics of
PS-Laser was measured for 30min, and each figure data point was
the average value of z-average diameters measured during the last
3min. The aggregation behaviors of PS were performed in a wide
range of concentrations of NaCl and CaCl2 with and without
SRNOM. All the experiments were performed in triplicate.
2.5. Determination of the aggregation kinetics and attachment
efficiencies

In the early aggregation stage, the change of hydrodynamic
diameter (Dh) from the time-resolved DLS measurements with
respect to time (t) is proportional to the primary particle concen-
tration (N0) and the aggregation rate constant k (Chen and
Elimelech, 2007; Huynh and Chen, 2011; Liu et al., 2013) (eq (1)).

�
dDhðtÞ
dt

�
t/0

f kN0 (1)

The aggregation rate can be acquired by performing a linear
least squares regression analysis for the initial increase inDh(t) with
t. This regression analysis is usually determined over a time period
from t¼ 0 until the time at which Dh(t) reaches 1.25 Dh(0), where
Dh(0) is the initial hydrodynamic diameter of PS obtained from the
DLS measurement (Chen and Elimelech, 2007). At very low elec-
trolyte concentration, Dh(t) may fail to reach 1.25 Dh(0) after
10min, and a longer measuring time was carried out (90min). For
some extremely fast aggregation, the measured hydrodynamic
diameter may go beyond 1.25 Dh(0) at the beginning of the
experiment, and the points that showed a linear relationship were
chosen to calculate the aggregation rate.

The attachment efficiency a was employed to represent the
aggregation kinetics of PS. At low electrolyte concentrations, the
increase of salt concentration resulted in the rise of attachment
efficiency, due to the fact that charge screening effects lower the
energy barrier to aggregation, which is called the reaction-limited
regime (a< 1). However, when the electrolyte concentrations
exceed the CCC, surface charges were fully screened, and PS
aggregated rapidly. The attachment efficiency was almost unity,
which is called diffusion-limited regime (a¼ 1). The attachment
efficiency is calculated by normalizing the aggregation rate con-
stant k obtained in a certain solution to the rate constant at the fast
aggregation conditions kfast (acquired in the diffusion limited ag-
gregation regime, where the aggregation rate is independent on
electrolyte concentrations) (Chen and Elimelech, 2007) (eq (2)).

a¼ k
kfast

¼
1
N0

�
dDhðtÞ
dt

�
t/0�

1
N0

�
fast

�
dDhðtÞ
dt

�
t/0;fast

(2)

To calculate a values of PS in the presence of SRNOM, kfast in the
same type of electrolyte without SRNOM was used in the denom-
inator. The CCC value was calculated by extrapolations of the linear
regression of a values in both reaction-limited and diffusion-
limited regimes to the electrolyte concentration in logarithmic
coordinates.

2.6. Sorption of SRNOM by PS

Batch experiments were carried out to determine the sorption of
SRNOM by PS. The experimental details are given in the Supple-
mentary Material.

3. Results and discussion

3.1. Characterization

SEM images (Fig. 1) showed that three commercial PS were
spherical, with an average diameter of 92.8 ± 6.9 nm, 97.3± 7.8 nm,
109.2± 8.5 nm for PS-Bare, PS-COOH and PS-NH2, respectively,
which is in accord with the size provided by the supplier. The as-



Fig. 1. SEM images and size distributions of PS-Bare (a, e), PS-COOH (b, f), PS-NH2 (c, g) and PS-Laser (d, h) used in the study.
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fabricated PS-Laser had irregular shapes with a mean diameter of
60.2± 26.3 nm. DLS results (Table S2) showed that the hydrody-
namic diameters of these PS were larger than that counted by SEM
images, especially for PS-COOH and PS-NH2. As the polydispersivity
index (PDI) value of PS-COOHwas 0.08, less than 0.25, the PS-COOH
suspension was considered to be highly disperse (Zhang et al.,
2011); thus, the much larger hydrodynamic diameter may result
from the long chain coating agent PEI, as the polymer layer and the
hydration shell were also included by DLS measurements. Similar
observation was also reported in previous studies. For example,
Kittler et al. (2010) found that the hydrodynamic size of PVP-coated
AgNPs (larger than 100 nm) was much bigger than the core size
(50 nm) determined by electron microscopy as the outer layer
collapsed under the high energy of electron beam. Because the PDI
value of PS-Laser suspension was much higher (0.447), the larger
diameter given by DLS may ascribe to the presence of big particles,
since DLS measurement is much more sensitive to large particles
due to their higher light scattering efficiencies (Wu et al., 2019). The
surface modification of carboxylated groups and amine groups
make PS-COOH and PS-NH2 carry strong negative and positive
charges (Table S1), respectively, and PS-Bare and PS-Laser were also
highly negative. pH of the solution may greatly affect the surface
charge of PS, and then influences their aggregation behavior. Thus,
zeta potentials of three commercial PS in different pH values were
also monitored. As shown in Fig. S3, PS-Bare and PS-COOH became
more negative in the pH range of 3e6 compared with the neutral
conditions, and further increase of pH did not substantially change
the surface charge, while the surface charge of PS-NH2 decreased
with elevated pH values in the whole pH range tested. In order to
avoid the possible aggregation induced by pH variation, pH of the
working samples were adjusted to 7.4 with 1mM borate buffer.

3.2. Aggregation kinetics of commercial PS in mono- and divalent
cations without SRNOM

The aggregation kinetics of three commercial PS was first
monitored in electrolytes in the absence of NOM (Fig. S4), and the
aggregation rates were calculated. It should be noted that the ag-
gregation of PS was so fast at high concentrations of electrolytes
that the measured z-average diameters at the very beginning of the
experiment may exceed the 1.25 Dh(0). Therefore, the points that
showed a linear relationship were selected to calculate the aggre-
gation rate, which may exist some discrepancies with the real ag-
gregation rate at the diffusion-limited regime. As shown in Fig. 2a
and b, the aggregation behaviors of PS-Bare and PS-COOH in NaCl
and CaCl2 solutions can be well explained by Derja-
guin�Landau�Verwey�Overbeek (DLVO) theory. CCC values, ac-
quired by calculating the intersection of extrapolations through the
reaction-limited and diffusion-limited regimes (Huynh and Chen,
2011), were 309.7 and 28.9mM for PS-Bare in NaCl and CaCl2 so-
lutions, and 308.3 and 28mM for PS-COOH in NaCl and CaCl2 so-
lutions. The CCC ratios of NaCl and CaCl2 were 23.42 for PS-Bare and
23.46 for PS-COOH, which followed the SchulzeeHardy rule that
predicted the CCC ratio of NaCl and CaCl2 was ranging from 22 to 26

(Chen and Elimelech, 2006). Electrostatic interaction might be the
mainmechanism in stabilizing PS-Bare and PS-COOH. Furthermore,
Ca2þ was more effective in driving the aggregation of PS-Bare and
PS-COOH than Naþ due to the higher charge screening effect, which
has been reported in previous studies (Chen and Elimelech, 2007;
Huynh and Chen, 2011; Shen et al., 2015).

The hydrodynamic size of PS-NH2 remained stable even in
1000mM NaCl and 150mM CaCl2 solutions (Fig. 2c and d). Zeta
potentials of PS-NH2 (Fig. S5) showed that surface charges had been
effectively screened with high concentrations of electrolytes, indi-
cating that other non-DLVO interaction dominates the stabilizing
role. According to the manufacture, PS-NH2 were synthesized by
grafting PEI on the surface of PS-Bare. Although how the PEI ar-
ranged on the surface was not clear, the branched polymer PEI
could provide necessary steric repulsion to counter the van der
Waals force attraction (Yin et al., 2019), resulting in the enhanced
stability of PS-NH2, which was also reported in a previous study
that the PEI modified graphene oxide was much more stable than
unmodified counterparts in strong basic solutions (Yin et al., 2019).
3.3. Influence of SRNOM on aggregation kinetics of commercial PS
in monovalent solutions

The stability of three commercial PS in the presence of SRNOM
was first studied in NaCl solutions (Fig. S6). As presented in Fig. 3a
and b, the CCC values of PS-Bare were changed from 309.7mM
without SRNOM to 409.5 and 1137.7mM in the presence of 1 and
5mg C L�1 SRNOM, respectively. Similarly, the CCC values of PS-
COOH also right shifted with the addition of SRNOM. Continuing
increasing the concentration of SRNOM (10mg C L�1) resulted in a
stronger suppressing of the aggregation of PS. Even at very high salt
concentrations, only a small aggregation rate was obtained in the
presence of 10mg C L�1 SRNOM, thus the attachment efficiency
curve was not plotted. The phenomena indicated that the presence
of SRNOM largely enhanced the stability of PS-Bare and PS-COOH in
monovalent electrolytes. Sorption experiments (Table S3) clearly
showed that SRNOM adsorbed on the surfaces of PS-Bare and PS-
COOH, and the amounts of adsorbed SRNOM increased with the
increase of the concentration of SRNOM. Although SRNOM and PS-
Bare (or PS-COOH) were both negatively charged in pH 7.4, SRNOM
may still adsorb on the surface of PS-Bare through other mecha-
nisms (e.g., hydrophobic interaction, hydrogen bonding, or ligand
exchange) (Chen et al., 2018; Huynh and Chen, 2011; Philippe and
Schaumann, 2014; Tan et al., 2019; Yu et al., 2018), which needs
further investigations.

Although PS-NH2 suspensions were highly monodisperse in
high salt solutions (Fig. 2c), they aggregated severely with the
addition of 1mg C L�1 SRNOM (Fig. 3c) in water. The addition of
electrolytes resulted in little change in the aggregation kinetics.
Zeta potential measurements (Fig. S7c) displayed that the surface
potential dropped sharply with 1mg C L�1 SRNOM, changing from
29.3 to 5.7mV immediately. The electrostatic attraction between
positively charged PS-NH2 and negatively charged SRNOM may
facilitate the adsorption of SRNOM onto surfaces of PS-NH2, which
neutralized the surface charge, and led to the fast aggregation of PS-
NH2. Further increasing the concentration of SRNOM inducedmuch
more SRNOM adsorption, resulting in the charge reversal. The ag-
gregation kinetics of PS-NH2 in the presence of higher concentra-
tions of SRNOM (Fig. 3d) clearly demonstrated that PS-NH2 kept
stable again after the charge reversal. The stability improved with
the increase of SRNOM concentration, with the CCC values in the
NaCl solution shifting from 131.7 to 208.9mM in the presence of 5
and 10mg C L�1 SRNOM, respectively. Electrostatic interaction and
steric hindrance provided by SRNOM after charge reversal may
both play key roles in hindering the coagulation of nanoparticles
(Wu et al., 2019). Although increasing the concentration of SRNOM
enhanced the stability of PS-NH2, the stability was still poorer than
that without any SRNOM (Fig. 2c). We further measured the z-
average diameter of PS-NH2 in the presence of SRNOM, and found
that the size decreased from 224 nm inwater to about 150 nmwith
10mg C L�1 SRNOM, implying that adsorption of SRNOM may
change the conformation of PEI on the surface of PS-NH2, and thus
eliminated their the strong steric hindrance.



Fig. 2. Aggregation of PS in monovalent and divalent electrolytes. Attachment efficiencies of PS-Bare (a) and PS-COOH (b) as functions of NaCl and CaCl2 concentrations. Aggregation
profiles of PS-NH2 at various NaCl (c) and CaCl2 (d) concentrations.

Fig. 3. Attachment efficiencies of PS-Bare (a), PS-COOH (b), PS-NH2 (d) with different concentrations of SRNOM and aggregation profiles of PS-NH2 (c) in the presence of 1mg C L�1

SRNOM in the absence and presence of different concentrations of SRNOM as a function of NaCl concentrations.

S. Yu et al. / Environmental Pollution 255 (2019) 1133026
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3.4. Influence of SRNOM on aggregation kinetics of commercial PS
in divalent solutions

The aggregation behaviors of three commercial PS in the pres-
ence of SRNOMwere investigated with a wide range concentration
of CaCl2 (Fig. S8), and the CCC values and attachment efficiencies
were displayed in Fig. 4 and Table S4. In the presence of 1mg C L�1

SRNOM, CCC values of PS-Bare and PS-COOH in CaCl2 solutions both
right shifted with the reduction in corresponding a values. Espe-
cially for PS-COOH, the CCC value increased from 28 to 39.7mM,
about 1.4 times larger. The CCC values of PS-Bare and PS-COOH
started to decrease when the concentration of SRNOM reached
3mg C L�1 (Table S4), and even became smaller than those without
SRNOM at 5mg C L�1 or higher concentrations of SRNOM, implying
that high concentrations of SRNOM weakened the stability of PS-
Bare and PS-COOH. Enhanced aggregation of nanoparticles in the
presence of NOM and high concentrations of Ca2þ was reported in
previous studies. When investigating the influence of NOM on the
aggregation kinetics of silver nanoparticles, Huynh and Chen (2011)
found that the addition of NOM (1mg C L�1) promoted the stability
of citrate-coated silver nanoparticles (about 1.1mg L�1) at CaCl2
concentrations below 9mM, and induced the aggregation when
CaCl2 concentrations were above 9mM. Similar results were also
observed for PVP coated silver nanoparticles (Huynh and Chen,
2011), gold nanoparticles (Liu et al., 2013), fullerene (Chen and
Elimelech, 2007; Shen et al., 2015), zero-valent iron (Dong and
Lo, 2013), and hematite (Chen et al., 2006). The cation bridging
effect, mostly caused by the bonding of Ca2þ with carboxyl groups
in NOM, was extensively explained in these studies (Chen and
Elimelech, 2007; Chen et al., 2006; Dong and Lo, 2013; Huynh
and Chen, 2011; Liu et al., 2013; Shen et al., 2015; Yin et al.,
2015). In our system, when the concentration of SRNOM is low
(�2mg C L�1), lots of SRNOM molecules would adsorb on the sur-
face of PS-Bare and PS-COOH, and the amounts of free (unad-
sorbed) SRNOM molecules were too limited to bind with Ca2þ to
form network structures (Table S3). Steric hindrance would resist
the interparticle bridging and enhance the stability. As there exist
sufficient carboxyl groups on the surface of PS-COOH, Ca2þ could
bridge PS-COOH and carboxyl groups in SRNOM macromolecules
(Liu et al., 2013; Philippe and Schaumann, 2014; Yu et al., 2018),
which promote the adsorption of SRNOM and enhance the stability
of PS-COOH more obviously. It was in consistent with our results
that CCC of PS-COOH increased to a greater extent than PS-Bare in
the presence of 1mg C L�1 SRNOM. With the increase of the con-
centration of SRNOM, much more free SRNOMmolecules appeared
in the suspensions (Table S3), and the strong affinity of Ca2þ with
carboxyl groups in SRNOM would bind the free SRNOM molecules
together to form network clusters. Subsequently, the clusters may
Fig. 4. Attachment efficiencies of PS-Bare (a), PS-COOH (b) and PS-NH2 (c) in the absence an
act as bridges to entangle dispersed or aggregated PS together
(Chen et al., 2006), leading to the aggregation of PS. When the
concentration of SRNOM was above 5mg C L�1, the cation bridging
effect played the leading role, inducing the accelerated attachment
of PS (Table S4). Similarly, due to the large amount of eCOOH
groups on the surface of PS-COOH, the association of eCOOH
groups with Ca2þ promoted PS-COOH to connect with the Ca2þ-
SRNOM clusters formed at high concentrations of SRNOM, resulting
in much quicker aggregation of PS-COOH, and thus elevated a

values than PS-Bare (Fig. 4a and b) (Chen and Elimelech, 2007;
Huynh and Chen, 2011).

Similar with the behaviors in monovalent electrolytes, PS-NH2
aggregated rapidly in CaCl2 solutions with 1mg C L�1 SRNOM.
Further increasing the concentrations of SRNOM caused the surface
charge reversal, and PS-NH2 suspension became stable again. A
positive correlation was observed with the concentration of
SRNOM and the CCC value (Fig. 4c). The results displayed that the
bridging effect was less likely to happen for PS-NH2, whichmay due
to the surface modification of PEI that sterically hindered the as-
sociation with SRNOM clusters. Moreover, the electrostatic attrac-
tion between negatively charged SRNOM and positively charged
PS-NH2 may result in majority of SRNOM molecules adsorbed on
the surface of PS-NH2, hindering the formation of SRNOM network
aggregates.
3.5. Influence of SRNOM on aggregation of PS-Laser

The chemical synthesized PS were mainly monodiperse nano-
spheres, which may not well represent NPs in the natural system.
Therefore, PS-Laser, fabricated by mimicking the degradation of
polymer in the environment, were selected to reveal the behaviors
of PS in the real aquatic system. PS-Laser were synthesized by
shooting a 4 cm2 polystyrene film with a 355 nm laser beam of
250mJ cm�2

fluence for 1 h. Only about 3mL of 2mg L�1 PS-Laser
could be obtained after each ablation cycle. The low yield
restricted us to get enough samples to investigate the CCC values
and attachment efficiencies of PS-Laser under different water
conditions. In order to study the effect of SRNOM on the aggrega-
tion of PS-Laser, a low concentration (1mg L�1) of PS-Laser was
selected in the further experiment. The hydrodiameter of PS-Laser
in different electrolytes with and without SRNOM was monitored
for 30min, and the final average hydrodiameter, calculated as the
mean value of z-average diameters measured during the last 3min,
were recorded and compared. Meanwhile, similar experiments
were also conducted for three commercial PS, and the results were
shown in Fig. 5 and Fig. S9. For the positively charged PS-NH2, the
presence of SRNOM could neutralize or even reverse the surface
charges, causing that the z-average diameter increased at low
d presence of different concentrations of SRNOM as a function of CaCl2 concentrations.



Fig. 5. The influence of NOM on the hydrodynamic diameters of PS-Laser in NaCl (a) and CaCl2 (b) solutions.
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concentrations of SRNOM and decreased at high concentrations of
SRNOM in monovalent and divalent electrolytes. The behaviors of
negatively charged PS-Laser were similar with commercial PS-Bare
and PS-COOH that an increase in the SRNOM concentration resul-
ted in the decrease of the hydrodiameters of PS-Laser in NaCl so-
lutions, indicating that SRNOM could enhance the stability by steric
repulsion. However, the presence of SRNOM obviously suppressed
the aggregation of PS-Laser at low concentrations of CaCl2, while
did not affect or even promoted the aggregation of PS-Laser at high
concentrations of CaCl2, implying that cation bridging effect also
exist for PS-Laser at high concentrations of CaCl2.

4. Conclusions

In this study, the aggregation kinetics of different surface
modified PS under various water conditions was investigated.
Negatively charged PS-Bare and PS-COOH exhibited similar be-
haviors. Their stability was enhanced in monovalent electrolytes in
the presence of SRNOM because of steric repulsion; while in
divalent electrolytes, SRNOM could restrain the aggregation at low
concentrations (below 5mg C L�1) by steric repulsion, and accel-
erated the aggregation at high concentrations (above 5mg C L�1)
due to the bridging between Ca2þ and carboxyl groups in SRNOM.
The aggregation behaviors of positively charged PS-NH2 largely
depended on the concentration of NOM. Low concentrations of
SRNOM could neutralize the surface charges, resulting in fast ag-
gregation of PS-NH2, nevertheless charge reversal could take place
at high concentrations of SRNOM, making PS-NH2 stable again.
Negatively-charged PS-Laser exhibited similar behaviors with PS-
Bare and PS-COOH that high concentrations of divalent electro-
lytes and NOM facilitated their aggregation by cation bridging ef-
fects. However, even under the most severe condition, both the CCC
values of negatively-charged PS were high enough to surpass the
Ca2þ and Naþ contents in most freshwater chemistry, which
implied that PS would be suspended in the freshwater system for a
long time, thus chronic exposure to freshwater organisms and far
distance transport might happen. Only in some wastewater sys-
tems that contains high concentrations of NOM and complex
electrolyte composites, the aggregation and sediment of these PS
could be expected. Positively charged PS-NH2 could be highly
disperse or highly aggregated in certain aquatic compartments,
resulting in utterly different fate, transport and potential risks in
the environment. Given that the aggregation behaviors of NPs were
closely related with the surface charge, aquatic conditions, and
surface modification, a careful assessment of environmental be-
haviors of the new emerging materials on a case-by-case basis is
demanded.
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