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Once inevitably released into the aquatic environment, polystyrene nanoplastics (PS-NPs) will present
complicated environmental behaviors, of which the aggregation is a key process determining their envi-
ronmental fate and impact. In this study, the aggregation kinetics of different sizes (30 nm and 100 nm)
of PS-NPs with metal cations (Nat, Kt, Ca?t, Mg?t and Pb?*) at different solution pH (3, 6 and 8) were
investigated. The results showed that the aggregation of PS-NPs increased with cation concentration. Tak-
ing Pb2* as an example, the adsorption behavior of cations onto PS-NPs was determined by transmission
electron microscopy (TEM) and energy dispersive X-ray (EDX) spectroscopy, which demonstrated Pb%+
could be adhered onto the surface of PS-NPs with the effect of charge neutralization. The critical coag-
ulation concentrations (CCC) of smaller PS-NPs were higher than that of larger PS-NPs for monovalent
cations, whereas a different pattern is observed for divalent cations. It was suggested that there were
other factors that DLVO theory does not consider affect the stability of NPs with different particle sizes.
In addition, it should be noted that PS-NPs had the capacity of adsorbing large amounts of heavy metal
cations and carried them transport to a long distance, and the corresponding ecological risks need to

further elucidate.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Plastics, known as revolutionary materials, have been widely
used in various fields since their birth in 1905 [1]. The global con-
sumption of plastics is growing at an annual rate of 4%, increasing
from 1.3 million tons in 1950 to 322 million tons in 2015, and then
reaching 369 million tons in 2018 [2]. Due to the failure of effec-
tive collection, disposal and control of plastic wastes, some plastic
fragments or particles are discharged into the natural environment,
affecting the normal operation of the ecosystem. Plastic particles
with a size less than 100 nm, called nanoplastics, are supposed to
be a new type of contaminant, which have ignited the research
passion of scholars around the world over the last decade [3]. On
one hand, nanoplastics from cosmetics, personal hygiene products,
and industrial products such as 3D printing and nanocapsules are
constantly released into the environment during their use and pro-
duction [4]. On the other hand, polymer-based materials are easy
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to degrade into plastic fragments under the action of high salinity,
light, heat and microorganisms [5].

The biological effects of nanoparticles are closely related to par-
ticle size. Moore [6] found that the bioavailability of microplastics
was largely affected by their particle size. There is a growing body
of literature that recognizes the toxic effects of nanoplastics on hy-
drobiont, which were mainly evaluated through energy consump-
tion, oxidative damage, enzyme activity, reproduction and growth
rate [7-9]. Some researchers believe that the aggregation behav-
ior of nanoplastics in water environment is one of the main fac-
tors affecting their environmental migration and biological toxicity,
and thus focus on the colloidal stability and aggregation dynamics
of nanoplastics [10,11]. Surface chemical properties of nanoplas-
tics play an important role in colloid aggregation, and ultimately
affect their behavior and fate in water environment [12]. Yu et
al. [13] have investigated the aggregation of a series of surface-
modified polystyrene nanoplastics, and found that the negatively
charged and positively charged nanoplastics exhibited different ag-
gregation behaviors. In addition, it has previously been observed
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that solution properties such as pH, ionic strength, and valence of
ions influence the colloidal stability and aggregation behavior of
nanoparticles [14]. Metal cations have been demonstrated to signif-
icantly affect the stability of nanoplastics when they are adhered
on nanoplatics [15-17]. Conversely, nanoplastics can adsorb large
amounts of metal cations in heavy metals polluted water, and carry
them to migrate, posing a greater potential risk [17].

In this study, two commercial polystyrene nanoplastics (PS-
NPs) with different sizes, 30nm representing small size (PS-S)
and 100nm representing large size (PS-L), were used as model
nanoplastics to systematically explore their aggregation kinetics in
water with monovalent (Nat and K*) and divalent (CaZt, Mg+
and Pb%*) metal cations. Polystyrene is one of the most widely
used plastic materials [18], and Pb?* is also a common ion in
heavy metal polluted water [19]. The attachment efficiencies and
critical coagulation concentrations of PS-NPs under different condi-
tions were calculated. The research purpose is to reveal the impor-
tant roles of particle size and metal cations in the aggregation pro-
cess of nanoplastics. The provided information could improve the
understanding of the environmental behavior and ecological risks
of nanoplastics.

The PS-S-NPs suspension (1.0% w/v, 15mL, 30 nm) was obtained
from Thermo Fisher Scientific (Shanghai, China), and PS-L-NPs sus-
pension (2.5% w/v, 10mL, 100nm) was purchased from Tianjin
BaseLine ChromTech Research Center (Tianjin, China). The NaCl,
KCI, MgCl,, CaCl, and Pb(NOs3), of analytical grade were used as
the experimental electrolytes. The solution pH was adjusted using
0.1 mol/L HCI and 0.1 mol/L NaOH (Titrisol, Merck, Austria). All the
nanoplastics suspensions were diluted to about 10 mg/L with ul-
trapure water (18.2 M€, Milli-Q, Millipore). After adding different
concentrations of electrolytes and adjusting to the desired pH, the
experimental nanoplastics suspensions were prepared. The hydro-
dynamic diameter and zeta potential of each sample were mea-
sured by dynamic light scattering (DLS) with a 90° scattering an-
gle (ZetaPALS/BI-90 Plus, Brookhaven Instruments Corp., New York,
USA). The suspension temperature was maintained at 25 °C. The
characteristic of PS-NPs before and after experiments were visual-
ized using a TecnaiG2F20 S-Twin transmission electron microscope
(TEM, FEI, USA). The distribution of elemental composition was
analyzed by an energy-dispersive X-ray spectroscopy (EDX) sys-
tem (X-MaxN 80T, Oxford Instruments NanoAnalysis, USA). Fourier
transform-infrared (FT-IR) spectra were performed to identify the
structural and functional groups of PS-NPs.

The initial aggregation rate constant of PS-NPs (k) is propor-
tional to the change of hydrodynamic diameter (D;,) from the time-
resolved DLS measurements with respect to time (t), but inversely
proportional to the primary particle concentration of PS-NPs (C)
(Eq. 1) [20]:
(%)Ho

k o 8

(1)

In aggregation experiments, the C was maintained at 10 mg/L.

(dD é'[(t) )¢—0o can be acquired by performing the linear least-squares
regression for the initial increase in Dy, (t) with t. For most exper-
iments, the regression analysis was performed over a time from
Dy, (0) to 1.3Dy,(0), where D, (0) represented the initial D;. Under

some unfavorable conditions that Dy, (t) fail to reach 1.3D;, (0), the

aggregation of PS-NPs was negligible and (dDg[(t) )t_0 Wwas deter-
mined with the achieved maximum D;, (t). For some extremely fast
aggregation that Dy, (t) may go beyond 1.3D;,(0) when experiment
has just begun, only the points that showed a linear relationship
were chosen to calculate the aggregation rate.

The attachment efficiency (o) was employed to calculate critical
coagulation concentrations (CCC) to make a quantitative descrip-
tion of aggregation kinetics of PS-NPs. o was calculated by normal-
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izing the aggregation rate constant k (acquired in a certain suspen-

sion) to the rate constant at the fast aggregation conditions k¢,

(obtained in the diffusion limited aggregation regime, where the

aggregation rate was independent on electrolyte concentrations)
dDy ()

(Eq. 2):
(%

_k
T dDy ()
Kfast é‘t

)t~>0

(

Eventually, the experimental CCC values were determined from
the intersect of extrapolated lines through the diffusion and reac-
tion limited regimes.

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory with
particle-particle model was used to give further elucidation of the
observed results. Under various chemical conditions, the interac-
tion energy, including van der Waals attraction V(h), and electro-
static double-layer (EDL) repulsion Vg(h), were calculated [21-23].
The total interaction energy Vy(h) was calculated using the follow-
ing equations (Egs. 3-8):

(2)
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K= SkBT (8)
where Apwp was the combined Hamaker constant for PS-NPs
interacting through water for a PS-water-PS system, and the
Hamaker constants of PS-L-NPs and PS-S-NPs were 3.5 x 10-21]
and 2.3 x 10721 respectively [23]. b=5.321 was the characteris-
tic wavelength of the interaction with an often assumed value
of 100nm. R was the radius of PS-NPs. h was separation dis-
tance between particles, which was much smaller than their ra-
dius (h << R). kg was the Boltzmann constant with a value of
1.381 x 10-23J/L, and T was the absolute temperature. n,, was the
bulk number density of ions. Ny was Avogadro constant with a
value of 6.022 x 1023, Cs was the electrolyte molar concentration
(mol/L). ¢ was the reduced potential. z was the valence of ion in
the bulk suspension. e was the electron charge (1.60 x 10-12 C). ¢
was the electrical potential of PS-NPs, and was usually expressed
as the ¢ potential. k was the Debye-Huckel reciprocal length at
approximately 25 °C in aqueous solution. &3 was the permittivity
of a vacuum (8.854 x 1012 C V-1 m~1). & was the dielectric con-
stant or relative permittivity of the solvent (78.5 for water). n was
the number concentration of electrolyte.

Fig. S1 (Supporting information) presents the FT-IR spectra of
PS-L-NPs and PS-S-NPs. Peaks at 700, 750, and 3020 cm~! were
designated to the benzene ring structure, and those peaks at 1490
and 1450 cm~! were ascribed to the aromatic C-H deformation
[24,25]. The broad and sharp bands at 1600 and 2920 cm~! were
attributed to the stretching vibration of aromatic C=C group and
deformation of aliphatic C-H group, respectively [26]. Peak at 3450
cm~! was ascribed to hydroxyl stretching, originated from water
adsorption [27]. The peak at 1700 cm~! for PS-S-NPs probably con-
tributed to C=0 group related to the presence of carboxyl groups
[28].
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Fig. 1. TEM images and hydrodynamic size distributions of PS-L-NPs (a, b), and PS-
S-NPs (c, d).

The size and shape of PS-L-NPs were detected by TEM, and it
showed that PS-L-NPs had a spherical shape with an average di-
ameter of 100nm (Fig. 1a). The hydrodynamic size distribution of
PS-L-NPs measured by DLS was ranged from 80 nm to 150 nm with
an average diameter of 110nm (Fig. 1b). The morphology of PS-S-
NPs was also confirmed by TEM (Fig. 1c). The hydrodynamic size
distribution of PS-S-NPs was ranged from 20 nm to 70 nm with an
average diameter of 33 nm (Fig. 1d).

To assess the effect of pH on PS-NPs aggregation, the attach-
ment efficiencies () of PS-L-NPs and PS-S-NPs with different con-
centrations of NaCl were calculated and displayed in Fig. 2. When
o approaches to 1, the aggregation process is regarded as diffusion-
limited [29]. Different solution pH (3, 6 and 8) led to differences
in the aggregation profiles, and a higher pH value hindered the
approaching of o to 1. Correspondingly, the experimental CCC
of NaCl for PS-L-NPs at pH of 3, 6 and 8 were 193.86 mmol/L,
349.06 mmol/L and 470.41 mmol/L, respectively, and for PS-S-NPs
were 380.13 mmol/L, 540.44 mmol/L and 755.26 mmol/L, respec-
tively. There was a strong linear correlation between CCC and pH
value (Fig. S2 in Supporting information). From this data, the ag-
gregation of PS-NPs was suppressed with decreasing the solution
pH, which is consistent with the phenomenon reported in previ-
ous study [30]. The DLVO theoretical calculations were accorded
with the experimental CCC values under different pH conditions.
As shown in Fig. S3 (Supporting information), the energy barrier
decreased with increasing the concentration of NaCl, which is also
reported by other studies [31].

Previous studies have indicated the protonation and deprotona-
tion on the surface of PS-NPs play an important role in the aggre-
gation behavior [32]. Therefore, the zeta potential of PS-NPs was
measured and it was found that the zeta potential became more
negative with increasing the pH values (Fig. S4 in Supporting in-
formation). For example, the zeta potential of PS-L-NPs in NaCl so-
lution of 400 mmol/L decreased from —6.69 mV to —14.97 mV with
increasing the pH from 6 to 8 (Fig. S4a), indicating that electro-
static repulsion between PS-NPs could be increased under alkaline
conditions, which may reduce the aggregation between nanoplas-
tics particles. It is suggested that the surface of PS-NPs could be
easily deprotonated with increasing the pH, leading to improved
stability of PS-NPs [33].

For convenience, the subsequent aggregation experiments were
carried out at pH 6. Fig. 3 presents the increases of hydrody-
namic diameter of PS-NPs along time with different types and
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concentrations of cations. In the presence of low concentration of
cations, like 100 mmol/L NaCl, PS-NPs kept a relative stability due
to the dominance of electrostatic repulsive forces [14]. With the in-
crease of cation concentration, hydrodynamic diameter of PS-NPs
increased quickly. According to the DLVO theory, the addition of
cations led to characteristic adsorption and charge neutralization,
where van der Waals forces dominated and the repulsion barrier
was compressed. Thus, it was shown in Fig. S3 that the energy bar-
riers of PS-NPs had been weakened as the cation concentration in-
creased. When the cation concentration reached the CCC value, the
PS-NPs were extremely unstable due to diffusion limitation, which
eventually led to agglomeration between particles (Fig. S5 in Sup-
porting information).

Compared the effects of mono- and divalent cations on PS-NPs
aggregation, it is found that divalent cations were easier to induce
the aggregation of PS-NPs relative to monovalent cations. For in-
stance, the CCC values of NaCl and KCl for PS-L-NPs were ranged
from 232.60 mmol/L to 349.06 mmol/L, while those of MgCl,, CaCl,
and Pb(NO3), were reduced to 16.25-40.31 mmol/L (Fig. S5). The
ratio between the CCC values of Ca?t and Na* was proportional to
27337 (where z=2 was the counterion valence for calcium) (Table
S1 in Supporting information), consisting with the Schulze-Hardy
Rule [34]. For the differences in CCC values of cations with the
same valence state, a possible explanation was ascribed to the hy-
dration layer forming between metal cations and water molecules.
In other words, cations with larger radii tend to interact with more
water molecules [30,35], thus producing a higher promotion effect
on the aggregation of PS-NPs. Correspondingly, the promotion ef-
fects of divalent cations were in the same order with their radii:
Pb%*t> Cat> MgZt+ (Table S1).

At present, a large number of studies have reported the size ef-
fect on the agglomeration and stability of nanoparticles, however,
the size effect on the aggregation of PS-NPs has not been investi-
gated explicitly in the existing literature [36-40]. The DLVO theory
predicts a marked decrease in rates of coagulation of colloidal par-
ticles with an increase in particle size [41]. In this study, the CCC
values of divalent ions (Ca%t, Mg2t and Pb2t) for PS-S-NPs were
lower than for PS-L-NPs (Fig. S5), which agreed with DLVO predic-
tion. This revealed that the PS-L-NPs needed a higher concentra-
tion of divalent cations to break the stable state. The more negative
zeta potential of PS-L-NPs relative to PS-S-NPs also confirmed the
recalcitrance of PS-L-NPs to aggregation (Fig. S4). Besides, a com-
mon view was that higher adsorption rate of divalent cations oc-
curred on the smaller particle, owing to the higher Gibbs free en-
ergy associated with the smaller particles. Figs. 4 and 5 present the
TEM and EDX spectra of PS-NPs after the aggregation experiments
with Pb2*. From Fig. 4a, we can see that PS-L-NPs strikingly aggre-
gated each other. At the same time, the EDX spectra showed the
enrichment of Pb on the surface of PS-L-NPs, indicating that Pb%*+
cations were adsorbed on PS-L-NPs (Figs. 4b-d). This characteriza-
tion demonstrated the important role of Pb2t in the induction of
PS-NPs aggregation by the charge neutralization. Relatively, after
the aggregation experiment with Pb%*, the PS-S-NPs agglomerated
closely into larger particles (>1um) and the surfaces were studded
with Pb (Fig. 5). This result demonstrated a stronger adsorption ca-
pacity of PS-S-NPs for PbZ+, which might be the key reason to ex-
plain the higher aggregation potential of smaller PS-NPs relative to
larger PS-NPs with divalent cations.

However, for the monovalent cation system, the larger PS-NPs
showed a higher tendency to aggregate, which is different with the
situation in divalent cation system. The CCC values of Na* and K+
for PS-L-NPs were 349.06 mmol/L and 232.60 mmol/L, which were
smaller than that for PS-S-NPs (540.44 mmol/L and 412.66 mmol/L)
(Fig. S5). By comparison on the zeta potential of PS-NPs (Fig. S4),
PS-S-NPs had more negative charges in the same concentration
of NaCl solution, indicating the smaller size of PS-NPs were in-
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Fig. 4. The characterization of PS-L-NPs aggregates with Pb(NO3),: (a) TEM image,
(b) EDX spectrum, and mapping for element of carbon (c) and lead (d).
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deed more stable. In fact, there are differences between stud-
ies exploring size effect on the stability of nanoparticles, even
finding that the stability of colloid is insensitive to particle size
[40]. For instance, Afshinnia, Sikder, Cai and Baalousha [39] ob-
served a negatively strong association between the CCC and par-
ticle size of nano-silver for monovalent cations, but no clear trend
was observed for divalent cations. Deposition in secondary mini-
mum and the narrow range of surface potential were used to ex-
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plain the observed anomalous particle size effect. In DLVO the-
ory, the surface charge of particles is assumed to be distribution
uniformly, that all particles have a constant surface potential [41].
In other words, it is most likely that the discrepancies with re-
spect to particle size effects are related to the failure of the DLVO
theory to consider hydrodynamic interaction and dynamics of
interaction.

In conclusion, this study set out to systematically explore the
aggregation kinetics of different sizes of PS-NPs with monovalent
(Nat, K*) and divalent (Ca?t, Mg+ and Pb2+) cations at different
solution pH. The primary results of this investigation are summa-
rized as follows: (1) Due to deprotonation, PS-NPs were more sta-
ble in alkaline conditions. (2) Compared with monovalent cations,
divalent cations have a greater effect on the stability of PS-NPs;
the hydration ability of cations with the same valence state led to
the difference in the stability of PS-NPs. (3) The smaller size of PS-
NPs in monovalent cation system was more stable but easier to
agglomerate in divalent cation system, and there were other un-
known factors that DLVO theory does not consider affect the sta-
bility of NPs with different particle sizes.
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