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a b s t r a c t

In recent years, microplastics (MPs) and nanoplastics (NPs) have attracted worldwide attention because
of the potential risks they pose to aquatic environments, but there are few studies on the difference of
aggregation mechanism between MPs and NPs. In this study, 100 nm and 1 mm polystyrene plastics were
selected as models to explore the aggregation mechanism of MPs/NPs under different aquatic environ-
ments. The influence of ion species and concentrations on the aggregation behaviors and kinetics were
systematically investigated to predict the effects of water quality on the occurrence form of MPs and NPs
based on DLVO theory and revised modified Smoluchowski theory. Results showed concentration,
valence and hydrated ability of cations jointly affected the aggregation behavior of NPs. The critical
coagulation concentration ratio of cations were consistent with Schulze-Hardy rules. But the different
aggregation rate coefficients of same valent cations were ascribed to the structural layer force. Anion
species played a role in the reaction-controlled regime by producing hydrogen ions to neutralize negative
charges on NPs surfaces. Due to the strong Brownian motion and structural layer force, NPs would be
stable in freshwater but preferentially aggregated when transport through brackish water, estuaries,
eutrophication and high hardness areas and sea water, forming the accumulation hot spots of NPs in the
sediment. While for MPs, physical process controlled the aggregation mechanism of them, leading to
high stability in natural water and eventually transporting into marine environments. This study pro-
vided a theoretical foundation for assessing the transport, distribution, fate and ecological risks of MPs
and NPs in realistic aquatic environments.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Plastics were widely produced and applied in the middle of the
20th century (Hidalgo-Ruz et al., 2012). Every year more than 320
million tons of plastic wastes discarded worldwide (Wright and
Kelly, 2017). While due to the imperfect waste management, the
discarded plastics accumulated in the aquatic environments (Alimi
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s@rcees.ac.cn (D. Wang).
et al., 2018). Among them, plastics with diameters of 0.1 mme5 mm
and less than 100 nm are defined as microplastics (MPs) and
nanoplastics (NPs), respectively, which have raised public concerns
in recent years (Li et al., 2019). MPs/NPs found in the environment
can originate from primary or secondary plastics. Primary MPs/NPs
are intentional products of industrial abrasives and accidental spills
or used as exfoliants in personal care products (Liu et al., 2019). And
secondary MPs/NPs are derived from large plastic debris degraded
by chemical, thermal, biological and photolysis processes (Gigault
et al., 2016; Kooi et al., 2017; Song et al., 2017). Even though
98.41% of MPs can be removed from municipal effluents through
wastewater treatment plants (WWTPs) (Li et al., 2018c), the small
percentage released still represents a high enough number of MPs.
A report estimated that a WWTP could release 65 million MPs into
the aquatic environment every day (Murphy et al., 2016).
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Ultimately, MPs/NPs have been ubiquitously detected in rivers,
lakes, estuaries, coastlines and marine ecosystems (Browne et al.,
2011; Costa et al., 2016; Free et al., 2014; Li et al., 2018a).

MPs/NPs have been identified as contaminants of emerging
concern as they pose potential risks to aquatic species as well as
human beings (Auta et al., 2017; Lebreton et al., 2017 Ter Halle et al.,
2017). It is reported that they could cause malnutrition and alter-
ations in reproduction for marine organisms on account of the
polymer material itself (Besseling et al., 2014). In addition, due to
the large specific surface area and hydrophobic nature of MPs/NPs,
they are easier to adsorb organic contaminants such as persistent
organic pollutants, polycyclic aromatic hydrocarbons, pesticides
and heavy metals (Holmes et al., 2012; Sun et al., 2019b; Ziajahromi
et al., 2016). Wang et al. (2020a) reported that the mainmechanism
of sorption of organic contaminants to NPs/MPs were hydrophobic
partitioning, surface sorption and pore filling. Moreover, MPs/NPs
are more bioavailable to lower trophic organisms which can ingest
them without selectivity because of the small size (Farrell and
Nelson, 2013). Therefore, the toxic pollutants eventually enter
into the ecosystem through food chain and ultimately impact hu-
man health such as carcinogenesis (Wright and Kelly, 2017).
Therefore, it is imperative to investigate the environmental
behavior and fate of MPs/NPs.

As released into aquatic environments, MPs/NPs cannot avoid
aggregation. It is reported that the aggregate size could influence
the toxicity and bioavailability of MPs/NPs (Jeong et al., 2016). Be-
sides, as one of the most common physical processes, aggregation
could also impact the transportation and fate of MPs/NPs in aquatic
environments (Besseling et al., 2017). Previous studies have inves-
tigated the influence of water chemistry, natural organic matter
and surface functionalization on the aggregation behavior of MPs or
NPs. For MPs, Li et al. (2018b) found that the critical coagulation
concentration (CCC) values of polystyrene (PS) MPs were 14.9 and
2.95 mmol/L for NaCl and CaCl2, respectively, and humic acid (HA)
enhanced the stability of MPs. For NPs, Cai et al. (2018) reported
that 100 nm PS NPs remained stable in wide ionic solutions of NaCl
(1e100 mmol/L) and CaCl2 (0.1e15 mmol/L) and HA accelerated
aggregation in 1 mmol/L FeCl3 solution. Zhang et al. (2019)
observed that the amine-modified NPs with diameters of
50e100 nm could immediately formed 1000 nm aggregates when
HA existedwhile carboxyl-modified NPs remained stable for 3 days.
However, to the best of our knowledge, almost no research has
focused on the difference of aggregationmechanisms betweenMPs
and NPs, which will bring a challenge for monitoring and assessing
risk of plastics in aquatic environments.

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has been
used to successfully explain the influence of ionic strength and pH
on the aggregation behavior of MPs or NPs (Cai et al., 2018; Li et al.,
2018b). However in previous researches, attachment efficiency was
used to reflect the stability of MPs/NPs, which could not compre-
hensively reveal aggregation mechanism of MPs/NPs. It is aggre-
gation rate coefficient that quantitatively assesses the stability and
describes aggregation kinetics of MPs/NPs. According to the Smo-
luchowski theory, the value of aggregation rate coefficient is a
constant, independent of particle size. Nevertheless, Higashitani
et al. (2017) indicated that the fast aggregation rate coefficient of
spherical silica particles reduced by the orders of magnitude with
decreasing particle size below 300 nm, due to the structural layer
force. What’s more, the smaller the particle size, the more obvious
the effect of structural layer (Higashitani et al., 1990). Therefore, by
analogy, do NPs also have such structural layers, which results in
their aggregation mechanism being different from that of MPs?

In this study, 100 nm and 1 mm PS particles were chosen as
model NPs and MPs to investigate the difference of aggregation
mechanisms between them. The reason of selecting PS is its broad
2

industrial applications, especially in personal care products,
kitchen appliances and disposable drinking cups ((Li et al., 2019).
The aggregation behaviors and kinetics were explored under
different ion species, concentrations and pH to predict the effects of
water quality (high hardness water, eutrophication water or
seawater) on the occurrence forms of MPs and NPs in actual aquatic
environments. In addition, values of aggregation rate coefficients,
CCC and morphology of aggregates were determined and observed
to analyze aggregation behavior of MPs/NPs. Furthermore, Peclet
number and revised modified Smoluchowski theory were used to
clarify the aggregation mechanisms of MPs and NPs. This study
provided a theoretical foundation for assessing the migration, dis-
tribution and fate of NPs and MPs in realistic aquatic environments
and helped facilitate the evaluation of their potential risks to
organisms.

2. Materials and methods

2.1. Materials

100 nm PS and 1 mmPS were selected to represent NPs andMPs,
which were both purchased from Thermo-Fisher Corp. USA, with a
particle concentration of 10 g/L. It was reported that 0.02% anionic
detergent (surfactant) was added in 1% solid suspensions to
disperse MPs/NPs by the supplier. Sodium chloride (NaCl), calcium
chloride anhydrous (CaCl2), magnesium chloride hexahydrate
(MgCl2�6H2O), sodium dihydrogen phosphate dehydrate (NaH2-
PO4�2H2O), disodium hydrogen phosphate dodecahydrate (Na2H-
PO4�12H2O), sodium sulfate (Na2SO4), sodium hydroxide (NaOH)
and hydrochloric acid (HCl) were obtained from Sinopharm
Chemical Reagent Co., Ltd., China. All the chemicals used in this
study were analytical reagent grade and Milli-Q water (Millipore,
USA) was used in all solutions.

2.2. Aggregation kinetics of MPs and NPs

A laser diffraction instrument (Mastersizer 2000, Malvern, UK)
operatingwith a He-Ne laser at awavelength of 633 nmwas used to
detect the change of scattered light intensity as a function of time at
the scattering angle of 0.0144�. Every 7s recorded a number and
each measurement took 35 min. According to Lips and Willis
method (1973), the aggregation rate coefficient could be obtained
from the slope of scattered light intensity changing with time, as
shown in Eq. (1).

½IðtÞ� Ið0Þ� = Ið0Þ ¼ 2KN0t (1)

where I(t) and I(0) is the intensity of scattered light at time t and 0,
K is the value of aggregation rate coefficient, N0 is the initial particle
concentration, which is determined by the particle size and the dry
weight of particles in suspensions and t is the elapsed time. The
theory of this method was described in detail in the Supporting
Information.

The stock suspensions of MPs and NPs were diluted to 20 mg/L
and stirred by magnetic agitator for an hour before use. Equal
volumes of MPs/NPs and electrolyte solutions were poured into
100 ml glass beaker and then pumped into the Matersizer through
optical unit and then backed to the beaker by a peristaltic pump.
The change of scattered light intensity was monitored as soon as
the mixed solution flowed back to the beaker for the first time. The
concentration of MPs and NPs used in this study was higher than
that in natural environment to expedite the experiment observa-
tions and facilitate the instrumental analysis or detection, which
was also used in previous literatures (Cai et al., 2018; Li et al.,
2018b). To investigate the influence of ion species and ion valence
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on fast aggregation rate coefficient, NaCl, CaCl2, MgCl2 NaH2PO4,
Na2HPO4, and Na2SO4 were added to the suspension of MPs/NPs.
The employed concentration of electrolyte solutions in this study
represented realistic levels in estuaries, seawater or some other
circumstances (e.g. water with high hardness or eutrophication
K ¼
�
2kBT
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(5)
areas) (Dong et al., 2018; Li et al., 2019). The solution pH was
adjusted by 0.1 mol/L HCl and 0.1 mol/L NaOH. Parallel experiments
with at least three times were took out to avoid the occurrence of
errors. All the tests were conducted at 25 �C.

2.3. Characterization of MPs and NPs suspensions

Transmission electron microscope (TEM, H-7500, Hachi, Japan)
and dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern,
UK) were used to measure the morphology and size distribution of
PS NPs and MPs. To obtain the potentiometric and conductometric
titration curves of MPs/NPs, 0.1 mol/L NaOH was added into the
20 mg/L MPs/NPs to adjust the solution pH to 12, and then a certain
volume of 0.1 mol/L HCl was added to adjust the solution pH from
12 to 2. After mixing, 2 ml MP/NPs suspension was taken for zeta
potential and conductivity detection. The pH value was measured
by a pH meter (FE28, Mettler Toledo, China) and the zeta potential
and conductivity value of NPs/MPs under different pH were
measured by Zetasizer (NanoZS90, Malvern, UK).

2.4. Morphology of MPs/NPs aggregates

After the aggregation kinetic experiments, one drop of super-
natant was dripped on the glass slide and observed with an optical
microscope (Olympus BX51, Olympus Corporation, Japan). The
morphology of aggregates was compared to indicate the difference
aggregation behaviors between MPs and NPs. Besides, fractal di-
mensions of flocs were measured by a laser diffraction instrument
(Mastersizer 2000, Malvern, UK). The principle and detailed pro-
cedure were introduced in a prior study (Sun et al., 2019a).

2.5. The revised modified Smoluchowski theory

Many researches showed that there was a structural layer
existing on the surface of nanoparticles and its repulsive force could
not be neglected when prediction the value of aggregation rate
coefficient (Bitter et al., 2013). Therefore, in this study, three
interaction forces between MPs/NPs were considered, that was van
der Waals attraction force (VA), electrostatic repulsion force (VR)
and structural layer repulsion force (Vs) (Derjaguin and Landau,
1941; Higashitani et al., 2017; Verwey and Overbeek, 1948). The
calculated equations were given as follows (Hamaker, 1937;
Higashitani et al., 2017; Li et al., 2018b),

VAðhÞ¼ � A
6

"
2a2

h2 þ 4ah
þ 2a2

ðhþ 2aÞ2
þ ln

 
h2 þ 4ah

ðhþ 2aÞ2

!#
(2)

VRðhÞ¼2pε0εraf0
2ln½1þ expð� kðhÞÞ� (3)
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VsðhÞ¼palV0expð�h = lÞ (4)

Correspondingly, the modified Smoluchowski theory has been
further revised and applied to calculate the thickness of structural
layer, as shown below,
The interpretation of all the parameters used in equations and
the deduction of the revised modified Smoluchowski theory were
both provided in the Supporting Information.
3. Results and discussion

3.1. Characterization of MPs and NPs suspensions

Fig. 1a and b showed that both PS NPs and MPs were spherical
particles with uniform size of 100 ± 6 nm for NPs and
1.030 ± 0.011 mm for MPs. Fig. 1c depicted the hydrodynamic size
distribution of both suspensions with only one peak of each and the
intensity-average size of them were 125 nm and 1064 nm,
respectively, a little higher than the value detected by TEM. Since
TEM gave a number-average size, the difference in weighting of the
two methods led to the different results of particle size measure-
ment. The polydispersity index values of NPs and MPs suspensions
were 0.175 and 0.164, respectively, both of them were below 0.25,
indicating MPs/NPs were stable and highly monodispersed (Yu
et al., 2019). Without pH adjustment, the zeta potentials of NPs
and MPs were �23.0 mV and �31.6 mV, respectively. As shown in
Fig. 1d, the change trend of zeta potentials with pH were the same
for MPs and NPs suspensions, that is, the zeta potentials were all
negative in the tested pH range and became more negative as pH
increased. Due to the addition of a trace amount of surfactant by the
supplier, the negative charge on NPs/MPs may be ascribed to the
surfactant. However, previous study indicated that during the
polymerization reaction of styrene, sulfate free radicals reacted
with the double bond of a styrene monomer to produce poly-
styrene chains with high molecular weights, resulting in sulfate
groups locating on the surface of polystyrene (Lu et al., 2018), which
may also render the negative charge of MPs/NPs. Moreover, the pKa
of sulfate groups was in the range 1e2 (Elimelech and O’Melia,
1990), which was consistent with the phenomenon that the zeta
potentials were always negative with pH increasing from 2 to 12. To
determine the surface charge density of the PS particles and the
nature of the surface functional groups, potentiometric and
conductometric titrations were carried out, as shown in Fig. 1(eef).
By calculation, the surface charge density of NPs and MPs were
100 C/m2 and 6833 C/m2, which was consistent with the zeta po-
tential experiment described previously. The shape of the
conductometric titration curve indicated that the surface functional
groups were strong acids (Elimelech and O’Melia, 1990), which
proved the existence of sulfate groups again.
3.2. The aggregation behavior of MPs and NPs

20 mg/L MPs/NPs suspension and 4 mol/L NaCl solution of equal



Fig. 1. Characteristics of MPs and NPs suspensions. TEM images of PS NPs (a) and PS MPs (b), hydrodynamic size distributions (c), zeta potential of MPs/NPs (d), potentiometric
titration curves (e) and conductometric titration curves of MPs/NPs (f) in water. CB-CA is the excess of base (CB) or acid (CA) added. The measured conductivity is presented as a
function of acid concentration (CA).
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volume were mixed together, after different time intervals, one
drop of supernatant was dripped on the glass slide to observe the
aggregates’ morphology. As shown in Fig. 2a and b, NPs formed
20e30 mm clusters after 30 min diffusion and after 60 min,
300e400 mm visible aggregates were formed. The similar phe-
nomenon has also been discovered by other authors. Della Torre
et al. (2014) found that PS NPs with size of 40 nm rapidly aggre-
gated to millimeter spheres in natural seawater. And Wegner et al.
(2012) reported that 30 nm PS NPs in seawater could aggregate to
over 1000 nm in less than 30 min. The aggregation effect could be
seen more obviously in Fig. 2g. A great quantity of NPs flocs at
millimeter level were formed. In contrast, MPs were still stable for
80 min diffusion, only a few clusters constituted by 2e3 particles
were formed (Fig. 2c). Even after 120 min, no aggregate was
observed (Fig. 2d). Besseling et al. (2017) has also discovered that
plastic particles with size smaller than 1 mm or larger than 50 mm
preferentially aggregated and settled down, while the intermediate
sized particles of 1e4 mm were stable and could remained in the
river for a long time. According to DLVO theory, at high ionic
strength (2 mol/L), the electrostatic repulsion force originating
from the negative charge onMPs and NPs surface should have been
both screened and lead to the disappearance of energy barrier. The
total energy profiles of NPs/MPs as a function of distance were
shown in Fig. 5b. According to the calculation, the energy barrier for
NPs and MPs at 2 mol/L NaCl was proved to be disappeared (The
details would be discussed in section 3.4). Therefore aggregation
should be observed for both suspensions.While no aggregationwas
4

observed for MPs, indicating that electrostatic repulsion force was
not the limited factor. One reason might be the much lower colli-
sion frequency for MPs compared with NPs. Under the same mass
concentration, the particle size of MPs is ten times larger than that
of NPs, so the particle concentration of MPs suspension is only one
thousandth that of NPs, leading to extremely low collision fre-
quency between MPs. The other is the impact of physical process.
Aggregation process involves two sequential steps: transport and
attachment (Elimelech and O’Melia, 1990). Since energy barrier
disappears, transport is the limited step rather than attachment.
There are three main physical processes that can affect particle
transport, namely Brownian motion, fluid shear and gravity sedi-
mentation (O’Melia, 1980). The Peclet number (Pe) is used to
determine which process is dominant for particles with different
sizes, the formulas are shown as follows (Krzysko et al., 2020; Li
et al., 2019),

Pe¼2pDrgr4

3kBT
(6)

Pe¼6pmr3G
kBT

(7)

where Dr is the density difference between the medium liquid and
particles; the densities of MPs/NPs are both 1.05 g/cm3, the liquid is
water with density of 1.0 g/cm3 in this study; g is the gravity con-
stant (9.81 N/kg) and kB is the Boltzmann constant (1.38 � 10�23 J/



Fig. 2. Optical microscope images of MPs/NPs aggregates formed in 2 mol/L NaCl solutions. Brownian motion of NPs for 30 min (a), 60 min (b), Brownian motion of MPs for 80 min
(c), 120 min (d), MPs in a turbulent flowwith a rate of 200 r/min for 50 min (e) and 100 min (f). All images have a scale of 10 mm, except (b) with a scale of 100 mm. Direct observation
of 10 mg/L NPs (g) and MPs (h) before (on the right side) and after (on the left side) an hour Brownian motion and turbulent flow.
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K), T is the absolute temperature (298.15 K). In Eq. (7), r is radius of
particles; m (0.8937 � 10�3 Pa, at 25 �C) is the solvent viscosity and
G is the shear rate. Then using Eq. (6), the Pe is less than 1 when PS
particles with radii less than 1415 nm. It is indicated that Brownian
motion is dominant when Pe is far less than 1, otherwise gravity
sedimentation dominates (Zhang et al., 2012). The radii of NPs
(50 nm) and MPs (500 nm) are both less than 1415 nm, which in-
dicates that the effect of gravity sedimentation is negligible. The
average shear rate in river is about 10/s (Stumm andMorgan, 1981),
5

then using Eq. (7), the Pe is less than 1 when the radii of particles
are less than 290 nm. It is indicated that fluid shear is dominant
when Pe in Eq. (7) is greater than 1, otherwise Brownian motion
dominates (Krzysko et al., 2020). Combined with the calculation
results of Eq. (6) and Eq. (7), it is indicated that the Brownian
motion of NPs is extremely strong while the fluid shear contributes
more to the aggregation of MPs. To prove the conjecture about MPs,
an experiment, a mixture of MPs and NaCl electrolyte stirred in a
turbulent flowwith a rate of 200 r/min, was operated and the result



Fig. 3. Effect of ion species on the aggregation kinetics of NPs. (a) Representative variation of scattered light intensity as a function of time at different NaCl concentrations. (b) Plots
of log scattered light intensity as a function of log scattered light vector of NPs in different cation solutions. Aggregation rate coefficients and zeta potential of PS NPs as a function of
electrolyte concentration in different chloride solutions (c) (d) and sodium solutions (e) (f).
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was shown in Fig. 2e and f. It can be seen that after 50 min of
turbulent, clusters with size of 10 mm were formed, while after
100 min, the number of particles was reduced and visible aggre-
gates could been observed. Besides, Fig. 2h intuitively showed the
result that a great amount of flocs suspended in the solution.
Consequently, fluid shear plays a dominant role for the aggregation
of MPs.

All the results above indicated that the aggregation behavior of
MPs and NPs were different, which would lead to dramatic differ-
ence in the transport and distribution in aquatic environments. As
for MPs, physical factors like the water flow intensity play a
6

dominant role compared with chemical factors. Therefore, once the
MPs reach the surface water, they would be transported along with
the rivers and finally into the marine environment. Only in the
regions with high water flow strength, MPs would aggregate and
deposit in the sediment. A study revealed that almost 60% of MPs
deposited in themarine sediment were less than 11 mm in diameter
(Bergmann et al., 2017). Otherwise, they would disperse and finally
endanger the safety of marine ecosystems. Prior studies have
shown that MPs would be ingested mistakenly by zooplankton,
crustacean daphnia magna, fish and crab (Liu et al., 2019). While for
NPs, they would rapidly aggregate and deposit in the sediment as
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soon as they reach the marine environment.

3.3. Influence of water chemistry on plastic aggregation

Previous researches showed that water chemistry was an
important factor that could influence the aggregation behavior of
MPs/NPs (Shams et al., 2020; Wang et al., 2020b). Therefore a
detailed study on the influence of ion species and pH on the ag-
gregation rate coefficients was conducted, so as to fully understand
the MPs/NPs transport in different aquatic environments.

3.3.1. The effect of ion species on the aggregation kinetics
Since MPs remained stable in all ionic strength solutions, the

experiment data were not shown herein. Therefore, only the ag-
gregation kinetics of NPs were investigated and shown in Fig. 3, in
the presence of chloride electrolyte solutions and sodium electro-
lyte solutions, which represented typical solution chemistries in
surface water environments. The pH of the NPs suspension was
unadjusted to avoid introduction of additional ionic species and
was measured to be 6.8e7.2. Fig. 3a is the representative aggrega-
tion profile exhibiting the dependence of scattered light intensity
Fig. 4. Aggregation kinetics of PS NPs in NaCl electrolyte solutions with different pH.
Changes of aggregation rate coefficient (a) and zeta potential (b).

Fig. 5. Total energy profiles of NPs and MPs in 2 mol/L NaCl solutions (DLVO) (a) and
that of NPs in the different cation electrolytes (DLVO þ structural layer force) (b) as a
function of separation distance.

7

on time at different NaCl concentrations. It can be seen the scat-
tered light intensity increased slowly at 0.3 mol/L NaCl, at which no
aggregation occurred. As the ionic concentration increased from 0.4
to 0.5 mol/L NaCl, the scattered light intensity increased rapidly.
While with further increased, however, the slope was almost un-
changed. Using Eq. (1), the variation of aggregation rate coefficients
with ionic strength in three electrolytes could be obtained (Fig. 3c),
which displayed distinct reaction-controlled and diffusion-
controlled regime, in agreement with DLVO theory (�Skvarla,
2013). CCC is the interception of the two regimes, which value is
inversely proportional to the difficulty of aggregation. Therefore,
the CCC values for NaCl, CaCl2 and MgCl2 were 0.5, 0.04 and
0.04 mol/L, respectively, indicating bivalent cations destabilized
NPs more aggressively than monovalent cations. This can be
interpreted by the higher capacity of charge neutralization from
divalent cations, which was confirmed by the change of zeta po-
tentials shown in Fig. 3d. Furthermore, specific adsorption of Ca2þ

and Mg2þ to surface and short-ranged attractive non-DLVO forces



Table 1
Physicochemical properties of ions.

Parameter Naþ Ca2þ Mg2þ Cl� SO4
2- H2PO4

� HPO4
2-

Crystal radius (nm) 0.102 0.100 0.072 0.181 0.215 0.238 0.230
Hydrated radius (nm) 0.178 0.260 0.300 0.195 0.300 0.302 0.327
Jones-Dole B coefficient (dm3/mol) þ0.085 þ0.298 þ0.385 �0.005 þ0.206 e e

Hydration free energy (-kJ/mol) 365 1505 1830 340 1080 465 e

Shape Spherical Spherical Spherical Spherical Tetrahedral Tetrahedral Tetrahedral

“-” denotes data are not available.
The data were cited from Kiriukhin and Collins (2002), Marcus (1994) and Tansel et al. (2006).

Table 2
Ionic strengths of freshwater.

Qing River Yangtze Estuary Tai Lake Hongze Lake

Naþ (mmol/L) 8.8 14.8 2.7 3.0
Ca2þ (mmol/L) 3.1 1.4 1.7 1.3
Mg2þ (mmol/L) 5.0 1.9 0.6 0.8

The data were cited from Mao et al. (2020) and Wang et al. (2020b).
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originating from ion-ion correlations charge fluctuations have also
been considered as probable causes (Mohona et al., 2019). Similar
result was also observed by Liu et al. (2019), who reported CCC for
NaCl, CaCl2 and MgCl2 were 450, 33, 44 mmol/L for PS NPs.
Nevertheless, NPs had higher stability compared with most nano-
materials. For instance, the CCC were estimated as 37, 60,
138 mmol/L NaCl and 3, 7.2, 1.73 mmol/L CaCl2 for MoS2, WS2 and
graphene oxide, respectively (Adeleye et al., 2019; Mohona et al.,
2019). In addition, the CCC ratio between bivalent and mono-
valent cations were proportional to z�3.644 (z is the counterion
valence), which was reasonable since the Schulze-Hardy rule pre-
dicted the proportionality of colloid particles could range from z�2

to z�6 (Cao et al., 2015).
However, the fast aggregation rate coefficients of three elec-

trolytes were all around 1 � 10�19 m3/s, which were smaller than
the modified Smoluchowski theory value, 3.49 � 10�18 m3/s
(Higashitani et al., 2017). This phenomenon cannot be explained by
DLVO theory. Similar finding was also discovered by Elimelech and
O’Melia (1990), who reported at high ionic strength, the experi-
mental collision efficiency of PS NPs was lower than the theoretical
value and they ascribed the discrepancy to the presence of struc-
tural layer force deriving from hydrated ions at the interface.
Kilpatrick et al. (2013) used atomic force microscopy to directly
probe forces at mica-electrolyte interfaces and it is also proved the
existence of structural layer force. Therefore, the structural layer
force also played a dominant role in the aggregation behavior of
NPs. In addition, although with the same valence, the aggregation
rate coefficients of CaCl2 were always higher than that of MgCl2 in
the diffusion-controlled regime. The pH values of NPs suspensions
were measured after adding equal volumes of cation electrolytes. It
was found the pH values after adding CaCl2 and MgCl2 were be-
tween 5-6 and 8e9, respectively (Fig. S1). The influence of pH in the
range of 5e9 on the aggregation rate was investigated and the re-
sults were shown in Fig. 4. It can been seen that pH had no
Table 3
Hydrochemistry of different types of natural waters.

Naþ (mg/L) Ca2þ (mg/L) Mg

Sea water 7.56 � 103 299 93
Brackish water 714 116 88
Eutrophication water 24.8 58.9 12

“-” denotes data are not available.
The data were cited from Sachit and Veenstra (2014), Tao et al. (2020) and Wang et al. (
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significant effect on aggregation rate coefficients (the details would
be discussed in section 3.3.2). Therefore, the influence of pH can be
excluded. According to the physicochemical properties of ions
shown in Table 1 (Kiriukhin and Collins, 2002; Marcus, 1994; Tansel
et al., 2006), the hydrated radius and hydration free energy of Mg2þ

are both higher than those of Ca2þ. It is plausible to assume that the
thickness of the structural layer formed by MgCl2 on the NPs sur-
face is larger than that of CaCl2. Except the difference of aggregation
kinetics, structure of flocs formed in three electrolytes were also
different. A laser diffraction instrument was used to detect the
fractal dimensions of flocs formed in the three electrolytes at CCC
after aggregating for 25 min. The results were shown in Fig. 3b. The
standard deviations of the fractal dimensions of flocs formed in
NaCl, MgCl2 and CaCl2 were 5.3%, 5.5% and 6.0%, respectively. It was
shown that fractal dimensions of flocs formed in NaCl (1.27) and
MgCl2 solution (1.98) at CCC were smaller than that in CaCl2 solu-
tion (2.43) (Fig. 3b), which indicated the flocs formed in CaCl2 so-
lution had the most compact structure.

As the CCC values of NPs determined herein are well above most
freshwater environments (Table 2) (Mao et al., 2020; Wang et al.,
2020b), NPs should remain relatively stable against aggregation.
While as shown in Table 3, sea water contains 7.56 � 103 mg/L Naþ,
299 mg/L Ca2þ and 937mg/L Mg2þ, whose combined concentration
are much higher than CCC values of NPs, resulting in the fast ag-
gregation of NPs in seawater. In addition, the salinity of brackish
water and eutrophication water are much higher than most
freshwater, therefore, it is reasonable to infer that NPsmay prefer to
aggregate in these areas (Sachit and Veenstra., 2014; Tao et al.,
2020; Wang et al., 2020b). While considering the structural layer
force, the aggregation rate coefficients of NPs decrease, leading to
the increase of their migration distance. Moreover, during the
sedimentation, NPs would adsorb dissolved organic matters and
heavymetals due to the large specific surface area and hydrophobic
nature, leading to improving their toxicity to organisms. As for the
aggregates accumulated in the sediment, they are easily affected by
bioturbation, causing NPs to re-disperse back to the overlying
water.

Many researches have explored the influence of cations but
neglected the effect of anions. It was reported that the shape and
hydration degree of anions could impact the aggregation kinetics of
nanoparticles (Higashitani et al., 2018). Therefore, the common
anions in aquatic environment such as Cl�, SO4

2�, HPO4
2� and H2PO4

�

were selected for experiments and the results were shown in
2þ (mg/L) Cl�(mg/L) SO4
2�(mg/L) TP (mg/L)

7 1.21 � 104 1.78 � 103 e

.2 968 687 0.21

.9 63.7 39.7 4.94

2020b).



Table 4
Experimental conditions and calculated values for NPs in different electrolyte
solutions.

Electrolyte CCC (mol/L) Debye length (nm) Structural layer thickness (nm)

NaCl 0.50 0.43 17
CaCl2 0.04 0.72 11
MgCl2 0.04 0.72 17
NaH2PO4 0.30 0.56 18
Na2HPO4 0.10 0.56 18
Na2SO4 0.15 0.45 18

H. Sun, R. Jiao and D. Wang Environmental Pollution 268 (2021) 115942
Fig. 3e. The pH values of suspensions were measured after mixing
with different concentration of the four electrolytes. As shown in
Fig. S1, all the pH values were in the range of 5e9, therefore, the
influence of pH on the aggregation rate coefficient can be excluded.
In the reaction-controlled regime, the aggregation rate coefficients
of Na2HPO4 and NaH2PO4 were respectively higher than those of
Na2SO4 and NaCl. Combined with the variation of zeta potential
curves (Fig. 3f), it can be seen that the zeta potentials of the former
two electrolytes were also higher than those of the latter. Therefore,
the reason for higher aggregation rate coefficients was that HPO4

2�

and H2PO4
� could ionize to produce hydrogen ions, which helped

cations to neutralize the negative charges on NPs surfaces. While in
the diffusion-controlled regime, the aggregation rate coefficients of
the four electrolytes were almost the same. CCC values of Na2HPO4,
Na2SO4, NaH2PO4 and NaCl are 0.1, 0.15, 0.3 and 0.5 mol/L, respec-
tively. The lower CCC of Na2HPO4 and Na2SO4 than that of NaH2PO4

and NaCl were ascribed to the twice concentration of Naþ produced
by the former two electrolytes at the same electrolyte concentra-
tion. Besides, CCC values of Na2HPO4 and NaH2PO4 were lower than
that of Na2SO4 and NaCl, indicating NPs should be more likely to
assemble in eutrophication areas (Yan et al., 2019) and finally settle
down in the sediments. In addition, during the aggregation of NPs,
they are likely to combine with algae, thus increasing the
bioavailability of NPs, leading to capturing by plankton and even-
tually entering the food chain (Long et al., 2017).

3.3.2. The effect of pH on the aggregation kinetics
According to the DLVO theory, pH can affect surface charges of

particles, which in turn affects the stability of particles (French
et al., 2009). In addition, the results above showed that the pH
values of NPs suspensions after adding different concentration of
electrolytes were in the range of 5e9. Therefore, the pH values
between 5 and 9 were chosen to represent the pH of natural water
and the dependence of aggregation rate coefficients were shown in
Fig. 4a. It can be seen that pH almost had no significant impact on
the aggregation kinetics of NPs, which was in agreement with the
zeta potential variation curves shown in Fig. 4b. Similar result was
also discovered by Shams et al. (2020), who reported that there
were no notable changes in electrokinetic and hydrodynamic
properties of PS NPs in the pH range of 5e9. It is mentioned above
the pKa of sulfate groups was in the range 1e2 that the strong acid
character of the surface groups yielded the independence of NPs
stability against solution pH (Bastos and de las Nieves, 1994). Be-
sides, the presence of a trace amount of surfactant might be the
other reason. Therefore, the transport of NPs in aquatic environ-
ment would not be impacted by water pH.

3.4. Aggregation mechanism of MPs and NPs

Firstly, classical DLVO theory was used to simulate interaction
energy of NPs and MPs in 2 mol/L NaCl solution using Eqs. (2) and
(3). As shown in Fig. 5a, energy barriers were both disappeared and
the minimum potential of MPs was almost 14 times higher than
9

that of NPs. Therefore, in theory, MPs are more likely to aggregate
than NPs. However, the result was unexpected that no aggregation
was observed for MPs, which meant that the aggregation process
for MPs was not controlled by the attachment step but by the
transport step. A turbulent experiment was done above and the
result confirmed the conjecture. In contrast, Brownian motion of
NPs could achieve aggregation. While the aggregation rate co-
efficients deviated from the value of Smoluchowski theory due to
the influence of structural layer. Therefore, the structural layer force
was incorporated into the modified Smoluchowski theory to
analyze aggregation mechanism of NPs. Considering the influence
of ion species on NPs aggregation kinetics, the thickness of struc-
tural layer was calculated. As shown in Table 4, the thickness of
electrical double layer under different electrolytes could be ignored
compared with that of structural layer, indicating structural layer
force dominated NPs aggregation behavior. The structural layer
thickness was estimated to be 11e18 nm, which was similar with
the results fitted by Bitter et al. (2013). This suggests that the fitted
value for the structural layer thickness in this study is comparable
and reliable. Although the hydration free energy of Naþwas smaller
than that of Mg2þ, the concentration of Naþwas higher, resulting in
the similar structural layer thickness. As the lower hydrated ca-
pacity of Ca2þ, structural layer thickness of Ca2þ was smaller than
that of Mg2þ at the same concentration, leading to higher fast ag-
gregation rate coefficient. Taking into account of the structural layer
force, the total energy profiles of NPs in electrolytes with different
cations were shown in Fig. 5b. Since the distances at minimum
potential for NPs in NaCl and MgCl2 solution were farther than that
in CaCl2, causing flocs formed in the former two electrolyte solu-
tions to be looser. Although the physicochemical properties of an-
ions were different, the structural layer thickness of sodium
electrolytes with different anions were almost the same, indicating
the influence of anion species could be ignored in the diffusion-
controlled regime. However, in the reaction-controlled regime,
anions could play a role by producing hydrogen ion to neutralize
negative charges on NPs surfaces.

3.5. Environmental implications

Riverine transport to the marine environment is an important
pathway for MPs/NPs. However, information on the difference of
fate and transport of MPs and NPs in freshwater systems is lacking.
This study chose 1 mm and 100 nm PS as model plastics to inves-
tigate the difference of aggregation behavior of NPs and MPs under
various water quality conditions.

It was found that physical process controlled the mechanism
driving the fate of MPs in rivers. In all water quality conditions, no
aggregation of MPs could occur without external force such as flow
disturbance. Therefore, MPs would remain stable in the river and
finally discharge into the marine environment. During the trans-
port, chemical, thermal, biological and photolysis process could
degrade MPs into smaller plastic particles. In addition, they would
be captured by plankton and fish and finally enter the food chain.

The salinity of fresh water, brackish water and sea water are
approximately 500, 35000 and 43220mg/L, respectively, while that
of groundwater may vary from 0 to 13000 mg/L depending on its
origin (Mohona et al., 2019). Therefore, for NPs, they would be
stable in freshwater while due to the strong Brownian motion, they
would be likely to aggregate and settle down when transport
through brackish water, estuaries, eutrophication, high hardness
areas and sea water, forming the accumulation hot spots of NPs in
the sediment. However, due to the existence of structural layer
force, aggregation rate coefficients and structure of flocs formed
under different aquatic environments might be distinct. It’s worth
noting that the disturbance of benthic organism may cause the NPs
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accumulated in the sediment to return to the overlying water (Li
et al., 2019).

4. Conclusions

Physical process played a dominant role in the aggregation
mechanism of MPs, leading to high stability in natural waters. As
for NPs，they could aggregate ascribed to strong Brownian motion
but the aggregation rate coefficient was lower than theoretical
value due to the structural layer force. The concentration, valence
and hydrated ability of cations jointly affected aggregation behavior
of NPs and anions played a role in the reaction-controlled regime by
producing hydrogen ions. Since the CCC of NPs was significantly
higher than most freshwater, NPs would be stable during transport.
However, as flowing through eutrophication and high hardness
areas, NPs could aggregate and settle down in the sediment. This
study investigated the difference aggregation mechanisms of MPs
and NPs, and provided a theoretical basis for the establishment of
distribution and fate model for MPs/NPs in aquatic environments.
The effect of plastic species, shapes and density, and the interaction
with dissolved organisms, algae and clays need to be investigated in
the future research, to develop comprehensive model for accurate
prediction of the fate of plastic particles.
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