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a b s t r a c t

The widespread use and release of plastics in nature have raised global concerns about their impact on
public health and the environment. While much research has been conducted on macro- and micro-sized
plastics, the fate of nanoscale plastics remains unexplored. In this study, the aggregation kinetics and
stability of polyethylene and polystyrene nanoscale plastics were investigated over a wide range of
aquatic chemistries (pH, salt types (NaCl, CaCl2, MgCl2), ionic strength) relevant to the natural envi-
ronment. Results showed that salt types and ionic strength had significant effects on the stability of both
polyethylene and polystyrene nanoscale plastics, while pH had none. Aggregation and stability of both
polyethylene and polystyrene nanoscale plastics in the aquatic environment followed colloidal theory
(DLVO theory and Schulze-Hardy rule), similar to other colloidal particles. The critical coagulation
concentration (CCC) values of polyethylene nanoscale plastics were lower for CaCl2 (0.1 mM) compared
to NaCl (80 mM) and MgCl2 (3 mM). Similarly, CCC values of polystyrene nanospheres were 10 mM for
CaCl2, 800 mM for NaCl and 25 mM for MgCl2. It implies that CaCl2 destabilized both polyethylene and
polystyrene nanoscale plastics more aggressively than NaCl and MgCl2. Moreover, polystyrene nano-
spheres are more stable in the aquatic environment than polyethylene nanoscale plastics. However,
natural organic matter improved the stability of polyethylene nanoscale plastics in water primarily due
to steric repulsion, increasing CCC values to 0.4 mM, 120 mM and 8 mM for CaCl2, NaCl and MgCl2
respectively. Stability studies with various water conditions demonstrated that polyethylene nanoscale
plastics will be fairly stable in the natural surface waters. Conversely, synthetic surface water, waste-
water, seawater and groundwater rapidly destabilized polyethylene nanoscale plastics. Overall, our
findings indicate that significant aqueous transport of nanoscale plastics will be possible in natural
surface waters.

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

Occurrence and accumulation of plastic materials in the envi-
ronment have recently become a major concern and global envi-
ronmental threat (Rillig, 2012). The most commonly detected
plastics in the environment are polymers with a carbon backbone,
such as polyethylene (PE), polyvinyl chloride (PVC), polypropylene
(PP), polyethylene terephthalate (PET), and polystyrene (PS),
(Andrady, 2011; Rochman et al., 2013; Wright et al., 2013). Among
all, polyethylene and polystyrene are most used, especially in per-
sonal care products, kitchen appliances, disposable drinking cups,
packaging material and thus a higher chance of finding their way
into the environment (Lu et al., 2009; Rao and Geckeler, 2011)
(Gausepohl and Niebner, 2001) (Beach, 1972; Gouin et al., 2015).
howdhury).
Microbeads used in different personal care products, as exfoliants
are termed as primary microplastics, as they are manufactured
explicitly in the micrometer size range and for specific purposes
(Von Moos et al., 2012; Zitko and Hanlon, 1991). On the other hand,
secondary microplastics are formed due to the degradation of
larger disposed plastics, including car tires, agricultural plastic
mulch, microfibers from textiles, etc. As the usage and disposal of
these plastics increased over time, the occurrence of plastics in the
environment has also accelerated. Both primary microplastics,
microbeads are likely to be washed down through drainage sys-
tems and into wastewater treatment plants (WWTPs) (Fendall and
Sewell, 2009; Lechner and Ramler, 2015). According to a study,
around 8 trillion pieces of microplastics enter the aquatic envi-
ronment per day through WWTP (Rochman et al., 2015). Most
current WWTPs are not designed to remove micro or nanoscale
plastics entirely (Fendall and Sewell, 2009; Leslie et al., 2013) due to
their size or density (Ziajahromi et al., 2016b), be released into the
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freshwater environment with effluent (Carr et al., 2016; Murphy
et al., 2016) and end up in our drinking water, which indicates,
potential consumption of nanoscale plastics by human (Fendall and
Sewell, 2009; Lechner and Ramler, 2015; Leslie et al., 2013; Mary
Kosuth et al., 2017). Moreover, micro or nanoscale plastics in the
raw wastewater gets retained in sewage sludge (Magnusson and
Nor�en, 2014; Ziajahromi et al., 2016a). The widespread applica-
tion of this sludge to agricultural purposes is likely to pose un-
known consequences to human or livestock health (Nizzetto et al.,
2016a, 2016b). Irrespective of the source of entry, both primary and
secondary plastics eventually break down into microplastics (Law
and Thompson, 2014) via chemical, mechanical, biological, etc.
processes and eventually to nanoscale plastics, through UV-
radiation, mechanical abrasion, biological degradation etc.(Cor-
coran et al., 2009; Lambert et al., 2013; Shim et al., 2014). This
has become a recent concern due to limited information on their
behavior and fate in the environment. Even though there is a
disagreement in the size values of different plastics, for the current
study, plastics within the size range of 1 nm to 1 mm are referred to
as nanoscale plastics.

Microplastics or its derivatives, similar to nanoparticles (Syberg
et al., 2015), can penetrate human organs via cell barrier and cause
cytotoxicity and metabolic disorders (Bothun, 2008; Lewinski et al.,
2008; Liu et al., 2018; Rasch et al., 2010; Yousefi and Tufenkji, 2016;
Yousefi et al., 2016). These micro and nanoscale plastics can also
undergo various transformations that can influence their aggrega-
tion and deposition behavior and potentially aggravate the associ-
ated environmental hazards (Bouwmeester et al., 2015; C�ozar et al.,
2014; Velzeboer et al., 2014). Some previous studies have
researched on the behavior of microplastics in soils and waters;
however, to the best of our knowledge, the presence and impact of
nanoscale plastics (<100 nm) in natural systems have been
neglected which could represent a considerable future challenge
for monitoring and risk assessment (Alimi et al., 2018). In the U.S.,
there is still a shortcoming on strict regulations on micro and
nanoscale plastics, whereas in other countries the limit is so high as
to be ineffective (Alimi et al., 2018; Lechner et al., 2014). Moreover,
as the plastic material comes in a wide variety of sizes, forms, and
types, varying in specific gravity, structure and general character-
istics (Andrady, 2011; Barany et al., 2012; Cai et al., 2018; Lef�evre
et al., 2009; Ohsawa et al., 1986; Pesudovs, 2000), more research
needs to be conducted with a wide range of sizes and types of
nanoscale plastics.

Similar to nanoparticles, nanoscale plastics are also emerging
contaminants, and parallels were drawn from their detailed char-
acteristics overview in a study (Hüffer et al., 2017). From that study,
it was evident that fate research of nanoparticles can be transferred
to nanoscale plastics. Especially, environmental transformation and
transport, sample preparation for particle analysis and character-
ization techniques for nanoparticles can be applied to nanoscale
plastics as well. Previous studies for engineered nanomaterials
showed that aggregation with suspended solids and subsequent
sedimentation is the most likely removal process for these particles
in water (Praetorius et al., 2012; Quik et al., 2011, 2015). Therefore,
here the early stage aggregation kinetics of polyethylene and
polystyrene nanoscale plastics under various environmentally
relevant solution chemistries have been investigated. These include
variations in monovalent (NaCl) and divalent (CaCl2 andMgCl2) salt
concentrations and the presence of natural organic matter
(Suwannee River humic acid). As mentioned earlier, polyethylene
and polystyrene are the commonly detected plastic in the envi-
ronment (Lu et al., 2009; Rao and Geckeler, 2011) (Lu et al., 2009;
Rao and Geckeler 2011),they were selected for the present study.
Additionally, stability of polyethylene nanoscale plastics has been
determined in Columbia River Water (CRW), along with synthetic
surface water, groundwater, seawater and wastewater to simulate
the aquatic systems. This current study on different types of plastics
could serve as a fundamental framework to do more research in
future with a variety of plastics.

2. Materials and methods

2.1. Materials

Polyethylene nanospheres (0.95 g/cc density, 200 nme9900nm
diameter) were purchased from Cospheric LLC (CA, USA). The sur-
factant used for the dispersion of the polyethylene nanoscale
plastics was sodium dodecyl sulfate (SDS), an anionic surfactant
OECD (2005), provided by Thermo Fisher Scientific. Carboxyl
modified polystyrene latex (4% w/v, 0.028 mm) were purchased
from Thermo Fisher Scientific. All aqueous solutions were prepared
with Milli-Q (Deionized water � 18 MU) water.

Depending on the usage, hydrophobic plastics undergo surface
functionalization with different functional groups. Moreover,
plastics that end up in the aquatic environment might get coated
with surfactants as well. These surface modifications make plastic
hydrophilic in nature and help them for dispersion. So, plastics in
the environment do not remain in their pristine state. Hence, we
selected our materials considering these surface modifications in
the natural aquatic environment. However, our study is limited to
only spherical particles and particles coated with one specific
substance, whereas in actual environment, the plastics could be
coated with a mixture of substances.

2.2. Preparation of nanoscale plastics dispersion

Polystyrene latex was purchased in a suspension of de-ionized
water and was diluted to 40 mg/L with DI water as a stock solu-
tion for subsequent experiments. Polyethylene nanoscale plastics
solution was prepared by mixing polyethylene nanoscale plastics
with MQ water following the procedure used for nanomaterials
(Islam et al., 2003; O’connell et al., 2002; Strano et al., 2003b). Then
0.1 wt% SDS was added to the solution. The mixture was sonicated
for 30 min or until the SDS powder completely dissolved and
polyethylene nanoscale plastics were in suspension. The flask was
placed in a bath of ice water during sonication in order to prevent
the temperature rise of the mixture. For homogenous size distri-
bution and to remove the larger sized particles, prepared poly-
ethylene nanoscale plastics suspension was filtered with 0.45 mm
cellulose acetate filter so that the filtrate contains small size
nanoscale plastics. The final concentration of the polyethylene
nanoscale plastics stock solution was 40 mg L�, which was quan-
tified with the calibration curve prepared by UVeVis spectroscopy.

2.3. Selection of surfactant for polyethylene nanoscale plastics
dispersion

Due to the hydrophobic nature of polyethylene nanoscale
plastics, SDS surfactant was used to disperse polyethylene nano-
scale plastics (Mintenig et al., 2018). SDS is extensively used both
for fundamental studies as well as in many industrial applications
such as in car wash soap, engine degreasers and floor cleaners,
personal care products, etc. So it is likely that theywill end up in the
environment similar to our polyethylene nanoscale plastics and
will also interact with them (Tadros, 2006). Previous studies with
engineered nanoparticles also showed that fate of nanoparticles
will be highly dependent both on their released form and on the
physicochemical characteristics of the receiving waterbody, which
could include the presence of SDS (Collin et al., 2014; Cornelis,
2015; Goldberg et al., 2015; Louie et al., 2016; Pokhrel et al.,
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2014). In particular, surfactants such as sodium dodecyl sulfate
(SDS) have been studied for their excellent nanotube stabilization,
separation capabilities and it is also a commonly used surfactant
(Islam et al., 2003; O’connell et al., 2002; Strano et al., 2003b).
Moreover, SDS is commonly used as an additive for plastics to do
surface functionalization (Koelmans et al., 2015, 2005; P�eron et al.,
2007). The production of everyday plastics would not be possible
without surfactants, which are used in both emulsion and sus-
pension polymerization production processes (Falbe, 2012).

2.4. Aquatic chemistry

Suwannee River humic acid (Standard II, International Humic
Substances Society) was used to prepare the natural organic matter
(NOM) suspension at a concentration of 5 mg/L (TOC). These NOMs
have been previously used as model or standard substances in
many aggregation, fate and transport studies. (Chen et al., 2006;
Chowdhury et al., 2013, 2015; Liu et al., 2010). Calcium chloride
(CaCl2$2H20, CAS 10035048), sodium chloride (NaCl, CAS 7647-14-
5) and magnesium chloride (MgCl2$6H20, CAS 7791-18-6), were
used to prepare salt solutions. 1, 10, 30, 50, 80, 100, 120 mM NaCl,
0.01, 0.05, 0.08, 0.1, 0.5, 1 mM CaCl2 and 0.5, 1, 3, 4, 5 mM MgCl2
were used for the experiments. To determine the isoelectric point
for both nanoscale plastics, electrophoretic mobility (EPM) and zeta
potential (ZP) were measured in 10 mM NaCl over a pH range from
2 to 10, using NaOH and HCl.

2.5. Characterization of nanoscale plastics

To observe the material and aggregate morphology, Tescan Vega
3 scanning electron microscope (SEM) was used to obtain SEM
images (Fig. 1).

FTIR measurements were performed directly on polyethylene
nanoscale plastics using attenuated total reflection (ATR)mode on a
Nicolet iS50 ATR-IR with Ge crystal (Fig. S1). The FTIR analysis
method uses infrared light to scan test samples and observe
chemical properties.

Ultraviolet (UV)-visible spectroscopy spectra (Figs. S2 and S3)
was collected using a PerkinElmer Lambda 365 UVevisible absor-
bance spectrophotometer to monitor both the polyethylene and
polystyrene nanoscale plastics concentration and changes in light
absorption properties.

Electrophoretic mobility (EPM), zeta potential (ZP) and hydro-
dynamic diameter (Dh) of the particles were measured using a
Zetasizer Nano ZS (Malvern Instruments, Inc.) equipped with a
monochromatic coherent He � Ne laser with a fixed wavelength of
633 nm.

NOM concentrationwas measured as total organic carbon (TOC)
using a Shimadzu TOC-Vcsh total organic carbon analyzer with the
non-dispersive infrared (NDIR) method.

2.6. Aggregation kinetics

Aggregation kinetics of nanoscale plastics at different aquatic
chemistry conditions (salt type, IS, and presence of organic matter)
was determined in terms of hydrodynamic size measurement. This
change in the size of polyethylene nanoscale plastics was measured
with respect to time by time-resolved dynamic light scattering (TR-
DLS) (Bouchard et al., 2012). Both polyethylene and polystyrene
nanoscale plastics concentration of 20 mg/L provided a strong DLS
signal and therefore was used in all aggregation studies. Poly-
ethylene nanoscale plastics solutions were filtered through a
0.45 mm cellulose acetate filter (Millipore, U.S.A) for homogeneous
size distribution. Equal volumes (800 mL) of nanoscale plastics
suspension and electrolyte solution (NaCl, CaCl2, or MgCl2) were
pipetted into a quartz cuvette to achieve a specific nanoscale
plastics and electrolyte concentration. The cuvette was immedi-
ately placed in the DLS instrument after bath sonicating for 5 s. The
intensity of scattered light was measured at 173�, and the auto-
correlation function was allowed to accumulate for 15 s during
aggregation study. The hydrodynamic diameter (Dh) measurements
were conducted over periods ranging from 30 to 300 min. The
initial aggregation period was defined as the time period from
experiment initiation (t0) to the time when measured Dh values
exceeded 1.50 Dh, initial (Bouchard et al., 2012). The initial aggre-
gation rate constants (ka) for the nanoscale plastics are propor-
tional to the initial rate of increase of Dh with time (Chen and
Elimelech, 2006):

kaf
1
N0

�
dDhðtÞ
dt

�
t/0

(1)

where N0 is the initial particle concentration. The particle attach-
ment efficiency, a is used to quantify particle aggregation kinetics;
it is defined as the initial aggregation rate constant (ka), normalized
by the aggregation rate constant measured under diffusion-limited
(fast) conditions (Chen and Elimelech, 2006).

a¼ 1
W

¼ ka
ka; fast

¼
1
N0

�
DhðtÞ
dt

�
t/0

1
N0; fast

�
DhðtÞ
dt

�
t/0; fast

(2)

Because the concentration of the nanoscale plastic across all
samples in aggregation experiments was identical, equation (2) can
be simplified (i.e., N0 drops out) and a can be determined directly
by normalizing the initial slope of the aggregation profile for a
specific background solution chemistry by the initial slope under
diffusion-limited (fast) conditions (Chen and Elimelech, 2006).
Note that a is the inverse of the Fuchs stability ratio (W) commonly
used in colloidal stability studies. Critical coagulation concentra-
tions (CCC) of polyethylene nanoscale plastics were determined
from the intersection of extrapolated lines through the diffusion
and reaction limited regimes.
2.7. Derjaguin�Landau�Verwey�Overbeek (DLVO) theory

Classical DerjaguineLandaueVerweyeOverbeek (DLVO) theory
has been applied to understand the influence of electrostatic and
van der Waals forces on the interaction among nanoscale plastics
with and without NOM (Derjaguin, 1954; Overbeek, 1999a). The
DLVO theory explains the aggregation of aqueous dispersions
quantitatively and describes the force between charged surfaces
interacting through a liquid medium. It combines the effects of the
van der Waals attraction and the electrostatic repulsion (Gregory,
2005). DLVO interaction energies between nanoscale plastics,
separated by a distance h were calculated assuming a sphere-
sphere geometry by utilizing the following equations (Elimelech
et al., 1997).

Vel ¼2pε0εapJ
2
pln½1þ expð�khÞ� (3)

VvdW ¼ � A131ap
12h

�
1þ 14h

l

��1

(4)

VTotal ¼VEDL þ Vvdw (5)



Fig. 1. SEM images and size distribution of polyethylene nanoscale plastics in MiliQ water before filter (Left) and after filter (Right). Concentration of polyethylene nanoscale
plastics ¼ 40 mg/L, the average diameter of polyethylene nanoscale plastics is found to be from 300 to 6100 nm, from 146 particles (before filter) and 200e750 nm, from 100
particles (after filter). Particle size distribution were determined considering the diameter of the spheres using ImageJ software.
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k¼ I0:5

0:3049*109
(7)

where.
A131 ¼ Hamaker Constant (J) for two similar materials 1 (poly-
ethylene nanoscale plastics) interacting through medium 3
(water)
A11 ¼ Hamaker constant for polyethylene nanoscale plastics,
7.6 � 10�20 J
A33 ¼ Hamaker constant for water, 3.7 � 10�20 J (Freitas, 1999)
k ¼ Debye length (m�1)
ap ¼ Colloid particle radius (m)
l ¼ Dielectric wavelength (m)
ε0 ¼ Permittivity of free space (C/V/m)
ε ¼ Dielectric constant of water
Jp ¼ Colloid surface potential (V)
I ¼ Ionic strength (M)

Hamaker Constant, A131 was employed as 6.94*10�21 J in our
study (Freitas, 1999). The permittivity of free space (ε0) and
dielectric constant of water (ε) were assumed to be 8.854� 10�12 C/
V/m and 78.5 respectively (Elimelech et al., 1997; Hong et al., 2009).
Hydrodynamic size measured by DLS was used as particle size (ap).
Experimentally determined zeta potentials of nanoscale plastics
were used in the place of surface potentials (Jp). 100 nm was
assumed as characteristic dielectric wavelength (l) (Elimelech
et al., 1997).
2.8. Stability of polyethylene nanoscale plastics in different water
conditions

The stability of polyethylene nanoscale plastics in different
water conditions was investigated to observe the behavior of
polyethylene nanoscale plastics in complex environmental relevant
conditions. Five different types of water were used. Natural surface
water was collected from Columbia RiverWater, a point near Lower
Granite Point, WA. Apart from the natural water, the behavior of
polyethylene nanoscale plastics in synthetic water was also inves-
tigated. Synthetic surface water (Yip et al., 2011), groundwater
(Bolster et al., 1999), and seawater (Stewart and Munjal, 1970) were
prepared following recipes mentioned in the supplementary in-
formation (Tables S1 and S2). The chemical composition of the
synthetic wastewater was based on secondary effluent quality from
wastewater treatment plants in California as summarized in
Table S3 (Boo et al., 2013). Sodium alginate (SA) and Bovine serum
albumin (BSA), purchased from Sigma-Aldrich were used as model
polysaccharides and protein foulant respectively for this study.
Detailed characteristics of these waters are provided in the Sup-
porting Information (Tables S1, S2, S3). Aggregation kinetics of



M. Shams et al. / Water Research 171 (2020) 115401 5
20 mg/L polyethylene nanoscale plastics at these water conditions
was determined in terms of hydrodynamic size measurement.

2.9. Statistical analysis

Statistical testing was employed for data analysis. Two-sample
t-tests for hypothesis testing were conducted using OriginPro
2016 software (OriginLab Corporation, MA) to guarantee the sta-
tistical significance of the conclusions. Probability values (P) of less
than 0.05 were considered as statistically significant.

3. Results and discussion

3.1. Characterization of polyethylene nanoscale plastics

Fig. 1 contains a representative SEM image of polyethylene
nanoscale plastics inMiliQ water before (left image) and after (right
image) filter, from which the particle size distribution was deter-
mined using ImageJ software. The particle size distribution before
the filter was determined to be from 300 to 6100 nm, from 146
particles, which is within the range of the size distribution provided
by Cospheric LLC (CA, USA). After filter, larger size particles were
filtered, evident from the SEM images, and the particle size distri-
bution was determined to be from 200 to 750 nm, from 100 par-
ticles, which makes a homogeneous size distribution.

Figure S1 shows the characteristics absorbance bands for poly-
ethylene which are located at: 2916 cm�1 (CeH asymmetrical
stretching vibration), 2855 cm�1 (CeH symmetrical stretching vi-
bration), 1475 cm�1 (CH2 scissoring vibration) & 718 cm�1 (CH2
rocking vibration). The 1475 cm�1 & 716 cm�1 peaks are used to
identify and quantify the presence of polyethylene (D¡Amelia et al.,
2016; Gulmine et al., 2002).

3.2. Electrokinetic and hydrodynamic characterization

3.2.1. Influence of pH on surface charge and size
EPM measurements using Zetasizer Nano ZS (Fig. S4b) showed

that polyethylene nanoscale plastics remained highly negatively
charged over the pH range from 2 to 9 (from�2.39 ± 1.22 mmcm/Vs
at pH 2 to �2.44 ± 0.33 mmcm/Vs at pH 9) at 10 mM NaCl. This
indicates that either polyethylene nanoscale plastics don’t have any
isoelectric point (IEP) (Barany et al., 2012; Lef�evre et al., 2009;
Ohsawa et al., 1986), or they have isoelectric point below pH 2.
Moreover, pKa for SDS is ~1.99, due to which isoelectric point was
not observed at the studied pH range (Chakraborty et al., 2009;
Strano et al., 2003a) and maintaining pH below 2 without sacri-
ficing control of the IS (10 mM) was not possible.

The change of hydrodynamic diameter to different pH at 10 mM
NaCl (Fig. S4a) was similar to EPM measurements, with poly-
ethylene nanoscale plastics size remaining statistically constant
from 217.95 ± 24.61 nm to 310.29 ± 165.58 nm from pH 2 to 9.

EPM measurements of polystyrene nanospheres (Fig. S5b) also
showed that polystyrene nanospheres are negatively charged over
the pH range from 2 to 9 (from �0.76 ± 0.10 mmcm/Vs at pH 2
to �2.52 ± 0.17 mmcm/Vs at pH 9) at 10 mM NaCl and they don’t
have any isoelectric point (IEP) similar to polyethylene nanoscale
plastic. Absolute values of polystyrene EPMs increased from pH 2 to
pH 5 (from�0.76 ± 0.10 mmcm/Vs at pH 2 to�1.93 ± 0.02 mmcm/Vs
at pH 5), while EPMs remained very similar from pH 6 to 9
(�2.87 ± 0.67 mmcm/Vs to �2.52 ± 0.17 mmcm/Vs). This change in
EPM with pH (Fig. S5b) is due to the dissociable functional groups
on polystyrene nanospheres, similar to other carbon-based mate-
rials (Bouchard et al., 2009; Chowdhury et al., 2013; Saleh et al.,
2008). The change of hydrodynamic diameter of polystyrene
nanospheres (Fig. S5a), to different pH at 10mMNaClwas similar to
EPM measurements, with polystyrene hydrodynamic diameter
decreasing from pH 2 to pH 5 (~3700 nme1100 nm) as predicted by
colloidal theory (Verwey and Overbeek, 1948), then remaining
quite constant from pH 5 to 9 (~900 nm).

The pH in the aquatic environment usually remains between 5
and 9 (Crittenden and Montgomery Watson, 2005). As there are no
notable changes in electrokinetic and hydrodynamic properties of
both polyethylene and polystyrene nanoscale plastics within this
range, it is likely that pH will not affect the behavior of these
nanoscale plastics in the aquatic environment. Thus, the aggrega-
tion kinetics and stability of nanoscale plastics were investigated at
an unadjusted pH 5 ± 0.2 in this study.

3.2.2. Influence of salt type and ionic strength
Polyethylene nanoscale plastic is highly negatively charged

(EPM is �4.60 ± 0.44 mmcm/Vs and ZP is �58.7 ± 5.57 mV) in MQ
water. This high negative charge indicates that polyethylene
nanoscale plastics are electrically stabilized with hydrodynamic
diameter of 376.36 ± 34.47 nm due to the large electrostatic
repulsion between polyethylene nanoscale plastics (Gregory, 2005)
EPM values of polyethylene nanoscale plastics remain highly
negative (around �5.03 ± 0.19 mmcm/Vs to�3.95 ± 0.86 mmcm/Vs)
at low NaCl concentration (1 mMe50 mM; Fig. 2b). EPM decreases
from �3.95 ± 0.86 mmcm/Vs to �2.07 ± 0.83 mmcm/Vs when NaCl
concentration was increased from 50 mM to 120 mM (Fig. 2b). The
decrease in surface charge with an increase in ionic strength is due
to electrical double layer compression, as predicted by DLVO theory
(Elimelech et al., 1995; Verwey and Overbeek, 1948). Similar trends
were observed for nanomaterials, including GO and multiwalled
carbon nanotubes as well (Chowdhury et al., 2013; Saleh et al.,
2008). From 1 to 50 mM NaCl, hydrodynamic diameter of poly-
ethylene nanoscale plastics remained quite constant ~680 nm
respectively (Fig. 2a). Above 50 mM NaCl, the EPM of polyethylene
nanoscale plastics became less negative with IS, which resulted in a
decrease in Dh from 679.22 ± 7.45 nm to 282.25 ± 165.08 nm
(Fig. 2a). This observation deviates from the classical behavior
predicted by DLVO theory. It is hypothesized that at higher salt
levels, the dispersion forces on the ions can be dominating. When
dispersion potentials are accounted for, theremay be a rise to either
accumulation or depletion of ions close to an interface. The
dispersion potentials may change both in magnitude and sign,
depending on the optical properties of the interacting surfaces, the
salt solution, and the ions. This could give rise to reduced or
enhanced double-layer forces and result in a reduction of apparent
size (Bostr€om et al., 2001). In surface waters, the concentration of
monovalent ions (i.e., Naþ) is less than 10 mM, (Crittenden and
Montgomery Watson, 2005) indicating that polyethylene nano-
scale plastics will be stable in natural aquatic environments
dominated by these monovalent cations.

However, Ca2þ andMg2þ influenced the EPM and hydrodynamic
diameter of polyethylene nanoscale plastics more prominently
than monovalent Naþ. A notable decrease in EPM values was
observed for low concentrations of CaCl2 (from 0.01 mM to
0.05 mM) and MgCl2 (from 0.5 to 1 mM), whereas significant
decrease in EPM and subsequent electrical double layer compres-
sion was not observed for NaCl until 80 mM (Fig. 2b). This is
because of higher electrical double layer compression from divalent
ions with respect to monovalent ions, as described in classical
colloidal theory (Elimelech et al., 1995). Ion complexation with SDS
could be anothermechanism for the destabilization of polyethylene
nanoscale plastics in the presence of Ca2þ and Mg2þ (Sammalkorpi
et al., 2009; Shen et al., 2005; Yan et al., 2010; Zhang et al., 2009). As
IS increased from 0.01mM to 1mM for CaCl2, EPM values decreased
from �4.85 ± 0.16 mmcm/Vs to �3.46 ± 0.19 mmcm/Vs and as IS
increased from 0.5 mM to 5 mM for MgCl2, EPM values decreased



Fig. 2. (a) Hydrodynamic diameter and (b) Electrophoretic mobility (EPM) of 20 mg/L polyethylene nanoscale plastics in different electrolytes (NaCl, CaCl2 and MgCl2) as a function
of ionic strength. Error bars indicate one standard deviation of at least three measurements.
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from �3.19 ± 0.16 mmcm/Vs to �0.61 ± 0.37 mmcm/Vs (Fig. 2b).
Similar trends were observed for multiwalled carbon nanotubes
and graphene oxide nanomaterials in the presence of divalent
cations (Chowdhury et al., 2013; Saleh et al., 2008). However, hy-
drodynamic diameter of polyethylene nanoscale plastics was
significantly different for CaCl2 and MgCl2 as a function of IS. After
0.08 mM CaCl2 and 3 mM MgCl2, increase in hydrodynamic diam-
eter was observed indicating greater effect of divalent cations on
polyethylene nanoscale plastics aggregation (Fig. 2a).

The average hydrodynamic diameter of polystyrene nano-
spheres in MQ water is 43.62 ± 0.22 nm, and Electrophoretic
mobility (EPM) is �4.51 ± 0.28 mmcm/Vs. This implies that poly-
styrene nanospheres are negatively charged in water. EPM de-
creases to�3.64 ± 0.41 mmcm/Vs with introduction of 10 mMNaCl,
and decreased further to �2.68 ± 0.11 mmcm/Vs with increasing
NaCl concentration (Fig. 3b). The decrease in surface charge with an
increase in ionic strength is due to electrical double layer
compression, as predicted by DLVO theory (Elimelech et al., 1995;
Verwey and Overbeek, 1948). However, from 10 to 150 mM NaCl,
the hydrodynamic diameter of polystyrene nanospheres remained
quite constant ~42 nm (Fig. 3a) which implies that polystyrene
nanospheres will be stable in natural aquatic environments even at
high NaCl concentration.

Both CaCl2 and MgCl2 influenced the EPM of polystyrene
nanospheres more aggressively than monovalent NaCl (Fig. 3b).
Minor charge screening of polystyrene nanospheres was observed,
even as low as 0.5 mM for both CaCl2 and MgCl2, while significant
electrical double layer compressionwas not observed for NaCl until
150 mM. This is because of higher electrical double layer
Fig. 3. (a) Hydrodynamic diameter and (b) Electrophoretic mobility (EPM) of 20 mg/L polysty
strength. Error bars indicate one standard deviation of at least five measurements.
compression from divalent ions with respect tomonovalent ions, as
described in classical colloidal theory (Elimelech et al., 1995). EPMs
and hydrodynamic size of polystyrene nanospheres were quite
similar as a function of IS, for both CaCl2 and MgCl2. No notable size
increase for polystyrene nanospheres was observed until 1 mM for
both divalent ions (Fig. 3a), although significant charge screening
was observed. After 1 mM, the hydrodynamic size of polystyrene
nanospheres increased a little but not significant for both CaCl2 and
MgCl2 (Fig. 3a).

3.2.3. Influence of natural organic matter
The effect of NOM on the electrokinetic and hydrodynamic

properties of polyethylene nanoscale plastics in the presence of
NaCl, CaCl2 and MgCl2 is reported in Table S4 in the Supporting
Information. The NOM concentrationwas varied from 0.5 to 5 mg/L
TOC. Generally, in the presence of NOM, both electrostatic repulsion
and steric repulsion contribute to the stabilization of colloids (Chen
and Elimelech, 2007; Jiang et al., 2017; Saleh et al., 2008; Smith
et al., 2012). For the present study, NOM concentration had a
negligible effect on the EPM of polyethylene nanoscale plastics in
all three salt types investigated. This suggests that sorbed NOM
molecules may carry the similar amount of charges to those on the
surface of polyethylene nanoscale plastics (Liu et al., 2016) and
electrostatic repulsion is not significant enough to cause stabiliza-
tion. However, the addition of NOM reduced the hydrodynamic
diameter of polyethylene nanoscale plastics under all three salt
types. This indicates that steric repulsion (due to the sorption of
NOM on polyethylene nanoscale plastics, which was visible by the
change in surface morphology in the SEM image in Fig. S11) may be
rene nanospheres in different electrolytes (NaCl, CaCl2 and MgCl2) as a function of ionic
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the dominant mechanism in polyethylene nanoscale plastics sta-
bilization (Saleh et al., 2010).
3.3. Aggregation kinetics

3.3.1. Influence of ionic strength (IS)
Fig. S6 shows the aggregation kinetics profiles of polyethylene

nanoscale plastics as a function of NaCl concentration. Attachment
efficiency, a as a function of salt concentration is shown in Fig. 4a
which also showed a very distinct reaction-limited and diffusion-
limited regimes. This indicates that polyethylene nanoscale plas-
tics aggregation follows Derjaguin� Landau�Verwey�Overbeek
(DLVO) theory (Overbeek, 1999b). In the reaction-limited regime, a
increased from approximately 12%e100% as NaCl concentration
increased from 1 to 80 mM. IS beyond 80 mM did not increase a,
which indicates that electrostatic repulsion between polyethylene
nanoscale plastics is completely suppressed and the diffusion-
limited regime starts near 80 mM NaCl (Chowdhury et al., 2012).
DLVO interaction profiles between polyethylene nanoscale plastics
- polyethylene nanoscale plastics are generated assuming sphere-
sphere geometry (Fig. S7). Large energy barrier (>50 kT) observed
at 1 mM NaCl explains the negligible aggregation of polyethylene
nanoscale plastics in this condition. Increased IS (from 1 mM to
80 mM) led to reduced energy barrier, which resulted in higher
aggregation as observed from aggregation experiments. Fig. 4a
indicates the CCC of polyethylene nanoscale plastics is around
Fig. 4. Attachment efficiencies of polyethylene nanoscale plastics as a function of (a) NaCl c
absence of SRHA. The dotted lines were used to determine the CCC value of polyethylene na
CCC values of polyethylene nanoscale plastics were determined from these figures as 80 mM
CaCl2 and 8 mM MgCl2 in the presence of SRHA. Error bars indicate one standard deviation
80 mMNaCl. Our study is the first to report the CCC of polyethylene
nanoscale plastics. As a result, no direct comparison to previously
published studies can be made.

The average hydrodynamic diameter of polystyrene nano-
spheres in MQ water is 43.62 ± 0.22 nm. The hydrodynamic
diameter of polystyrene nanospheres remained stable at high ionic
strength (100 mM NaCl), with a size of ~43 nm (Fig. S8). No ag-
gregation was observed for polystyrene nanospheres even at
200 mM NaCl (Fig. S8). From the attachment efficiency values
showed in Fig. 5a, calculated from the aggregation profiles (Fig. S8),
we can see that CCC value of polystyrene nanospheres is 800 mM
NaCl, which is 10 times greater than polyethylene nanoscale plas-
tics CCC in NaCl. DLVO profiles of polystyrene nanospheres (Fig. S9)
indicates the presence of high energy barrier even at high ionic
strength (200 mM NaCl), which means greater stability of poly-
styrene nanospheres at high ionic strength of NaCl. From these
results, it can be said that, polystyrene nanospheres are more stable
than polyethylene nanoscale plastics in the presence of NaCl (Cai
et al., 2018). This may be due to the aromatic content in poly-
styrenens structure or its surface functionalization (Bastos and De
las Nieves, 1994; Sakota and Okaya, 1977; Sastri, 2010).
3.3.2. Influence of salt types
Similar to NaCl, attachment efficiency as a function of CaCl2 and

MgCl2 salt concentration (Fig. 4b, c, 5b, 5c) also showed a very
distinct reaction-limited and diffusion-limited regimes for both
oncentration, (b) CaCl2 concentration, and (c) MgCl2 concentration in the presence and
noscale plastics from the intersection of reaction limited and diffusion limited regimes.
NaCl, 0.1 mM CaCl2 and 3 mMMgCl2 in the absence of SRHA and 120 mM NaCl, 0.4 mM
of at least three measurements.



Fig. 5. Attachment efficiencies of polystyrene nanospheres as a function of (a) NaCl concentration, (b) CaCl2 concentration, and (c) MgCl2 concentration in the absence of SRHA. The
dotted lines were used to determine the CCC value of polystyrene nanospheres from the intersection of reaction limited and diffusion limited regimes. CCC values of polystyrene
nanospheres were determined from these figures as 800 mM NaCl, 10 mM CaCl2 and 25 mM MgCl2 in the absence of SRHA.
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polyethylene and polystyrene nanoscale plastics. For CaCl2, poly-
ethylene nanoscale plastics a increased sharply from 20% to 100%
with increasing IS from 0.01 to 0.1 mM. The CCC value determined
from Fig. 4b is 0.1 mM CaCl2, significantly lower than the CCC value
for polyethylene nanoscale plastics in the presence of NaCl (Cai
et al., 2018). According to the Schulze�Hardy rule, the CCC ratio
for NaCl and CaCl2 should be Z�6 for colloids with high surface
charge, where Z is the valence of Ca2þ ions (Z ¼ 2) (Gregory, 2005).
In our study, the ratio of CCC values for CaCl2 and NaCl is propor-
tional to Z�9.6, which is quite high compared with the Schulz�
Hardy rule. It implies that polyethylene nanoscale plastics are
sensitive to Ca2þ cations. This could be attributed to the specific
adsorption capacity of Ca2þ ions, called “bridging effect” (Gutierrez
et al., 2010; Nguyen and Chen, 2007; Pham et al., 2009). In a pre-
vious study, polystyrene nanoscale plastics were stable in wide
ionic strength solutions of CaCl2 (0.1e15 mM) (Cai et al., 2018),
which again indicates that CCC value (0.1 mM CaCl2) of poly-
ethylene nanoscale plastics is notably lower than polystyrene
nanoscale plastics.

On the other hand, for MgCl2, minimal aggregation was
observed at concentrations below 0.5 mM polyethylene nanoscale
plastics a increased sharply from 10% to 100% with increasing IS
from 0.5 to 3 mM. The CCC value determined from Fig. 4c is 3 mM
MgCl2, significantly higher than the CCC value for CaCl2. This im-
plies that Ca2þ is more effective than Mg2þ in destabilizing poly-
ethylene nanoscale plastics in the aquatic environment. The ratio of
CCC values for MgCl2 and NaCl is proportional to Z�4.8, which is
reasonable as the Schulze-Hardy rule predicts a proportionality to
Z�6 for particles of high surface charge. Also it has also been
reported that amuchweaker dependence on the counterion charge
(Z�2) exists for particles with low surface charge (Elimelech et al.,
1995). Overall results suggest that, polyethylene nanoscale plas-
tics aremore sensitive to divalent cations, especially Ca2þ ions, than
monovalent cations.

No aggregation was observed for polystyrene nanospheres even
at 3 mM CaCl2 and 3 mM MgCl2 as the size of polystyrene nano-
spheres remains ~43 nm (Figs. S8b and S8c). With an increase of
ionic strength for both CaCl2 and MgCl2, significant aggregation of
polystyrene nanospheres was observed. CCC values were observed
to be 10 mM for CaCl2 and 25 mM for MgCl2 for polystyrene
nanospheres. This implies that polystyrene nanospheres are also
sensitive to divalent ions especially Ca2þ cations following Schulz�
Hardy rule. From these results, we can also predict that trivalent
cations will affect aggregation and stability of nanoscale plastics in
aquatic environment even more than divalent and monovalent
cations according to Schulz� Hardy rule, which was observed with
other nanomaterials too (Oncsik et al., 2014; Ruiz-Cabello et al.,
2013; Yang et al., 2016).

In contrast to the good stability of polystyrene nanospheres and
higher CCC values, polyethylene nanoscale plastics undergo
obvious aggregationwith low ionic strength of NaCl and CaCl2. This
implies that polystyrene nanospheres are more stable than poly-
ethylene nanoscale plastics due to the surface functionalization
(presence of carboxyl functional groups) of polystyrene nano-
spheres (Bastos and De las Nieves, 1994; Sakota and Okaya, 1977).

3.3.3. Influence of natural organic matter
For 80 mM NaCl, the addition of 5 mg/L (TOC) NOM reduced a
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from 100% to 50% (Fig. 4a), while a decreased from 100% to 60% for
0.1 mM CaCl2 (Fig. 4b). The significant decrease in attachment ef-
ficiencies is attributed to non-DLVO, steric interactions imparted by
the adsorbed NOM (Saleh et al., 2010). There was no significant
effect of NOM concentration on the EPM of polyethylene nanoscale
plastics (Table S4), indicating that there are no electrostatic in-
teractions between polyethylene nanoscale plastics and NOM to
cause polyethylene nanoscale plastics stabilization. Steric stabili-
zation by NOM has been observed for multi-walled carbon nano-
tubes and aquatic colloids in a previous study (Saleh et al., 2008).

The CCC values of polyethylene nanoscale plastics in the pres-
ence of 5 mg/L (TOC) NOM were 120 mM NaCl, 1.5 times higher
than observed without NOM (80 mM NaCl), 0.4 mM CaCl2, 4 times
higher than observed without NOM (0.1 mM CaCl2) and 8 mM
MgCl2, 2.66 times higher than observed without NOM (3 mM
MgCl2). In the presence of 5 mg/L NOM, the ratio of CCC values
between CaCl2 and NaCl was proportional to Z�8, which is quite
close to what was observed in the absence of NOM. Similarly, the
ratio of CCC values between MgCl2 and NaCl was proportional to
Z�4, which is also quite close to what was observed in without
NOM.

3.4. Stability of polyethylene nanoscale plastics in various water
conditions

Initial aggregation studies measure the stability of nano-
materials over concise time frames.

3.4.1. Aggregation kinetics
Aggregation kinetics of polyethylene nanoscale plastics were

explored in five different types of waters for 60 min to determine
the initial stability of polyethylene nanoscale plastics (Fig. S12).
Natural environment is a very complex ecosystem. So, we mainly
used synthetic waters to simulate engineered aquatic environ-
ments and to understand the fundamental behavior of these
nanoscale plastics. However, we did use Columbia River Water as
our natural water to observe the changes in the behavior of these
nanoscale plastics in natural environment, compared to an engi-
neered environment. Aggregation of polyethylene nanoscale plas-
tics was not observed in Columbia River Water due to low
concentration of Ca2þ (4 � 10�4 mM), Naþ (0.17 mM), Mg2þ

(0.05 mM) and the presence of substantial NOM (22.05 mg/L TOC)
indicating that polyethylene nanoplastics will be highly stable in
natural river water. On the other hand, surface water without NOM
destabilized polyethylene nanoscale plastics as it contained
0.33 mM Ca2þ, which is well above the CCC values of polyethylene
nanoscale plastics in CaCl2 (0.1 mM). Seawater also destabilized
polyethylene nanoscale plastics but faster compared to surface
water. Synthetic seawater contained 10 mM Ca2þ, 500 mMNaþ and
54.4 mM Mg2þ all of which are well above the CCC values of
polyethylene nanoscale plastics in CaCl2, NaCl and MgCl2. Synthetic
groundwater and wastewater contained 0.68 mM Ca2þ and 0.5 mM
Ca2þ respectively which is also well above the CCC values of poly-
ethylene nanoscale plastics in CaCl2, and this caused significant
aggregation of polyethylene nanoscale plastics in groundwater and
wastewater as well. Overall the study indicates that polyethylene
nanoscale plastics aggregation will be dominated by divalent ions,
especially CaCl2 and the presence of NOM.

4. Conclusions

The colloidal stability of polyethylene and polystyrene nano-
scale plastics in environmentally relevant conditions was investi-
gated in this study. It was found in this study that pH will have a
negligible effect on the fate and transport of nanoscale plastics in
the aquatic environment. Results indicate that polystyrene plastics
are more stable compared to polyethylene nanoscale plastics, even
at high ionic strength. We also found that divalent ions, especially
CaCl2, play significant role in the destabilizationwhile adding NOM
can increase the stability of nanoscale plastics. From the initial
aggregation kinetics data, it can be anticipated that most of poly-
ethylene nanoscale plastics will settle out during the wastewater
treatment process, and end up in biosolids, sludge, and ultimately
landfills and as fertilizer. Whereas, for polystyrene, hetero-
aggregationwith other suspended particles would be necessary for
the plastics to settle due to their density. However, significant
aqueous transport of these nanoscale plastics will be possible in
natural surface water. Therefore, it is imperative that different or-
ganizations, impose laws and regulations to limit or prevent the use
of microplastics in commercial products, and at the same time,
people should be educated on the proper management of plastic
waste and importance of plastic recycling. This fundamental
colloidal study with polyethylene and polystyrene nanoscale plas-
tics could serve as a basis to do more future research with other
nanoscale plastics.
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