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ABSTRACT: Nanoplastic particles (NPPs) are emerging anthro-
pogenic pollutants and have been detected in urban, rural, and
remote areas. Characterizing the lifetime, fate, and cloud-forming
potential of atmospheric NPPs improves our understanding of their
environmental processes and climate impacts. This study provides
the first quantified heterogeneous reaction rate and lifetime of
polystyrene (PS) NPPs against common atmospheric oxidants.
The atomized PS NPPs were introduced to a Potential Aerosol
Mass (PAM) oxidation flow reactor with ·OH exposure of 0 to 1.5
× 1012 molecules cm−3 s, equivalent to atmospheric exposure from
0 to 18 days, assuming an ambient ·OH concentration of 1 × 106
cm−3. The decay of the PS mass concentration was quantified by
monitoring tracer ions, C6H6

+ (m/z 78) and C8H8
+ (m/z 104), by

using a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS). The pseudo-first-order rate constant of PS
particles reacting with ·OH, kOH, was determined to be (3.2 ± 0.7) × 10−13 cm3 molecule−1 s−1, equivalent to a half-lifetime of a few
hours to ∼80 days in the atmosphere, depending on particle sizes and hydroxyl radical concentrations. The hygroscopicity of 100 nm
PS NPPs at different ·OH exposure levels was quantified using a cloud condensation nuclei counter (CCNC), showing a twofold
increase of hygroscopicity parameter upon 27 days of atmospheric photooxidation.
KEYWORDS: nanoplastic particles, polystyrene, reaction kinetics, atmospheric aging, hygroscopicity

I. INTRODUCTION
Plastic debris, originating from plastic products, are emerging
pollutants in urban, suburban, and remote areas.1,2 Over 4900
million tons of plastic have been disposed by the early 21st
century,3 with 390 million tons produced in 2021 alone.4 Based
on size, plastic debris can be categorized as microplastic particles
(MPPs) (1 μm−5 mm) and nanoplastic particles (NPPs) (<1
μm).2,5−8 In general, plastic particles directly released into the
environment are considered to be primary, including those
originating from personal care products9,10 and clothing,11 while
those produced by the degradation and disintegration of bulk
plastic are categorized as secondary.12,13

Once in the environment, micro- and nanoplastic particles
(MNPPs) may age through photolysis, mechanical abrasion,
oxidation, and biodegradation.14 Previous studies have
quantified the reaction mechanism and health impacts of
MNPPs in various environmental media, such as soil and
water.15−17 MNPPs form oxygenated functional groups in their
chemical backbone when exposed to ozone and hydroxyl
radicals (·OH) in water.18,19 Such aging of the MNPPs can alter
their molecular structure or sorption properties, generating
organic pollutants such as environmentally persistent free
radicals (EPFRs) that can induce reactive oxygen species

(ROS) formation and cause DNA damage.20−22 MNPPs have
been identified in remote high-altitude Alps23 and remote
surface waters,24 suggesting that they are able to be distributed
globally through atmospheric and aquatic transportation.
However, previous studies often focus the aging-related reaction
kinetics and lifetime of MNPPs in water and soil,25,26 with little
knowledge about atmospheric aging and climate impacts of
MNPPs.27

Among MNPPs, NPPs are especially important and sensitive
to atmospheric processing. Due to their small sizes, NPPs can
remain suspended in the air for days to weeks,28 allowing time
for atmospheric reactions to occur and enabling long-range
transport.23 In addition, the submicron size of NPPs also allows
them to be advected above the boundary layer and even the
upper troposphere, thereby influencing climate.29,30 As one of
the more abundantMNPPs in the environment,28,31 polystyrene
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(PS) has been found in suspended aerosol form and exists as an
NPP.23,32 Atmospheric transportation and interactions of aged
PS NPPs with other atmospheric pollutants can lead to altered
atmospheric processing and adverse health effects.33−38 For
instance, aging of the PS NPPs produces oxygen-containing
functional groups and a negative surface charge,39 further
enhancing the degradation of PS NPPs in the environment.40

Zhang et al. reported a significant increase in the interaction
between PSNPPs andminerals due to aging.39 Such interactions
can also lead to potentially enhanced sorption of polychlorinated
biphenyls (PCBs).41 A recent study by Raincrow et al. examined
changes in the hygroscopicity of PS NPP coated with secondary
organic aerosol (SOA),42 while Tian et al. studied the
photooxidation of PS NPP by 254 nm of UV light for 48 h.43

The current study focuses on investigating the reaction kinetics
and hygroscopicity changes associated with the oxidation of
such NPP by ·OH. Such knowledge gap in understanding the
atmospheric aging and associated change of physicochemical
properties of NPPs also introduces uncertainties in assessing
their climate and health effects.44

This study presents the first quantification of the oxidation
kinetics of PS NPPs against ·OH, UV radiation, and ozone as
well as hygroscopicity change during the oxidation processes.
Atomized PS NPPs were introduced into a Potential Aerosol
Mass-Oxidation Flow Reactor (PAM-OFR), in the presence of ·
OH, ozone, and UV−C radiation (λ = 254 nm). A high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS) was used to quantify the mass concentrations of PS
particles in different stages of aging. The decay of tracer ions
C6H6

+ (m/z 78) and C8H8
+ (m/z 104) was monitored to

determine the heterogeneous reaction rates of PS NPPs against
common atmospheric oxidants, such as hydroxyl radicals.45 The
hygroscopicity of freshly generated and aged PS NPPs were
measured using a cloud condensation nuclei counter (CCNC)
and an environmental scanning electron microscope (ESEM) as
a function of atmospheric aging.

II. MATERIALS AND METHODS
2.1. Oxidation of Laboratory-Generated PS NPPs. An

aqueous solution of 500 nm monodisperse PS NPPs (Sigma-
Aldrich Inc.) was atomized using a constant output atomizer
(Model 3076, TSI Inc.) to generate the PS aerosols.45 Before
introducing PS aerosols into the PAM-OFR,46,47 an aerosol flow
of 3.0 L per minute (lpm) was continuously passed through a
silica gel diffusion dryer to remove excess water, and a charcoal
denuder to minimize re-condensation of volatilized species onto
particles. During the experiments, ·OH was generated by
photolyzing O3 with UV−C (λ = 254 nm), creating a singlet
oxygen radical (·O) that was combined with water vapor to form
·OH. The complete experimental setup and reaction mechanism
are detailed in the Supporting Information (SI) Figure S1 and
eqs SR1 and SR2 in the Supporting Information in Section S1.1.
Briefly, the aerosols were exposed to ·OH, ozone, and UV−C
radiation at selected conditions in the PAM-OFR at RH (55 ±
6) % with a mean residence time of (107.1 ± 0.3) s. The (55 ±
6)%RHwasmaintained by conditioning the RH of the air in the
PAM through a Nafion tube (Perma Pure LLC, Model PD-
07018T-12MSS). The water vapor (wv) content inside the
PAM-OFR was maintained at (1.80 ± 0.05) % (v/v), calculated
using eq S1. The aging study of PS NPPs was conducted under
three conditions: (1) ozonolysis of PS NPPs; (2) photolysis,
where PS NPPs were photolyzed in PAM-OFR by varying the
UV flux in the absence of ozone and ·OH; and (3) oxidation of

PS NPPs against ·OH with the presence of UV and ozone. To
expose PS NPPs to photolysis-only conditions, the ozone
generator was turned off, and flux varied by changing the input
voltages of UV lights from 0 to 113 V, equivalent to the photon-
flux range of 0 to (9.0 ± 0.9) × 1014 cm−2 s−1. To expose the
NPPs to ozonolysis-only conditions, the UV−C lamps were
turned off, and the ozone concentration was varied by changing
the voltages of the ozone lamp. The detailed procedures of
experiments (1) and (2) are discussed in SI Sections S1.2 and
S1.3.
The ·OH exposure levels conducted in experiment (3) were

calculated based on previous studies and are described in detail
in SI Section S1.4.48,49 During the experiments, the ·OH
exposure in the PAM varied from 0 to (1.5 ± 0.1) × 1012
molecules cm−3 s, equivalent of 0 to (17 ± 0.9) days of
atmospheric aging, assuming an ambient ·OHconcentration of 1
× 106 cm−3.48,49 The volume and surface area concentrations of
PS NPPs were analyzed using a scanning electrical mobility
spectrometer (SEMS, Model 2100, Brechtel Inc.). Three
experiments were repeated for each aging condition.
The chemical composition and mass concentration of fresh

and aged PS particles exiting the PAM-OFRwere analyzed using
a HR-ToF-AMS (Aerodyne Research Inc.), with working
principles described previously.50−52 Briefly, the HR-ToF-
AMS uses an aerodynamic lens to concentrate atmospheric
particles.50,51,53 These particles pass through a chopper and
collide onto a vaporizer heated to ∼600 °C to vaporize the non-
refractory particles.50,51,53 Vaporized organic molecules are
ionized through an electron impact (EI) ionizer and then
detected by a ToF-MS.50 The instrument was calibrated for
collection efficiency and ionization efficiency prior to the
experiments.45 This study collected the mass spectra in V mode
for all of the laboratory experiments. The data were analyzed
with the Squirrel (version 1.66) and Pika (version 1.26)
packages in Igor Pro (WaveMetrics Inc., version 8.04).45

Fragmentation ions C6H6
+ (m/z 78) and C8H8

+ (m/z 104),
identified by Niu et al., were used as tracers to quantify the PS
NPP concentration via HR-ToF-AMS.45 The calculation of the
pseudo-first-order rate constant is shown in eq 1:48

= [· ] ×c
c

k tln OH
0

OH
(1)

where the logarithm of the decay of the PS tracer ions was fitted
with a linear function to obtain the reaction rate constant of the
PS particle against ·OH. kOH is the heterogeneous rate constant
(cm3molecule−1 s−1), [·OH]× t is the cumulative ·OHexposure
(molecules cm−3 s), and ln c/co is the change of the tracer ion
concentration, where c is the final concentration (μg m−3) and co
is the initial concentration (μg m−3) of the tracer ion.
The half-lifetime (τ) is calculated using eq 2:48,54

=
[· ]k
1

OHOH (2)

where kOH is the rate constant and calculated using eq 1.
The reactive uptake coefficient (γ) of ·OH is calculated using

eq 3 and eqs S2 and S3, discussed below and in SI Section S1.5,
to estimate the probability of the primary reaction between ·OH
and a PS molecule in NPP:55

= k D N
C M

4
6

OH surf A

mean PS (3)
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whereDsurf is the mean surface-weighted particle diameter of the
aerosol distribution measured by the SEMS and calculated using
eq S2,55 ρ is the density of PS (1.05 g cm−3),NA is the Avogadro
number, Cmean (6.09 × 104 cm s−1) is the root mean square
velocity of the ·OH calculated using eq S3,55 and MPS is the
average molecular weight of PS (350,000 g mol−1).

2.2. Measurement of Cloud Condensation Nuclei
(CCN) Activity of PS NPPs. The CCN activity was quantified
by atomizing a 100 nm monodispersed PS suspension (Sigma-
Aldrich Inc.). Operating conditions are detailed in SI Section
S1.6, and the experimental setup is shown in Figure S1. The 100
nm PS NPPs were selected for the CCN study to allow for more
accurate measurement of the activation fraction using the
CCNC (Model CCN-100, DropletMeasurement Technologies,
Inc.). These PS NPPs were oxidized in PAM-OFR with ·OH to
simulate the aging equivalent to 0 to (27 ± 2) days in the
atmosphere as calculated using the ·OH exposure, 0 − (2.3 ±
0.2) × 1012 molecules cm−3 s, and discussed in detail in Section
2.1 and Section S1.4. Briefly, the activation fractions of PS NPPs
were measured using a CCNC in parallel connected to a
condensation particle counter (CPC, TSI Model 3750). The
CCNCwas operated at 0.5 lpmwith a supersaturation (SS) scan
from 0.2 to 2% for monodisperse PS NPPs. The activation
fraction was calculated as the ratio of the concentration of the
activated particles (measured by CCNC) to the total particles
(measured by the CPC). The critical supersaturation (Sc) was
determined by deriving the half-point of a sigmoidal fitting of
activated fraction as a function of SS. The single parameter
hygroscopicity (κ) was then calculated from Sc, as detailed in SI
Section S2. Three experiments were repeated to derive the
average critical supersaturation for each aging condition.

2.3. Water Uptake Experiment of Fresh and Aged PS
NPPs. A five-stage cascade impactor (Sioutas, SKC, Inc.)
collected fresh and aged PS NPPs to study hygroscopic changes
during aging. PS NPPs were collected on stage D (50% cut size
of 0.25 μm at a flow rate of 9 lpm) using a TEM grid (Pelco
carbon type B, 300 mesh, copper TEM grid). The TEM grids
were analyzed with the tilted stage (60°) integrated into the
Peltier cooling stage interfaced with the ESEM (Quanta 3D,
Thermo Fisher Inc.) operated at 20 kV, 480 pA current.56 The
experiments were conducted at 5°C, increasing the relative
humidity from ∼1 to 100% in 5% intervals with an error of less
than ±1% RH. The ESEM images were captured using a
scanning transmission electron microscopy (STEM) detector.
The ESEM images were recorded after the system stabilized for
∼2 min after changing the RH. The detailed image acquisition
and processing procedure are described elsewhere.56 Collected
images were analyzed using ImageJ software.56

III. RESULTS AND DISCUSSION
3.1. Estimation of Pseudo-First-Order ·OH Oxidation

Rate Constant. To assess the impact of UV and ozone on PS
NPP degradation, control experiments were conducted to
isolate these effects. Figure S2a,b shows that the concentration
of the tracer ions (C6H6

+,m/z 78, and C8H8
+,m/z 104) remains

mostly unchanged within uncertainty from low to high UV flux,
suggesting that the degradation rate of PS NPPs against
photolysis and ozonolysis alone is negligible within detection
limits. In contrast, increasing the ·OHexposure of PSNPPs from
0 to (1.5 ± 0.1) × 1012 molecules cm−3 s, equivalent to
atmospheric exposure from 0 to (17 ± 0.9) days, shows
substantial decay in the concentration of the tracer ions, as
shown in Figure 1. Even though we cannot completely rule out

that the decay might have included the oxidation products of PS
NPPs, the chance of such an artifact is reasonably small, as the
oxidation products are likely not going to form the same
fragmentation patterns for both tracer ions, given they show the
same trend and slope. The PAM_ChemModel used to calculate
·OH exposure also accounts for secondary reactions involving
radicals such as, HO2

· and H2O2, as briefly described in SI
Section S1.4 and shown in Figure S3.48,49 However, these
interactions have a negligible impact on the rate kinetics and
lifetime of PS NPP during photooxidation by ·OH radicals.
Previous studies indicate a low rate constant for HO2

· reacting
with aromatics like toluene (1 × 10−23 cm3 molecule−1 s−1),
suggesting minimal contribution of HO2

· to PS NPP
oxidation.57,58 In addition, it is worth noting that PAMoxidation
flow reactors are often used to examine the reaction kinetics of
atmospheric aerosols against oxidants48,49 with the potential
limitation that the reactions are accelerated and may be different
from ambient conditions. However, the oxidation flow reactor
technique has been used to provide a scale of the reaction
kinetics of atmospheric organic aerosols, generating data that are
important to evaluate the lifetime and atmospheric fates of key
atmospheric species.48,49,59

The pseudo-first-order heterogeneous reaction rate against
·OHwas calculated using eq 1 and determined to be (3.2 ± 0.7)
× 10−13 cm3 molecule−1 s−1. The reaction rate is determined
from the average of the slopes of the linear fits for the tracer ions
C6H6

+ and C8H8
+ as a function of ·OH exposure, as shown in

Figure 1. Assuming a uniform ambient [·OH] and various NPP
sizes,60−63 the half-lifetime of PS NPP in the atmosphere, τ, is
estimated to range from a few days to several months using eq 2.
Further discussions related to the lifetime of PS NPPs in urban
environments with higher [·OH] and different particle sizes are
elaborated in Section V.
The γ of ·OH onto PS particles, representing the gas-aerosol

reaction probability for heterogeneous chemistry, was calculated
using eq 3 and is estimated to be (3.2 ± 0.7) × 10−4. Such
reactive uptake coefficient is lower when compared with other
types of organic aerosols in the atmosphere, with reactive uptake
coefficients against ·OH ranging between 0.60 and
0.91.48,49,64−68 The lower uptake coefficient agrees with the
lower heterogeneous reaction rate of PS, given that PS is a
polymer and much less reactive toward ·OH than other organic
aerosols composed of smaller molecules. In addition, Figure 1
shows that further exposure to ·OH slows down the aging

Figure 1.Oxidation of polystyrene nanoplastic particles. The decays of
the concentrations of two tracer ions, C6H6

+ and C8H8
+, as a function of

hydroxyl radical exposure. Dashed lines denote linear regression of the
data points.
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process, indicating that the aged compounds may prevent ·OH
from further entering the PS NPP.
In previous studies, Kaplan et al. reported less than 1%

biodegradation in PS over 5−11 weeks in soil containing a
variety of microorganisms,15 while Otake et al. reported no sign
of biodegradation in PS tablets buried in soil for 32 years.16 Our
results demonstrate that even though atmospheric aging of PS
NPPs against ·OH is slower than other types of organic aerosols,
it is still relatively efficient compared with oxidation processes of
PS NPPs in other environmental systems. In addition, if MNPPs
are in interfacial environments such as an air−liquid interface or
air−soil interface, then the side of the MNPPs in contact with
the atmosphere may still undergo relatively faster oxidation and
thus reduce their environmental lifetime.

3.2. Oxidation Products of PS NPPs. As illustrated by the
Van Krevelen diagram in Figure 2a, oxidation of PS particles by
·OH in the atmosphere was shown to increase the atomic
oxygen-to-carbon (O:C) ratios of the particles by forming
oxygenated products.69,70

In the Van Krevelen diagram, oxidation of an aliphatic group
(−CH2) to produce a carbonyl group (ketone or aldehyde
(−C�O)) often results in a slope of −1.70−72 In contrast,
oxidation of aliphatic groups (−CH2) to alcohols yields a slope
of zero due to no change in the number of hydrogens.70−72

Figure 2a further shows that the slope of PS NPPs during
oxidation is in between 0 and −1, indicating a combination of an
alcoholic functional group (slope = 0) and a carbonyl functional
group (slope = −1).70−72 Our finding is consistent with results
from a previous study that reported the addition of oxygenated
functional groups on MNPPs upon oxidation in other
environmental systems, changing the respective physicochem-

ical properties.73 Huffer et al. reported that aging reduces the
sorption of organic species onto PS MNPPs, suggesting the
formation of hydrogen bonds between the oxidation products of
PS MNPPs and the water.74

Oxidation state of carbon (OSC) is an overall parameter to
quantify the overall aging extent and chemical composition of
the aerosol particles and can be calculated using eq 4
below:71,72,75

=OS 2(O : C) H : CC (4)

Within (17 ± 0.9) equivalent days of ·OH exposure, the
oxidation state (OSC) of PS NPPs remains −1, suggesting that
the bulk composition and oxidation state of PS NPPs did not
change significantly, despite the observed change of O:C and
H:C that likely happened on the surface. Figure 2b shows a slight
increase in the O:C ratio and a decrease in the H:C ratio of PS
NPP particles with increasing ·OH, further suggesting that the
oxidation happened mostly on the surface of PS NPPs and did
not alter the bulk composition. Figure 2c illustrates newly
formed ions upon oxidation, including C3HO+, C3H4O+,
C6H4O+, C4H4O3

+, C7H2O2
+, C6H3O3

+, and C10H8O+. PS
could form radicals through hydrogen abstraction with ·OH or
via an addition reaction. The abstraction can happen either on
the alkyl chain’s −CH group or on −CH2. Previous studies have
shown that the addition of ·OH can also occur at the aromatic
ring and result in forming radicals.76,77 The radical can further
undergo oxidation to form the RO2 radical.

78 Further oxidation
of the RO2 radical can result in the formation of hydroxyl and
carbonyl functional groups.76−78 Given that the AMS used in the
current study results in fragmentation of molecules, it is difficult
to establish definitive oxidation reaction pathways. The

Figure 2. Chemical composition changes of PS NPPs against ·OH exposure, measured by HR-ToF-AMS. (a) Van Krevelen diagram showing the
elemental ratio of PS NPPs as a function of oxidation. The circles represent the H:C and O:C ratios of each data point during the experiments. The
solid triangles represent the average H:C and O:C ratios of data points during each ·OH exposure condition. The color of the data points represents
different ·OH exposures, indicated by the color scale. The OSc of PS NPPs remained at around −1, as indicated by the dashed black line. The solid
black lines show the trajectories of adding different functional groups during oxidation. (b) O:C ratio and H:C ratio of PS NPPs as a function of ·OH
exposure. (c) New oxygenated ions formed from oxidation of PS NPP, identified by the HR mass spectrum.
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hypothesized initial reaction mechanism of the PS NPP
oxidation is shown in Figure S4, and further studies are needed
to confirm such reaction mechanism.76−79

IV. PHYSIOCHEMICAL PROPERTIES OF OXIDIZED PS
NPPS

4.1. Hygroscopicity of PS NPPs. Various properties of
aerosol particles, including size, surface tension, and composi-

tion, can affect their tendency to nucleate and form cloud
droplets.80 Pristine or freshly generated PS NPPs are often
extremely hydrophobic, restricting their ability to act as CCN.
To quantify the change of hygroscopicity as a function of aging, a
CCNC in conjunction with the PAM reactor was used, as
described in Section 2.2.
Figure 3a shows the activation curves of 100 nm PS NPPs at a

selected ·OH exposure. As aging progresses, the critical
supersaturation (Sc) of PS NPPs decreases. Figure 4a shows

Figure 3.Hygroscopicity of PS NPP as a function of aging. (a) Activation fraction against supersaturation (%) of fresh and aged PS NPPs. The dashed
black horizontal line represents 50% activation. (b) Increasing κ (right axis) and decreasing critical supersaturation (Sc) (left axis) of the 100 nm
particle as a function of ·OH exposure (bottom axis) and an equivalent number of atmospheric exposure days (top axis).

Figure 4. ESEM images of the observation of morphology of fresh and aged PS NPPs at selected RH conditions. The first row shows fresh PS NPPs at
5°C, (a) 0%RH, (b) 95%RH, and (c) 100%RH, while the second row shows aged (27 equivalent days) PSNPPs at 5 °C, (d) 0%RH, (e) 95%RH, and
(f) 100% RH.
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the activation curves of four exposure levels of ·OH, while the
activation curves of six exposure levels are shown in Figure S5.
The Sc and single-parameter hygroscopicity (κ) of 100 nm PS
NPPs decreased from 1.53 to 1.14% and increased from 0.006 to
0.011 during the first 5 days of equivalent atmospheric aging for
PS NPPs, respectively, as shown in Figure 3b, with values in the
similar range of the hygroscopicity reported by Raincrow et al.42

Such increase of hygroscopicity upon aging in the current study
suggests a change of surface composition due to photo-
oxidation.42,81,82 Even though such κ values are still low for PS
NPPs to act as a significant source of CCN, the low
hygroscopicity of PS NPPs may have a potential for them to
act as ice nucleating particles (INPs).83 Similar κ enhancements
have been observed in long-chain carbon compounds such as
diethylhexyl sebacate, oleic acid, and linoleic acid after 1 week of
chemical aging.84 Despite these changes, the low hygroscopicity
of PS NPPs implies limited removal through cloud processing,
thereby facilitating their long-range atmospheric transporta-
tion.23,24 The change of Sc and κ of fresh PS NPPs slowed after 5
days of aging, indicating a slower change of CCN activities after
reaching an aging threshold with the aging range of our
experiments. Given the high viscosity of plastic particles,85 it is
possible that after initial surface oxidation, further oxidation may
be inhibited due to a slower diffusion rate of ·OH entering the
bulk PS particles. It is worth noting that the aging and
hygroscopicity changes investigated in this study represent
freshly generated PS NPP. Future studies are needed to
systematically examine the aging and hygroscopicity change of
pre-aged PS NPPs, other types of plastic particles, and plastic
particles coated with inorganic or organic species.

4.2. Water Uptake of PS NPPs. Water uptake abilities and
water content of atmospheric aerosols are crucial for assessing
their aqueous reaction potential and climate impacts.86 Previous
studies have shown that the aging of atmospheric OA often
increases their O:C ratio,70,71 leading to enhanced hygro-
scopicity, water uptake, and abilities to serve as CCN.87,88

To examine the change of hygroscopicity and water uptake
abilities of PS NPPs upon aging, Figure 4a−c and Figure 4d−f
show ESEM images of the freshly generated and aged PS NPPs
at different RH conditions, respectively. Freshly generated PS
NPPs retained the spherical shape at all RH conditions from 0 to
100%, indicating no water uptake by these particles under sub-
saturation conditions. In contrast, ESEM images of the aged
NPPs show slight deformation and uptake of water when RH
reached 100% due to a thin water layer condensed on the aged
PS NPPs. This finding demonstrates a slightly enhanced
hygroscopicity of the aged PS NPPs. A recent offline study by
Bain and Preston reported similar results, where aged PS beads
absorbed 0.24% of their mass at 98% RH, whereas pristine PS
beads did not uptake water even as the RH approached 100%.89

Such changes of physicochemical properties such as surface
composition81,82 and hygroscopicity may affect CCN or ice
nucleation abilities of MNPPs.29,90−92

V. ATMOSPHERIC IMPLICATION
This study characterizes the pseudo-first-order rate constant of
PSNPP against atmospheric ·OH, kOH, to be (3.2± 0.7)× 10−13

cm3 molecule−1 s−1. Control experiments showed that the
ozonolysis and photolysis rates of PS NPPs are negligible,
respectively. The γ of ·OH onto PS NPPs was calculated to be
(3.2 ± 0.7) × 10−4, lower than the reactive uptake of other
atmospheric OAs. Both photooxidation and CCN activity
measurement of PS NPPs suggest faster degradation during the

initial 5 days of aging and a slower but consistent degradation
between 6 and 27 days of aging.
Using eqs 2 and 3,48,54,55 the atmospheric lifetime of PS NPPs

as a function of diameter was estimated, using a range of
measured ambient ·OH concentration of 1 × 106−8 × 106 cm−3

and mode diameters of the ambient particle size distribution
from urban to rural areas, as shown in Figure 5. Given that the

atmospheric lifetime of PS NPP is directly proportional to Dsurf
and inversely proportional to the ·OH concentration, the
shortest lifetime of PS NPP can be days. Such lifetime occurs in
conditions with the smallest mode diameter and highest ·OH
concentration, which are usually urban environments.60,93 In
remote environments, the atmospheric lifetime of NPPs of size
such as 300−900 nm ranges from weeks to months, suggesting
that they can survive long-range transport from source to remote
areas, facilitating their transport to rural and remote areas such
as the high-altitude Alps,23 Siberian Arctic Tundra,24 and a forest
of Southern Sweden.24 However, it is worth noting that the
estimated lifetime only accounts for ·OH reactions, while other
atmospheric oxidants such as chlorine and nitrate may further
reduce the lifetime of PS NPPs. Additionally, the current
estimated lifetime of PSNPPs considers only the aging of freshly
generated particles. The lifetime can also be altered by PS NPPs
precoated with organic or inorganic aerosols and preexisting
photooxidation in water before being aerosolized. These
interactions may either increase or decrease the lifetime of PS
NPPs, thus warranting further investigation.42

ESEM images show that aged PS NPPs are likely to show
water uptake at high RH, indicating hygroscopic changes upon
aging. Qualitative results from the CCNC shows that
atmospheric aging of 5 days increased the κ values from 0.006
to 0.011, lower than those from biogenic SOA such as isoprene,

Figure 5.Modeled contour plot regarding the lifetime of PS NPPs as a
function of diameter and ·OH concentration. The color scale represents
the lifetime in days. The diameter ranges from 10 to 900 nm while the
ambient ·OH concentration ranges from 1 × 106 to 8 × 106 molecules
cm−3 for a reactive uptake coefficient (γ) of (3.2 ± 0.7) × 10−4. Each
point represents the ·OH concentration and particle mode diameter
from measurement data in urban, rural, and marine environments,
including Beijing,60 Pennsylvania,61 the Southern Ocean,94 and rural
forest.95 The uncertainty bars represent the ranges of the ·OH
concentration and mode diameters measured from the respective
urban,63 rural,62 and remote environments.96 The white dashed lines
represent different lifetimes of PS NPPs in the atmosphere.
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monoterpenes, and sesquiterpenes, which often have κ values of
0.1−0.3.97,98 However, considering 1000 nm PS NPPs, such
change in hygroscopicity will lead to a decrease of Sc from 0.047
to 0.035% for a 1000 nm PS NPP as κ values change from 0.006
of 0.011. Such results demonstrate that largerMNPPs, especially
those in the diameter range of 1000 nm or higher, may still
possibly serve as CCNs, especially upon atmospheric aging, due
to a twofold change of κ upon aging.80 While the reduced Sc may
enhance CCN formation for particles around 1 μm or larger, in
general, the low κ values still limit cloud activation and wet
deposition of NPPs, unless precipitation scavenges these NPPs.
Conversely, the low κ of these NPPs might enable them to act as
heterogeneous INPs.99 A recent study reported decreased or no
change IN activity upon aging against UV and O3 for
polypropylene and polyethylene MNPPs,83 contrary to aging
of mineral dusts or soot particles.100,101 The reduction of the IN
sites may occur on photooxidation against ·OH due to the
formation of functional groups, such as the hydroxyl or carbonyl
group as shown in this study.102 However, the study of chemical
aging on the climate properties of MNPPs is still limited, and
future studies on the hygroscopicity and reaction kinetics of
other types of MNPPs are needed to improve knowledge in
radiative forcing, aerosol concentrations, and potential to long-
range transport through global modeling of this type of emerging
species.
In summary, this study systematically reported the reaction

rate constants, lifetime, and hygroscopicity of PS NPPs,
demonstrating that atmospheric processing can be an important
pathway to alter the physical and chemical properties of MNPPs
in the environment.
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(80) Lohmann, U.; Lüönd, F.; Mahrt, F. An Introduction to Clouds:

From the Microscale to Climate; Cambridge University Press, 2016.
DOI: .
(81) Ding, L.; Mao, R.; Ma, S.; Guo, X.; Zhu, L. High temperature
depended on the ageing mechanism of microplastics under different
environmental conditions and its effect on the distribution of organic
pollutants. Water Research 2020, 174, No. 115634.
(82) Zhang, J.; Gao, D.; Li, Q.; Zhao, Y.; Li, L.; Lin, H.; Bi, Q.; Zhao, Y.
Biodegradation of polyethylene microplastic particles by the fungus
Aspergillus flavus from the guts of wax moth Galleria mellonella. Science
of The Total Environment 2020, 704, No. 135931.
(83) Seifried, T. M.; Nikkho, S.; Morales Murillo, A.; Andrew, L. J.;
Grant, E. R.; Bertram, A. K. Microplastic Particles Contain Ice
Nucleation Sites That Can Be Inhibited by Atmospheric Aging. Environ.
Sci. Technol. 2024, 58, 15711.
(84) Petters, M. D.; Prenni, A. J.; Kreidenweis, S. M.; DeMott, P. J.;
Matsunaga, A.; Lim, Y. B.; Ziemann, P. J. Chemical Aging and the
Hydrophobic-to-Hydrophilic Conversion of Carbonaceous Aerosol.
Geophys. Res. Lett. 2006, 33 (24), L24806.
(85) Rieger, J. The Glass Transition Temperature of Polystyrene. J.

Therm. Anal 1996, 46 (3), 965−972.
(86) Bain, A.; Preston, T. C. The Wavelength-Dependent Optical
Properties of Weakly Absorbing Aqueous Aerosol Particles. Chem.
comm 2020, 56 (63), 8928−8931.

(87) Petters, S. S.; Pagonis, D.; Claflin, M. S.; Levin, E. J. T.; Petters,
M. D.; Ziemann, P. J.; Kreidenweis, S. M. hygroscopicity of Organic
Compounds as a Function of Carbon Chain Length and Carboxyl,
Hydroperoxy, and Carbonyl Functional Groups. J. Phys. Chem. A 2017,
121 (27), 5164−5174.
(88) Massoli, P.; Lambe, A. T.; Ahern, A. T.; Williams, L. R.; Ehn, M.;
Mikkilä, J.; Canagaratna, M. R.; Brune, W. H.; Onasch, T. B.; Jayne, J.
T.; Petäjä, T.; Kulmala, M.; Laaksonen, A.; Kolb, C. E.; Davidovits, P.;
Worsnop, D. R. Relationship Between Aerosol Oxidation Level and
Hygroscopic Properties of Laboratory Generated Secondary Organic
Aerosol (SOA) Particles. Geophys. Res. Lett. 2010, 37 (24), L24801.
(89) Bain, A.; Preston, T. C. hygroscopicity ofMicroplastic andMixed
Microplastic Aqueous Ammonium Sulfate Systems. Environ. Sci.
Technol. 2021, 55 (17), 11775−11783.
(90) Ganguly, M.; Ariya, P. A. Ice Nucleation of Model Nanoplastics
and Microplastics: A Novel Synthetic Protocol and the Influence of
Particle Capping at Diverse Atmospheric Environments. ACS Earth
Space Chem. 2019, 3 (9), 1729−1739.
(91) Mao, C. N.; Gohil, K.; Asa-Awuku, A. A. A Single-Parameter
hygroscopicity Model for Functionalized Insoluble Aerosol Surfaces.
Atmos. Chem. Phys. 2022, 22 (19), 13219−13228.
(92) Mao, C.-N.; Gohil, K.; Rastogi, D.; Asa-Awuku, A. The
hygroscopicity of Nano-Plastic Particles and Implications for Cloud
Formation and Climate. Aerosol Sci. Technol. 2024, 58 (9), 1024−1032.
(93) Zhang, G.; Hu, R.; Xie, P.; Lou, S.; Wang, F.; Wang, Y.; Qin, M.;
Li, X.; Liu, X.; Wang, Y.; Liu, W. Observation and Simulation of HOx
Radicals in an Urban Area in Shanghai, China. Sci. Total Environ. 2022,
810, No. 152275.
(94) Creasey, D. J.; Evans, G. E.; Heard, D. E.; Lee, J. D.
Measurements of OH and HO2 Concentrations in the Southern
Ocean Marine Boundary Layer. J. Geophys. Res. Atmos. 2003, 108
(D15), 4475.
(95) Bottorff, B.; Lew, M. M.; Woo, Y.; Rickly, P.; Rollings, M. D.;
Deming, B.; Anderson, D. C.; Wood, E.; Alwe, H. D.; Millet, D. B.; et al.
OH, HO2, and RO2 Radical Chemistry in a Rural Forest Environment:
Measurements, Model Comparisons, and Evidence of aMissing Radical
Sink. Atmos. Chem. Phys. 2023, 23 (18), 10287−10311.
(96) Ueda, S.; Miura, K.; Kawata, R.; Furutani, H.; Uematsu, M.;
Omori, Y.; Tanimoto, H. Number−Size Distribution of Aerosol
Particles and New particle Formation Events in Tropical and
Subtropical Pacific Oceans. Atmos. Environ. 2016, 142, 324−339.
(97) Asa-Awuku, A.; Nenes, A.; Gao, S.; Flagan, R. C.; Seinfeld, J. H.
Water-soluble SOA from Alkene ozonolysis: Composition and Droplet
Activation Kinetics Inferences from Analysis of CCN Activity. Atmos.
Chem. Phys. 2010, 10 (4), 1585−1597.
(98) Engelhart, G. J.; Moore, R. H.; Nenes, A.; Pandis, S. N. Cloud
Condensation Nuclei Activity of Isoprene Secondary Organic Aerosol.
J. Geophys. Res.:Atmos. 2011, 116 (D2), D02207.
(99) Pruppacher, H.R.; Klett, J. D. Microphysics of Clouds and

Precipitation; Springer, 1997.
(100) Gorbunov, B.; Baklanov, A.; Kakutkina, N.; Windsor, H. L.;
Toumi, R. Ice nucleation on soot particles. J. Aerosol Sci. 2001, 32 (2),
199−215.
(101) Gao, K.; Kanji, Z. A. Influence of Lowering Soot-Water Contact
Angle on Ice Nucleation of Ozone-Aged Soot. Geophys. Res. Lett. 2024,
51 (7), No. e2023GL106926.
(102) Leng, Y.; Chen, M.; Cao, X.; Zou, S. Laboratory Simulated
Aging of Polystyrene Particles and Characterization of the Resulting
Nanoscale Plastics. J. Environ. Chem. Eng. 2023, 11 (5), No. 110967.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c11738
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

J

https://doi.org/10.5194/acp-16-11563-2016
https://doi.org/10.5194/acp-16-11563-2016
https://doi.org/10.5194/acp-16-11563-2016
https://doi.org/10.1029/2010GL042737
https://doi.org/10.1029/2010GL042737
https://doi.org/10.1029/2010GL042737
https://doi.org/10.5194/acp-11-8827-2011
https://doi.org/10.5194/acp-11-8827-2011
https://doi.org/10.5194/acp-11-6465-2011
https://doi.org/10.5194/acp-11-6465-2011
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.envpol.2018.01.022
https://doi.org/10.1016/j.envpol.2018.01.022
https://doi.org/10.1038/nchem.948
https://doi.org/10.1038/nchem.948
https://doi.org/10.1016/0014-3057(78)90144-1
https://doi.org/10.1016/S0009-2614(02)01364-7
https://doi.org/10.1021/acs.jpca.1c07203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c07203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c07203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1705463114
https://doi.org/10.1073/pnas.1705463114
https://doi.org/10.1016/j.watres.2020.115634
https://doi.org/10.1016/j.watres.2020.115634
https://doi.org/10.1016/j.watres.2020.115634
https://doi.org/10.1016/j.watres.2020.115634
https://doi.org/10.1016/j.scitotenv.2019.135931
https://doi.org/10.1016/j.scitotenv.2019.135931
https://doi.org/10.1021/acs.est.4c02639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c02639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2006GL027249
https://doi.org/10.1029/2006GL027249
https://doi.org/10.1007/BF01983614
https://doi.org/10.1039/D0CC02737E
https://doi.org/10.1039/D0CC02737E
https://doi.org/10.1021/acs.jpca.7b04114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.7b04114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.7b04114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2010GL045258
https://doi.org/10.1029/2010GL045258
https://doi.org/10.1029/2010GL045258
https://doi.org/10.1021/acs.est.1c04272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-22-13219-2022
https://doi.org/10.5194/acp-22-13219-2022
https://doi.org/10.1080/02786826.2024.2361041
https://doi.org/10.1080/02786826.2024.2361041
https://doi.org/10.1080/02786826.2024.2361041
https://doi.org/10.1016/j.scitotenv.2021.152275
https://doi.org/10.1016/j.scitotenv.2021.152275
https://doi.org/10.1029/2002JD003206
https://doi.org/10.1029/2002JD003206
https://doi.org/10.5194/acp-23-10287-2023
https://doi.org/10.5194/acp-23-10287-2023
https://doi.org/10.5194/acp-23-10287-2023
https://doi.org/10.1016/j.atmosenv.2016.07.055
https://doi.org/10.1016/j.atmosenv.2016.07.055
https://doi.org/10.1016/j.atmosenv.2016.07.055
https://doi.org/10.5194/acp-10-1585-2010
https://doi.org/10.5194/acp-10-1585-2010
https://doi.org/10.1029/2010JD014706
https://doi.org/10.1029/2010JD014706
https://doi.org/10.1016/S0021-8502(00)00077-X
https://doi.org/10.1029/2023GL106926
https://doi.org/10.1029/2023GL106926
https://doi.org/10.1016/j.jece.2023.110967
https://doi.org/10.1016/j.jece.2023.110967
https://doi.org/10.1016/j.jece.2023.110967
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c11738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

