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ABSTRACT: Every year, large quantities of plastics are produced and used for diverse
applications, growing concerns about the waste management of plastics and their release into the
environment. Plastic debris can break down into millions of pieces that adversely affect natural
organisms. In particular, the photolysis of micro/nanoplastics can generate reactive oxygen species
(ROS). However, their oxidative roles in initiating redox chemical reactions with heavy and
transition metals have received little attention. In this study, we investigated whether the photolysis
of polystyrene (PS) nanoplastics can induce the oxidation of Mn**(aq) to Mn oxide solids. We
found that PS nanoplastics not only produced peroxyl radicals (ROO") and superoxide radicals
(O2™) by photolysis, which both play a role in unexpected Mn oxidation, but also served as a
substrate for facilitating the heterogeneous nucleation and growth of Mn oxide solids and
controlling the formation rate and crystalline phases of Mn oxide solids. These findings help us to
elucidate the oxidative roles of nanoplastics in the oxidation of redox-active metal ions. The
production of ROS from nanoplastics in the presence of light can endanger marine life and human
health, and affect the mobility of the nanoplastics in the environment via redox reactions, which

in turn may negatively impact their environmental remediation.

KEYWORDS: nanoplastics; photochemistry; abiotic Mn?* oxidation; heterogeneous nucleation;

peroxyl radicals; superoxide radicals
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= INTRODUCTION

Plastics have become widely used in the last 70 years owing to their light weight, durability,
versatility, and low cost.!”® The global production of primary plastics has grown rapidly, increasing
from 2 million tons (Mt) per year in 1950 to 407 Mt per year in 2015.%> According to Geyer et. al
(2017), 8,300 Mt of virgin plastics were estimated to be produced by 2015, ultimately generating
6,300 Mt of plastic wastes.> Alarmingly, only about 9% of these wastes were recycled, 79% were
discarded in the environment or landfilled, and the rest were incinerated.” ® Plastic wastes have
also become common and persistent pollutants in oceans worldwide. Among many different types
of plastics, the most common in the marine environment are polyethylene terephthalate (PET),
polyethylene (PE), polyvinyl chloride (PVC), polypropylene (PP), and polystyrene (PS).* Plastic
products usually last for tens or even hundreds of years before their complete degradation.” UV
irradiation,® mechanical breakdown,”® and biological breakdown’ can make a single large plastic

10. 11 including macroplastics (> 5 mm),!!

piece fragile and break it into millions of small pieces,
microplastics (100 nm—5 mm),'? and nanoplastics (1-1000 nm)'3. Larger pieces of plastic debris
can harm fish, birds, and marine mammals in aquatic ecosystems by entanglement and ingestion.'*
15 In addition, microplastics and nanoplastics can be ingested by small organisms, such as
zooplankton,'® which will further affect marine food webs. Moreover, compared with the original
plastic pieces, the smaller sizes of degraded/broken plastics have significantly larger specific
surface areas,'” so they can interact with surrounding environmental compounds much more easily,

be co-transported and transformed, and be aggregated in aqueous environments.'% !

When plastics are released into the environment, they interact with diverse aqueous substances.
Previous studies have revealed that plastics adsorbed heavy metal ions, such as Pb*", Cu®", Ni**,

Zn*, and As* %2 and organic pollutants, such as bisphenol A (BPA),
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dichlorodiphenyltrichloroethane (DDT), and polychlorinated biphenyls (PCBs).?*® In addition to
adsorption, recent studies have started to investigate plastics as a source for reactive oxygen
species (ROS) under light illumination. Sunlight can trigger the degradation and transformation of
plastics in the environment. During the photolysis of microplastics, ROS, including superoxide
radicals (O2"), hydroxyl radicals ("OH), singlet oxygen (!02), and hydrogen peroxide (H202),?”- 2%
can be generated, while endogenous pollutants, such as chemical additives and polymer fragments,
are leached out.% 2% 3% Similarly, the photolysis of PS-based nanoplastics can generate ‘OH, 'O,
and 023! Tian et al. (2019) and Wang et al. (2020) proposed that alkyl radicals (R") and peroxyl
radicals (ROO") trigger the formation of the above ROS, but the presence of these two radicals
was not experimentally examined.?!*? These findings highlight the potential strong oxidative roles
of plastics in natural environments.

To date, the oxidative roles of nanoplastics in inducing redox reactions with heavy or
transition metals remain uninvestigated. During sunlight irradiation of nanoplastics, the generation
of ROS could also affect the redox reactions of heavy metals and the formation of corresponding
metal oxides. For example, manganese (Mn) is a naturally abundant transition metal, and Mn
(hydr)oxides are some of the most reactive natural minerals, with excellent oxidation and
adsorption capabilities. Thus, Mn oxides affect the biogeochemical cycles of trace elements, metal
ions, and organics in the environment.**°> Mn?" was also found to adsorb on the surface of
microplastics from the beach.?® Recently, we reported photochemically assisted abiotic oxidation
of Mn*"(aq) to Mn(IV) by Oz during nitrate photolysis,>” and by ROO" in the presence of
additional fert-butyl alcohol.>® These works suggested abiotic pathways to generate Mn(IV) oxide
solids directly from Mn?*(aq), whereas the biotic oxidation of Mn?*(aq) was previously believed

to be the main mechanism of Mn oxidation from 2+ to 4+.3*3%*3 Our previous studies investigated
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the homogeneous nucleation and growth of Mn(IV) oxide solids—particle formation in solution.”

38 However, in the presence of nanoplastics, heterogeneous nucleation—particle formation on a
substrate—can occur on the nanoplastics’ surface in the environment. Based on these recent
findings of Mn oxidation, in the current study, we hypothesized that the ROS generated from the
photolysis of nanoplastics can trigger the oxidation of Mn?"(aq) to Mn oxide solids. Because
nanoplastics were reported to work as substrates for microorganisms, leading to the formation of
biofilm,!! we further hypothesized that heterogeneous nucleation and growth of Mn oxide solids
would occur on the surface of nanoplastics. Compared with homogeneous nucleation without
substrates, plastics can decrease the activation energy barrier of heterogeneous nucleation of Mn
oxide nanoparticles, affecting the crystalline phases of the formed Mn oxide. Subsequently, this
reaction process can influence the redox reaction behaviors and phase transformation of newly
formed Mn oxide solids. Moreover, it is unknown how the material properties of nanoplastics,
such as their particle sizes and functional groups, affect Mn** oxidation.

This study shows how the photolysis of nanoplastics can initiate the oxidation of Mn**(aq) to
Mn(IV) oxide solids and confirms the formation of ROO® and O2" as the radicals mainly
responsible for Mn oxidation. We selected spherical PS-based nanoplastics as the nanoplastic
model. We verified the production of ROO" and O2" during photolysis of PS nanoplastics and
observed Mn oxidation by these radicals. We also investigated how the different sizes (30, 100,
and 500 nm) and functional groups of polystyrene latex beads (PS-bare), carboxylate-modified
polystyrene latex beads (PS-COOH), and amine-modified polystyrene latex beads (PS-NH2)
affected Mn oxidation. We observed different mineral phases of Mn oxide solids from
heterogeneous nucleation on nanoplastics, distinct from those from homogeneous nucleation of

Mn oxide solids via nitrate photolysis. These findings fill in knowledge gaps in the oxidative roles
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of nanoplastics in the generation of ROS and the subsequent oxidation of transition metal ions.
This work also provides helpful insights into the oxidation of other redox-active metal ions (e.g.,
Fe?", As®", and Cr’"), and the heterogeneous formation of Mn oxide solids on organic substrates,

such as plastic wastes.

= RESULTS AND DISCUSSION

Effects of pH, Particle Sizes, and Chemical Functional Groups of Nanoplastics on Mn?*
Oxidation. Figure 1a schematically illustrates the photolytic experiment in which Mn oxide solids
formed in the presence of PS-based nanoplastics. We investigated whether the photolysis of PS
nanoplastics can initiate the oxidation of Mn**(aq) and studied the effect of pH on Mn?* oxidation.
First, the pH effect was tested because we found in our previous study that solution pH greatly
affected Mn?* oxidation.’” 3 As shown in Figure 2a,b, two solutions containing 0.1 mM
manganese chloride (MnClz2) and 10 ppm (mg/L) of 30 nm PS-COOH were prepared, one with
and the other without a pH buffer (10 mM borate buffer). Both solutions were adjusted to initial
pH 9. During the photolysis experiments, the pH of the unbuffered solution decreased from 9 to
7.5 in 1 hr and steadily dropped to pH 7 from 1 to 6 hr, and Mn oxidation mostly occurred within
1 hr (pH > 7.5). In our previous work, we explained that the solution pH decreased mainly due to
the formation of Mn oxide solids.** In addition, CO2 dissolution into the solution can also decrease
pH.** Without a buffer, the concentration of formed Mn oxide solids was 3.3 = 0.3 uM (based on
Mn(IV) oxidation state) and almost reached a plateau at 1hr. It slightly increased to 4.1 + 0.2 uM
from 1 to 6 hr. On the other hand, with 10 mM borate buffer, Mn oxidation kept increasing in the
experimental solution. The concentration of formed Mn oxide solids was about 47.1 + 1.9 uM at
6 hr. The pH remained at 8.9 + 0.1 during the 6 hr experiment. In contrast, Mn oxidation was not

observed under the dark condition of the above solution, as shown in Figure Sla. As shown in
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Figure S1b, a negligible amount of Mn oxidation was observed in a solution containing 0.1 mM
MnClz and 10 mM borate buffer without nanoplastics under illumination. The above results
indicated that the Mn** was more preferably oxidized at a pH higher than 7.5 during the photolysis

of nanoplastics.

In addition, as purchased, polystyrene latex beads will contain very small amounts of surfactant
and inorganic salts. To control for this, a solution containing 10 ppm of 500 nm PS-COOH was
filtered by a 0.2 pm polytetrafluoroethylene (PTFE) syringe filter for three times to remove all PS-
COOH nanoplastics from the solution. The filtered solution containing surfactant and inorganic
salts was used to investigate their effects on Mn oxidation. As seen in Figure S1b, an insignificant
amount of Mn oxidation (< 1 pM) was observed under the condition of 0.1 mM MnClz, 10 mM
borate buffer, and 10 ppm of 500 nm PS-COOH filtered by 0.2 um PTFE syringe filter under

illumination, indicating that the surfactant and inorganic salts play little roles in Mn oxidation.

Next, we investigated the effects of the nanoplastic size on Mn*" oxidation. Three different
sizes of PS-COOH particles (30, 100, and 500 nm) were selected for comparison. As shown in
Figure 2c, compared with 30 nm PS-COOH particles, 100 and 500 nm PS-COOH nanoplastic
particles needed a longer induction time for Mn oxidation because slower Mn?" oxidation rates
were observed with the larger PS-COOH particle sizes. In solutions with the same mass
concentration (10 ppm), smaller nanoplastic particles in the solution outnumbered larger ones and
had a correspondingly larger total surface area. In this study, we assumed that all the nanoplastics
were spherical particles, as shown in Figure 4a and Figure S2a, with a density of 1.05g/cm?, which
is the density of polystyrene. In 150 mL of 10 ppm PS-COOH solution, PS-COOH particles had a
total volume of 1.43 x 10'® nm?. For 30, 100, and 500 nm PS-COOH particle solutions, the

corresponding surface areas were 2.86 x 10'7 nm?, 8.57 x 10'® nm?, and 1.71 x 10'® nm?. Thus,
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smaller-sized nanoplastics exposed relatively larger specific surface areas with more functional
groups to initiate ROS production during the photolysis, resulting in more and much faster Mn
oxidation. In addition, because of their larger specific surface area, the smaller particle size of PS-
COOH nanoplastics may more easily decompose and release organic matter. The dissolved organic
matter may produce ROS under illumination and facilitate Mn oxidation, as reported in our
previous study.** Hence, the trend of the Mn oxidation rate for 30 nm PS-COOH was different
from those of 100 and 500 nm PS-COOH. In Figure 2c, the ratio of the Mn oxidation amounts for
30 nm to 500 nm PS-COOH was not exactly linearly correlated with the ratio of the total surface
areas. The Mn oxidation amount for 30 nm PS-COOH reached a plateau from 4 to 6 hr; however,
Mn oxidation still increased under the 100 nm or 500 nm PS-COOH condition. One reason may
be that most of the particles of 30 nm PS-COOH were covered by Mn oxide solids at 6 hr, which
limited further Mn oxidation, while 100 nm PS-COOH nanoparticles were not fully covered, as
shown in the TEM images in Figure 4c and Figure S2b. Mn oxide formation on the surface of the
nanoplastics blocked illumination and inhibited ROS generation, which can explain why Figure
2c¢ shows that Mn oxidation almost reached a plateau after 4 to 6 hr in the 30 nm PS-COOH solution,
but continued in the 100 nm PS-COOH solution: The larger particles were less completely blocked

by Mn oxides.

Furthermore, we found that the kinetics of Mn** oxidation were affected by the functional
groups of nanoplastics. We compared Mn?" oxidation rates by using PS-bare, PS-COOH, or PS-
NH2 nanoplastics with the same size (100 nm) and mass concentration (10 ppm). As shown in
Figure 2d, the quantity of generated Mn oxide solids decreased in the order of PS-NH2 > PS-
COOH > PS-bare. The pH values of the solutions for all conditions remained around pH 9 (Figure

2b), thus the pH cannot be the reason for the difference. The various amounts of Mn oxide solids
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generated by different functional groups of nanoplastics might result from the different generation

rates of ROS responsible for Mn** oxidation (ROO" and O2"), as discussed in the next section.

Pathways for Generating ROO® and O:" during Photolysis of Nanoplastics. In this study,
we propose that ROO™ and O2" are generated by the photolysis of PS-based nanoplastics, which
can further play a role in Mn oxidation (Figure 1). Previous studies found that ROS, such as "OH,
02, and 02", can be produced during the photolysis of micro/nanoplastics. Zhu et al. (2020)
measured the generation of 02, !0z, H202, and "OH from the photo-transformation of PS
microplastic powders in water under simulated sunlight irradiation.?® In another study, Wang et al.
(2020) detected the formation of "OH, 'O2, and O2" by electron spin resonance spectrometry
during the photo-oxidation of PS-based nanoplastics and proposed that R* and ROO" could be

potentially responsible.’! However, the generation of ROO" was not experimentally proved.

For the generation of ROQO’, as shown in Figure 1b, PS-bare, PS-NH2, and PS-COOH
transform to R* by photolysis (Step I), and subsequently transform to ROO" by reacting with
dissolved Oz (Step II).3!:32% 4546 For PS-bare, the o C-H close to the phenyl group was much more
easily broken by the energy transfer from phenyl absorption.* *° R* can also transform to “OH by
reacting with H2O (Step III).3? The bond dissociation energies of the monomers CsHsCHz-H (PS-
bare), CeHsCH2-NH2 (PS-NH2), and CeHsCH2-COOH (PS-COOH) are 360, 301, and 284.9 kJ/mol,
respectively.*’”- ¥ The differences in the bond dissociation energies can affect the generation of R’
and ROO’. Among these three nanoplastics with different functional groups, PS-bare would have
the most difficulty in forming R owing to the highest bond dissociation energy, thus generating
the least amount of ROO". On the other hand, the bond dissociation energy difference between PS-
COOH and PS-NH: is not significant. This reasoning can explain the lowest generated amount of

Mn oxide solids by photolysis of PS-bare in Figure 2d.
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02" can be produced by multiple pathways, as shown in Figure 1c. Dissolved Oz can transform
to 02" by electron transfer.® 02" can also be produced when "‘OH formed from photolysis of

nanoplastics reacts with H202 to form HO2', which is then further transformed to 02"

Thus, in the next section, we will experimentally confirm that both ROO" and Oz are formed
by the photolysis of nanoplastics, causing Mn?* oxidation in our experimental systems. In addition
to PS-bare, PS-COOH, and PS-NHa, other functional groups (e.g., PS-sulfate) may cause Mn**
oxidation through a similar photolytic mechanism. Manufactured nanoplastics can contain
hydroperoxide (R-OOH) polymer impurities, which can generate carbon-centered radicals and
further form ROO".>% 3! To check for hydroperoxide impurities in the nanoplastics, the PS-bare
nanoplastics stock solution was dried on a Si wafer and measured by FTIR, as shown in Figure S3.
Peaks related to R-OOH in the range from 3450-3350 cm™! were not observed,’> ** indicating that

R-OOH impurities were ignorable.

Detection of the Generation of ROO". The formation of ROO" was confirmed to validate the
proposed radicals’ formation pathways. To detect the formation of ROO’, the fluorescent probe
para-aminobenzoic acid (PABA) was used, as in our previous work.*® Here ROO’ can oxidize and
transform PABA into a non-fluorescent product, and thus we can quantify ROO".>* Note that the
oxidation potential of PABA is higher than those of 02", 'Oz, and H202.7* %% Based on our previous
work,*® 02", 102, and H20: generated from photolysis of nitrate cannot oxidize PBBA. We have
also shown that "OH has little effect on PABA oxidation.*® Therefore, we expected that all of these
ROS (027, '02, H202, and "OH ) would not affect the oxidation of PABA. However, PABA can
be photodegraded, and the reaction is highly pH-dependent.*® Hence, to maintain the solution pH,
borate buffer was used in the experiment. Two solutions containing 20 uM PABA and 10 mM

borate buffer, one with and the other without 50 ppm of 100 nm PS-NH>, were irradiated. As shown
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in Figure 3a, the percentages of PABA concentrations decrease with time. After 5 min reaction,
photodegradation is responsible for a 30.0 + 3.2% PABA concentration decrease. In the presence
of 50 ppm of 100 nm PS-NHz, even faster PABA degradation was observed, with a 39.3 + 1.1%
PABA concentration decrease after 5 min owing to the co-effects of photodegradation and ROO’
oxidation. Notably, the presence of nanoplastics in the solution had shadowing effects on the
photodegradation of PABA by blocking light exposure, which inhibited the PABA
photodegradation rate. The photodegradation rate of PABA in the presence of nanoplastics was
supposed to be slower than that in the absence of nanoplastics. As a result, the actual contribution
of ROO" for PABA degradation could have been greater than the degradation difference between
with- and without-nanoplastics in Figure 3a. In addition, because the solution pH was stable during
photolysis, as shown in Figure S4a, we ruled out the solution pH as a factor in the PABA
photodegradation results. The above results confirmed the generation of ROO® during the

photolysis of nanoplastics.

Mn?* Oxidation by ROO" and O Our earlier work found that compared with O2" and
ROO", "OH contributed much less to Mn oxidation in our systems.?”>*% 37 H>O» was regarded as a
reductant for Mn oxide solids,*® so we did not expect that it played a direct role in Mn oxidation.
Nico et al. (2002) reported Mn oxidation by 02"~ and 'Oz from photolysis of humic substances,
however, 'Oz oxidized Mn?*" to Mn(III), but not to Mn(IV) oxide solids,” and only 4% of the
formed Mn(III) came from 'Oz, while the other 96% came from O2"".>° Thus, 'Oz was unlikely to
contribute much to the generation of Mn oxide solids in our study, and O2" and ROO" were

considered as the main oxidants of Mn?" during the photolysis of PS-based nanoplastics.

We have confirmed the formation of ROO® from the photolysis of nanoplastics in the last

section. To validate that the production of ROO" and O™ from the photolysis of nanoplastics

10
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induced Mn?" oxidation and to investigate their individual contribution to Mn?" oxidation,
superoxide dismutase (SOD) was used as an O2" scavenger. Two solutions containing 0.1 mM
MnClz, 10 ppm of 30 nm PS-COOH, and 10 mM borate buffer, were prepared, one with and the
other without 0.5 uM SOD. In the presence of SOD, less Mn oxidation was observed, as shown in
Figure 3b, indicating that O2" was formed during the photolysis of PS-COOH and was responsible
for Mn?* oxidation. Mn*" can react with 02"~ and H* to form Mn*" and H202.%° In the presence of
SOD, we think Mn?* was mainly oxidized by ROO". Similar to O2"~, ROO" might react with H",
be converted to R-OOH, and oxidize Mn?*. Again, pH was not a factor in the different Mn

oxidation results with/without SOD because it remained the same, as shown in Figure S4b.

We also investigated the individual contributions to Mn oxidation by ROO® and O2" generated
from different particle sizes of PS-COOH and PS with other functional groups (PS-NH2 and PS-
bare). As shown in Figure S5, in the presence of SOD, compared with PS-bare, more Mn oxidation
was observed by ROO® from 100 nm PS-NH2 and PS-COOH, which might result from the highest
bond dissociation energy for PS-bare as explained earlier. In addition, the difference in MnO:2
concentration with/without SOD was the Mn?" oxidation amount by O2"". More Mn?" oxidation

was observed by 02" from 100 nm PS-NHz, compared with PS-COOH and PS-bare.

Notably, we found that N in PS-NH2 was oxidized during the photolysis of PS-NH2, as shown
in Figure 3c,d, where 50 ppm of 100 nm PS-NH2 underwent photolysis for 12 hr. In Figure 3c,
compared with PS-NH: before photolysis, the peak of the N1s X-ray photoelectron spectra in PS-
NH: after photolysis moved to higher energy (402.7 eV), possibly resulting in the photooxidation
of -NH2 to -NO2.°! In Figure 3d, the weakness of the peak from N-H bending at 1602 cm™ after
photolysis also confirmed the oxidation of N in PS-NH2. As shown in Figure 3e, the photolysis of

R-NO: can produce nitrite.> During the photolysis of nitrite, ROS, including O2~ and "OH, can

11
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37.57 we observed the facilitated oxidation of Mn?* by

also be generated.®® In the previous studies,
02" during nitrate photolysis, and explained that nitrite was an intermediate for forming O2"". As
illustrated in Figure S5a, the possible generation of nitrite during photolysis of PS-NH2 could
provide a potential mechanism that explains why more Mn?" oxidation by 02"~ was observed from
100 nm PS-NH2 than from PS-COOH and PS-bare. As for PS-COOH, the COOH group transforms
to COz2 or other products during photolysis rather than generating radicals that are responsible for

Mn oxidation.®% 63

Other intermediate radicals also can form in the chain reactions during the photolysis of
nanoplastics. For example, ROO’ can transform into alkoxy radicals (RO") and further decompose
into other radicals.®® ¢’ However, it is unknown whether these intermediate radicals can oxidize
Mn?*. Further, these radicals can swiftly change into other radicals,% ¢ which makes it difficult
to study the sole contribution of each intermediate species for Mn?" oxidation. The role of each

intermediate radical in Mn?* oxidation needs to be determined more systematically in the future.

Heterogeneous Nucleation of Mn Oxides on the Nanoplastics. We also investigated the
morphologies of formed Mn oxide solids on 30 or 100 nm PS-COOH nanoplastics. Scanning
transmission electron microscope (STEM) revealed their sizes, shapes, and elemental
compositions. As shown in Figure 4b,c, rod-shaped Mn oxide solids formed on the surface of PS-
COOH. ROO’ and 02" both have very long lifetimes (seconds for ROO’, and microseconds for
027),%% ¢ which might allow them to participate in the oxidation of Mn?" over a long distance.
Thus, long rod-shaped Mn oxides can grow around and beyond the surface of PS-COOH (Figure
4c). The diameter of the PS-COOH is slightly smaller than 100 nm (Figure 4a). The element
mapping of O, Mn, and C in Figure 4d—f, collected from Figure 4c, confirms the formation of Mn

oxide solids. The selected area electron diffraction (SAED) patterns in Figure 4g indicate that the

12
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rod-shaped Mn oxide solids in Figure 4c are a-MnOz. The Mn and C element mapping images
collected from the dash area in Figure 4b overlap in Figure 41, clearly showing that the Mn oxide
solids formed surrounding 100 nm PS-COOH nanoplastics. As Figure 4c shows, 100 nm PS-
COOH nanoplastics are only partially covered by Mn oxide solids after 6 hr reaction. In stark
contrast, with 30 nm PS-COOH nanoplastics (Figure S2a—c), significantly densely packed rod-
shaped Mn oxide solids were formed. The element mapping images of Mn, O, and C in Figure
S2d-f were collected from Figure S2b. It is hard to see the 30 nm PS-COOH nanoplastic particles,
because most of them are fully covered by formed Mn oxide solids, except for the particles near

the edge.

The hydrodynamic diameters of the nanoplastics were measured by dynamic light scattering
to provide additional evidence for the heterogeneous nucleation and growth of Mn oxide solids on
them. As shown in Figure S6a, under illumination the hydrodynamic diameter of ~100 nm PS-
COOH did not change without Mn?*. However, with Mn?", it increased from 112 + 1 nm to 138 +
1 nm during 2 hr reaction, indicating the nucleation and growth of Mn oxide solids on the surface
of the PS-COOH nanoplastics. For comparison, the hydrodynamic diameter remained the same
size in the dark condition, because no Mn oxide solids were formed. The initial hydrodynamic
diameter of PS-COOH without Mn oxide solids was larger than that in the STEM image in Figure
4a because the hydrodynamic diameter includes tightly bound water molecules.”’ The zeta
potential values of nanoplastics were also measured to study the effects of surface potential on the
interactions between Mn?" and nanoplastics. In Figure S6b, initially, the zeta potential values of
10 ppm of 100 nm PS-COOH nanoplastics were about -42.3 £ 0.3 mV in solutions containing 10
mM borate buffer solution without Mn. After 2 hr of illumination, the zeta potential value remained

between -42 and -43 mV. In contrast, the zeta potential values of 10 ppm of 100 nm PS-COOH

13
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nanoplastics were initially about -39.2 + 0.4 in the solution containing 10 mM borate buffer and
0.1 mM MnClz. With reaction under 2 hr light illumination, the zeta potential value increased from
-39.2 + 0.4 to -37.3 £ 0.1 mV. The Mn oxide solids formed on the surface of the nanoplastics
would make the zeta potentials less negative than that of unreacted PS-COOH. On the other hand,
the hydrodynamic diameter of 100 nm PS-NH2 nanoplastics increased from 96 + 2 nm to 137 + 1
nm in 2 hr, as shown in Figure S6c. The growth rate of PS-NH2 was faster than that of PS-COOH,
which was consistent with the result that more Mn oxide solids were formed in PS-NH: than in
PS-COOH, as shown in Figure 2d. Different from PS-COOH (Figure S6d), PS-NH:2 nanoplastics
initially had positive zeta potential values of 15.5 £ 1.0 mV and 12.2 + 0.7 mV in solutions
containing 10 mM borate buffer without Mn and 10 mM borate buffer with 0.1 mM MnCla,
respectively. After 2 hr of illumination, the zeta potential value of PS-NH: in the formed solution
remained at 15.5 = 1.0 mV, while in the latter solution it decreased from 12.2 + 0.7 to 9.0 = 0.5
mV after 2 hr owing to the negative zeta potential contribution from newly formed Mn oxide solids
on the surface. As an additional note, without nanoplastics, Mn(IV) oxide solids generated by
nitrate photolysis in pH 9 borate buffer had a negative zeta potential value of -24.2 + 0.6 mV. Both
the increase in the hydrodynamic diameters and the change in the zeta potential values of the

nanoplastics confirmed the formation of Mn oxide solids on their surface.

Characterization of MnQO; Solids Formed on the Nanoplastics. To characterize the
crystalline phases of the Mn oxide solids formed by the photolysis of nanoplastics with different
sizes and functional groups, samples after 6 hr reaction were measured by high-resolution X-ray
diffraction (HRXRD). As shown in Figure 5a, a 20 peak value of 18.1° for Mn oxide solids formed
by 100 nm PS-COOH, PS-NH2, or PS-bare nanoplastics indicated that a-MnO2 (ICDD PDF-4 #00-

042-1348) had formed as the dominant crystalline phase. On the other hand, in the 30 nm PS-

14



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

COOH system, amorphous XRD patterns were observed, although much more Mn oxide solids
were produced by 30 nm PS-COOH, compared with 100 nm PS-COOH and PS-NHoz. The large
surface area of an individual large nanoplastic particle may better support the orientated growth of
Mn oxides and stabilize the newly formed Mn oxides, resulting in a more crystallized structure.
The broad peak ranging from 18° to 20° includes a small peak of the (200) plane of a-MnO2 and
can also be consistent with the (111) plane of A-MnO2 (ICDD PDF-4 #00-044-0992); however, the
patterns of 30 nm PS-COOH sample were too amorphous to distinguish. Mn oxides solids formed
by 100 nm PS-COOH and 100 nm PS-bare also exhibit small peaks in this range. Thus, Mn oxide
solids formed in 30 nm PS-COOH, 100 nm PS-COOH, or 100 nm PS-bare solutions might contain
both a-MnO2 (dominant) and A-MnOz. In a previous study, we observed the formation of 5-MnO2
by 02" during nitrate photolysis in the absence of organic matter.’” In a subsequent study, we saw
the formation of both 6-MnO:z and B-MnO:2 by O2 and ROO’ during nitrate photolysis in the

presence of tert-butyl alcohol.*®

This finding indicated that organic matter indeed affected the
mineral phases of Mn oxide solids. Note that these previous works tested Mn oxide formation in
the solutions without any substrates (homogeneous nucleation).>”> ¥ In contrast, the current study
found that the heterogeneous nucleation and growth of Mn oxide solids on the nanoplastics
induced the formation of mineral phases that were different from homogeneously formed Mn oxide
solids. To further measure the Mn oxidation state of the formed Mn oxide solids on nanoplastics,
X-ray photoelectron spectroscopy (XPS) was used. The XPS images in Figure 5b,c suggest that
the MnOz solids formed by 30 and 100 nm PS-COOH nanoplastics contained mostly Mn(IV)
(>98%) and little Mn(II) (~1%), with no Mn(III), with an average oxidation state of ~3.97. More

Mn(I1I) and Mn (II) were observed for Mn oxides formed by 100 nm PS-NH>, with a slightly lower

average oxidation state of 3.84, as shown in Figure 5d. Note that in our previous study,*® without
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nanoplastics, homogeneously formed 3-MnOz2 solids containing 73% Mn(IV) and 27% Mn(I1I)
were generated. In Figure 2, Mn oxide solid concentrations were calculated assuming that Mn**(aq)
was oxidized to Mn(IV). Because the average oxidation state of Mn was slightly lower than 4 in
the XPS result, the actual Mn oxide solids concentrations could be higher. Therefore, PS-based
nanoplastics acting as substrates for heterogeneous nucleation of Mn oxide solids resulted in the
formation of a-MnO: as the main crystalline phase and changed the Mn oxidation state, which can
influence the oxidation capability of Mn oxide solids.”!

Impact of the Oxidative Capability of Nanoplastics on the Environment. As more plastic
debris accumulates in the natural environment, there are increasing concerns about its adverse
effects. These concerns are particularly acute for small nanoplastic particles that can more easily
interact with neighboring substances, such as heavy metals and organic contaminants. This
experimental work provides insights into the heterogeneous nucleation and growth of Mn oxide
solids on such organic substrates, which benefits our understanding of Mn oxide occurrences in
the environment. Mn oxide solids are excellent scavengers of redox-active species and heavy
metals, further affecting geochemical element redox cycling, carbon mineralization, and biological
metabolisms in nature.*-*> Nanoplastics covered by MnO: solids might be co-transported in the
above processes and interact with surrounding environmental compounds. In addition, the
generation of ROS from nanoplastics can not only pose significant health risks to marine
organisms by inducing the oxidation of tissues,’? but also influence the mobility of nanoplastics in
the environment via redox reactions. Furthermore, natural organic matter can interact with

73,74

nanoplastics to form a “biofilm layer” which influences their stability and transportation, and

may also affect their oxidative roles in the environment. Prolonged photoirradiation can age

nanoplastics, altering their surface charge, roughness, and functional groups, and further affecting
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their oxidative capability.” Thus, the long-term effect of nanoplastic photolysis on the oxidation
of transition and heavy metal ions deserves further systematic studies. Commercial nanoplastics
were used in this study to investigate their oxidative role in Mn** oxidation. The oxidative

76,77

capability of additional environmental model nanoplastics merits future investigation.

= CONCLUSIONS

In summary, this study shows that nanoplastics not only had adsorption of metal ions but also
facilitated redox reactions with heavy metals. This work revealed that photolysis of PS
nanoplastics produced ROO" and 02", resulting in the fast oxidation of Mn?*(aq) to MnO: solids.
PS nanoplastics acted as active substrates and facilitated the heterogeneous nucleation and growth
of Mn oxide solids. We also discovered that varying the particle sizes and functional groups of the
PS nanoplastics affected the formation of Mn oxide solids, and that the coverage of Mn oxide
solids on the surface of nanoplastics limited their further oxidative capability. These findings
highlight the oxidative roles of nanoplastics in the formation of ROS and the oxidation of redox-

active metal ions in nature.

= MATERIALS AND METHODS

Chemicals. All chemicals used in this study were at least American Chemical Society grade.
Manganese chloride (MnClz, 97%, anhydrous) was purchased from Beantown Chemical Co. (NH,
USA). Leucoberbelin blue I (LBB, dye content 65%), potassium permanganate (KMnQOa, > 99%),
superoxide dismutase bovine (SOD, > 90%), polystyrene latex beads (PS, 100 nm mean particle
size), carboxylate-modified polystyrene latex beads (PS-COOH, 30 or 500 nm mean particle size),
and amine-modified polystyrene latex beads (PS-NHz, 100 nm mean particle size) were purchased

from Millipore Sigma (MO, USA). Carboxylate-modified polystyrene latex beads (PS-COOH,
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100 nm mean particle size) were purchased from Thermo Fisher Scientific (MO, USA). Sodium
hydroxide (NaOH, > 97%), boric acid (H3BOs, > 99.5%), and para-aminobenzoic acid (PABA, >
90%) were bought from VWR International LLC. To prepare the solutions for all experiments,
deionized (DI) water was used (resistivity > 18.2 MQ-cm, Barnstead Ultrapure water systems).
The stock solutions of 500 ppm nanoplastics were made by diluting the purchased standard
solution with DI water and sonicating for 30 min. The stock solutions were then stored in brown

bottles in the refrigerator at 4°C until use.

Photo-oxidation Experiments. Photolytic experiments were carried out in a 150 mL quartz
reactor. Simulated solar light was provided by a 450 W Xenon arc lamp (Newport 6279NS) with
an irradiance of 3.7 kW/m?. The light was passed through flowing tap water, which filtered out
near-infrared light and also cooled the reactor. For all experimental conditions, 0.1 mM MnClz
was the Mn source. The concentrations of dissolved Mn found in natural waters range from 10 to
10,000 pg/L (0.18 pM—0.18 mM).”®-8® Although the Mn concentrations used in this study may be
higher than some of the values detected in natural surface waters, the findings can assist in better
understanding a variety of geochemical conditions.

In this study, we chose to investigate a concentration of 10 ppm for PS-based nanoplastics,
achieved by directly diluting the purchased nanoplastic chemicals (e.g., an aqueous suspension of
2.5% 100 nm PS-NHz solids) with DI water. The reported concentrations of microplastics in rivers
and watersheds vary from ppb (ug/L) to several ppm.*!3* Surface plastics concentrations have

.33 Because

been statistically correlated with human population densities and urban development
nanoplastics are extremely difficult to detect, only a few studies have reported their concentrations

in real environmental samples. Nanoplastics were detected at the ppb level in Alpine snow

samples.® In lab studies, the nanoplastics concentrations used mostly ranged from 1 to 100 ppm.®
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% In addition, here we chose pristine nanoplastics to investigate how the photolysis of nanoplastics

affects Mn?* oxidation from a well-controlled starting point of experiment systems.

To understand the effects of pH on Mn?*(aq) oxidation induced by photolysis of nanoplastics,
solutions with and without borate buffer were studied for comparison. For experimental conditions
without borate buffer, a solution containing 10 ppm of PS-COOH and 0.1 mM MnClz was prepared.
The solution’s initial pH was adjusted to 9.0 £+ 0.1 by adding NaOH solution. This experimental
pH is relevant to environmental systems, where the water quality guidelines for pH in freshwater
set by the US Environmental Protection Agency (EPA) range from 6.5 to 9.0.”° To facilitate
experiments, we chose the high side of this pH range. For experimental conditions with borate
buffer, a solution containing MnClz, nanoplastics, and borate buffer was prepared. Borate buffer
solutions, with a pKa of 9.23,°! were made by adding NaOH to the boric acid solution to make 10

mM borate buffer at pH 9.

To examine the effects of nanoplastic size on Mn oxidation, solutions containing 0.1 mM
MnClz, 10 ppm of PS-COOH (30, 100, or 500 nm), and 10 mM borate buffer were prepared. The
chosen sizes of PS-COOH span the range currently available from the chemical vendors Millipore
Sigma and Thermo Fisher Scientific. To study the effect of surface chemical functional groups of
nanoplastics on Mn oxidation, solutions containing 0.1 mM MnClz, 10 ppm of 100 nm nanoplastic
(PS-bare, PS-COOH, or PS-NH2), and 10 mM borate buffer were prepared. Because more ROS
can be formed at a higher concentration of nanoplastics, we used the same concentrations of PS-
based nanoplastics for comparison. The oxidation state of N in PS-NH2 was identified by X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe 11, UlvacPHI with monochromatic Al Ka
radiation (1486.6 eV)). The C s peak (284.8 eV) was used as the reference peak. The chemical

bonds of the dried PS-NH2 and PS-bare nanoplastic samples were characterized with Fourier
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transform infrared (FTIR) spectrometer (Thermo Scientific, Nicolet Nexus 470) equipped with a
diamond crystal. The solution containing the same amount of nanoplastics was drop-casting on a
Si wafer and then measured by FTIR after air drying. The FTIR spectra were plotted without any
normalization of peak intensities, and thus can be semi-quantitatively compared.

Using a Xe arc lamp, the prepared solutions were exposed to simulated sunlight for 6 hours
with continuous stirring. Samples were taken every hour to track the pH of the solution and the
amounts of produced Mn oxide solids. The concentrations of Mn oxide solids formed under these
conditions were measured for comparison by the LBB colorimetric method, which will explain in
detail in the next section. The formed MnO:2 solid products were collected via centrifugation at
10,000 rpm for 30 min. The resulting solid products were then rinsed, resuspended in DI water,
and centrifuged at 5,000 rpm for 5 minutes. The above process was repeated five times to eliminate
impurities from the liquid supernatant. The solid products were dried at room temperature for
further solid characterizations. In addition, Zetasizer Nano (Malvern Nano ZS) was used to
measure the hydrodynamic diameter and zeta potential of nanoplastics in solutions under dark or

photolysis conditions. At least duplicate experiments were conducted for each condition.

Quantification of Oxidized Mn Oxide Solids. Visual MINTEQ Version 3.1, a
thermodynamic aqueous chemistry software, was used to calculate the saturation indices of
representative Mn(II)/Mn(III)/Mn(IV) oxides at pH 9. Mn(OH):2 solids would not form because
the saturation index (SI) value of Mn(OH)2 solids is -1.20 under the experimental conditions
provided above. The SI values of common Mn(III)/Mn(IV) oxide minerals, such as birnessite (o-
MnOz), pyrolusite (-MnOz), hausmannite (Mn304), and manganite (MnOOH) are 9.63, 11.69,

15.96, and 7.18, respectively. As a result, they can form under our test circumstances.
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The concentrations of formed Mn(I1I)/Mn(IV) oxide solids in the experiments were quantified
by the 0.004 % (w/v) LBB colorimetric method, as previously reported.>”- 3 Briefly, LBB was
added to the taken samples and it then reduced Mn(III or IV) of the generated Mn oxide solids to
Mn?*(aq). The UV-Vis intensity of the oxidized LBB compound at 625 nm was proportional to
the concentration of oxidized Mn. To obtain a standard calibration curve for Mn oxide solids
concentration calculation, LBB was added to different concentrations of KMnOs solutions to
obtain a standard calibration curve for Mn oxide solids concentration versus UV-Vis absorbance

at 625 nm (Figure S7).

Detection of Peroxyl and Superoxide Radicals Generated from the Photolysis of
Nanoplastics. ROO" was detected by a PABA fluorescent probe, as we previously reported.*® This
method utilizes the fact that PABA (Aex = 267 nm, and Aem = 334 nm) loses its fluorescence when
it is oxidized by ROO".>* We performed the photolysis of a solution containing 20 mM PABA and
10 mM borate buffer as a control experiment because PABA is photodegraded during irradiation.
Because PABA photodegradation is highly pH-dependent,’® borate served as a buffer to stabilize
the pH of the solution (pH = 9.0). To test the effects of simultaneous photodegradation and ROO’
oxidation processes on PABA degradation, we conducted photolysis of a solution containing 20
uM PABA, 10 mM borate buffer, and 50 ppm PS-NHz. Our preliminary tests showed that, among
PS-bare, PS-COOH, and PS-NH2, PS-NH2 showed the clearest difference in PABA degradation
in solutions with or without nanoplastics. So we focused on PS-NHz in this investigation. Here,
PABA was degraded via irradiation and oxidization by ROO’, which was produced from the
photolysis of PS-NHz. To detect whether ROO® was generated by photolysis of nanoplastics, the
degradation of PABA was compared between the above two conditions. During the initial five

minutes of the reaction, aqueous solution samples were taken every minute and immediately
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measured by a fluorometer (HORIBA Instruments Inc., Aqualog-UV-800-C). For each
experimental condition, PABA concentrations were determined by individual calibration curves
in the range from 2 to 20 uM PABA, where a linear relationship was observed between the
concentrations and fluorescence intensities of PABA. An example of a calibration curve for a
solution containing 10 mM borate buffer and PABA in a range from 2 to 20 uM is shown in Figure
S8. To determine the corresponding oxidative role of O2" generated from the photolysis of
nanoplastics in Mn oxidation, SOD was added as an O2" scavenger. Two solutions containing 0.1
mM MnClz, 10 ppm of 30 nm PS-COOH, and 10 mM borate buffer, one with and the other without
0.5 uM SOD, were prepared for the comparison of Mn oxidation. The solution pH values at
selected time points were also measured. At least duplicate experiments were conducted for each
condition.

Mn Oxides Solid Phase Characterization. To identify the mineral phase of Mn oxide solids,
high-resolution X-ray diffraction (HRXRD, Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation (A = 1.5418 A)) was utilized. Mn oxidation states in the Mn oxide solid samples were
identified by XPS. To determine the ratio of Mn(II), Mn(III), and Mn(IV), the Mn 2p3/2 spin orbit
was fitted with Mn(II) (640.8eV), Mn(Ill) (641.8 eV), and Mn(IV) (642.2 e¢V) by the Gauss-
Lorentz fitting method, based on previously reported values of the Mn 2p3/ spectrum.”” High-
resolution transmission electron microscopy (HR-TEM, JEOL-2100F field emission) was utilized
to image the morphologies and to conduct element mapping of nanoplastics and formed Mn oxide
solids. After 6 hr of photochemical reaction, approximately 50 puL of the solution was placed on
an ultrathin lacey carbon film coated-Cu grid (LC400-Cu-CC-25, Electron Microscopy Science,
PA) for imaging. Electron diffraction patterns for selected areas were obtained to determine the

phases of Mn oxide solids.
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= ASSOCIATED CONTENT

Supporting Information Available

No Mn oxidation is observed under the dark condition in Figure S1a. Figure S1b shows the control
experiments of Mn oxidation by borate and by surfactant in the purchased chemical. STEM images
of Mn oxide solids on 30 nm PS-COOH are shown in Figure S2. Figure S3 shows the FTIR spectra
of PS-bare nanoplastics dried on a Si wafer. Figure S4 shows the pH change under the conditions
of 20 uM PABA and 10 mM borate buffer with/without 50 ppm of 100 nm PS-NH; and 0.1 mM
MnClz, 10 ppm of 30 nm PS-COOH, and 10 mM borate buffer with/without 0.5 uM SOD. Figure
S5 shows the individual contributions to Mn oxidation by ROO" and O:" generated from the
different particle sizes of PS-COOH and PS with other functional groups (PS-NH:2 and PS-bare).
Hydrodynamic diameters and zeta potential values of nanoplastics during the reaction are in Figure
S6. Figure S7 is a calibration curve for determining the concentration of Mn(IV)O2. Figure S8 is
an example calibration curve for a solution containing 10 mM borate buffer and PABA in the range

from 2 to 20 uM. Table S1 summarizes XPS references for Mn(II), Mn(III), and Mn(IV).
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the presence of PS-based nanoplastics. (b and c¢) Pathways for generating reactive oxygen species
(ROS) during photolysis of nanoplastics. Proposed pathways for the generation of (b) ROO" and
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Figure 2. Effects of pH, particle sizes, and functional groups of nanoplastics on Mn oxidation. (a)
Oxidized Mn concentrations with elapsed experimental time under the conditions of 0.1 mM
MnClz, 10 ppm of 30 nm PS-COOH, with/without 10 mM borate buffer at initial pH 9. (b) Solution
pH with elapsed experimental time in (a), (c), and (d). (c) Oxidized Mn concentrations on different
sizes of PS-COOH nanoparticles with elapsed experimental time under the conditions of 0.1 mM
MnClz, 10 ppm of PS-COOH (30, 100, or 500 nm), and 10 mM borate buffer. (d) Oxidized Mn
concentrations on different functional groups of PS-based nanoplastics with elapsed experimental
time under the conditions of 0.1 mM MnClz, 10 ppm of 100 nm PS-NH2, PS-COOH, or PS-bare,

and 10 mM borate buffer. Error bars represent the standard deviation from at least duplicate tests.
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Figure 3. Mn?" Oxidation by ROO" and O2"". (a) Percent concentration decreases of PABA
with/without 50 ppm of 100 nm PS-NH2 over the elapsed experimental time under the conditions
of 20 uM PABA and 10 mM borate buffer. (b) Oxidized Mn concentrations with/without 0.5 pM
SOD with elapsed experimental time under the conditions of 0.1 mM MnClz, 10 ppm of 30 nm
PS-COOH, and 10 mM borate buffer. (¢) XPS Nls spectra of PS-NH: nanoplastics before and
after photolysis for 12 hr. (d) FTIR spectra of PS-NHa, before and after photolysis for 12 hr dried

on a Si wafer. The same amount of PS-NH2z solution was used for both cases. The FTIR spectra
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were plotted without any normalization of peak intensities, thus the peaks can be semi-
quantitatively compared. The peak indicating N-H bending is at 1602 cm™!. The zoomed-in image
in the right corner shows the N-H bending peak weakened after photolysis. The upwards peaks at
2160 and 2364 cm™! are from the FTIR spectra of the Si wafer. The peaks at 697 and 749 cm™' are
from benzene rings, the peaks at 1452 and 1485 cm™! correspond to C-H bending, and the peaks at
2980 and 3028 cm™! correspond to C-H stretching. The peaks of benzene rings and C-H also
weakened because of the photochemical degradation of nanoplastics. (¢) ROS generation pathways
during photolysis of R-NO:z and nitrite, provided by references 62 and 63. Error bars in (a-b)

represent standard deviations from at least triplicate tests.
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Figure 4. Morphologies of formed Mn oxide solids on 100 nm PS-COOH nanoplastics.
Representative STEM images of (a) 100 nm PS-COOH nanoplastics without photolysis, and (b
and c) Mn oxide solids formed by photolysis of a solution containing 0.1 mM MnClz, 10 ppm of
100 nm PS-COOH, and 10 mM borate buffer after 6 hr. Images show different spots at different
magnifications. (d—f) STEM-EDX elemental mapping of Mn, O, and C collected from (c). (g)
SAED patterns from the dash area in (c), confirm the formation of a-MnOsx. (h and i) STEM-EDX
elemental mapping of O, Mn, and C collected from the dash area in (b), indicating Mn oxide solids
formed surrounding the PS-COOH nanoplastics. For each condition, two TEM grids from

duplicated tests were prepared and at least five different spots in each TEM grid were measured.
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Figure 5. Comparison of crystalline phases and oxidation states of formed Mn oxide solids in the
presence of different sizes and functional groups of nanoplastics. (a) HRXRD spectra of Mn oxide
solids formed in four solutions: two solutions had different sizes of nanoplastics containing either
30 or 100 nm PS-COOH, 0.1 mM MnCl, and 10 mM borate buffer; two more solutions had
different functional groups of nanoplastics containing either 100 nm PS-NH:z or PS-bare, 0.1 mM
MnClz, and 10 mM borate buffer. (b-d) The average Mn oxidation state of XPS Mn 2p3/2 spectra
calculated via Gaussian—Lorentzian fitting of Mn oxide solids formed under conditions of (b) 30
nm PS-COOH, (c) 100 nm PS-COOH, and (d) 100 nm PS-NHa2. All solutions also contained 0.1

mM MnClz and 10 mM borate buffer. At least duplicate tests were conducted for each experimental

condition.
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