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Abstract

In this paper, the effects of microplastics on sulfate formation under different oxidation paths in
atmospheric media were studied. Based on two typical oxidation pathways of hydrogen peroxide (H20:)
and ozone (03), the regulation of microplastics on sulfate formation mechanism was investigated. The
effects of pH value, microplastic dosage and the ratio of S (IV) to oxidant on the promotion of sulfate
formation by microplastics were analyzed. The promotion mechanism was discussed by measuring the
active species such as hydroxyl radical (*OH) and superoxide radical (*Ox), combined with material
characterization methods. The results showed that both polyvinyl chloride (PVC) and polystyrene (PS)
could promote the formation of sulfate in different degrees under the oxidation conditions of H>O> and
O3, and showed different rules under the influence of the above factors. Both of them can promote the
decomposition of H20: and Os to generate free radicals, and the formation mechanism of sulfate is
driven by adsorption and free radical reaction. In terms of adsorption characteristics, PVC is more
likely to adsorb S (VI), while PS shows a stronger adsorption tendency for S (IV).
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1. Introduction

During severe haze events, atmospheric sulfur dioxide (SO2) concentration increases significantly,
mainly originating from fossil fuel combustion. Liu et al. (2017). Studies indicate that approximately
half of SO is converted into sulfate. Adams et al. (2005). Sulfate formation mainly includes gas-phase
and aqueous-phase processes. In the gas-phase reaction, SO; reacts with hydroxyl radicals (*OH) to
form sulfuric acid (H2SOs4), which is a critical pathway. Calvert et al. (1983). The produced gaseous
H>SO4 adheres to pre-existing aerosol surfaces or forms new particles under high relative humidity,

thereby increasing aerosol concentration and cloud condensation nuclei (CCN) number, further
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influencing direct and indirect radiative effects. In the aqueous phase, SO dissolves in droplets to form
S(IV) (including SO2*H>0, HSO3", and SO3*), which is subsequently oxidized by soluble oxidants such
as hydrogen peroxide (H20z), ozone (O3), oxygen (O2) catalyzed by transition metal ions (TMIs), and
nitrogen dioxide (NO2) to form sulfate aerosols. Shen et al. (2014). Among these, H>O is an important
oxidant for SO»t0-SO4* conversion due to its high solubility in cloud droplets. In contrast, Os
solubility is about 17 orders of magnitude lower than that of H»O», leading to a much lower
concentration in fog droplets. Seinfeld et al. (1998).

Solution pH significantly affects the aqueous-phase conversion of SO to sulfate. Under atmospheric
conditions, at pH 4.5-5.0, the reaction rate of S(IV) with Oz is considerably lower than that with H>O»,
so the contribution of the O» pathway to sulfate formation can be neglected. Cheng Y et al. (2012).
However, recent studies suggest that this reaction mechanism may be severely underestimated in
environments with heavy haze and dust pollution . Chameides et al. (1992). Under acidic conditions
(pH <5-5.3), the reaction between S(IV) and H»O: is the dominant sulfate formation mechanism
(Peeling & Clark, 1983); at higher pH (5-5.3), sulfate is mainly produced via the reaction of S(IV) with
Os.

2. Research design

2.1 Screening of PVC (Polyvinyl Chloride) and PS (Polystyrene)

A total of 40 mL of ultrapure water was first sonicated for 30 minutes, and then purged with argon gas
at a flow rate of 40 mL-min™' for 30 minutes to eliminate the interference of dissolved oxygen on the
experiment. Subsequently, 80 mg of Na>SO3 was added and slowly stirred until completely dissolved.
Under airtight conditions, the solution pH was rapidly adjusted to 5 with NaOH/HCI. After adding 160
uL of H>O> with a concentration of 9.79x102 mol-L"!, 5 mg of different microplastics (PVC, PS, PET,
PE) were added separately, and the mixture was slowly stirred to form a stable suspension. Samples
were collected at 0, 30 s, 1 min, 2 min, 5 min, and 10 min. After filtration through a 0.22 um aqueous
membrane filter, appropriate amounts of 0.1 mol-L™' BaCl, and HCl were sequentially added to the
samples, and the mixture was allowed to stand to generate BaSO4 precipitates. The precipitates were
separated by vacuum filtration with a 0.22 um aqueous membrane filter. The obtained BaSO4 was then
calcined in a muffle furnace at 1123 K for 2 hours, cooled, and weighed to record the data. The effects
of the four microplastics on sulfate formation via the H>O; oxidation pathway were expressed by the
Enhancement Factor (EF):

_ mBaSO4micrap[astics_mBaS04(H2 0y)

1
mBaSO, )

EF(PE) = 0.30, EF(PET) = 0.46, EF(PS) = 0.43, and EF(PVC) = 0.75. A comparison of the
enhancement efficiencies of the four microplastics under the H-O: oxidation pathway showed that PVC
exhibited the strongest catalytic effect, followed by PET and PS, while PE showed the weakest effect.

Therefore, PVC and PS were selected as the main research objects for subsequent experiments.
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2.2 Experimental Methods

(1) H202 Oxidation Pathway

40 mL of terephthalic acid (PTA) solution (10° mol-L™") was added into a beaker, followed by the
addition of two types of microplastics (PVC and PS), respectively. Samples were taken as blanks, and
then 160 pL of 7.5% H:0: was added. Samples were collected at 1 min, 2 min, and 5 min, and
measured using a molecular fluorescence spectrometer at an excitation wavelength of 315 nm and an
emission wavelength of 335 nm.

(2) O3 Oxidation Pathway

40 mL of terephthalic acid (PTA) solution with a concentration of 10-6 mol-L-1 was added into a
beaker, followed by the addition of polystyrene (PS) and polyvinyl chloride (PVC) microplastic
samples, respectively. The mixture without ozone aeration was first collected as the blank control.
Subsequently, Os was continuously bubbled into the solution at a flow rate of 50 mL-min-1, and
samples were taken at 1 min, 2 min, and 5 min. All samples were analyzed using a molecular
fluorescence spectrometer with an excitation wavelength of 315 nm and an emission wavelength of 335
nm, and the corresponding fluorescence intensity data were recorded.

(3) Determination of Free Radicals

Hydroxyl Radical (*OH)

40 mL of terephthalic acid (PTA) solution (10-6 mol-L-") was added into a beaker, followed by the
addition of two types of microplastics (PVC and PS), respectively. Samples were collected as blank
controls, and then 160 pL of 7.5% H:0. was added. Samples were taken at 1, 2, and 5 min, and
detected by a molecular fluorescence spectrometer at an excitation wavelength of 315 nm and an
emission wavelength of 335 nm.

Superoxide Radical (<Oy2)

40 mL of nitrotetrazolium blue chloride (NBT) solution (10¢ mol-L™') was added into a beaker,
followed by the addition of polystyrene (PS) and polyvinyl chloride (PVC) microplastics, respectively.
After collecting the initial sample as a blank control, 160 pL of H>O: solution (9.79%1072 mol-L™") was
added, and samples were collected at 0 s, 30 s, 120 s, and 160 s. The samples were finally measured by
a UV-Vis spectrophotometer at a wavelength of 290 nm.

X-ray Photoelectron Spectroscopy (XPS)

To analyze the changes in surface elemental composition and chemical states of microplastics before
and after sulfate adsorption, the samples were vacuum-dried at 333 K, and then tested using an
ESCALAB 250Xi X-ray photoelectron spectrometer equipped with a monochromatic Al Ko radiation

source. The obtained data were processed and analyzed for peak fitting using XPS Peak software.
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3. Results and Discussion

3.1 Effects of PVC and PS on Sulfate Formation via HO: and O3 Oxidation Pathways under Different
Conditions

The pH of aerosol water is a key factor affecting the sulfate formation rate within aerosols. This is
because H20: exhibits strong oxidizing capacity under acidic conditions but weak oxidizing capacity
under alkaline conditions, resulting in a significant trend of sulfate formation rate with changing pH.
However, in the real atmospheric environment, aerosols exist in various states including steady and
unsteady states, leading to uneven pH distribution and further increasing the complexity of this process.

Rood et al. (1989).
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Figure 1. Under different pH Conditions of the Reaction Solution, the Effects of (a) PVC and (b)
PS in the H,O; Oxidation Pathway, and (c) PVC and (d) PS in the O; Oxidation Pathway on

Sulfate Formation

In the H20> oxidation pathway, the effects of PVC and PS on the sulfate formation rate show distinct
pH-dependent patterns (Figure. 1a, b). The difference is that at pH 3-7, the promotion efficiency of PS
on sulfate production increases with rising pH, whereas under alkaline conditions, it decreases with
further increasing pH (Figure 1b). In the O3z oxidation pathway, the experimental results of PS at
different pH values are generally consistent with those of PVC. However, unlike PVC, the promotion
efficiency of PS on sulfate formation at pH 3 is significantly higher than that of PVC under O3
oxidation. This suggests that microplastics may enhance sulfate yield by promoting O3 decomposition
to generate new reactive species. Nevertheless, this process is strongly influenced by pH, and its
promoting effect is relatively limited compared with the oxidation of O; itself, thus leading to a

different pH-dependent trend.
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Figure 2. Under Different Dosage Conditions, the Effects of (a) PVC and (b) PS on Sulfate
Formation in the H,O: Oxidation Pathway; and the Effects of (c) PVC and (d) PS on Sulfate

Formation in the O3 Oxidation Pathway

With constant dosages of H>O2 and sodium sulfite, the enhancement factors (EF) of PVC and PS for
sulfate formation exhibited an upward trend with increasing microplastic loading (Figure. 2a, b). This
was mainly attributed to the larger contact area between microplastics and dissolved O3 in solution at
higher microplastic concentrations, which favored the generation of more radicals. Meanwhile, the
adsorption effect of microplastics also contributed to the enhancement efficiency. However,
experimental results showed that the enhancement efficiency decreased slightly when the PVC dosage
exceeded 15 mg Figure. 2c, d).
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Figure 3. Effects of (a) PVC and (b) PS on Sulfate Formation in the H,O; Oxidation Pathway
under different H>SO3:H202/03 ratios; and Effects of (c) PVC and (d) PS on Sulfate Formation in

the O3 Oxidation Pathway
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Under the condition of H>O: alone (Fig. 3a, b), with a fixed content of Na>SOs, the sulfate yield
increased after adding PVC or PS compared with the blank group, but its enhancement efficiency
decreased continuously with increasing oxidant ratio. According to gas—liquid mass transfer theory, a
higher O3 concentration favors its transfer from the gas phase to the liquid phase, thereby increasing the
dissolved O; content in the liquid and further promoting sulfate formation. Since PVC can promote O3
decomposition to generate radicals, the sulfate yield under its action is higher than that in the system
with only Os.

Therefore, in the O3 oxidation pathway, the enhancement efficiencies of PVC and PS for sulfate
formation generally increased with increasing O; ratio (Figure. 3c, d). Compared with other
microplastics, the benzene-ring structure in PS is easily attacked by Os. Peeling (1983)[9], forming C-O
and O-H groups via oxidation Yang et al (2018)[10]. This process consumes a portion of O3 and PS,
reducing the total amount of O3 and radicals available for sulfate oxidation. As the O; ratio continues to
rise, the consumption of PS by the reaction intensifies, causing its enhancement efficiency to decline
after an overall increase, showing a trend of slow initial rise followed by a decrease.

3.2 Formation Mechanism of Promoted Sulfate
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Figure 4. Temporal Variation of *OH Generated by Microplastics-promoted H:0:: (a) Standard
Curve, (b) PVC, (c¢) PS; and Temporal Variation of Hydroxyl radicals (*OH) Generated by Os: (d)
Blank Control, (e) PVC, (f) PS

The blank group contained only H>O» (Figure. 4b, c), and the results showed that it could not
decompose spontaneously to produce *OH. However, after the addition of PVC or PS, microplastics
significantly promoted the decomposition of H2O» to generate *OH, as shown in reactions (1-1), (1-2),

(1-3), and (1-4) Kroll et al (2018)[11]:

H2 02-’2'0[‘[ (2)

SO, ++OH—HOSO, (3)

HOSOE+O3—>SO3+H02 (4)
208
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SO;+H,0—H,S0, (%)
The high promotion efficiency of PVC for sulfate formation in the H>O» oxidation pathway mainly
stems from its ability to continuously catalyze the decomposition of H>0> to produce hydroxyl radicals
(*OH). In contrast, PS shows a weaker promoting effect in this pathway because it only induces the
generation of a small amount of radicals within a short time. In the O3 oxidation system, the addition of
both PVC and PS can further promote the decomposition of O3 to form *OH, and the yield of *OH
increases with prolonged reaction time. The promoting effect of PS on O3 decomposition is stronger
than that of PVC, which explains why PS exhibits a higher enhancement efficiency for sulfate

formation in the O3 oxidation pathway.
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Figure 5. Temporal Variation of Superoxide Radicals (*O2") Generated via the
Microplastic-promoted H,O: Oxidation Pathway:(b) PVC, (c)PS, and(d) Concentration Versus
Time Plot. Temporal Variation of Superoxide Radicals (*O2") Generated Via the O3 Oxidation
Pathway: (e) Blank Control, (f) PVC, (g) PS, and (h) Concentration Versus Time Plot

In the blank experiment, only the same concentration of H>O> was added, and the results showed that
H:0: itself did not decompose to produce superoxide radicals (¢O2).However, after the addition of
PVC or PS, microplastics significantly promoted the decomposition of H>O> to generate *O>".The
reaction equations for *O; are shown in (1-5), (1-6), and (1-7) Kroll et al. (2018):

0H+H202—>‘H02+H20 (6)
HO,—+05+H" 7
SOy ++07—0,500" (®)

After the addition of PVC or PS to the H>O; system, the generation of *O>” showed no obvious time
dependence. At the initial stage of microplastic addition, the *O2" concentration increased rapidly to a
relatively high level and then rose only slightly over time (Figure 5d). This indicates that PVC and PS
significantly promoted the decomposition of H>O> to produce O only within a short period, after
which the *Os concentration tended to be stable.In the control experiment with only the same

concentration of O3 added (Figure 5g), O; itself was found to decompose to generate *O;". The addition
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of PVC or PS further accelerated the *O2 production from Os decomposition (Figures Se and 5f). After
subtracting the background contribution of Os (Figure 5h), it can be seen that PVC and PS continuously
catalyze the decomposition of O3 to produce *O, with the yield increasing over time, thereby

continuously promoting the formation of sulfate.
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Figure 6. XPS Spectra of Different Elements on the Surface of PVC and PS Materials before and
after the Reaction: under the H>O: Oxidation Pathway (a) C, (b) Cl, (¢) S for PVC; (d) C, (e) S

for PS; under the O3 Oxidation Pathway (f) C, (g) Cl, (h) S for PVC; (i) C, (j) S for PS

Under the condition of H>O; oxidation, no sulfur signal peak was detected on the surface of the original
PVC (Figure.6a), and there was still no sulfur signal after reaction with SO,. After adding H20O>, the
characteristic peaks of S (IV) and S (VI) appeared on the surface of PVC (Figure.6c¢), indicating that
SO: was dissolved in water to generate SO3%-, which was oxidized to SO4> by free radicals catalyzed by
H202 and PVC in the solution, and finally adsorbed by PVC. Further support this process. The
mechanism of PS forming sulfate is consistent with that of PVC (Figure.6d, e).

Existing studies have pointed out that aqueous chlorine radicals (aq CI' and aq Cl>™) are also highly
active oxidants Lei et al. (2019), which can be directly or indirectly generated in environmental water
bodies Nadtochenko et al. (1998). It has been reported that aqCl® can be produced indirectly by the
reaction of hydroxyl radical (*OH) with chloride (Cl") De et al. (2006). In the mixed system containing
PVC, H20: and S (IV), PVC not only promotes the decomposition of H>O» to generate *OH and <Oy,
but also the Cl atoms in its structure can react with *OH to generate aqueous chlorine radicals, thereby
further improving the yield of sulfate. This mechanism may explain that in a variety of microplastics,
PVC has a particularly significant effect on sulfate generation under the H>O> oxidation path.

In contrast, the adsorption capacity of PS to S (IV) is much higher than that of S (VI). This may be
because S (IV) first occupies a large number of adsorption sites on its surface and is not easy to desorb,
resulting in the gradual accumulation of sulfate on the surface and the decrease of surface activity.

In the Os oxidation path, after adding PVC or PS, SO> dissolved in water to form SOs*, which was then
oxidized to SO4* by free radicals promoted by Os and microplastics, and finally adsorbed on the

surface of the material. Compared with the H>O> system, although the content of Cl element in the
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process increased slightly, it did not actually participate in the reaction, which may be the reason why
the promotion effect of PVC under the O3 oxidation path was weak. At the same time, the increase of O
element content in this system was significantly higher than that of S element, indicating that more S
(VI) (SO4*) was generated, which also explained that the promotion efficiency of PS on sulfate

formation was higher than that of PVC under O3 oxidation conditions.

4. Conclusion

In this paper, the effects of microplastics (PVC, PS) on sulfate formation in different oxidation
pathways (H202 and Os3) were discussed. Under the condition of H>O: oxidation, the adsorption
capacity of PVC to S (VI) was significantly stronger than that of S (IV), while the adsorption of PS to S
(IV) was more prominent. There are two main reasons why PVC is superior to PS in promoting sulfate
formation in H>O» system. First, although both of them can catalyze the decomposition of H20> to
produce reactive oxygen species (*OH and *O>"), PVC can promote the continuous production of *OH
in the system, and PS only induces a small amount of *OH in the short term. Second, the Cl-released
from PVC during H20O> oxidation can react with *OH to form an aqueous chlorine radical (aqCl’),
which further enhances the formation of sulfate. In the O3 oxidation pathway, the promotion efficiency
of PVC and PS on sulfate formation was regulated by many factors such as pH, dosage and the ratio of
reducing agent to oxidant. The study of the two oxidation pathways shows that PVC and PS have
different advantages in different systems : under the H>O> oxidation pathway, PVC promotes the
formation of sulfate more significantly ; under O3 oxidation conditions, PS showed higher promotion

efficiency.
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