
1 

 

Pristine and Aged Microplastics Can Nucleate Ice 1 

Through Immersion Freezing 2 

Heidi L. Busse1, Devaka Dharmapriya Ariyasena1, Jessica Orris1, Miriam Arak Freedman1,2 3 

1 Department of Chemistry, The Pennsylvania State University, University Park, PA 16802, 4 

United States 5 

2 Department of Meteorology and Atmospheric Science, The Pennsylvania State University, 6 

University Park, PA 16802, United States 7 

KEYWORDS: Microplastics, ice nucleation, ozone, photooxidation, sulfuric acid, ammonium 8 

sulfate, immersion freezing, atmosphere  9 

ABSTRACT: Microplastics (MP) are ubiquitous in the environment; their atmospheric relevance 10 

is increasingly recognized. Because of their atmospheric concentrations, a question exists as to 11 

whether MP can act as ice nucleating particles in the atmosphere. This study investigates the 12 

immersion freezing activity of lab-prepared MP of four different compositions—low density 13 

polyethylene (LDPE), polypropylene (PP), poly(vinyl chloride) (PVC), and polyethylene 14 

terephthalate (PET)—using droplet freezing assays. The MP are also exposed to ultraviolet light, 15 

ozone, sulfuric acid, and ammonium sulfate to mimic environmental aging of the plastics to 16 

elucidate the role that these processes play in the ice nucleating activity of MP. Results show that 17 
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all studied MP act as immersion nuclei and aging processes can modify this ice nucleating activity, 1 

leading, primarily, to decreases in ice nucleating activity for LDPE, PP, and PET. The ice 2 

nucleating activity of PVC generally increased following aging which we attribute to a cleaning 3 

of chemical defects present on the surface of the stock material. Chemical changes were monitored 4 

with infrared spectroscopy (ATR-FTIR) and the growth of a peak at 1650-1800 cm-1 was 5 

associated with a decrease in ice nucleating activity while loss of an existing peak in that region 6 

was associated with an increase in ice nucleating activity. The studied MP have ice nucleating 7 

activities sufficient to be a non-negligible source of ice nucleating particles in the atmosphere if 8 

present in sufficiently high concentrations. 9 

ENVIRONMENTAL IMPACT STATEMENT: 10 

Minimal research exists on the role that microplastics can play as ice nucleating particles. This 11 

study reports that microplastics can act as ice nucleating particles and that environmental aging 12 

can significantly change their ice nucleating activity. 13 

INTRODUCTION: 14 

Microplastics (MP), defined as plastic particulates less than 5 mm in size, are a rapidly growing 15 

branch of research in plastic pollution as their ubiquity in marine, freshwater, soil, and, most 16 

recently, atmospheric environments are recognized. MP have been discovered in some of the most 17 

pristine environments on Earth including the Antarctic deep seas,1 the bottom of the Mariana 18 

Trench,2 the top of Mt. Everest,3 and fresh Antarctic snow.4 MP are also shown to have effects on 19 

human health.5–7  20 

Within MP, there is a subset of particles smaller than 100 µm that are atmospherically 21 

relevant.6,8–10 MP are aerosolized and entrained in the atmosphere through a broad range of 22 
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mechanisms. Continental atmospheric MP have been attributed to roadway activity in the western 1 

United States11 and bubble bursting has been shown as an effective method of MP aerosolization 2 

in sea spray aerosols.12 Recent studies have estimated that the rate of deposition of atmospheric 3 

microplastics could lie above 10 mg·m-2·day-1.11 Temporal studies have been conducted looking 4 

at ombrotrophic peat and lake cores in remote regions and have shown a >35-fold increase in 5 

atmospherically deposited MP entrained in the peat from the 1960s to the 2010s.6  6 

With the increasing prevalence of MP in the environment and, therefore, the atmosphere, 7 

concerns turn to the radiative forcing impacts that MP could have in the atmosphere. Current 8 

estimates of the aerosol radiation interactions (ARI) of MP fragments are -0.016 ± 0.089 W·m-2 9 

without secondary atmospheric feedback.13  In addition to the ARI of MP, studies have begun to 10 

investigate the potential of MP to modify cloud properties and contribute aerosol cloud interactions 11 

(ACI) to the overall radiative budget. Initial hypotheses posited that MP would not act as cloud 12 

condensation nuclei (CCN) due to their hydrophobicity.13 However, recent studies show that 13 

atmospheric aging and weathering processes can reduce MP hydrophobicity, increase their 14 

hygroscopicity, and make them potential candidates to act as CCN.14–16 Additionally, MP coming 15 

from marine and continental environments can have organic or biological coatings or have 16 

associated ions which can further increase their likelihood of acting as CCN.17  17 

MP also have the potential to contribute to ACI by acting as ice nucleating particles (INP). Ice 18 

nucleation in the atmosphere occurs either homogeneously or heterogeneously. Homogeneous 19 

freezing occurs without the aid of an INP and only occurs at or below around -38°C.18–21 20 

Heterogeneous ice nucleation occurs via INP which provide nucleation sites for an ice nucleus to 21 

form, reducing the energy barrier to the formation of a solid phase and, thereby, allowing for 22 

freezing to occur at warmer temperatures. Heterogeneous ice nucleation can occur through 23 
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multiple mechanisms (e.g. immersion, condensation, contact, and deposition/pore condensation 1 

freezing).18 Immersion freezing is of particular importance in the formation of mixed-phase 2 

clouds.22 In this mode of heterogeneous nucleation, the INP is immersed in a liquid water droplet, 3 

either through deliquescence or coalescence with a liquid droplet, prior to the freezing event.23  4 

MP can display many of the surface features that are integral for the promotion of ice nucleation 5 

including surface fractures, pores, the presence of surface hydroxyl and carbonyl functional 6 

groups, and large surface areas.14 Additionally, a previous study by Ganguly and Ariya looked at 7 

the heterogeneous ice nucleation of microplastics.24 This study used nanoplastic hydrosols 8 

(plastics dissolved in THF and then dispersed in water) to study immersion mode freezing of 9 

nanoplastics. The data show that heterogeneous nucleation occurs, as the T50 of solutions with 10 

HDPE hydrosols, LDPE hydrosols, and PP hydrosols were -17.3 ± 0.5°C, -15.1 ± 0.4°C, and -17.4 11 

± 0.0°C, respectively, compared to -21.0 ± 0.4°C for background freezing in this study. Although 12 

this study looked at nanoplastics in a model form that would not occur within the environment, it 13 

does mark micro- and nanoplastics as possible INP and indicates the need for experimental studies 14 

of the ice nucleation of MP in an environmentally relevant form. 15 

Here, we aim to address this pertinent gap in the literature and investigate the ice nucleation of 16 

MP in forms which are more directly motivated by MP found in the environment. Four common 17 

atmospheric MP were selected for study—low density polyethylene (LDPE), polypropylene (PP), 18 

poly(vinyl chloride) (PVC), and polyethylene terephthalate (PET).9,10,25–27 Additionally, four 19 

methods of aging were selected to mimic aging/weathering that MP might experience in the 20 

environment—oxidation via ozone, photooxidation with UV light, exposure to sulfuric acid, and 21 

exposure to ammonium sulfate (AS). With these systems, we investigate the ice nucleating activity 22 

of MP and the impact of environmental aging and weathering on their ice nucleating activity. 23 
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MATERIALS AND METHODS: 1 

Preparation of Microplastics. The plastics studied here—polypropylene (isotactic, average Mw 2 

~12,000, average Mn ~5,000, Sigma Aldrich), polyethylene (low density, Sigma Aldrich), 3 

poly(vinyl chloride) (Mw ~48,000, Sigma Aldrich), and polyethylene terephthalate (granular, 30% 4 

glass fiber, Sigma Aldrich)—were selected on the basis of the frequency of their appearance in 5 

studies of atmospheric microplastics.9,10,25–27 To prepare the MP, the commercially available 6 

plastic pellets or coarse powders (starting material form is shown in Figure S1) were milled using 7 

a cryomill (Retsch) to achieve a fine powder. The newly milled MP were sorted into rough size 8 

classes (i.e., 25-53 µm, 53-75 µm, 75-106 µm, >106 µm) with a series of mesh sieves. 9 

Additionally, a combined size class of MP was made by sieving only through the 106 µm mesh 10 

sieve. This size class was used for all aging treatments. Average particle sizes for the <106 µm 11 

size class for each plastic are shown in Table 1 and size distributions can be seen in Figure S2. 12 

Table 1. Feret diameters for each pristine 

plastic, <106 µm size class 

Plastic Average Feret diameter (µm) 
LDPE 29.0±16.9 
PP 18.8±18.7 
PVC 45.1±28.6 
PET 44.2±23.9 

Purification of PET Microplastics. PET was unable to be obtained commercially in a high 13 

purity form without the inclusion of glass fibers for reinforcement. The sample used contained 14 

30% glass fibers. After milling the plastic and size selecting <106 µm particles, the plastic and 15 

glass fibers had been almost entirely disassociated from each other (see Figure S3). This was not 16 

the case for PET MP >106 µm, as the glass fibers were still embedded in the PET. To remove the 17 

glass fibers from the sample, a density separation was performed. The powder was added to a vial 18 
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of chloroform and sonicated for 20 minutes. The vial was then left to settle for a period of at least 1 

48 hours after which the chloroform containing the suspended PET particles was decanted. This 2 

process was repeated two more times to ensure complete removal of the glass fibers. The 3 

chloroform was then evaporated off to leave the purified PET MP. Complete removal of the glass 4 

fibers was confirmed via optical microscopy. 5 

Aging/Weathering of Microplastics. Treatment of the MP included photooxidation, oxidation 6 

via ozone, exposure to aqueous sulfuric acid, and exposure to aqueous AS. These treatments were 7 

performed on the milled microplastics <106 µm.  8 

Treatment with ultraviolet (UV) light was completed with a broad spectrum metal halide lamp 9 

(ZooMed Power Sun H.I.D. Metal Halide UVB Lamp) chosen for its demonstrated similarity to 10 

the solar spectrum in previous studies.15 A fused quartz lid was used to prevent the accumulation 11 

of debris/dust on the plastics during the extended exposure time while not limiting the incident UV 12 

light. UV exposure was converted to equivalent days with an average annual sunshine hour value 13 

of 2614 h for Harrisburg, PA.28 The determined equivalent days of environmental aging is 14 

summarized in Table 2. 15 

Treatment with ozone was completed by flowing ozone from an ozone generator (Poseidon 200, 16 

Ozotech) through a glass chamber containing the MP. MP were spread in a thin layer on a glass 17 

slide prior to being put in the chamber and the chamber sealed. The ozone concentration was 18 

measured using an ozone analyzer (Ozone Analyzer, Model 430, Teledyne) downstream from the 19 

reaction chamber. Ozone exposure in equivalent days (see Table 2) was determined by fitting the 20 

downstream ozone concentrations over the exposure period to a logarithmic function and 21 

integrating this function over the time of the exposure to give a result in ppm·h. This result was 22 
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converted to equivalent days using a surface ozone concentration of 0.030 ppm, an intermediate 1 

value for the surface ozone concentration in the U.S.29  2 

Treatment with sulfuric acid and AS were completed by first making a sulfuric acid solution of 3 

pH 2 (0.01 N H2SO4, 0.005 M H2SO4) and then matching the concentration of the AS to give 4 

equivalent [SO4-2] (i.e., 0.005 M (NH4)2SO4). All solutions were prepared using the same UHPLC 5 

water used in the ice nucleation experiments (described below). MP were then added to the 6 

solutions and allowed to sit at room temperature for 72 hours with periodic stirring. Following the 7 

aging period, the MP were filtered from the sulfuric acid or AS solution and rinsed with UHPLC 8 

water to remove any residual sulfuric acid or AS from the MP.  9 

Ice Nucleation Experiments. Ice nucleation studies were completed using an immersion 10 

freezing chamber previously described by Alstadt et al.30 Suspensions of ~0.1 wt % of LDPE or 11 

PP and ~1 wt % of PVC or PET in ultrapure water (UHPLC, Fisher Scientific) were prepared for 12 

ice nucleation assays. Due to the hydrophobic nature of the MP, homogeneous suspensions of the 13 

Table 2. Conversion of simulated aging methods to estimated equivalent days of 

environmental aging for UV and ozone treatment of each plastic type 

Aging 
method  

Atmospheric condition 
used for conversion Ref. Aging conditions/ 

durations 

Environmental 
equivalent 
(days) 

Plastic(s) 
aged 

Ultraviolet 
(UV1) 

Daylight hours per 
year in Harrisburg, PA: 
2614 h 

[28] 

67 days/1608 h 225 PP 
68 days/1632 h 228 LDPE 
70 days/1680 h 235 PET 
77 days/1848 h 258 PVC 

Ultraviolet 
(UV2) 

Daylight hours per 
year in Harrisburg, PA: 
2614 h 

[28] 
111 days/2664 h 372 PVC 

177 days/4248 h 593 LDPE, 
PP, PET 

Ozone 
(O3) 

Representative surface 
ozone concentration 
for the U.S.: 0.030 
ppm  

[29] 
71.5 ppm·h 99 LDPE, 

PP, PVC 

55.6 ppm·h 77 PET 
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MP were difficult to achieve as the MP tended to aggregate on the water surface. To control for 1 

potential inconsistencies in the transfer of MP during pipetting due to this surface layer of MP, all 2 

solutions were prepared in 20 mL disposable scintillation vials with a volume of 3 mL. 3 

Additionally, LDPE and PP suspensions were prepared at lower concentrations to prevent the 4 

clogging of the micropipette tips while the less hydrophobic and more dense PVC and PET were 5 

able to be prepared at higher concentrations.  6 

The MP suspension was pipetted onto siliconized slides (Hampton Research) in 2.0 µL droplets 7 

and the slide was placed onto the cooling plate of the environmental chamber. The chamber was 8 

cooled via liquid nitrogen flowed through the copper cooling block which contained the cooling 9 

plate. Cooling was maintained at a rate of -3°C/min by controlling the flow rate of the nitrogen 10 

through the system. Additionally, a low flow rate of dry nitrogen gas flowed through the headspace 11 

of the chamber to prevent the accumulation of frost on the cooling block. This purge flow was 12 

sufficiently low to cause negligible evaporation of the droplets over the ~10 minute timescale of 13 

an experiment. 14 

LabView was used to image the droplets every 0.5°C or 0.1°C and record the temperature 15 

associated with each picture. The obtained images were further processed using ImageJ to 16 

determine the contrast of each droplet over the entire image series. A sudden drop in the contrast 17 

of a droplet indicated that freezing has occurred as the droplet goes from a reflective liquid droplet 18 

to an opaque solid droplet. MATLAB was used to further analyze the obtained contrast data and 19 

determine the cumulative frozen fraction, F(T), for each experiment using 20 

𝐹(𝑇) =
𝑛(𝑇)
𝑁  21 
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where n(T) is the total number of drops frozen on the slide at a given temperature and N is the total 1 

number of drops on the slide.31,32 Experiments for each sample were repeated until at least 100 2 

drops total were analyzed. The frozen fraction curve was determined for each run of ~30 drops 3 

and averaged across all trials run for each sample. The cumulative density of active nucleation 4 

sites per mL of suspension, K(T), was determined using 5 

𝐾(𝑇) = 	
−ln-1 − 𝐹(𝑇)/

𝑉  6 

where V is the volume of each droplet (i.e. 0.002 mL). The background freezing of the system was 7 

determined by running the purified water used in all following experiments and determining the 8 

associated K(T) and producing an exponential fit of the K(T) data. This Kbackground, fit(T) was used 9 

to correct the experimental K(T) by 10 

𝐾!"#$%&(𝑇) = 𝐾(𝑇) − 𝐾'"()*+,-./,123(𝑇) 11 

where Ksample(T) is the cumulative density of active nucleation sites associated only with the MP. 12 

The cumulative density of active nucleation sites was then further normalized to the mass of MP 13 

by 14 

𝑛#(𝑇) =
𝐾!"#$%&(𝑇)

𝐶  15 

where nm(T) is the number of active nucleation sites per gram of MP and C is the concentration of 16 

the suspension in g/mL.  17 

Characterization of MP. MP size distributions were characterized via optical microscopy with 18 

analysis in ImageJ, representative images used for size analysis can be seen in Figure S4. The 19 

average Feret diameters of each of the combined size classes of each plastic are shown in Table 1. 20 

Sizes of the MP in the separated size classes were confirmed via optical microscopy but size 21 
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distribution analysis was not performed on these samples. Chemical characterization of MP was 1 

performed with attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 2 

(Nicolet 6700 with Smart iTX, Thermo Scientific).  3 

RESULTS AND DISCUSSION: 4 

Impact of Microplastic Size on Ice Nucleation. Figure 1 shows the relationship between 5 

particle size and ice active site density, nm, for PVC, LDPE, and PP. The density of active sites for 6 

PP, LDPE, or PVC is not correlated with changing particle size. Large errors in the nm at warm 7 

temperatures for most MP are due to the early freezing of a few droplets out of the many analyzed. 8 

Additionally, discontinuities in some nm curves are indicative of where the ice nucleation of the 9 

MP was similar to that the of background freezing (e.g. PP 75-106 µm as seen in Figure 1). The 10 
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lack of a size effect on ice nucleation for the investigated size ranges supported the aging studies 1 

below being completed using the combined size class of particles <106 µm.  2 

Figure 1. Surface active sites per unit mass, nm, of a) LDPE, b) PP, and c) PVC MP for all available size 

classes. Omitted size classes are due to insufficient MP for data to be obtained. Shaded regions indicate 

uncertainty of ±1 standard deviation in nm across trials. PVC marked with * indicates a sample prepared 

at 1 wt %, all other samples were prepared at 0.1 wt %. 
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Aging Impacts on LDPE. Frozen fraction, surface active site density, and FTIR spectra for 1 

pristine and aged LDPE are shown in Figure 2. From these results, we can see that the ice 2 

nucleating activity of LDPE is unaffected by aging with sulfuric acid, ozone, or UV(68 days). A 3 

reduction in ice nucleating activity was observed for the longer period of UV aging with a shift in 4 

the median freezing temperature for a 0.1 wt % suspension from -23.7±0.2 °C for pristine LDPE 5 

Figure 2. a) Frozen fraction, b) FTIR, and c,d) nm for pristine (black), 68 days (light blue) and 177 

days (dark blue) UV-aged, ozone-aged (pink), sulfuric acid-aged (green), and ammonium sulfate-

aged (yellow) LDPE. Background freezing (gray) is also shown on (a). Shaded regions indicate 

uncertainty of ±1 standard deviation from the trials run for each sample. Note that only 2000-500 

cm-1 are shown in (b) for clarity and no changes were observed above 2000 cm-1. 
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to -24.8±0.8 °C for UV2 LDPE (see Figure 2a). This reduction is also apparent in the decrease of 1 

nm for UV2 LDPE as shown in Figure 2d. Most notably, LDPE shows a significant increase in ice 2 

nucleating activity following exposure to AS. This is the largest change observed of all plastics 3 

and treatments as the median freezing temperature for a 0.1 wt % suspension increased to –4 

19.5±0.1 °C. Spectral changes were only seen after 177 days of UV aging with the growth of a 5 

peak at 1710 cm-1. This peak is likely due to a carbonyl and indicates that oxidation occurred 6 

following extended exposure to UV light.33,34 There are no spectral changes for AS-exposed LDPE 7 

and it is uncertain what causes the large increase in ice nucleating activity.  8 

Aging Impacts on PP. Frozen fraction, surface active site density, and FTIR spectra for pristine 9 

and aged PP are shown in Figure 3. PP experienced significant decreases in ice nucleating activity 10 

following aging as can be seen by the complete loss of nucleation events, the onset of freezing is 11 

competing with that of background freezing, at temperatures above -22.2°C and -22.6°C following 12 

aging with sulfuric acid and ozone, respectively. No impact on ice nucleation was seen following 13 

treatment with UV for 67 days, however, continued exposure to UV up to a total of 177 days lead 14 

to a complete loss of ice nucleation above -18.7°C and a reduction in nm for all nucleation below 15 

this temperature. Spectral changes were observed for PP following treatment with ozone, UV (both 16 

67 days and 177 days), and sulfuric acid. These spectra all saw the growth of broad and ill-defined 17 

peaks in the 1650 to 1800 cm-1 region indicating the growth of a large variety of carbonyl 18 

environments as the plastic oxidized during the exposure to UV, ozone, and sulfric acid. 19 

Additionally, ozone, UV1, and UV2 saw the loss of a peak at 885 cm-1 which has been attributed 20 

to pendant-type unsaturations (R1R2C=CH2) which are eliminated following UV and ozone 21 

aging.35 In contrast to the other similartities between the spectra for UV- and ozone-treated PP, the 22 

spectrum following ozone treatment saw the growth of a peak at 1062 cm-1 although it is unclear 23 
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what this peak assignment is. H2SO4-aged PP has the appearance of a peak at 725 cm-1 which 1 

corresponds to CH2 rocking within the sidechains of the LDPE where the sidechain contains four 2 

or more methylene groups.36 The growth of this peak possibly indicates the growth in the length 3 

of the sidechains of LDPE following sulfric acid aging. Similarly as for LDPE, the growth of peaks 4 

Figure 3. a) Frozen fraction, b) FTIR, and c,d) nm for pristine (black), 67 days (light blue) and 177 

days (dark blue) UV-aged, ozone-aged (pink), sulfuric acid-aged (green), and ammonium sulfate-

aged (yellow) PP. Background freezing (gray) is also shown on (a). Shaded regions indicate 

uncertainty of ±1 standard deviation from the trials run for each sample. Note that only 2000-500 

cm-1 are shown in (b) for clarity and no changes were observed above 2000 cm-1. 
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in the 1650-1850 cm-1 region, potentially due to the addition of carbonyl groups following aging, 1 

is associated with a decrease in ice nucleating acitvity.  2 

Aging Impacts on PET. In contrast to LDPE and PP, PET saw large impacts on ice nucleation 3 

without any apparent changes to the IR spectra (see Figure 4). Aging with sulfuric acid and UV2 4 

Figure 4. a) Frozen fraction, b) FTIR, and c,d) nm for pristine (black), 67 days (light blue) and 177 

days (dark blue) UV-aged, ozone-aged (pink), sulfuric acid-aged (green), and ammonium sulfate-

aged (yellow) PET. Background freezing (gray) is also shown on (a). Shaded regions indicate 

uncertainty of ±1 standard deviation from the trials run for each sample. Note that only 2000-500 

cm-1 are shown in (b) for clarity and no changes were observed above 2000 cm-1. Dashed lines 

(black and light blue) correspond to samples analyzed at a 0.1 wt % concentration. 
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(177 days) saw the largest decreases in ice nucleation while treatment with ozone, AS, and UV1 1 

(70 days) saw a moderate decrease. Treatment with UV exposure for 70 days saw no aparent 2 

reduction in ice nucleation.   3 

Aging Impacts on PVC. Compared to the other plastics, PVC most consistently saw an increase 4 

in ice nucleating activity following aging treatments as is shown in Figure 5.  UV-, sulfuric acid-, 5 

Figure 5. a) Frozen fraction, b) FTIR, and c,d) nm for pristine (black), 67 days (light blue) and 177 

days (dark blue) UV-aged, ozone-aged (pink), sulfuric acid-aged (green), and ammonium sulfate-

aged (yellow) PVC. Background freezing (gray) is also shown on (a). Shaded regions indicate 

uncertainty of ±1 standard deviation from the trials run for each sample. Note that only 2000-500 

cm-1 are shown in (b) for clarity and no changes were observed above 2000 cm-1. 
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and AS-treated PVC saw an increase in ice nucleating activity at colder temperatures, although 1 

there were no changes in the warmer temperatures where freezing was observed. Treatment 2 

following ozone is the only aged sample of PVC that sees no change to ice nucleation. The loss of 3 

the 1017 cm-1 peak, which can be attributed to C-O, was observed for UV-, sulfuric acid-, and AS-4 

aged PVC, all of which experienced an increase in ice nucleating activity. Ozone-aged PVC did 5 

not see a change in ice nucleation and experienced a slight decrease in the intensity of the 1017 6 

cm-1 peak, but not a total loss. All aged samples saw a decrease in intensity and/or a broadening 7 

of the peak at 1737 cm-1 which we attribute to a loss of carbonyl groups or a change in their 8 

chemical environment. The presence of both the 1017 cm-1 and the 1737 cm-1 peaks are not 9 

expected for pristine PVC and may indicate that the plastic stock material contained contaminants 10 

or was surface oxidized prior to the milling into MP. PVC was purchased as a coarse powder rather 11 

than as nurdles (raw plastic material sized 5-10 mm) as was the case for all other plastics (see 12 

Figure S1) which would allow for a higher prevalence of surface oxidation to appear in the milled 13 

MP. The combination of the changes in the two peaks mentioned above may indicate that the aging 14 

procedures were cleaning the surface of these possible contaminants or oxidation products and is 15 

associated with an increase in ice nucleating activity.  16 

Comparison to Ice Nucleation of Other Systems. Similarly to Ganguly and Ariya,24 we see 17 

positive shifts in the median freezing temperatures of the MP suspensions when compared to the 18 

freezing of pure water. Their study overlaps with ours in the study of pristine LDPE and PP where 19 

their hydrosols exhibited a difference in median freezing temperatures of 5.9 ± 0.6°C and 3.6 ± 20 

0.4°C, respectively, from their background freezing as compared to our observed differences of 21 

4.1 ± 0.9°C and 4.1 ± 1.1°C, respectively. Additionally, they saw an increase in ice nucleating 22 

activity when their HDPE MP hydrosols were exposed to pH 3. The closest sample to HDPE in 23 
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this study is LDPE which did not experience an increase in ice nucleating activity following 1 

treatment with sulfuric acid at a similar pH (i.e. pH 2). However, here, we rinsed the MP of any 2 

sulfuric acid prior to ice nucleating experiments where Ganguly et al. ran their experiments at low 3 

pH. They also saw a change in hydrosol particle size with lower and higher pH to which they 4 

attribute to the increasing ice nucleating activity. However, direct comparisons between the 5 

Ganguly and Ariya study and the study here cannot be made as their nanoplastics are significantly 6 

smaller than the MP studied here. 7 

Additionally, a study by Teska et al. looked at the ice nucleating activity of fibers from worn 8 

clothing textiles and found that polyester (PET) fibers had an increase in median freezing 9 

temperature, ΔT50, of 5.0°C compared with background freezing.37 However, this high freezing 10 

activity was attributed to non-bacterial biological ice nucleating particles, as freezing dropped to 11 

around background freezing temperatures following H2O2 digestion, which deactivates any 12 

biological ice nucleating particles. This result stands in comparison to our pristine PET fragments 13 

which had a ΔT50 of 8.8 ± 1.1°C and 5.0 ± 1.1°C compared with background freezing at 1 wt % 14 

and 0.1 wt % concentrations compared with background freezing, respectively.  15 

The role of atmospheric oxidation and aging on the ice nucleating activity of INPs has been 16 

studied in many systems and is well established to play a large role in the activity of these INPs. 17 

Studies on kaolinite, montmorillonite, and Arizona test dust, well studied mineral dust INPs, have 18 

found that acid-treatment by nitric acid and/or sulfuric acid impairs the ice nucleating activity of 19 

the mineral dusts.38–40 Oxidative aging by UV and ozone has also been found reduce the 20 

concentration of INPs in experimentally generated sea spray aerosols.41  21 

Limitations of Study. Unfortunately, the challenges in producing a homogeneous suspension 22 

of the MP limits the comparisons that can be made between plastics and conclusions can only 23 
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confidently be stated comparing aging processes within a MP composition. Although no major 1 

differences in size were observed for the studied size classes, the impact of size may be larger for 2 

smaller and more atmospherically relevant sizes of MP.  3 

One of the largest limitations of this study is the lack of surface area data for the MP samples. 4 

Gas adsorption methods and BET analysis were unable to give reliable surface area data for the 5 

studied MP. Additional methods attempted included nano-computed tomography (nanoCT) and 6 

stereoscopic scanning electron microscopy (stereoSEM). The MP, however, were not resolvable 7 

through nanoCT due to their highly uniform nature and stereoSEM proved time consuming and 8 

high-resolution reconstructions were difficult and limited to the fact that a single particle 9 

constitutes each individual dataset. Surface area data may be able to provide better insight into the 10 

possible mechanism by which ice nucleation is impacted following aging as many of these aging 11 

techniques have been shown to have significant impacts on the surface roughness of plastic 12 

samples.  13 

Atmospheric Implications. Overall, all MP samples studied show some degree of ice 14 

nucleating activity. Aging of these plastics with UV, ozone, sulfuric acid, and AS showed mixed 15 

effects on ice nucleating activity, with increases observed for some plastics and decreases observed 16 

for others. Ozone-aging resulted in the fewest changes to ice nucleation, only causing decreases in 17 

ice nucleating activity for PP and PET. This result is unsurprising as unsaturation in the PP MP 18 

would likely only occur terminally, leaving few sites where ozone could react, and PET has been 19 

shown to have only limited, surface-based chain scission when exposed to ozone without UV.42 20 

Sulfuric acid and AS lead to the greatest changes in ice nucleating activity, leading to changes for 21 

all MP and highlighting the potential for atmospheric aging greatly impacting the ice nucleation 22 

of MP. UV also led to changes in ice nucleation for all MP, but only on the longer timescale. 23 
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However, MP emitted into the environment would likely experience even longer exposure to UV 1 

prior to reaching an atmospherically relevant size.  2 

On a broad scale, the aging of three of the four plastics studied (i.e., LDPE, PP, and PET) 3 

generally lead to either no change or a decrease in ice nucleating activity when compared to the 4 

pristine MP. PVC was the primary exception to this observation, aging resulted in no change or an 5 

increase in ice nucleating activity, which we attribute to the presence of contaminants or prior 6 

surface oxidation within the pristine plastic stock. This attribution is supported by the unexpected 7 

C=O and C-O peaks presented within the FTIR spectrum of the pristine plastic and the loss of 8 

those peaks with subsequent aging (see Figure 5). The other exception is AS-aged LDPE which 9 

has ice nucleating activity greater than that of pristine LDPE. No chemical changes following 10 

aging are observed through FTIR and we are unsure of what causes this large increase in ice 11 

nucleating activity. 12 

Importantly, MP have viability to be a perturbing force in atmospheric ice nucleation, with some 13 

samples studied here having very similar ice nucleating activity to mineral dust (i.e. kaolinite). 14 

Mineral dust aerosol particles nucleate ice in the temperature range of -12 to -33°C and make up 15 

50% of the contributions to ice formation in the atmosphere, making them a relevant INP to which 16 

to compare.43 Here, we used kaolinite as a proxy for mineral dust aerosol. Comparisons between 17 

the active site densities of pristine MP, aged-MP with an increase in ice nucleating activity 18 

following aging, and kaolinite are shown in Figure 6. AS-aged LDPE, the sample with the highest 19 

ice nucleating activity, showed freezing temperatures and active site densities equivalent that of 20 

kaolinite at some temperatures. 21 
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Mineral dust aerosol has large temporal and spatial variability which can make it difficult to 1 

make a direct comparison to MP, especially considering the limited reported data on the 2 

concentration of atmospheric MP. However, one location where comparable concentrations of MP 3 

and mineral dust aerosol particles are reported is over the Southern Ocean where concentrations 4 

of MP fragments are 7 ng·m-3 and 65 ng·m-3 for MP fibers.44 These concentrations are comparable 5 

to that of mineral dust at 0.1 µg·m-3 in the same region.45 Additionally, the concentration of MP in 6 

the atmosphere will increase in the future as environmentally entrained plastics continue to break 7 

down to sizes with sufficient atmospheric lifetimes. Overall, the role of MP as INP needs to be 8 

further studied to explore more diverse compositions and morphologies (i.e. films and fibers) of 9 

MP as well as impacts of common chemical additives to plastics such as plasticizers and colorants.  10 
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