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Method S1. Identification and quantification of methylsiloxanes 14 

The methylsiloxanes and their derivatives were identified and quantified using a method outlined in our 15 

previous studies (Yao et al., 2022, 2023). The identification relied primarily on the ratio between the main 16 

peak and the isotope peaks at m/z of main+1 and main+2, as demonstrated in Method Section. The 17 

identified methylsiloxanes consisted mainly of small cyclic volatile methylsiloxanes (cVMS, 18 

(Si(CH3)2O)n, D3–Dn) and their positively charged fragments (C2n-1H6n-3OnSin
+, denoted as D3f–Dnf), 19 

which were formed through the loss of one –CH3 group during ionization (recent research suggests this 20 

process occurs in two steps (Worton et al., 2023)). Additionally, the monomer diol dimethylsilanediol 21 

(DMSD, Si(CH3)2(OH)2) and its fragment ((CH3)2(OH)Si+, referred to as DMHS+) were detected and 22 

included in the analysis. Hydroxylated methylsiloxanes (C2n+1H6n+4On+2Sin+1, D2T
OH–DnT

OH) and their 23 

corresponding fragments (C2nH6nOn+2Sin+1
+, labeled as D2T

OHf–DnT
OHf) were also identified and 24 

quantified. For clarity and ease of interpretation, the fragmented methylsiloxanes and hydroxylated 25 

methylsiloxanes were combined with relevant main cVMS. 26 

To minimize interference from other compounds occurring either the same m/z as the main peak or as the 27 

isotope peaks, the quantification employed a correction based on the ratios between the isotope peak to 28 

the main peak, as elucidated in our prior research (Yao et al., 2022, 2023). While most of the detected 29 

ratios between the first isotope peak and the main peak (labeled (M+1)/M) corresponded to the theoretical 30 

value, deviations could still be observed. If the (M+1)/M ratio exceeds the theoretical ratio, it is assumed 31 

that the main peak has less interference, and that interfering compounds are likely present on the first 32 

isotope peak. Conversely, if (M+1)/M is less than the theoretical ratio, but still significantly higher than 33 

expected for CHON hydrocarbons, interfering compounds might be present at the m/z of the main peak. 34 

The total concentration of the methylsiloxanes is calculated based on the peak with less interference. The 35 

concentration of the main or isotope peak is divided by the theoretical mass fraction of this specific peak 36 

in the total mass (including the main peak and all isotope peaks). Sometimes the ratios between the second 37 

isotope peak and the main peak (M+2)/M were higher than the theoretical ratios. This is probably due to 38 
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the fact that hydroxylated methylsiloxanes occur at roughly the same m/z as the second isotope peak. To 39 

quantify hydroxylated methylsiloxanes, the mass of the second isotope peak of the corresponding cVMS 40 

is estimated based on theoretical M/(M+2) ratios and subtracted from the higher peak at m/z + 2. For the 41 

purpose of this study, the fragmented methylsiloxanes and hydroxylated methylsiloxanes were combined 42 

with the relevant main cVMS in the calculation and presentation of the results. 43 

The particulate matter sampling and PTR-MS measurements were carried out by different researchers at 44 

different periods, resulting in variations in mass resolution and working conditions of the equipment. As 45 

a result, the detected methylsiloxanes showed slight differences in subsequent discussion. However, the 46 

overall identification of methylsiloxanes and their derivatives remained consistent, and the trends 47 

observed in thermal desorption and depolymerization were also similar. In addition, the high m/z (> 400) 48 

molecules may experience a slight underestimation according to transmission curves, attributable to the 49 

inevitable effects of detector aging in PTR-MS. 50 

  51 
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Note S1. Methylsiloxanes in particulate matter samples collected in Lithuania 52 

Methylsiloxanes and derivatives, including fragments, were identified in particulate matter samples 53 

collected from coastal, urban, and forest regions in Lithuania. The concentrations of organic aerosols 54 

(OA) and methylsiloxanes (DMHS+, DMSD, D3–D9) are shown in Figs. S1–S3. 55 

 56 

 57 

Fig. S1. Concentrations of (A) organic aerosols and (B) methylsiloxanes in particulate matter 58 

samples collected from a coastal site (Preila) in Lithuania. 59 

  60 
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 61 

Fig. S2. Concentrations of (A) organic aerosols and (B) methylsiloxanes in particulate matter 62 

samples collected in the city of Vilnius in Lithuania. 63 
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 65 

Fig. S3. Concentrations of (A) organic aerosols and (B) methylsiloxanes in particulate matter 66 

samples collected from forests (Rugsteliskis) in Lithuania. 67 

  68 
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Note S2. Methylisiloxanes in particulate matter samples collected in the Netherlands 69 

Methylsiloxanes and derivatives, including fragments, were identified in particulate matter samples 70 

collected from rural regions of the Netherlands. The concentrations of OA and methylsiloxanes (DMHS+, 71 

DMSD, D3–D9) are shown in Fig. S4. Verification of D3–D9 was established through the evaluation of 72 

the ratios between isotope peaks and main peaks, thereby confirming their presence. DMHS+ and DMSD 73 

were exclusively identified by their m/z ratio, but their presence was confirmed as monomeric fragments 74 

of larger methylsiloxanes during the analysis of methylsiloxane standard samples. They are usually 75 

present in small amounts. However, in certain samples collected in the Netherlands, the levels of DMHS+ 76 

and DMSD were notably high, indicating the possible presence of other compounds with the same m/z 77 

ratios. Consequently, only the validated D3–D9 components were considered for the calculation, whereas 78 

DMHS+ and DMSD were disregarded in this specific dataset for the Netherlands, potentially leading to a 79 

slight underestimation. 80 

 81 

Fig. S4. Concentrations of (A) organic aerosols and (B) methylsiloxanes in particulate matter 82 

samples collected from rural regions (Cabauw) in the Netherlands.  83 
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Note S3. Methylisiloxanes in particulate matter samples collected in São Paulo, Brazil 84 

Methylsiloxanes and derivatives, including fragments, were identified in particulate matter samples 85 

collected from urban regions in São Paulo, Brazil. The concentrations of OA and methylsiloxanes 86 

(DMHS+, DMSD, D3–D10) are shown in Fig. S5. 87 

 88 

 89 

Fig. S5. Concentrations of (A) organic aerosols and (B) methylsiloxanes in particulate matter 90 

samples collected from urban regions in São Paulo, Brazil. 91 
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Note S4. Thermal desorption and depolymerization of methylsiloxanes 93 

 94 

Fig. S6. Thermal desorption and depolymerization of methylsiloxanes from particulate matter filter 95 

samples in São Paulo, Brazil. Concentrations of various methylsiloxanes as a function of desorption 96 

temperature in (A) tunnel and (B) urban particulate matter. Fraction of various detected methylsiloxanes 97 

in the total methylsiloxane content for (C) tunnel and (D) urban particulate matter. 98 
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Figures S7–S8 present representative mass spectra of aerosols from urban and coastal regions in 100 

Lithuania. Methylsiloxane and hydrocarbon peaks are several orders of magnitude higher than those of 101 

other compounds, allowing for their identification and quantification with minimal interference from 102 

CHONS compounds. 103 

 104 

 105 

Fig. S7. Representative mass spectra of aerosols from an urban region in Lithuania. 106 

 107 
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 108 

Fig. S8. Representative mass spectra of aerosols from a coastal region in Lithuania. 109 

  110 



 

 

S12 

Before analysis, PTR-MS is calibrated using multi-component standard gases to establish a transmission 111 

curve (Holzinger, 2015; Worton et al., 2023). These standard gases contain compounds with different 112 

molecular weights and known concentrations. The calibration process involves introducing the standard 113 

gases into the PTR-MS, measuring the corresponding mass spectral signal intensities, and deriving a 114 

transmission curve that quantifies the relationship between concentration and signal intensity. For sample 115 

analysis, PTR-MS signal intensities are converted into ppb concentrations in the N2 carrier gas based on 116 

this transmission curve. 117 

 118 
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 119 

Fig. S9. Transmissions of PTR-MS for the measurements conducted in this study. (A) Netherlands. 120 

(B) Brazil. (C) Lithuania. 121 

  122 
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Note S5. Air mass back trajectories at the Cesar Observatory, Netherlands 123 

Three-day air mass back trajectories were computed using HYSPLIT model (Stein et al., 2015) at a 100 124 

m arrival height for the receptor site at the Cesar Observatory, Netherlands, as shown in Fig. S10. 125 

Sampling was conducted in two distinct periods within each season throughout 2011–2012. 126 

 127 

 128 

Fig. S10. Three-day air mass back trajectory computed at a 100 m arrival height for the receptor 129 

site at the Cesar Observatory, Netherlands during 2011–2012: (A) Spring, (B) Summer, (C) Fall, and 130 

(D) Winter. 131 
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Note S6. Methylsiloxanes and long-chain hydrocarbons in atmospheric aerosols 133 

 134 

Fig. S11. Scatter plot and linear regressions of methylsiloxanes versus C23–C38 hydrocarbons in 135 

tunnel and atmospheric particulate matter. The tunnel particulate matter was collected in São Paulo 136 

(Brazil, BR), while ambient samples include atmospheric particulate matter collected in São Paulo, 137 

Lithuania (LTU), and the Netherlands (NL). 138 
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Method S2. Inhalation rates of methylsiloxanes, PFAS, and micro-/nanoplastics in atmospheric 140 

particulate matter 141 

The calculation of the 24-hour inhalation rate can be expressed as follows: 142 

𝐼𝑅 = 𝑉 × 𝐶 (𝑆1) 143 

where V refers to the daily air inhalation volume for the child or adult, and C refers to the mass 144 

concentration of pollutant in the air. 145 

Previous research has suggested that 24-hour inhalation volumes for various age groups can be effectively 146 

represented by log-normal probability density functions (PDFs) (Allan and Richardson, 1998). These 147 

distributions are characterized by arithmetic mean values and standard deviations as follows: 148 

approximately 9.3 ± 2.4 m3 day−1 for toddlers, 14.6 ± 3.0 m3 day−1 for children, 15.8 ± 3.7 m3 day−1 for 149 

teenagers, 16.2 ± 3.8 m3 day−1 for adults, and 14.2 ± 3.3 m3 day−1 for seniors (Allan and Richardson, 1998; 150 

Stifelman, 2007). An existing study used a lognormal distribution for adult and normal distribution for 151 

child (Mohamed Nor et al., 2021). In this study, we employed log-normal distribution, and the age groups 152 

were amalgamated into two categories, i.e., child (toddlers, children, and teenagers) and adult (adults and 153 

seniors). Specifically, the distribution of each group was first discretized into 10000 data points, and the 154 

two categories were then combined using the Monte Carlo method. The ensuing ranges, subsequently 155 

presented, pertain to the 90% confidence interval. 156 

Methylsiloxanes present within atmospheric particulate matter can be inhaled along with the particulate 157 

components. Consequently, the inhalation rate can be estimated based on the methylsiloxanes 158 

concentrations obtained in this study, as shown in Fig. 4a. Notably, the actual inhalation rates should be 159 

higher, given that only methylsiloxanes desorbing from filter samples at temperatures below 350 °C were 160 

considered herein. In the context of PFAS, their detection through chemical analysis in the literature is 161 

typically reported in mass concentration (Evich et al., 2022), which can directly be used in Equation S1. 162 

Based on recent statistical insights (Faust, 2023), an estimation of inhalation rates of PFAS through 163 
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atmospheric particulate matter was attained, as shown in Fig. 4b. In the case of micro- and nanoplastics, 164 

first their mass concentrations were estimated as explained in Model S1, and then the inhalation rates 165 

were determined using Equation S1. 166 

  167 
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Model S1. Mass concentration of micro- and nanoplastics 168 

Microplastics are typically categorized within the size range of 1 to 5000 μm, whereas plastic particles 169 

smaller than 1 μm are commonly denoted as nanoplastics. Since most studies report micro- and 170 

nanoplastics in terms of particle numbers per cubic meter (MP m−3), their mass concentrations are not 171 

readily available. Previous research estimated the inhalation rates of microplastics in the size range of 1–172 

5000 μm (Mohamed Nor et al., 2021). However, not all microplastic sizes within this range are inhalable, 173 

and nanoplastics were frequently disregarded. 174 

Recent studies have given more insights into the properties of micro- and nanoplastics by reporting 175 

probability density functions of particle size and various other characteristics. These continuous 176 

distributions can be incorporated into the Monte Carlo method. Based on these probability density 177 

functions, we estimated the human inhalation rates of micro- and nanoplastics with sizes below 10 um 178 

using Monte Carlo simulations, as follows: 179 

𝐶𝑚𝑎𝑠𝑠 = 𝐶𝑛𝑢𝑚𝑏𝑒𝑟 × ∑ ( ∑ 𝑉(𝑑)

10 𝜇𝑚

1 𝜇𝑚

× )

𝑀𝑜𝑟𝑝ℎ𝑜𝑡𝑦𝑝𝑒

×
1

1 − 𝑃𝑀1/𝑃𝑀10
(𝑆2) 180 

where Cmass refers to distribution of mass concentrations of micro- and nanoplastics, Cnumber refers to 181 

distribution of number distribution of microplastics, Morphotype refers to the percentage of microplastics 182 

of different shapes, V(d) refers to the particle volume distribution calculated based on the shapes and size 183 

distribution (d) between 1–10 μm, ρ refers to density distribution, PM1/PM10 refers to the distribution of 184 

mass ratio between PM1 and PM10 of micro- and nanoplastics. 185 

 186 

Model S1.1 Particle number concentration of microplastics 187 

For microplastics concentrations, we mainly consider studies based on active sampling, primarily due to 188 

the rapid settling behavior of larger particles. This tendency could potentially lead to differences between 189 
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particulate matter suspended in the air (aerosol) and those that settle on the ground (dust). Moreover, large 190 

particles cannot be inhaled into the lungs. The inhalation rates would be overestimated if passive sampling 191 

results were included. Additionally, existing results from the literature are insufficient to effectively 192 

deduce concentration distributions, as some of the concentrations were summarized as ranges. 193 

Drawing from recent studies, microplastic levels in both indoor and outdoor air were reported within the 194 

range of 0.01 to 5650 MP m−3 (Revell et al., 2021; Allen et al., 2022). Notably, concentrations are lower 195 

in rural and marine areas, e.g., 0.9 MP m–3 in the outdoor air of rural Paris, 0.06–1.37 MP m–3 across the 196 

North Atlantic Ocean, South China Sea, Indian Ocean, and Western Pacific Ocean. Conversely, higher 197 

concentrations were found close to urban areas, e.g., 5650 MP m–3 in outdoor air in Beijing (Li et al., 198 

2020). A recent study adopted 100 MP m−3 as a global average to calculate direct radiative effects (Revell 199 

et al., 2021), and another study employed 36.3 MP m–3 as the median concentration (Mohamed Nor et al., 200 

2021). Considering these insights, we selected 36.3 MP m–3 and 100 MP m−3 as the median and mean 201 

concentrations, and we presumed a log-normal distribution of the concentration. Based on this, the 202 

parameters of the log-normal distribution can be determined to be 3.592 and 1.423 for arithmetic mean 203 

value and standard deviation, and the Monte Carlo method was employed. The minimum and maximum 204 

values 0.01 MP m–3 and 5650 MP m–3 from literature were also shown in Fig. 4c as extreme cases for 205 

comparison. 206 

 207 

Model S1.2 Particle number concentration of nanoplastics 208 

The prevalence of particle number concentrations in microplastics research has established Fourier-209 

transform infrared spectroscopy (FTIR) and Raman spectroscopy as pervasive methodologies. However, 210 

widely utilized methods such as FTIR and Raman encounter limitations in accurately measuring 211 

nanoplastics due to size constraints. Specifically, micro-Fourier transform infrared (μFTIR) is constrained 212 

to sizes down to 11 μm, μRaman to 2 μm, FTIR to 10 μm, and Raman to 1 μm (Revell et al., 2021; Allen 213 
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et al., 2022; Xu et al., 2019; Zheng et al., 2021; Caputo et al., 2021; Mitrano et al., 2021; Cai et al., 2021; 214 

Velimirovic et al., 2021a). These limitations make the detection of nanoplastics challenging, leading to a 215 

limited understanding of their number concentrations. 216 

Pyrolysis-based mass spectrometry methods have gained prominence in response to increasing interest in 217 

the field (Picó and Barceló, 2020; Ivleva, 2021; Velimirovic et al., 2021b). However, their potential is 218 

offset by challenges such as complexity and time-intensive procedures compared to the more prevalent 219 

and expedient FTIR and Raman techniques. Furthermore, the prevalent reporting of number 220 

concentrations over mass concentrations by microplastics researchers has constrained the adoption of 221 

pyrolysis-based methods. Consequently, the availability of these methodologies has not resulted in a 222 

commensurate increase in related scientific publications. 223 

Aerosol researchers possess a strategic advantage in nanoplastics analysis compared to those in water and 224 

soil studies. Recent breakthroughs, facilitated by size separation methods in aerosol science, have resulted 225 

in significant advancements, enabling the quantification of nanoplastics using pyrolysis-based mass 226 

spectrometry methods (Kirchsteiger et al., 2023; Sheng et al., 2023). However, these two studies reveal 227 

divergent concentration ranges, with one in the ng m⁻³ range and the other in the pg m⁻³ range. 228 

Several previous studies have already employed pyrolysis-based mass spectrometry methods to assess 229 

microplastics in total particulate matter (PM, without size separation), PM10, and PM2.5 (Peñalver et al., 230 

2021; Goßmann et al., 2023; Costa-Gómez et al., 2023; Mizuguchi et al., 2023; Fan et al., 2022; Luo et 231 

al., 2023). Given the particle size cutting has only an upper limit, the measured microplastics actually 232 

encompass nanoplastics. However, the number of existing studies is very limited, and these studies 233 

reported mass concentrations of airborne microplastics (and nanoplastics) across six to seven orders of 234 

magnitude, also from pg m⁻³ to sub-µg m⁻³, suggesting potential overestimation and underestimation 235 

contingent on methods and strategies employed by distinct research groups. Divergences could arise from 236 

differences in mass peak recognition and correction methods, necessitating further research for fair 237 
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comparison and evaluation. Due to the very limited existing studies and the insufficient maturity of the 238 

pyrolysis-based mass spectrometry methods, it is too early to summarize global average mass 239 

concentrations of microplastics or nanoplastics based on the results from pyrolysis-based methods. As a 240 

result, we still estimate the mass concentrations of microplastics and nanoplastics based on the modeling 241 

method, and the estimation of mass concentrations of nanoplastics described in Model S1.7. 242 

 243 

Model S1.3 Morphotype 244 

Micro- and nanoplastics were found to encompass various morphotypes, including fibers, beads, and 245 

films. Recent investigations report the median frequencies of fibers, fragments, and films as 246 

approximately 60%, 35%, and 20%, respectively (not normalized to unity; normalized to 52.2%, 30.4%, 247 

and 17.4%) (Revell et al., 2021). Since films are relatively less prevalent than other morphotypes, and 248 

information regarding their size distribution remains limited, they were omitted from subsequent analyses 249 

(Kooi and Koelmans, 2019). To bridge this gap, we presume the median frequencies to be a composite of 250 

50% fragments and 50% fibers (Revell et al., 2021). 251 

 252 

Model S1.4 Aspect ratio 253 

To simplify the calculations, all fragments of micro- and nanoplastics were treated as spheres during 254 

computations. Meanwhile, fibers were considered as cylinders. According to a previous study, the length 255 

(L) and diameter (D) of the fiber are related according to the following equation (Revell et al., 2021): 256 

𝐷 = 𝐴 log (1 +
𝐿

𝐵
) (S3) 257 

where A = 6 μm and B = 30 μm (Revell et al., 2021). 258 

 259 
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Model S1.5 Size distribution 260 

In previous studies, the size distributions of microplastics were found to align well with the gamma 261 

distribution (Revell et al., 2021). For fragments, a gamma distribution with the shape parameter of 2 and 262 

the scale parameter of 15 μm was assumed. For fiber lengths, a gamma distribution was applied with a 263 

shape parameter of 2.5 and a scale parameter of 250 μm. Some studies have also advocated for a log-264 

normal size distribution (Kooi and Koelmans, 2019; Koelmans et al., 2020). Another has proposed that 265 

the size distribution of the microplastic particle size often follows to a power law with a negative exponent 266 

(Koelmans et al., 2022). This specific study suggested a size median of 20 μm within the range of 1–5000. 267 

Although the debates persist, we opted to employ the gamma distribution for our analysis. 268 

Microplastics encompass a range of particle sizes from 1 to 5000 μm; however, only particles smaller 269 

than 10 μm (PM10) can be inhaled, and those below 2.5 μm (PM2.5) have a higher probability to enter the 270 

lungs. In this study, inhalable micro- and nanoplastics were considered to be smaller than 10 μm. 271 

 272 

Model S1.6 Density distribution 273 

Microplastic polymers exhibit a density range spanning approximately 0.8–2 g cm–3, with the most 274 

prevalent density around 1 g cm–3. An environmentally relevant microplastic particle on average has a 275 

weight of 12.5 μg, a volume of 0.011 mm3 and a density of 1.14 g cm–3 (Koelmans et al., 2022). According 276 

to another study, the density ranges from 0.86 g cm−3 for polyethylene to 1.38 g cm−3 for polyethylene 277 

terephthalate and polyvinyl chloride (Revell et al., 2021). Furthermore, an alternate study indicated the 278 

density distribution of microplastics conforming to the normal-inverse Gaussian shape, characterized by 279 

α = 75.1, β = 71.3, δ = 0.097, and μ = 0.84 (Kooi and Koelmans, 2019). In this study, the normal-inverse 280 

Gaussian shape was adopted for computational purposes. 281 

 282 
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Model S1.7 Estimation of nanoplastic mass concentration 283 

Earlier investigations documented PM2.5/PM10 ratios ranging from 0.44 to 0.85 in different regions of the 284 

world (Querol et al., 2008), 0.6 (Eeftens et al., 2012) and 0.44–0.90 (Putaud et al., 2010) in Europe, and 285 

0.65 in China (Zhou et al., 2016), highlighting a certain variability in this ratio. Likewise, PM1/PM10 ratios 286 

have been reported to range from 0.15 to 0.47 in diverse regions of the world (Querol et al., 2008). 287 

Currently, there is no clear evidence that nanoplastics have either higher or lower concentrations than 288 

microplastics. Consequently, we posit that nanoplastics are ubiquitous constituents in atmospheric 289 

aerosols, with a similar PM1/PM10 ratio as ambient particulate matter. The coefficient for converting 290 

microplastic mass concentrations into the total (including micro- and nanoplastic) mass concentrations 291 

can be computed as follows: 292 

𝜂 = (1 +
𝑃𝑀1

𝑃𝑀10 − 𝑃𝑀1
) =

1

1 − 𝑃𝑀1/𝑃𝑀10
(S4) 293 

where the PM1/PM10 ratios were presumed to conform to a triangular probability distribution 294 

characterized by values a = 0.15 (lower limit), b = 0.31 (maximum), and c = 0.47 (upper limit). 295 

 296 

Model S1.8 Inhalation volume 297 

Micro- and nanoplastics themselves are forms of particulate matter, distinguishing them from 298 

methylsiloxanes and PFAS, which represent potential chemical constituents that might exist within 299 

atmospheric particulate matter. The inhalation volume estimated from Method S2 is applicable to micro- 300 

and nanoplastics. Employing the Monte Carlo method, we proceed to calculate inhalation rates by 301 

synthesizing the distribution of inhalation volumes, incorporating the mass concentration distribution of 302 

micro- and nanoplastics, as well as the maximum and minimum concentrations for comparison. 303 

 304 
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Model S1.9 Differences from other models 305 

We have drawn certain assumptions from several preceding modeling studies. One of these studies 306 

investigated the role of micro- and nanoplastics as cloud condensation nuclei (CCN) or ice-nucleating 307 

particles (INPs), influencing cloud formation (Aeschlimann et al., 2022). Another study assessed direct 308 

radiative impacts of airborne microplastics, predominantly focusing on larger microplastic particles while 309 

somewhat overlooking smaller counterparts (Revell et al., 2021). These studies, while providing valuable 310 

insights, differ slightly from our hypotheses due to divergent focal points. Our research places a distinct 311 

emphasis on smaller-sized particles, with a focus on deriving mass concentrations from particle counts. 312 

  313 
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Model S2. Aerosol surface tension and large molecular methylsiloxanes 314 

Large molecular methylsiloxanes possess very low surface tension, and their presence in atmospheric 315 

aerosols may influence aerosol surface properties. To illustrate this, we designed a conceptual experiment: 316 

assuming the aerosol as a spherical particle, the hydrophobic large molecular methylsiloxanes are 317 

expected to reside in the oil phase, thereby altering the oil–water interfacial balance. On this basis, we 318 

consider how large molecular methylsiloxanes could affect aerosol surface tension, their ability to act as 319 

cloud condensation nuclei (CCN), and the potential magnitude of such impacts. 320 

Model S2.1 Existing observations on aerosol surface tension and CCN activation 321 

The presence of organic coatings on atmospheric droplets contributes to a reduction in surface tension, 322 

leading to increased CCN activation (Cruz and Pandis, 1998; Ruehl et al., 2012, 2016) and amplifying 323 

cloud albedo effects(Facchini et al., 1999). Early studies measured surface tension, reporting values such 324 

as 60.9–72.3 mN m−1 for fog in Dübendorf, Switzerland (Capel et al., 1990), 67.2 mN m−1 for wet aerosol 325 

and cloud/fog droplets in the Po Valley, Northern Italy (Facchini et al., 2000), an average of 69.3 mN m−1 326 

and a minimum of 60.6 mN m−1 for cloud water collected at the Rax mountain in central Europe 327 

(Hitzenberger et al., 2002), 64.4–71.3 mN m−1 for cloud water in Jeju Island, South Korea (Decesari et 328 

al., 2005), and 52 mN m−1 for particulate matter in the Amazon basin (Mircea et al., 2005). However, 329 

these early studies focused solely on the surface tension of the aqueous phase (cloud water, fog) or the 330 

water-extracted fraction of particulate matter, neglecting water-insoluble (hydrophobic) organic matter 331 

and underestimating the surface tension of ambient particulate matter (Baduel et al., 2012; Lee and 332 

Tivanski, 2021). Incorporating water-insoluble organic matter, the surface tension of ambient particulate 333 

matter was found to be 30 mN m−1 in summer and 35–45 mN m−1 in winter in Grenoble, France (Baduel 334 

et al., 2012), 32–40 mN m−1 on the Baltic Coast at Askö, Sweden (Gérard et al., 2016), and 49 mN m−1 335 

for North Atlantic marine air masses in Ireland (Ovadnevaite et al., 2017). Similarly, water-insoluble 336 
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methylsiloxanes and long-chain hydrocarbons can impact the surface tension of atmospheric particulate 337 

matter. 338 

 339 

Model S2.2 Density of methylsiloxanes and hydrocarbons 340 

The density of water is around 1 g cm−3 at room temperature. Meanwhile, the density of PDMS is around 341 

0.97 g cm−3 at room temperature and decreases with decreasing the molecular weight, e.g., 0.950 g cm−3 342 

for D4, 0.954 g cm−3 for D5, 0.963 g cm−3 for D6 at 25 °C. Notably, PDMS exhibit significant 343 

hydrophobicity, which means that PDMS will separate and float on the water when combined with water. 344 

Similarly, hydrocarbons are also hydrophobic, and the densities of hydrocarbons are also lower than water 345 

at room temperature and increase with increasing molecular weight, e.g., 0.626 g cm−3 for C5H12, 0.730 g 346 

cm−3 for C10H22, 0.825 g cm−3 for C20H42, 0.883 g cm−3 for C30H62, and 0.914 g cm−3 for C40H82. 347 

 348 

Model S2.3 Oil film formation 349 

The evolution of an oil drop on the water surface can be described by the spreading coefficient equation 350 

as follows (Harkins, 1952; Winoto et al., 2014; Soloviev et al., 2016): 351 

𝑆 = 𝜎𝑤/𝑎 − 𝜎𝑜/𝑎 − 𝜎𝑜/𝑤 (𝑆5) 352 

where S denotes the spreading coefficient, and σw/a, σo/a, and σo/w represent the surface tension of water, 353 

the surface tension of oil, and the interfacial tension between oil and water, respectively. When S >= 0, 354 

the oil droplet has no equilibrium state and can completely spread, or “wet,” the air-water interface. 355 

The surface tension of water (σw/a) is 72 mN m−1. The surface tension of PDMS (σo/a) was reported in 356 

previous studies, e.g., on average 18.9 mN m−1 (Gaines, 1969), 15.7–20 mN m−1 (Kanellopoulos and 357 

Owen, 1971), Siloxane surface tension 20.5–23.5 mN m−1 (Ananthapadmanabhan et al., 1990), 19–21 358 

mN m−1 (Vudayagiri et al., 2013), and 19.9 ± 0.5 mN m−1 (Chen et al., 2019). The interfacial tension 359 
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between PDMS and water (σo/w) without surfactants was reported in previous studies, e.g., 41.8–44.0 mN 360 

m−1 (Kanellopoulos and Owen, 1971), 37.8–50 mN m−1 (El‐Hamouz, 2007), and ∼32 mN m−1 (Nowak 361 

et al., 2016). According to the aforementioned data, the spreading coefficient (S) for PDMS and water is 362 

above 0, indicating that PDMS will spread across the droplet surface if present. 363 

Furthermore, additional surfactants can influence the interfacial tension between PDMS and water 364 

(Ghorbanizadeh and Rostami, 2017), and surfactants are very common in atmospheric aerosols. Literature 365 

reports have detailed the interfacial tension between PDMS and water (σo/w) in the presence of various 366 

surfactants, e.g., 10 mN m−1 for sodium dodecyl sulphate (SDS) (Kanellopoulos and Owen, 1971), 7.2–367 

9.9 mN m−1 for SDS and NaCl (Kanellopoulos and Owen, 1971), 14.7–38.9 mN m−1 for SDS and Fatty 368 

alcohols or silanols (Kanellopoulos and Owen, 1971), ∼25 mN m−1 for Nigrosine solution (Nowak et al., 369 

2016), and ∼9 mN m−1 for sodium lauryl ether sulphate solution (Nowak et al., 2016). The presence of 370 

surfactants further amplifies the spreading coefficient (S) between PDMS and water, underscoring that 371 

methylsiloxanes within particulate matter are inclined to envelop the droplet surface. 372 

Similarly, long-chain hydrocarbons from lubricants also have the potential to influence the surface tension 373 

of traffic-emitted particulate matter. The surface tension of hydrocarbons (σo/a) demonstrates a reduction 374 

with an increase in molecular weight, e.g., 15.9–27.2 mN m−1 for C5–C16 increased with carbon at 22 °C 375 

(Goebel and Lunkenheimer, 1997), and 25.2–28.8 mN m−1 for crude oil (Winoto et al., 2014). The 376 

interfacial tension between hydrocarbons and water (σo/w) without surfactants was also reported in 377 

previous studies, e.g., 50–55 mN m−1 for n-hydrocarbons and water (Kanellopoulos and Owen, 1971), 378 

50–53 mN m−1 for C6–C12 alkane and water at 25 °C (Zeppieri et al., 2001), 50.9–55.2 mN m−1 for C5–379 

C16 hydrocarbons and water (Goebel and Lunkenheimer, 1997), and 18.4–27.4 mN m−1 for crude oil and 380 

water (Winoto et al., 2014). Furthermore, the interfacial tensions between hydrocarbons and water (σo/w) 381 

with different surfactants were reported in literature, e.g., 19.3–22.3 mN m−1 for petroleum and water with 382 

silicone polyether additives (Fraga et al., 2012), 11–20 mN m−1 to nearly 0 for crude oil and water with 383 
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dispersants (Brandvik et al., 2019). The spreading coefficient (S) of hydrocarbons and water is usually 384 

greater than 0, which means that hydrocarbons can expand on the water surface. 385 

As evidenced by previous studies, organic compounds are more likely to be present in the surface layer 386 

rather than in the bulk of the droplet (Ruehl et al., 2016), suggesting that methylsiloxanes and long-chain 387 

hydrocarbons could potentially coexist with other water-insoluble organics in the surface layer, as 388 

illustrated in Fig. 4D. Assuming particulate matter as spherical, the ratio between two times the thickness 389 

and the sphere's diameter ranges from 0.003 to 0.007. This ratio decreases during the water absorption 390 

process facilitated by CCN. A key question arises about the complete envelopment of particulate matter 391 

or droplets by methylsiloxanes and long-chain hydrocarbons. As discussed earlier, the surface layer 392 

contains other organic matter suspended on the water, a significant fraction of organic aerosol mass, 393 

including methylsiloxanes and long-chain hydrocarbons. The overall surface tension of particulate matter 394 

or droplets depends on the combined surface tension of methylsiloxanes, long-chain hydrocarbons, and 395 

other organic matter suspended on the water. Both methylsiloxanes and long-chain hydrocarbons possess 396 

characteristics to participate the coverage, including lower density than water, hydrophobic traits, low-397 

than-zero spreading coefficient, and remarkably low surface tension. Without considering other light 398 

hydrophobic organic matter, methylsiloxanes together with long-chain hydrocarbons will be enough for 399 

an extensive surface layer to envelop particulate matter or droplets. 400 

 401 

Model S2.4 Large molecular methylsiloxanes altering aerosol surface tension and CCN 402 

The ability of aerosol particle to act as a CCN is given by its critical supersaturation. The critical 403 

supersaturation for cloud droplet activation can be estimated by finding the maximum of the Köhler 404 

equation (Equation S6) (Petters and Kreidenweis, 2007): 405 

𝑆𝑐(𝐷) =
𝐷3 − 𝐷𝑑

3

𝐷3 − 𝐷𝑑
3(1 − 𝜅)

𝑒
4𝜎𝑠/𝑎𝑀𝑤

𝑅𝑇𝜌𝑤𝐷 (S6) 406 
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where Sc(D) is the water vapor saturation ratio above the surface of an aqueous solution droplet, D is the 407 

diameter of the droplet (nm), Dd is the dry particle diameter (nm), κ is the hygroscopicity parameter (-), 408 

σs/a is the surface tension of the solution/air interface, Mw is the molecular weight of water (18 g mol−1), 409 

R is the universal gas constant (8.314 J K−1 mol−1), T is temperature (e.g., 298.15 K), ρw is the density of 410 

water (1 g cm−3). Particles with a lower Sc are more likely to become cloud droplets. 411 

Methylsiloxanes and long-chain hydrocarbons derived from lubricants may significantly lower the surface 412 

tension of aerosols (or droplets). This reduction in surface tension lowers the Sc required for cloud droplet 413 

activation (Equation S6), thereby increasing the likelihood that these particles will act as cloud 414 

condensation nuclei (CCN). If all other factors remain unchanged, and the surface tension of aerosols 415 

decreases from 72 mN m−1 to 20 mN m−1 due to the presence of large molecular methylsiloxanes, the 416 

Sc(D) value would decrease by as much as e72/20 ≈ 37 times, i.e., by more than an order of magnitude. 417 

This would significantly enhance the likelihood of aerosols acting as cloud condensation nuclei. As a 418 

result, even hydrophobic particles may contribute to cloud formation. Given the widespread occurrence 419 

of methylsiloxanes and long-chain hydrocarbons in atmospheric particulate matter, their potential to 420 

enhance CCN concentrations could suppress precipitation and increase cloud albedo (Rosenfeld et al., 421 

2014), representing a potentially important but underrecognized influence on climate. However, the 422 

magnitude of this impact remains unknown. Experimental confirmation of their enhancement of CCN 423 

activity and, if applicable, quantification of their regional and global effects on cloud microphysics and 424 

precipitation patterns requires further investigation. Additionally, atmospheric processing of 425 

methylsiloxanes may further alter the aerosol, warranting further study. 426 

  427 
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