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ABSTRACT: 23 

This study examines atmospheric oxidation and gas-particle partitioning of cooking-emitted 24 

organic aerosols. Using a Potential Aerosol Mass (PAM) flow reactor coupled with a Filter Inlet 25 

for Gases and AEROsols and a Chemical Ionization Mass Spectrometer (FIGAERO-CIMS), we 26 

monitored chemical composition, volatility distribution, and partitioning behavior under realistic 27 

conditions. A key aspect was applying high-resolution mass spectrometry within a two-28 

dimensional volatility basis set (2-D VBS) framework to mechanistically analyze aerosol evolution. 29 

Experiments identified a two-stage particle formation: primary emissions rapidly produced fine 30 

particles (~10 nm) within two hours of oxidation, followed by secondary aerosol formation (30–31 

50 nm) after 0.5–1 day of atmospheric aging. Oxidation products were primarily semi-volatile and 32 

intermediate-volatility organic compounds (S/IVOCs), shifting systematically toward semi-33 

volatile organic compounds (SVOCs) over time, despite stable average molecular weight and 34 

oxidation state. Using Positive Matrix Factorization (PMF), we classified compounds by volatility 35 

and oxidation degree, identifying molecular markers for each stage. Highly oxidized small organic 36 

acids (≤C3) and C7–C10 multi-generation products were significant, showing moderate 37 

volatility and high oxidation states. A major finding was non-equilibrium gas-particle partitioning, 38 

strongly dependent on molecular class. Small organic acids and fragmentation products neared 39 

equilibrium, whereas first-generation oxidation products (C3–8O3–4) and large, non-fragmented 40 

compounds (>C14O5) exhibited kinetic limitations due to particle-phase diffusion constraints. This 41 

work enhances understanding of cooking aerosol behavior and provides a basis for improving 42 

emission inventories and air quality models. 43 

44 

Key Words: Secondary Organic Aerosol, Semi-volatile Organic Compounds, Intermediate-45 

Volatility Organic Compounds, Gas-particle partitioning, FIGAERO CIMS, Cooking Emission 46 

47 
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1. INTRODUCTION48 

Secondary organic aerosols (SOA) constitute a major component of submicron atmospheric49 

particles on both global and regional scales. (Hallquist et al., 2009) Anthropogenic SOA, 50 

particularly prominent in densely populated regions, originate from and exert considerable impacts 51 

on human society(Guo et al., 2020). While emissions from industrial and transportation sectors 52 

have been increasingly regulated under clean-air initiatives, cooking emissions—associated with 53 

specific lifestyles—are emerging as significant sources of atmospheric volatile organic compounds 54 

(VOCs), semi-/intermediate-volatility organic compounds (S/IVOCs), and SOA precursors. 55 

Moreover, cooking represents a persistent source of indoor emissions in households, catering 56 

facilities, and restaurants, and accounting for over 20% of indoor activity time. Notably, indoor 57 

SOA formation may pose greater health risks than outdoor SOA in urban settings, given the 58 

substantial amount of time people spend indoors. Additionally, cooking emissions exhibit high 59 

spatial heterogeneity across urban areas, with emission profiles and environmental impacts varying 60 

considerably by regional culinary practices, leading to substantial uncertainties in emission 61 

estimates(Zhu et al., 2021). Therefore, effective clean-air policies aimed at mitigating cooking 62 

emissions require precise quantification of both emission characteristics and atmospheric 63 

transformation pathways.   64 

    Current research on cooking emissions has primarily focused on quantifying primary gaseous 65 

and aerosol components, along with variations linked to culinary practices. Key influencing factors 66 

encompass dish type (e.g., Eastern vs. Western cuisines, domestic cooking styles), ingredient 67 

profiles (food and oil varieties), and cooking conditions (oil temperature, seasoning usage, etc.). 68 

The gas phase is dominated by short-chain carbonyls and aliphatic acids, whereas the particle 69 

phase is rich in long-chain aliphatic acids. Other weakly oxygenated species derived from thermal 70 

decomposition and ingredient–oil interactions—such as sterols and polycyclic aromatic 71 

hydrocarbons (PAHs)—also contribute significantly to aerosol composition. (Lin et al., 2021) 72 

These emissions demonstrate strong SOA formation potential in urban, suburban, and even indoor 73 

environments. (Zeng et al., 2020;Guo et al., 2023) However, the gas-particle partitioning of 74 

organic compounds during the transformation of cooking emissions remains poorly understood, 75 

primarily due to the complexity and dynamic evolution of organic composition throughout 76 

emission and aging processes. This knowledge gap represents a major challenge in atmospheric 77 

chemistry. Since gas-particle partitioning directly influences the environmental and health impacts 78 
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of both primary and secondary organic aerosols, a mechanistic understanding of this process is 79 

essential for accurate risk assessment and effective air quality management. 80 

In recent years, non-targeted analysis has advanced significantly for characterizing complex 81 

environmental mixtures in the absence of comprehensive calibration data. (Schymanski et al., 82 

2015;Song et al., 2023a) This approach enables the extraction of diagnostic features from high-83 

resolution mass spectrometry data to infer molecular characteristics and transformation pathways 84 

without prior structural knowledge. (Mazur et al., 2021) Widely applied in atmospheric science, 85 

non-targeted methods facilitate the identification of organic species from diverse sources and their 86 

environmental behaviors. (Song et al., 2023b;Pozza et al., 2023;Röhler et al., 2020;Hashimoto et 87 

al., 2022). While most techniques rely on chromatographic separation with high chemical 88 

resolution but limited temporal resolution. (Song et al., 2023b;Yang et al., 2023) This study 89 

integrates non-targeted analysis with high-resolution chemical ionization time-of-flight mass 90 

spectrometry (HR-ToF-CIMS) coupled to a Filter Inlet for Gases and Aerosols (FIGAERO). By 91 

employing matrix factorization and ordinal analysis, we aim to resolve the compositional features 92 

and gas–particle dynamics of cooking aerosols during oxidation, thereby elucidating the 93 

quantitative and compositional evolution of cooking-derived SOA under atmospheric conditions.  94 

2. MATERIAL AND METHOD95 

2.1. Flow tube experiment setup. Flow tube oxidative evolution experiments of cooking96 

emissions were conducted in a domestic lifestyle emission laboratory utilizing a Go:PAM 97 

Oxidation flow reactor (OFR) (Wang et al., 2021). The detailed information for the experiments 98 

were reported in the previous work (Yu et al., 2022). In brief, the Go:PAM reactor operates under 99 

mode OFR254 which generates OH from reaction between O(1D) radical, formed by photo-100 

oxidation of ozone under ultraviolet dissociation at 254 nm, and water vapor, representing 101 

oxidation process dominated by OH radical and ozone at low NOx concentration(Peng and Jimenez, 102 

2020). Thus, during the experiment, OH exposure in the Go:PAM system was controlled by 103 

varying ozone concentration from the ozone generator, relative humidity from the humidifier, and 104 

the experimental sample gas flow rate through the Go:PAM reactor. OH exposure is estimated 105 

using empirical equations in OFR recommended by Peng et al(Peng et al., 2016). Cooking 106 

experiments were conducted in a custom-made fry pan directly connect to pure nitrogen as carrier 107 

gas to avoid interference of high NOx in ambient air on radical oxidation. Emissions were 108 

generated by heating corn oil to 120~130 °C, representing the evolution of widely used cooking 109 
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oil during typical domestic cooking activities in both Eastern and Western cooking 110 

types(Abdullahi et al., 2013;Bandowe et al., 2021). Detailed experimental conditions are presented 111 

in section S1 in Supplement Information 1. 112 

2.2. Instrumentation setup. For oxidative conditions in the Go:PAM reactor, ozone 113 

concentration are monitored using Thermo® model 49i ozone analyzer. Organic species in the gas 114 

phase, including precursors and low-molecular-weight oxidation products, are quantified on-line 115 

using VOCUS-PTR instruments. Particle size distribution before and after Go:PAM oxidation are 116 

measured by two Scanning Mobility Particle Sizer (SMPS) systems, before one consist of  TSI® 117 

model 3080 DMA & model 3776 CPC and after one model 3082 DMA & model 3772 CPC. 118 

Particle density measurement adopted Cambustion® Centrifugal Particle Mass Analyzer (CPMA) 119 

for total mass estimation at various oxidation state. Molecular composition, gas-particle 120 

partitioning, and volatility of organic aerosols and are determined by a FIGAERO inlet coupled to 121 

HR-ToF-CIMS instrumentation developed by Aerodyne Inc® that choose iodide as reagent ion. 122 

Operation of FIGAERO-CIMS instrument in laboratory oxidation experiments has been since the 123 

instrumentation firstly developed (Lopez-Hilfiker et al., 2014;Le Breton et al., 2019;Bannan et al., 124 

2019). Briefly, the FIGAERO inlet consists of a gas-phase inlet that pull air directly into the API 125 

interface and IMR of CIMS instrument, and an aerosol inlet that collect aerosol sample on a PTFE 126 

filter. One analyzes cycle is completed by a 15-min gas-phase inlet sampling period while particles 127 

collected onto the filter at aerosol inlet, a 15-min particle phase thermal desorption period when 128 

the temperature on the filter increase linearly from home temperature to 180°C, a 15-min 129 

continuous heating scheme and a 15-min cooling scheme. FIGAERO offers the ability of 130 

determining both gas phase and particle phase concentration and thus gas-particle partitioning 131 

information from CIMS data measurement in different period (Lopez-Hilfiker et al., 2016). For 132 

example, gas-particle partitioning coefficient Kp, defined similar to phase- equilibrium coefficients 133 

between gas-phase and particle-phase organic species, can be determined by average CIMS signal 134 

during gas-phase, during aerosol phase, and OA concentration measured by mass concentration 135 

instruments such as SMPS or AMS. Moreover, volatility of organic species can be determined by 136 

thermal desorption characteristics during linear heating process in the measurement cycle(Bannan 137 

et al., 2019). Both concentration and volatility quantification require certain calibration processes 138 

and authentication standard(Ylisirniö et al., 2021). Detailed operation and data process of various 139 

instruments, sensitivity & volatility calibration methods, and quantification of species without 140 
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authentication standard are presented in Section S2 in Supplement 1. Detailed gas-particle 141 

partitioning and volatility assignment methods from FIGAERO-CIMS data are shown in Section 142 

S5 in Supplement 1. 143 

2.3. Two-Dimensional Volatility Basis Set (2-D VBS) framwork for composition 144 

representation. The Two-Dimensional Volatility Basis Set (2-D VBS) framework has been 145 

developed to characterize the complex composition of organic aerosols in laboratory experiments, 146 

ambient observations, and modeling studies. This approach distributes organic species in 2-D 147 

gridded area with variation of mean carbon oxidation state  OS𝑐̅̅ ̅̅ ̅ and saturation vapor concentration148 

C*(Donahue et al., 2011;Donahue et al., 2012;Chuang and Donahue, 2016). The result gas- and 149 

particle-phase composition and partitioning coefficients of primary emissions and secondary 150 

oxidation experiments are shown in 2-D VBS space to intuitively show the evolution of organic 151 

aerosol and its partitioning characteristics. Saturation vapor concentration in the 2-D VBS space 152 

are estimated using elemental composition from CIMS detection using an empirical 153 

parameterization recommended by Li et al.(Li et al., 2016), shown in the section S3 in Supplement 154 

Information 1. 155 

2.4. Non-targeted analysis of FIGAERO-CIMS data by Matrix Factorization. HR-ToF-156 

CIMS enables the detection of thousands of ions, corresponding to a comparable number of 157 

chemical species. In the present study, the FIGAERO-CIMS instrument detected more than 800 158 

assignable ions that can be matched to specific compounds in both gas phase and secondary 159 

organic aerosol (SOA). To extract meaningful compositional and volatility patterns from the 160 

complex dataset of experimental concentration profiles, we applied Positive Matrix Factorization 161 

(PMF) via the Igor Pro®-based SoFi® software. Additionally, ordinal analysis methods, as 162 

previously established and applied by Kong et al. in factor interpretation, were adopted to identify 163 

the most abundant compounds within each resolved factor. (Kong et al., 2021). 164 

3. RESULT AND DISCUSSION165 

3.1. Evolution of Size and Mass Distributions of Cooking Organic Aerosols under166 

Oxidation.167 

The evolution of size and mass distributions for primary and secondary organic aerosols 168 

throughout oxidation are presented in Figure 1 and Table 1. Primary cooking aerosols exhibit a 169 

relatively broad size distribution, with particle diameters ranging from 50 to 300 nm. These 170 

particles are generally formed through physical processes such as oil evaporation or thermal 171 
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chemical reactions including oxidation and decomposition. As a result, they comprise components 172 

with large molecular size and relatively low carbon oxidation states, such as long-chain alkanes, 173 

alkenes, alkanals, alkenones, fatty acids and their glycerol esters, and steroids.(Rogge et al., 174 

1991;Nolte et al., 1999).  175 

176 

Figure 1 Primary and Secondary aerosol size & mass distribution evolution with oxidation 177 

age increases. (a) stands for number distribution, (b) mass distribution of primary 178 

particles, (c) (d)number distribution & mass distribution of secondary aerosols in Go:PAM 179 

flow tube at OH radical exposure 0.1~1.8×1010 cm-3 s (e) mass concentration evolution with 180 

oxidation process from primary to ~1.8×1010 cm-3 s 181 

In contrast, secondary organic aerosols are predominantly nanoparticles with diameters 182 

below 50 nm, exhibiting a substantial increase in both number and mass upon oxidant exposure. 183 

Even under the lowest OH concentration conditions, secondary aerosol number concentrations can 184 
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reach up to 10⁶ #·cm⁻³. Increasing OH exposure further enhances mass concentration primarily 185 

through particle size growth rather than number increase. This observation implies that the gas-186 

particle partitioning of secondary organic species does not reach equilibrium. Notably, particles 187 

larger than 90 nm show minimal changes in number or mass concentration, with average declines 188 

of less than 20% even under the strongest oxidation conditions (Figure S19). These findings 189 

collectively suggest that secondary organic aerosols from oil boiling originate mainly from 190 

nucleation and condensation of gas-phase oxidation products, rather than from oxidative aging of 191 

primary aerosols.** The observed low reactivity of primary cooking aerosols during oxidation 192 

may be attributed to the low miscibility between nonpolar or low-polarity primary components 193 

and highly polar secondary compounds (Chandramouli et al., 2003;Milsom et al., 2021) , likely 194 

resulting from limited partitioning tendency of primary components. 195 

Table 1 Mean 2-D VBS parameters of primary and secondary cooking organic aerosols  196 

OH radical exposure 

(1010 cm-3·s) 

Mean molecular 

composition 
log10C*(μg·m-3) Mean OSC 

Primary 

C3.5H5.4O2.6N0.03S0.01* 

C7.1H10.3O3.8N0.09S0.03** 

6.0* 

2.8** 

-0.11*

-0.47**

0.488 

C5.8H9.5O3.7N0.07S0.04* 

C7.3H11.9O3.8N0.04S0.01** 

3.5* 

2.8** 

-0.45*

-0.63**

0.971 

C6.6H10.6O4.0N0.07S0.05* 

C7.8H12.9O4.0N0.04S0.01** 

2.8* 

2.4** 

-0.49*

-0.67**

1.86 

C7.0H11.0O4.2N0.07S0.06* 

C7.8H13.0O4.1N0.04S0.01** 

2.3* 

2.2** 

-0.47*

-0.65**

* Gas phase

**Aerosol phase 

197 

3.2 Composition and volatility distribution of primary and secondary organic aerosols in 198 

2-D VBS Space. Figure 2 displays the volatility and compositional distribution of cooking aerosols199 

and associated gas-phase organic components within the two-dimensional volatility basis set (2-D 200 
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VBS) framework (Donahue et al., 2012). The majority of primary and secondary organic species 201 

are distributed in the semi-volatile and intermediate-volatile organic compound (S/IVOC) range, 202 

with an average carbon oxidation state (OSc) spanning from –1.25 to 0.5. Throughout the oxidation 203 

experiment, increasing OH exposure led to a substantial growth in S/IVOC components, consistent 204 

with the trend observed for aerosol particles. Additionally, the formation of low-volatility, highly 205 

oxidized compounds derived from multi-generation oxidation is also promoted. 206 

 In the gas phase, the average molecular size increases significantly during oxidation, whereas 207 

the carbon oxidation state remains nearly constant or exhibits a slight decrease following OH 208 

radical addition. This behavior may be attributed to the generation of gas-phase oxidation products 209 

via cleavage of primary long-chain fatty acids, polymerization among oxidation intermediates, and 210 

the depletion of primary low-molecular-weight organic acids resulting from glycerol thermal 211 

decomposition, such as formic acid, acetic acid, and glyceric acid (Zhang et al., 2018;Takhar et 212 

al., 2022). By contrast, compositional shifts in the aerosol phase within the 2-D VBS space—such 213 

as in oxidation state and molecular size—are relatively minor compared to those in the gas phase. 214 

The oxidation state of particle-phase organics remains largely unchanged, with only marginal 215 

growth in molecular dimensions.** The relatively small molecular size of primary cooking 216 

aerosols may result from the limited detection sensitivity of iodide-adduct CIMS toward nonpolar 217 

or low-polarity compounds with large molecular weights and fewer oxygen-containing functional 218 

groups, e.g., long-chain hydrocarbons, fatty acids, and steroids (Iyer et al., 2016). These 219 

compositional patterns suggest that aerosol growth is governed primarily by the condensation of 220 

secondary S/IVOCs from the gas phase, rather than by continued oxidation within the particle 221 

phase. This observation implies that the oxidation process in the flow tube has approached a 222 

"steady-state turning point," particularly for particle-phase products, which reach this stage earlier 223 

owing to their oxygen-rich nature, such as dicarboxylic acids and hydroxy acids with carbon 224 

numbers greater than six. These products, formed through oxidation of long-chain primary acids 225 

and carbonyls, exhibit lower volatility and higher viscosity, thereby slowing subsequent oxidative 226 

aging (Milsom et al., 2021). Detailed 2-D VBS distribution of primary and secondary organic 227 

matter in gas and aerosol phase are shown in Supplementary Material S2. 228 
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229 

Figure 2 Composition distribution of gas-phase and aerosol-phase cooking organic species 230 

in 2-D VBS space 231 

3.3 Classification and Quantification of Primary and Secondary Cooking Emissions by Non-232 

targeted Analysis. ME-2 PMF methods are adopted in deconvolution and non-targeted analysis 233 

of FIGAERO-CIMS detections on gas-phase and aerosol-phase organic compounds with different 234 

volatility and oxidative state, so as to classify typical organic species, and then extract evolution 235 

pattern corresponding to oxidation mechanism and changes of gas-particle partitioning from 236 

complex CIMS data matrix(Buchholz et al., 2020;Hashimoto et al., 2022;Kong et al., 2021). 237 

Detailed PMF recommended factor determination methods are shown in Section S4 of Supplement 238 

S1. Figure 3 shows the recommended NTA results of FIGAERO-CIMS data. The FIGAERO-239 

CIMS results are divided to 13 factors, 5 pure gas-phase factors, 3 semi-volatile factors with 240 

considerable and comparable amount both in gas phase and aerosol phase, and 5 aerosol-phase 241 

factors. Factors are listed in Figure 3 and classified by its volatility (partitioning coefficient Kp 242 
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while total amount is countable) and oxidative state (mean oxidative state OSC and evolution with 243 

enhancement of oxidation). Detailed classification procedure are shown in Section S4 of the 244 

Supplement S1. Formic acid (at m/z 173, detected as ICH2O2
- in CIMS) are not included in PMF245 

analysis due to its extreme high abundant in gas phase of primary emissions and low oxidative246 

states compared to other species (up to 25ppb), as shown in Figure S21. High abundant of formic247 

acid at ppb in indoor sources and cooking emissions at ppb level has been reported before(Reyes-248 

Villegas et al., 2018;Farmer et al., 2019). Formation of cooking originated formic acid possibly249 

due to thermal decomposition of glycerol in primary species (Takhar et al., 2022;Nolte et al.,250 

1999;Farmer et al., 2019). Primary formic acid would decline slower than estimated from OH251 

radical reactivity (formic acid decline about 22% at OH exposure 1010 cm3·s-1) at current oxidative252 

stage(Farmer et al., 2019;Atkinson et al., 2006), showing existence of other possible consumption253 

pathways such as photolysis. Decline of formic acids with OH radical enhancement is slower than254 

estimation from formic acid OH reactivity, indicating that secondary formic acids are also formed,255 

possibly by ozonolysis and further oxidation of unsaturated long-chain organic acids(Farmer et al.,256 

2019;Takhar et al., 2021).257 

Among factors, we would first classify the 13th factor as more closely to contaminant factor as 258 

shown in Figure S22, because of its unreasonable temperature distribution at thermal desorption 259 

state. We would call this factor “Unknown”, apart from other factors that are classified from their 260 

volatility and oxidative states. Total concentration of contaminant factor Unknown is relatively 261 

low, showing that contaminant would not be able to interfere measurement result too much. In 262 

ordinary factors from Factor V1 to Factor LV4, Factor V1 and Factor SV1 are first classified relate 263 

to primary emissions. The average elemental composition and most abundant species of Factor V1 264 

and Factor SV1 are shown in Table S7-S8. Factor V1 stands for gas-phase primary emission, 265 

mainly consist of low-molecular-weight oxygenated organic compounds such as short chain 266 

carboxylic acids and their deviates(Masoud et al., 2022). Most abundant compounds in Factor V1 267 

are C1-3 oxygenated organic species, such as C2H4O2I
- (m/z 186.92, iodide adduct) corresponding 268 

to acetic acid, C3H4O2I
- (m/z 198.93, iodide adduct) corresponding to acrylic acid, C3H8O3I

- (m/z 269 

218.95, iodide adduct) corresponding to glycerol. These compounds probably originate from 270 

thermal oxidation or thermal decomposition of glycerol, which are formed by thermal 271 

decomposition of oil esters(Nolte et al., 1999;Lopez-Pedrajas et al., 2018;Reyes-Villegas et al., 272 

2018). Next abundant compounds in V1 are larger less-oxygenated compounds with carbon 273 
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number >5 and oxygen number ≤2, probably formed from thermal decomposition of fat followed 274 

by thermal oxidation processes long-chain aliphatic acids(Takhar et al., 2022;Takhar et al., 275 

2021;Nolte et al., 1999).  The examples are C6H12O2I
- (m/z 242.99, iodide adduct) corresponding 276 

to hexanoic acid and C5H10O2I
- (m/z 228.97, iodide adduct) corresponding to pentatonic acid. 277 

Semi-volatile factor SV1 contains semi- and intermediate- volatile organic compounds with 278 

medium carbon number (5 carbons on average) and higher oxidative state than V1. Most abundant 279 

compounds are C3-6 and O2-3 compounds, which may correspond to organic acid derivatives, such 280 

as hydroxy acids and carbonyl acids that originate from thermal oxidation of long-chain aliphatic 281 

acid in primary emissions. Compound detected as C5H4O4I
- (m/z 254.91, iodide adduct), possibly 282 

corresponding to aconic acid or hydroxy furoic acid, has the highest intensity in SV1. C5H4O4
 283 

present mostly in gas phase during primary emission, while particle-phase abundance increases 284 

with oxidation age increasing, indicating its possible primary thermal oxidation and dehydration 285 

origin, leading to gas-phase degradation and partitioning toward aerosol phase. Other compounds 286 

abundant in SV1 with similar evolution characteristics includes long-chain aliphatic acids, such as 287 

palmitic acid (C16H32O2I
-, m/z 383.14, iodide adduct), oleic acid (C18H34O2I

-, m/z 409.16, iodide 288 

adduct), stearic acid (C18H36O2I
-, m/z 411.17, iodide adduct), and glycerol (C18H34O2I

-, m/z 409.16, 289 

iodide adduct). These typical primary organic compounds have evolution trends similar to C5H4O4, 290 

with increasing are apparently abundant in gas phase and aerosol phase, but with lower 291 

concentration than small molecules ones, probably due to the quantification uncertainty of  292 

sensitivity estimation of lower-oxygenated long-chain organics(Lee et al., 2014). Other Gas-293 

particle partitioning of typical species divided into SV1 such as C5H8O3I
- (m/z 254.91, iodide 294 

adduct) and C5H8O3I
- (m/z 254.91, iodide adduct) show different evolution pattern other than 295 

primary compounds, implementing possible two distinct origins of these compounds: primary 296 

formation from gas-phase thermal oxidation, and secondary formation from OH radical oxidation 297 

or ozonolysis of primary emissions. 298 

Factors with intermediate oxidative state are V2, V3, SV2 and LV1 that achieve highest 299 

abundance at medium oxidative stage.  Among these factors, factor V2 and LV1 are factors with 300 

smaller molecules, reach its peak concentration at lower oxidative stage，whileV3 and SV2 301 

exhibits maximum at higher oxidative state and contains more larger molecules. More typical 302 

intermediate oxidative state volatile factor V2 mainly consist of two distinct categories of species. 303 

One is C2-3 oxygenated compounds that are higher-oxidized than in factor V1, such as C3H4O3I
- 304 
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(m/z 214.92, iodide adduct, possibly pyruvic acid) and C2H4O4I
- (m/z 214.92, iodide adduct) that 305 

may originate from first-generation radical oxidation or ozonolysis of glycerol-related compounds. 306 

The other is C4-7 oxygenated compounds at intermediate oxidative stage with medium oxidative 307 

state, such as C5H10O3I
- (m/z 244.97, iodide adduct) and C7H12O3I

- (m/z 214.92, iodide adduct), 308 

corresponding to first-generation scissoring product of long-chain fatty acids during radical 309 

oxidation or ozonolysis, or first-generation oxidation of thermal decomposition products(Liu et al., 310 

2024;Takhar et al., 2022;Takhar et al., 2021). Factor LV1 have similar average oxidative state and 311 

molecular size with Factor V2, seems corresponding to gas phase portion of first-generation 312 

oxidation products represented by Factor V2. However, thermal desorption thermogram of Factor 313 

LV1 peaks at ~440K, showing that compounds represented by Factor LV1 have much lower 314 

volatility than molecular composition corresponding to this factor, showing Factor LV1 would be 315 

exactly thermal decomposition products of large molecules generated from oxygen-addition of 316 

long-chain fatty acids without scissoring reaction(Brown et al., 2021;Lopez-Hilfiker et al., 2019), 317 

which may have elemental composition of C16/18H30-34O3-6. Particle-phase reactions between 318 

possible peroxides (such as C7H12O5 and C9H16O5 that abundant in Factor V2 and LV1) and 319 

substituted alcohols or aldehydes (C6H12O3 or C6H10O3, etc.) accelerated by thermal desorption at 320 

lower oxidative stage may also be an alternative source(Luo et al., 2024). Volatile factor V3 and 321 

semi-volatile Factor SV2 share similar molecular composition such as overall oxidation state, 322 

molecular size and typical species. These species, mostly C4-6 acids in gas phase and C9-10 carbonyl 323 

acids in aerosol phase, have larger molecular size. These factors are totally generated from 324 

oxidation of fatty acids rather than compounds related to glycerol that are abundant in lower-325 

oxidative-stage factors. Moreover, comparing thermal desorption properties with molecular 326 

composition, species in Factor SV2 represent compounds with exact molecular formula detected 327 

by CIMS rather than thermal decomposition products. Overall, Typical intermediate compounds 328 

are pyruvic acid in gas phase, C5-10 carbonyl acids in both phase and large-molecular oxidation 329 

products C16/18H30-34O3-4 in the aerosol phase.  330 

Highly-oxygenated factors are Factor V4, Factor V5, Factor SV3 and Factor LV2-LV4 that 331 

reach highest intensity at highest experimental oxidative stage. Among factors, Factor V4 and LV2 332 

are lesser oxidized, the amount of these factors reaches steady state while oxidative stage increases 333 

to maximum in the experiment. Other factors are highly oxidized: their abundance increases 334 

significantly during oxidative stage growth. Typical gas phase species are highly oxidized 335 
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termination products of glycerol-related species, such as C3H4O4I
- (m/z 230.91, iodide adduct, 336 

probably malonic acid) and C3H6O4I
- (m/z 232.93, iodide adduct, probably glyceric acid), or low- 337 

molecular-weight fragmentation products of fatty acid oxidation, such as C4H6O4I
- (m/z 244.93, 338 

iodide adduct, probably succinic acid). These highly oxidized low-molecular weight compounds 339 

are more semi-volatile rather than volatile species. Aerosol phase compounds are mostly C7-10H12-340 

16O4-6 compounds that may corresponding to C7-10 organic acids, diacids, and its derivates. Typical 341 

species include C9H16O4I
- (m/z 315.01, iodide adduct, probably azelaic acid), C9H18O4I

- (m/z 342 

317.03, iodide adduct, possibly dihydroxy or hydroperoxyl C9 carboxylic acid), and C10H18O4I
-343 

(m/z 329.03, iodide adduct, possibly oxo- hydroxy C10 carboxylic acid). Highly oxygenated 344 

species with 6 oxygen atoms and more are abundant in those low-volatile factors compared to 345 

intermediate-oxidative state factors. These larger molecule oxidation products have similar 346 

oxidative state and lower saturation vapor pressure, thus are more abundant in the aerosol phase.  347 

348 

Figure 3 non-targeted classification result time series with evolution of experiment state. Y-349 

axis Intensity represents the sum of CIMS organic signal normalized to iodide ion other 350 

than formic acid. 351 

3.4 Gas-particle partitioning of typical species. Typical species and its evolution in each 352 

oxidative stages during formation and aging of cooking emissions are listed in composition tables 353 
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in Section S6 of SI. Among those species, highly-volatile low-molecular-weight compounds, such 354 

as formic acid and acetic acid, are typically gaseous species. The abundance of these volatile 355 

species detected in “aerosol phase” are probably resulting from thermal decomposition.  We would 356 

then mainly focus on semi-volatile and low-volatile species with considerable gas-particle 357 

partitioning influence on SOA formation and evolution. These key species, including primary 358 

species related to cooking emissions(Reyes-Villegas et al., 2018), intermediate oxidative state 359 

species related to first-generation oxidation or thermal oxidation(Takhar et al., 2022), and multi-360 

generation termination oxidation products(Masoud et al., 2022;Brown et al., 2021;Takhar et al., 361 

2021), are listed in Table 3. 362 

Table 3 Classified typical species at various oxidative stage 363 

Oxidative stage Volatility Formula Possible species p0(Pa,25°C) 

Primary Semi-volatile 

C3H8O3 Glycerol 2.24×10-2

C16H32O2 Palmitic acid 2.67×10-5 

C18H34O2 Oleic acid 1.12×10-4 

First-generation 

Semi-volatile 

C3H4O3 Pyruvic acid 1.72×102 

C7H12O3 - 1.18×100

C10H16O3 - 1.09×10-1

Low-volatile C16H32O3 - 6.96×10-6

Multi-generations 

Semi-volatile 

C4H6O4 Succinic acid 1.04×10-3

C6H10O4 Adipic acid 5.4×10-4

Low-volatile 

C9H16O4 Azelaic acid 4.74×10-5

C10H18O5 - 4.02×10-5

C18H32O6 - 1.39×10-8

364 
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Figure 4 summarized the gas-particle partitioning of typical species chosen in Table 3, 365 

representing gas-particle partitioning characteristics of species with varying oxidative stage, 366 

illustrating the discrepancies between estimated and experimental values of the partitioning 367 

coefficient (Kp) for typical components at varying oxidation degrees as the oxidation process 368 

progresses. The subplot legends indicate the oxidation degree of each component, where dashed 369 

lines represent estimated values and solid lines denote experimental values. Specifically, among 370 

primary emission components, the gas-particle partitioning of fatty acid-like large molecule 371 

components is consistent with ideal gas-liquid equilibrium scenario with an activity coefficient ξ 372 

close to unity, whereas glycerol-related components exhibit a more pronounced deviation. With 373 

oxidation proceeds leading to SOA formation, the partitioning coefficient of primary components 374 

decreases significantly, indicating that changes in the particle-phase composition influence the 375 

activity coefficient and partitioning kinetics of primary components. Among first-generation 376 

oxidation products, components with C5 and higher carbon numbers predominate, primarily 377 

originating from fatty acid cleavage, while a minority of C4 and lower components derive from 378 

glycerol oxidation. The theoretical Kp values for C5 and higher first-generation oxidation products 379 

generated via scissoring reactions are markedly lower than the estimated values, indicating a 380 

substantial deviation from equilibrium in their gas-particle partitioning. Multi-generation 381 

oxidation products exhibit less deviation with estimated due to its similarity with aerosol bulk 382 

composition; However, large molecule oxidation products (e.g., C18H32O6) demonstrate significant 383 

deviations. Estimates based on equilibrium partitioning suggest that these components should only 384 

occupy a minimal fraction in the gas phase; however, measurement results in substantial gas-phase 385 

presence. 386 
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387 

Figure 4 measurement and estimated partitioning coefficient (Kp) evolution of typical species 388 

of (a) primary emission (b) first generation products (c) multi-generation oxidation products 389 

Overall, due to diffusion limitations, the gas-particle partitioning of medium molecular weight–390 

medium oxidation state (C3–8O3–4) primary components and first-generation oxidation products, as 391 

well as large molecule with high oxidation state (C≥12O≥6) products deviates significantly from 392 

ideal-state estimates. The theoretical estimate approach overestimates the partitioning coefficient 393 

of C3–8O3–4 compounds and underestimates that of C≥12O≥6 compounds. The deviation in 394 

component gas-particle partitioning from the ideal state may arise from two factors: First, the 395 

activity coefficient ξ of species influences gas-particle partitioning. The theoretical Kp values 396 

shown in the figure assume the particle phase to be an ideal organic solution, with the activity 397 

coefficient ξ consistently equal to 1; in reality, however, changes in particle-phase composition 398 

cause the activity coefficient ξ to deviate from ideal conditions, thereby affecting partitioning 399 

behavior. Second, gas-particle partitioning may deviate from gas- ‘liquid’ equilibrium. If their 400 

exists kinetic limitations of composition mass transfer, estimations based on theoretical 401 

equilibrium gas-phase dissolution become invalid. During the rapid particle formation stage at 402 

lower oxidative state, medium molecular weight–medium oxidation state(C3–8O3–4) components 403 

rapidly condense to form fine aerosols as most particle-phase contributors. With particle size 404 
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further increases, kinetic limitations in gas-particle partitioning hinder their re-evaporation and 405 

gas-phase oxidation, trapping them in the particle phase(Shiraiwa et al., 2012;Zhang et al., 406 

2012;Zaveri et al., 2018). In contrast, for high-oxidative-state large molecules, diffusion and 407 

surface mass transfer limitations impede their entry into the particle phase, resulting in their 408 

persistence in the gas phase(Zaveri et al., 2018;Masoud et al., 2022;Schervish and Shiraiwa, 2023). 409 

Measurement uncertainties related to thermal desorption as an intrinsic property of FIGAERO-410 

CIMS may also contribute to the observed deviations(Mehra et al., 2020;Tikkanen et al., 411 

2020;Masoud et al., 2022). 412 

4. CONCLUSIONS413 

Our study presents a comprehensive investigation into the atmospheric evolution of cooking-414 

derived organic aerosols, integrating advanced analytical techniques to unravel complex gas-415 

particle dynamics. By employing a PAM flow tube oxidation system coupled with FIGAERO-416 

CIMS technology, we quantitatively tracked changes in chemical composition, volatility, and gas-417 

particle partitioning throughout oxidation. A key innovation lies in the combined application of 418 

high-resolution mass spectrometry with a two-dimensional volatility basis set (2-D VBS) 419 

framework, enabling a mechanistic understanding of composition-dependent partitioning behavior. 420 

Under typical atmospheric conditions, primary cooking emissions rapidly generated 421 

substantial quantities of fine particles (~10 nm) within two hours, followed by the formation of 422 

higher concentrations of 30–50 nm secondary aerosols over 0.5-1 days. Notably, oxidation 423 

products predominantly occupied the semi-volatile and intermediate-volatility organic compounds 424 

(S/IVOCs) range in the 2-D VBS, systematically migrating toward the SVOC region as oxidation 425 

progressed, while molecular weight and oxidation degree remained relatively stable. Leveraging 426 

positive matrix factorization (PMF), we systematically classified compounds by oxidation degree 427 

and volatility, identifying representative markers across evolution stages: gaseous glycerol and 428 

particulate long-chain fatty acids in primary emissions; medium-weight carbonyl acids (e.g., 429 

C5H10O3, C7H12O3) as intermediate products, and multi-generation oxidation products including 430 

dicarboxylic acids (e.g., C9H16O4) and HOM-like compounds (e.g., C18H32O5–6) as mature products. 431 

Of particular importance are highly oxidized small organic acids (≤C3) and multi-generation 432 

products in the C7-C10 range with moderate volatility and high oxidation state. 433 

A central finding concerns the non-equilibrium gas-particle partitioning observed across 434 

different compound classes. While small organic acids and scission-derived multi-generation 435 
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products approached theoretical equilibrium, we identified significant kinetic limitations for first-436 

generation oxidation products (C3–8O3–4) and large non-cleavage products (>C14O5), which 437 

exhibited significant deviations due to particle-phase diffusion and mass transfer constraints. This 438 

mechanistic insight into partitioning dynamics—contrasting equilibrium-seeking compounds 439 

against kinetically hindered species—represents a significant advance in understanding the 440 

atmospheric behavior of cooking emissions. Our results provide a scientific foundation for refining 441 

emission inventories and air quality models, ultimately contributing to improved exposure 442 

assessment and mitigation strategies for urban and indoor environments. 443 
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