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Abstract 8 

Multiphase oxidative aging is a ubiquitous process for atmospheric organic aerosols (OA). 9 

But its kinetics was often found to be slow in previous laboratory flow tube studies where high 10 

hydroxyl radical concentrations ([•OH]) were used. In this study, we performed heterogeneous 11 

oxidation experiments of several model OA systems under varied aging timescales and gas-phase 12 

[•OH]. Our results suggest that OA heterogeneous oxidation may be 2–3 orders of magnitude faster 13 

when [•OH] is decreased from typical laboratory flow tube conditions to atmospheric levels. Direct 14 

laboratory mass spectrometry measurements coupled with kinetic simulations suggest that an 15 

intermolecular autoxidation mechanism mediated by particle-phase peroxy radicals greatly 16 

accelerates OA oxidation, with enhanced formation of organic hydroperoxides, alcohols, and 17 

fragmentation products. With autoxidation, we estimate that the OA oxidation timescale in the 18 

atmosphere may be from less than a day to several days. Thus, OA oxidative aging can have greater 19 

atmospheric impacts than previously expected. Furthermore, our findings reveal the nature of 20 

heterogeneous aerosol oxidation chemistry in the atmosphere and help improve the understanding 21 

and prediction of atmospheric OA aging and composition evolution. 22 

 23 

Keywords: Heterogeneous oxidation, Hydroxyl radicals, Peroxy radicals, Chain propagation, 24 

Organic hydroperoxides. 25 

 26 

Synopsis: Condensed-phase intermolecular autoxidation largely accelerates organic aerosol aging 27 

under atmospheric oxidant concentrations and impacts aerosol compositions.  28 



 3 

TOC: 29 

 30 

Faster aging and 
higher degree of 
oxidation 



 4 

Introduction 31 

Organic aerosols (OA) are ubiquitously present in the Earth’s atmosphere and greatly 32 

contribute to fine particulate matter.1, 2 The chemical composition and properties of atmospheric 33 

OA can significantly impact air quality, climate, and human health.3, 4 Despite the immense 34 

ubiquity of OA and the oxidizing nature of the atmosphere, the OA reactivity through 35 

heterogeneous oxidation by gaseous oxidants such as hydroxyl radicals (•OH) has often been 36 

considered a slow process,5-12 in comparison to the timescales of other important atmospheric 37 

processes and the overall aerosol lifetime. 38 

The universal metric to quantify the heterogeneous oxidation kinetics is the effective 39 

reactive uptake coefficient of •OH (𝛾eff), which describes the probability of •OH-particle collision 40 

leading to oxidation events:7 41 
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where k is the second-order degradation rate constant of an OA surrogate, ρ is the particle density, 43 

NA is Avogadro’s number, c̅ is the mean thermal velocity of •OH, M is the molecular weight of 44 

the OA surrogate, V is the particle volume, and A is the particle surface area. Previous studies 45 

have often reported 𝛾eff	 in the range of 0.01–1.0,5, 8-11, 13, 14 with the smaller 𝛾eff	values often 46 

observed for more viscous OA due to that oxidation is confined at the particle surface region which 47 

the inside materials cannot efficiently diffuse to. The kinetic information expressed in 𝛾eff could 48 

also allow for estimation of the OA oxidation timescales by:15 49 
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where dp is the particle diameter. Thus, the 𝛾eff	value of 0.01–1.0 translates to oxidation timescales 51 

up to several years. These significantly longer timescales than the typical aerosol lifetime in the 52 
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atmosphere (~ 10 days16) suggests that heterogenous oxidation of OA in the atmosphere is less 53 

important in affecting air quality and the climate compared to some of the commonly focused 54 

processes such as secondary OA formation which usually has a timescale of only a few hours to a 55 

day. Further, OA mass loss during heterogeneous oxidation within relevant timescale was found 56 

to be minimal, suggesting that it is not an efficient aerosol removal process.8 However, these long-57 

standing views were derived from previous laboratory studies using •OH concentrations 3–5 orders 58 

of magnitude higher than atmospheric concentrations (i.e., [•OH] ~ 109–1011 molecules cm-3) to 59 

offset the short oxidation time (t ~ 1 min or less) in flow tube reactors (FTR),6, 7, 9-11, 13, 17 such that 60 

one can interpret OA oxidation under relevant atmospheric conditions, termed as “•OH exposure” 61 

(= [•OH] ´ t).  62 

Several prior studies have attempted to investigate the heterogeneous oxidation kinetics 63 

under lower [•OH] using FTR,15, 18 continuous flow stirred tank reactors (CFSTR),19 or 64 

environmental chambers.20 A summary of the scarce kinetic measurements from these studies 65 

(Figure S1) implies that lower [•OH] could enhance 𝛾eff to varied extent (greater enhancement for 66 

oxidized OA), but large uncertainties from distinct experimental conditions impede accurate 67 

interpretations. In most of these studies, such [•OH]-dependent 𝛾eff was suggested to be caused by 68 

physical processes, including: (1) slower •OH reaction than the •OH adsorption at the gas-particle 69 

interface (i.e., the Langmuir-Hinshelwood mechanism),15 (2) the diffusion limitation of organic 70 

molecules to the interface for •OH reaction,20 or (3) O3 (an •OH precursor) shielding the particle 71 

interface.18 In contrast, Richards-Henderson et al. examined the chemical role of nitric oxide in 72 

increasing 𝛾eff via a chain propagation mechanism.19 However, this mechanism is only relevant for 73 

highly polluted environment. It remains unclear whether [•OH]-dependent 𝛾eff may be explained 74 

by a generalized chemical mechanism relevant for typical atmospheric conditions. 75 
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 76 

Here, we probe the •OH-initiated heterogeneous oxidation of a few common OA model 77 

systems in a custom-designed CFSTR.19, 21-23 Experiments were conducted under a large range of 78 

[•OH] (5 ´ 106–1 ´ 109 molecules cm-3) to bring the OA aging conditions from typical laboratory 79 

[•OH] closer to ambient levels. The chosen OA surrogates (adipic acid, succinic acid, citric acid, 80 

and 3-methylglutaric acid) are highly oxidized compounds (O/C ratio ~ 0.7–1.2) containing 81 

multiple carboxylic acid functional groups. They all have been used in prior research to represent 82 

the oxygenated and viscous nature of generic OA in the atmosphere.2, 10, 11, 13, 24-26 In these 83 

experiments, the particle diffusion coefficients (Dorg, 10-8–10-13 cm2 s-1) and mixing timescales (10-84 

3–102 s) are also representative of typical aerosol phase state in the lower troposphere.26 Their 85 

degradation upon heterogeneous •OH-oxidation was monitored in real-time using a thermal 86 

desorption iodide-adduct chemical ionization mass spectrometer (TD-CIMS) to provide accurate 87 

kinetic measurements.27, 28 The comprehensive OA oxidation products were measured by the TD-88 

CIMS and an ion mobility spectrometry time-of-flight mass spectrometer (IMS-MS)24, 27, 29-31 89 

which provides additional isomer-resolved capability. Complementary FTR experiments were also 90 

performed following similar procedures as in previous studies.27, 30 This allows for direct 91 

comparisons of the heterogeneous oxidation kinetics and products between the CFSTR and FTR 92 

experiments. In addition, a multilayer reaction-diffusion kinetic model was developed to simulate 93 

and interpret the experimental results.27 94 

 95 

Materials and Methods 96 

Experimental setup 97 
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 All experiments were performed at 22 °C and varied water activity (aw of 35–70%). A 98 

customized CFSTR (volume ~ 250 L)31, 32 was used in this work with the setup shown in Figure 99 

S2. Here, the CFSTR was operated in the “semi-batch” mode under room temperature.21 Before 100 

each experiment, the CFSTR was flushed overnight with clean dry air, supplied by a zero-air 101 

generator (Aadco Instrument, Inc.). At the beginning of each experiment, the CFSTR background 102 

was monitored to ensure that aerosol particles were not present. Polydisperse organic aerosols (OA) 103 

of selected model compounds were generated into the CFSTR using a constant output aerosol 104 

atomizer (TSI, Inc.). The OA injection was stopped when targeted OA mass concentration was 105 

reached (~ 2000–3000 μg m-3). The high OA mass loading is necessary to allow sufficient 106 

detection of OA composition by several techniques and eliminate evaporation of parent OA during 107 

experiments. After OA injection, the clean air injection was adjusted to a total flow of 1.5 L min-108 

1. Two different aw levels were studied for the OA model compounds: 0.36 ± 0.01 and 0.67 ± 0.03. 109 

For adipic acid and succinic acid, the injected OA through the dryer effloresced the particles and 110 

aw levels do not change their phase state and Dorg. But for citric acid that does not have an 111 

efflorescence point, different aw levels lead to different amount of water in the OA and hence affect 112 

the phase state and Dorg.11, 33, 34 The 3-methylglutaric acid OA was only studied under aw = 0.36. 113 

In all the CFSTR experiments, the mean surface-weighted particle diameters for adipic acid, 114 

succinic acid, citric acid, and 3-methylglutaric acid were 210 ± 50 nm, 420 ± 120 nm, 290 ± 15 115 

nm, and 221 ± 17 nm, respectively. After the OA injection, a one-time injection of a VOC tracer 116 

(either acetic acid or propionic acid) was made to reach a VOC concentration of 1–2 ppm. After 117 

both the OA and VOC tracer have been injected, they were allowed to undergo dilution (caused 118 

by the continuous flow) and wall loss in the CFSTR (Figure S3). Then, either O3 or H2O2 was 119 

continuously injected into the CFSTR. With the mercury UV lamps on (l = 254 nm), this injection 120 
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initiated the in-situ generation of •OH radicals.27, 30 By changing the injection concentration of O3 121 

or H2O2, the [•OH] was controlled. During the •OH-initiated oxidation, the total flow rate and aw 122 

were maintained the same as the “dilution and wall loss only” period. Therefore, the changes in 123 

the decay rates of both the OA and VOC tracer were caused by oxidation. The oxidation was 124 

maintained for 1–2 hours. To compare results obtained from the CFSTR experiments, auxiliary 125 

FTR experiments were performed in parallel with the CFSTR studies. The setup for the FTR is the 126 

same as our previous work.24, 27, 29, 30 The injection system and the kinetic measurements are the 127 

same as for the CFSTR experiments. In both reactors, NOx is below our detection limit (< 0.5 ppb) 128 

and is expected to play a negligible role in the OA aging experiments. 129 

 130 

Instrumentation 131 

The schematics of the instrumentation are shown in Figure S2. The OA particle size 132 

distribution and number concentration were analyzed by a scanning electrical mobility 133 

spectrometer and mixing condensation particle counter (SEMS and MCPC, Brechtel Inc.). A high-134 

sensitivity proton-transfer-reaction mass spectrometer (PTR-MS, Ionicon Analytik Inc.) was used 135 

to measure the decay of the VOC tracers at 0.3 L min-1 in some experiments.35 The OA 136 

composition was measured in real time by an iodide-adduct time-of-flight CIMS (Aerodyne 137 

Research Inc., m/Dm ~ 4000) with a TD tube following a charcoal denuder to remove volatile 138 

gases.27, 28, 31 The desorption temperature was set to 90 – 160 °C for different OA systems to 139 

vaporize most of the particle mass (> 90%) and almost all the parent OA species. For the 140 

experiments in which the PTR-MS was unavailable, the VOC tracers were also monitored by the 141 

CIMS, where a separate gas sampling line was added bypassing the TD unit. The oxidation of 3-142 

methylglutaric acid and adipic acid OA was used as the model system for the offline chemical 143 
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composition analysis and comparison between the CFSTR and FTR results. The oxidized OA 144 

particles were collected using a sequential spot sampler (Aerosol Devices Inc.) downstream of a 145 

charcoal denuder. The collected OA samples were immediately extracted by acetonitrile and 146 

infused into an electrospray ionization (ESI) IMS-MS (Aerodyne Research Inc.) in the negative 147 

ion mode. The IMS-MS measurements could provide isomer-resolved characterization by 148 

separating ionized molecules with their structure-dependent collisional cross sections.36, 37 More 149 

details were described in our prior studies.24, 27, 30, 32 Finally, a UV-visible spectrophotometer 150 

(Agilent Inc., 8453) was used for total ROOH quantification (see Supporting Information, SI for 151 

details).  152 

 153 

Calculations of the heterogeneous oxidation kinetics and timescales 154 

By comparing the decay rates of the parent OA compound and the VOC tracer before and 155 

after the oxidation (Figure S3), the [•OH] in the CFSTR and the second-order oxidation rate 156 

constants (k) of parent OA compound through heterogenous OH oxidation were determined. 157 

Specifically, the •OH oxidation rate constants of acetic acid and propionic acid (kVOC+•OH) were 158 

known from the literature (6.6 ´ 10-13 cm3 molecule-1 s-1 and 1.64 ´ 10-12 cm3 molecule-1 s-1, 159 

respectively).38, 39 Thus, the [•OH] can be calculated by: 160 

[⋅ 𝑂𝐻] = 	
$%&',)*3$%&',+,

$%&'-⋅&/
 (3) 161 

where kVOC,ox and kVOC,DL are the first-order VOC decay rates during the oxidation period and the 162 

dilution-wall loss period, respectively. Then, the second-order oxidation rate constants (k) of 163 

parent OA compound through heterogenous •OH oxidation was calculated by: 164 

𝑘 = 	
$&",)*3$&",+,

[⋅'(]
 (4) 165 
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where kOA,ox and kOA,DL are the first-order parent OA decay rates during the oxidation period and 166 

the dilution-wall loss period, respectively. The four first-order decay rates (kVOC,ox, kVOC,DL, kOA,ox, 167 

and kOA,DL) were obtained from the PTR-MS or TD-CIMS measurements. The high-frequency 168 

measurements made by the two instruments allow for high confidence decay rates, and hence 169 

reliable estimates of k. The k values were then used to calculate the effective uptake coefficient 170 

(𝛾eff) shown in Equation (1).7 Therefore, the relationships between the 𝛾eff and [•OH] can be 171 

obtained. The oxidation timescales are hence estimated by Equation (2).15 172 

 173 

The reaction-diffusion multilayer kinetic model 174 

To explain the experimental observation, a reaction-diffusion multilayer kinetic model was 175 

developed, as described in our previous work27 and is essentially a similar representation to several 176 

other models that simulates heterogeneous OA oxidation processes.40-42 The model constructs a 177 

multi-compartment rectangular prism to approximate the OA particle (Figure S4). The area of the 178 

square surface of the prism is set to be the same as the spherical OA aerosol in the experiments 179 

and the height of the rectangular prism is dp/6 to maintain the same surface-to-volume ratio of the 180 

spherical aerosol and hence preserves the relevant scaling between surface and bulk processes. 181 

The thickness of each compartment is set to 0.5 nm, which was suggested to be a good 182 

representation of semisolid and solid aerosol particles.42 Each compartment is assumed to be a 183 

well-mixed volume. The model includes (1) the adsorption, desorption, and reactions of •OH and 184 

HO2
• at the outermost (i.e., surface) compartment of the OA particles, (2) organic radical-centered 185 

and multi-generational reactions in each compartment, and (3) diffusions of all the species 186 

molecules between compartments and evaporation of the relatively volatile products from the 187 
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surface compartment to gas phase. The FACSIMILE software was used to perform the 188 

simulations.27 See SI for more details. 189 

 190 

Results and Discussion 191 

Heterogeneous oxidation kinetics 192 

 193 

Figure 1. The 𝛾eff – [•OH] relationship for OA surrogate systems. (A) adipic acid, (B) 194 

succinic acid, and (C) citric acid, under various experimental conditions (see figure legend). For 195 

succinic acid (B) and citric acid (C), measurements from a few prior studies are also shown.10, 11, 196 

13, 20 For citric acid, experiments were performed under two different aw conditions, resulting in 197 

different Dorg values (see SI). Model simulations with and without the consideration of 198 

autoxidation are shown with the experimental data. Similar 𝛾eff – [•OH] trend obtained from three 199 

3-methylglutaric acid experiments (Figure S5) is in general consistency with the results shown 200 

here. 201 

 202 

As shown in Figure 1, the measured 𝛾eff exhibits striking enhancement as [•OH] decreases 203 

from ~ 1 ´ 109 to ~ 5 ´ 106 molecules cm-3 for all the studied OA systems. As [•OH] approaches 204 
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atmospheric levels (106 –107 molecules cm-3), the 𝛾eff values are 2–3 orders of magnitude higher 205 

than those obtained from the high-[•OH] FTR experiments performed in this work and in prior 206 

studies. It is also worth noting that in the citric acid system, where varied aw was studied, higher 207 

aw and hence faster diffusion in the particles led to larger 𝛾eff under [•OH] > ~ 108 molecules cm-3 208 

(Figure 1C), agreeing with prior work.11, 13, 43 However, the difference appears to diminish as [•OH] 209 

further drops, implying that particle-phase diffusion may not be a key limitation for OA multiphase 210 

oxidative aging under ambient conditions. These kinetic results suggest that OA heterogeneous 211 

oxidation in the atmosphere may have a much shorter timescale than previously expected. For 212 

example, for a 500-nm diameter particle under [•OH] of 106 molecules cm-3, 𝛾eff of 10 indicates an 213 

oxidation timescale of ~ 2.3 days, compared to 231 days when 𝛾eff is 0.1. These kinetic results are 214 

qualitatively consistent with prior studies (Figure S1), but contain more data points with smaller 215 

uncertainties, and hence are directly comparable to obtain the [•OH]-dependent 𝛾eff. 216 

To investigate the cause of the [•OH]-dependent 𝛾eff, we used a multilayer reaction-217 

diffusion kinetic model (see SI for details). The model explicitly considers the adsorption and 218 

desorption of •OH at the gas-particle interface and the diffusion and reactions at the particle surface 219 

and in the bulk.27, 40, 44 The main reaction mechanism in the model is shown in Figure 2 (top part), 220 

where self-reaction of peroxy radical (RO2
•) plays a central role: •OH oxidizes a parent OA 221 

molecule (RH) through H-abstraction and produces an alkyl radical (R•); RO2
• is subsequently 222 

formed following oxygen addition; the RO2
• + RO2

• self-reaction then produce an alcohol-223 

carbonyl pair (ROH and R=O), known as the Russell mechanism, or two alkoxy radicals (RO•);5, 224 

45 the RO• may decompose to smaller oxidized products or undergo chain propagation reactions 225 

(i.e., RO• + RH),19 forming an alcohol product and a new RO2
•. The mechanism may occur at 226 

multiple generations, forming multifunctional products.7, 24 For instance, both ROH and R=O can 227 
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be further oxidized to form R(OH)2 (diol), R(=O)2 (dicarbonyl), and R(=O)OH (hydroxycarbonyl). 228 

This mechanism has been widely accepted to explain the major heterogeneous OA oxidation 229 

products observed in prior research. However, the kinetic model with this mechanism fails to 230 

simulate the increased 𝛾eff with reduced [•OH] (Figure 1), indicating that the traditional RO2
• + 231 

RO2
• dominant chemistry cannot explain the observations. Moreover, the results also suggest that 232 

the previously attributed Langmuir-Hinshelwood mechanism15 and particle-phase diffusion 233 

limitation20 do not explain the increased 𝛾eff with reduced [•OH] under the studied conditions of 234 

[•OH] and particle Dorg, because these processes are already implemented in the kinetic model. 235 

The model performance is consistent with other models developed in previous studies which also 236 

considered these processes.14, 44 The O3 shielding mechanism18 can also be ruled out as we 237 

observed similar 𝛾eff–[•OH] behavior by using H2O2 as the •OH precursor instead of O3 (Figure 238 

1). Furthermore, the previously proposed RO•-driven chain propagation reactions could only 239 

slightly enhance 𝛾eff,19 and is independent of [•OH] (Figure S6). Therefore, the [•OH]-dependent 240 

𝛾eff suggests that a previously unrecognized mechanism is needed to explain the high 𝛾eff under 241 

low [•OH]. 242 

 243 
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 244 

Figure 2. The •OH-initiated heterogeneous oxidation mechanism of organic aerosols in the 245 

atmosphere. The top part of the scheme (in black) illustrates the previous mechanistic 246 

understanding, and the bottom part (in green) shows the autoxidation mechanism proposed in this 247 

work. 248 

 249 

Oxidation products highlight the formation of organic hydroperoxides 250 

To elucidate the unrecognized mechanism, we further examined the oxidation products 251 

(Figure 3). Consistent with the above-mentioned reaction scheme, the most abundant products 252 

observed from these experiments by the TD-CIMS are R=O and ROH from the RO2
• + RO2

• self-253 

reaction. Interestingly, another major product with two additional oxygens than RH (“RH+2O”) 254 

was also observed in some of the studied OA systems. We determine this product to be the organic 255 

hydroperoxide (ROOH) for the reasons discussed below. Although the same chemical formula 256 

could be the second-generation products R(OH)2, the absence of the other two expected concurrent 257 

second-generation products (i.e., R(=O)OH and R(=O)2) from the TD-CIMS measurements ruled 258 
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this out (Figure 3A–B). In contrast, these expected second-generation products were all observed 259 

in the high-[•OH] FTR experiments. Additionally, the “RH+2O” signal appears almost 260 

simultaneously with the onset of •OH oxidation, while a second-generation product is usually 261 

indicated by delayed formation.7 To further confirm its identity, the IMS-MS was used to compare 262 

the oxidation products between experiments under different [•OH] on the isomer-resolved level 263 

and with higher sensitivity. In this comparison (Figure 4), adipic acid oxidation under very 264 

different [•OH] produced identical isomer distributions and abundances for both R=O and ROH 265 

(Figure 4 A, B, D, and E). In contrast, “RH+2O” exhibits very different isomer distributions 266 

between the two [•OH] conditions, with a unique and dominant isomer present only under lower 267 

[•OH] (Figure 4 C vs. F), providing unambiguous evidence for ROOH formation. Moreover, 268 

auxiliary total hydroperoxide analysis also supports the formation of ROOH under low [•OH] in 269 

the CFSTR (Figure S7). In Figure 3C–D, we present the signal-based fractions of R=O and 270 

“RH+2O” among the three major products as a function of [•OH] in the adipic acid system, where 271 

all three products were detected. The results, compared with measurements from the high-[•OH] 272 

FTR experiments, clearly show that the formation of R=O is inhibited while “RH+2O” (mostly 273 

ROOH) is enhanced under low [•OH]. On the contrary, most of “RH+2O” detected under high 274 

[•OH] in the FTR are R(OH)2 (Figure 4F). This [•OH]-dependent OA composition also explains 275 

the contradiction between this work and prior studies which reported no evidence of ROOH 276 

formation,7, 46 as prior studies used high [•OH] to investigate OA oxidative aging. Finally, to test 277 

whether the ROOH formation is formed from the RO2
• + HO2

• reactions, we incorporated HO2
• 278 

uptake and subsequent RO2
• + HO2

• reactions into the model using known kinetic parameters.47, 48 279 

However, the results suggest that this process plays a negligible role in 𝛾eff prediction and is 280 

unlikely to produce sufficient ROOH under the studied conditions (see SI). In support of this, 281 
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[•HO2] is expected to be higher with increased [•OH] and thus, ROOH formed from RO2
• + HO2

• 282 

should also increase with [•OH], which is opposite to the observed ROOH trend (Figure 3D). It 283 

should also be pointed out that during thermal desorption in TD-CIMS, decomposition of the 284 

products, especially ROOH, cannot be ruled out. However, thermal decomposition should not 285 

affect the ROOH trends shown in Figure 3 and may indicate that the formation of ROOH is even 286 

more important. 287 

 288 

Figure 3. Major products from adipic acid OA oxidation. (A – B) TD-CIMS time-series of the 289 

three major first-generation products (i.e., R=O, ROH, and “RH+2O”) for two adipic acids 290 

oxidation CFSTR experiments under different [•OH]. For comparison, one of the second-291 

generation products (R(=O)OH) is shown. The other second-generation product, R(=O)2, is also 292 

absent as R(=O)OH and hence is not shown. The light-yellow shades suggest the oxidation periods; 293 
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the fitted curves are to guide the eye. (C – D) The fractions of R=O and “RH+2O” in the first-294 

generation products from adipic acid oxidation experiments. The error bars represent the 295 

measurement standard deviation, and the curves are model results. The model simulations with 296 

autooxidation only considers the ROOH as R(OH)2 is not explicitly represented in the model. The 297 

simulations show consistent trends with the measurements. The similar time series results for 3-298 

methylglutaric acid are shown in Figure S8. 299 

 300 

 301 

Figure 4. Comparison of R=O, ROH, and “RH+2O” on the isomeric level between CFSTR (A – 302 

C) and FTR (D – F) experiments by the IMS-MS. The same drift time peaks suggest identical 303 

structures. The unique peak in (C) at 24.2 ms in m/Q 177 Th, specific only to the low-[•OH] 304 

CFSTR experiment, is identified as the ROOH. 305 

 306 

Autoxidation as the key aging mechanism 307 
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Through relating the enhancement of both 𝛾eff and ROOH formation under low [•OH], we 308 

propose a chain reaction mechanism between RO2
• and RH, leading to the formation of ROOH 309 

and regenerating RO2
• in the presence of O2 (Figure 2, bottom part). The formed ROOH may 310 

decompose into RO• and •OH, both of which could abstract H from RH in the condensed phase. 311 

This RO2
•-mediated mechanism thus sustains the other chain reaction (RO• + RH) and creates 312 

additional secondary pathways to consume RH and form ROH and RO2
•, further increasing 𝛾eff. 313 

Under high [•OH], the large •OH flux at the particle surface leads to the substantial formation of 314 

RO2
•, thus favoring the RO2

• + RO2
• self-reaction. With lower [•OH], the interfacial and particle-315 

phase [RO2
•] also decreases, allowing for the competing RO2

• + RH reaction to become 316 

nonnegligible. As a result, the formation of ROOH is promoted and that of R(=O) is inhibited with 317 

low [•OH]; in contrast, ROH may be formed in both processes. This mechanism has been known 318 

for decades in biochemistry and polymer chemistry for lipids and rubbers (also known as 319 

“autoxidation”),49-51 but for the first time here, this mechanism is reported in aerosol chemistry. It 320 

should be noted that this intermolecular autoxidation mechanism is essentially different from the 321 

unimolecular autoxidation chemistry (i.e., intramolecular H-shift followed by O2 addition) for gas 322 

phase RO2
•.52 Here, we demonstrate that the intermolecular autoxidation mechanism in the 323 

condensed phase exhibits a unique [•OH]-dependent behavior in aerosol chemistry, suggesting that 324 

the OA heterogeneous oxidation results obtained in the past decades may not accurately describe 325 

the processes occurring in the real atmosphere.  326 

Following the proposal of the autoxidation mechanism, we implemented it into the kinetic 327 

model to aid the interpretation of the experimental results. The RO2
• + RH reaction rate constant 328 

is estimated to be on the order of 10-6 times slower than that for RO• + RH.53 The ROOH 329 

decomposition rate may vary significantly, likely owing to the stability and reactivity of the ROOH. 330 
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Although some studies showed that ROOH can be stable in room temperature for as long as 24 331 

hours,54, 55 ROOH in atmospheric OA were more often found to be rather labile, especially for the 332 

highly functionalized molecules, with first-order decomposition rate ranging from 3 ´ 10-5 s-1 to ~ 333 

2 ´ 10-3 s-1.56-59 Further, little in known regarding the detailed ROOH decomposition mechanism 334 

and products. Unimolecular decomposition via breaking the weak O–O bond to form RO• and •OH 335 

was suggested as a possible reaction at ambient temperature for peroxides with O/C ratios at 0.5 336 

or higher.56 In addition, bimolecular reactions were also suggested, such as the Baeyer-Villiger 337 

reaction and Korcek mechanism.57, 60 But these bimolecular mechanisms do not directly produce 338 

free radicals, hence cannot propagate the chain reactions shown in Figure 2. The lack of detailed 339 

kinetic and mechanistic understanding leads to great challenges to explicitly incorporate the 340 

ROOH chemistry into the kinetic model. Therefore, we lumped the possible ROOH unimolecular56 341 

and bimolecular57 decomposition pathways as a single pseudo first-order decomposition reaction 342 

forming RO• + •OH with a first-order decomposition rate constant and a tunable yield (see SI for 343 

model details). 344 

Despite the simplification, this model reasonably reflects the chain propagating nature of 345 

the autoxidation mechanism. To capture the observed 𝛾eff – [•OH] relationship over the entire 346 

studied [•OH] range, optimization suggests that the model needs to constrain the formation rate of 347 

RO• + •OH from ROOH decomposition at 1 ´ 10-5–1 ´ 10-4 s-1, while keeping the RO2
• + RH 348 

reaction rate constant in a reasonable range (i.e., 5–20 ́  10-21 cm3 molecules-1 s-1) for all the studied 349 

OA systems. Here, the formation rate of RO• + •OH is a combination of ROOH decomposition 350 

rate and the branching ratio of RO• + •OH. For example, if all the ROOH decomposition forms 351 

RO• + •OH, the decomposition rate is the same as the formation rate of RO• + •OH; while if only 352 

10% of ROOH decomposes to RO• + •OH, the overall ROOH decomposition rate needs to be 353 
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approximately one order of magnitude higher, which is still within the range of previously reported 354 

ROOH decomposition rate constant mentioned above.56-59 Model simulations of the 𝛾eff – [•OH] 355 

relationship using the autoxidation mechanism agree nicely with the measurements (Figure 1), 356 

suggesting that autoxidation in the condensed phase can indeed greatly accelerate OA aging under 357 

atmospherically relevant [•OH]. It should be noted that the good model-observation agreement 358 

does not require a certain unique set of parameters. Rather, with a given formation rate of RO• + 359 

•OH in the above-mentioned range, a coupled RO2
• + RH reaction rate constant can be determined 360 

to result in a similarly good agreement as shown in Figure 1. Furthermore, it is remarkable that 361 

the model results also agree with the trends of [•OH]-dependent fractions of R=O and “RH+2O” 362 

(Figure 3C–D), further supporting the autoxidation mechanism. Lastly, to test whether other 363 

radical-involved chemical processes might affect or contribute to the enhanced OA degradation, 364 

unimolecular H-shift isomerization for RO2
• and RO• were considered in the kinetic model. This 365 

unimolecular process has been shown to play important roles in the gas phase,52, 61, 62 but our model 366 

simulations suggest that they are not fast enough at typical reaction rate constants to compete with 367 

the autoxidation mechanism and play a very minor role in OA aging kinetics (see SI). 368 

The kinetic model further suggests that autoxidation-involved reactions (i.e., RH + RO2
•, 369 

RH + RO•, and RH + •OH from ROOH decomposition) could account for > 95% of total RH 370 

consumption under atmospheric [•OH] (Figure S9). This means that the collision of gas-phase 371 

•OH with OA particles plays more of an initiator role, rather than acting as the dominant oxidant 372 

of OA under atmospheric conditions. This also implies that once the oxidation is triggered, 373 

autoxidation may proceed even in the dark. Since most of the OA molecules are not oxidized 374 

directly by the •OH from gas-phase adsorption under low [•OH], the OA oxidation is no longer 375 

confined to the interfacial region of the particles. Consistently, model results suggest that the OA 376 



 21 

oxidation could occur throughout the entire particles under atmospherically relevant [•OH], 377 

contrary to the dominant interfacial oxidation under much higher [•OH] for all the examined OA 378 

systems (Figure S10). Thus, for particles that are viscous and do not rapidly mix, autoxidation 379 

could make a big difference. Beyond the Dorg range for the studied OA, the simulations indicate 380 

that even for more viscous OA particle across the semi-solid and solid ranges, the OA oxidation 381 

events could still spread throughout the particles in about an hour under atmospheric [•OH] 382 

(Figure S11). These simulations highlight that the autoxidation mechanism leads to highly 383 

efficient OA aging by allowing the oxidation to occur in the particle bulk and bypassing diffusion 384 

limitations, hence, making the viscous particles more homogeneous during oxidation. 385 

 386 

Overall aerosol composition influenced by autoxidation 387 

Finally, we investigated how intermolecular autoxidation may impact the entire OA 388 

composition. For this purpose, we focus on the 3-methylglutaric acid system which is more readily 389 

oxidized and can form diverse oxidation products.24 The observed oxidation products (C1-6H2-10O3-390 

8) by the IMS-MS were employed to calculate the intensity-based elemental ratios, averaged 391 

carbon number (nC), and fraction of fragmentation products in the particle phase under different 392 

oxidation conditions (Figure 5). As the Van Krevelen diagram shown in Figure 5A, the FTR 393 

experiments with the highest [•OH] (> ~ 2 ´ 1010 molecules cm-3) exhibit the steepest H/C – O/C 394 

trajectory, with a slope ~ -0.91, indicative of a mechanism that forms similar amounts of carbonyls 395 

and alcohols (consistent with the Russell mechanism). In comparison, the lower [•OH] CFSTR 396 

experiments all had shallower H/C – O/C trajectories, with slopes of -0.65 – -0.69 under [•OH] < 397 

~ 2 ´ 108 molecules cm-3 and -0.82 under [•OH] ~ 2 ´ 109 molecules cm-3. The slope shift as a 398 

function of [•OH] suggests that low [•OH] favors the formation of alcohols and hydroperoxides 399 
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over carbonyls, consistent with the autoxidation mechanism. This mechanistic difference was also 400 

supported by comparing the major functionalization products: higher abundance of alcohols and 401 

hydroperoxides were observed in the CFSTR than the FTR (Figure S12) and higher ratios of the 402 

“RH+2O” signals over the other two major second-generation products were found under lower 403 

[•OH] (Figure S13). As a result of the enhanced hydroperoxides by autoxidation, the low-[•OH] 404 

CFSTR experiments reached comparable carbon oxidation state with the high-[•OH] FTR 405 

experiments, but at much lower •OH exposure (Figure S14). It is also evident that under [•OH] > 406 

~ 2 ´ 109 molecules cm-3 (in both reactors), the fraction of fragmentation products increases and 407 

nC decreases exponentially with •OH exposure (Figure 5B), consistent with prior understanding 408 

that fragmentation is increasingly important after the functionalization products are further 409 

oxidized. However, under lower [•OH] (< ~ 2 ´ 108 molecules cm-3), an appreciable fraction of 410 

the total measured products are fragmentation products (20–30% based on peak intensities, Figure 411 

5B), even with very low •OH exposure (i.e., < 1011 molecules cm-3 s). We suggest that this is 412 

because the enhanced autoxidation under low [•OH] promotes RO• formation through ROOH 413 

decomposition and hence increase fragmentation even with low •OH exposure. These results 414 

suggest that autoxidation could provide a new pathway to rapidly produce small, oxidized 415 

compounds which could evaporate to the gas phase and contribute to important atmospheric 416 

processes such as secondary OA formation.  417 

Overall, the chemical composition of oxidized OA provides observation-based support to 418 

the autoxidation mechanism and ROOH decomposition pathways. Specifically, the increased 419 

formation of alcohol and fragmentation products under lower [•OH] strongly supports the ROOH 420 

unimolecular decomposition to RO• + •OH;56 the enhanced alcohol formation may also be partly 421 
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due to the Baeyer-Villiger reactions.60 Therefore, it is likely that both ROOH processes take place 422 

to promote autoxidation and explain the measurements. 423 

	424 

Figure 5. Chemical composition of oxidized 3-methylglutaric acid OA. (A) The Van Krevelen 425 

diagram for four 3-methylglutaric acid oxidation experiments. The experiment with the highest 426 

[•OH] was performed in the FTR and the other three lower-[•OH] experiments were performed in 427 

the CFSTR. The linear fits with slopes are shown with the data; the color scale indicates the •OH 428 

exposure for each data point. (B) The fraction of fragmentation products (left axis) and nC (right 429 

axis) as a function of •OH exposure for the same 3-methylglutaric acid oxidation experiments as 430 

in (A). 431 

 432 

Atmospheric Implications 433 

In this work, we report strong and direct evidence for an intermolecular autoxidation 434 

mechanism in heterogeneous oxidative aging of OA. Although only a few highly oxidized OA 435 

surrogates were examined, its chemical nature is rather nonspecific.50, 51, 53 Previous work showed 436 

a somewhat similar 𝛾eff – [•OH] dependence, but to a lesser degree for less oxidized OA 437 
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surrogates.7, 19, 63 This could be caused by different kinetic parameters in the autoxidation 438 

mechanism (Figure S15). We show that autoxidation may occur at much faster rates than the other 439 

particle-phase RO2
• pathways under atmospherically relevant [•OH] (e.g., RO2

• reactions with 440 

RO2
• and HO2

•) and significantly boost OA oxidation. Through autoxidation, OA oxidative aging 441 

in the atmosphere may proceed on timescales from less than a day to several days, much more 442 

rapidly than prior laboratory results have suggested. This result opens up new avenues for 443 

heterogeneous OA oxidation to play key roles in various atmospheric processes. Although the 444 

laboratory studies showed clear evidence for enhanced OA aging kinetics and the formation of 445 

ROOH, ROH, and fragmentation products, the autoxidation-involved kinetic parameters have 446 

large uncertainties. This is mainly caused by: (1) the RH + RO2
• reaction kinetics have been less 447 

studied for system relevant to atmospheric OA species;53 and (2) the ROOH decomposition rate 448 

constant and mechanism are largely varied with chemical structures.56-59 Therefore, the 449 

corresponding kinetic model is constrained within the wide ranges of reported values to our best 450 

knowledge. Thus, future studies are needed to help better determine the key parameters for more 451 

accurate prediction of multiphase OA aging kinetics. 452 

In the atmosphere, many OA processes could occur simultaneous with aging (e.g., 453 

secondary aerosol formation, new particle formation and growth, aqueous-phase reactions, 454 

evaporation, etc.); thus, direct field evidence to support such rapid OA oxidation is unavailable. 455 

However, the autoxidation-mediated fast OA aging reported in this work should be considered in 456 

the interpretation of field measurements. Another surprising outcome of our findings is that the 457 

gas-phase •OH is only an initiator of OA aging, rather than the main oxidant, implying that OA 458 

oxidative aging may efficiently take place even under dark conditions (e.g., nighttime or in indoor 459 

environments). Additionally, substantial ROOH may be present in the oxidized OA particles as 460 
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reactive oxygen species, which are well known to result in health effects.64 We also suggest that 461 

autoxidation can lead to OA oxidation throughout the entire aerosol particle even for highly 462 

viscous OA, rather than confined at the gas-particle interface, as previously understood. Lastly, 463 

we show that autoxidation may have an extending influence on the entire OA particle composition 464 

during oxidative aging. It will increase the oxygenation of OA efficiently and facilitate 465 

fragmentation chemistry. The rapid and enhanced oxygenation of aerosol particles through this 466 

mechanism may result in increased cloud formation, leading to larger indirect climate effects. 467 

Overall, the autoxidation mechanism reported here unveils the nature of heterogeneous aerosol 468 

oxidation chemistry and highlights the need to rethink aerosol aging processes in the real 469 

atmosphere. 470 
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