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Abstract. Cooking organic aerosol (COA) is one of the major constituents of particulate matter in urban ar-
eas. COA is oxidized by atmospheric oxidants such as ozone, changing its physical, chemical and toxicological
properties. However, atmospheric chemical lifetimes of COA and its tracers such as oleic acid are typically
longer than those that have been estimated by laboratory studies. We tackled the issue by considering tempera-
ture. Namely, we hypothesize that increased viscosity of COA at ambient temperature accounts for its prolonged
atmospheric chemical lifetimes in wintertime. Laboratory-generated COA particles from cooking oil were ex-
posed to ozone in an aerosol flow tube reactor for the temperature range of −20 to 35 °C. The pseudo-second-
order chemical reaction rate constants (k2) were estimated from the experimental data by assuming a constant
ozone concentration in the flow tube. The estimated values of k2 decreased by orders of magnitude for lower
temperatures. The temperature dependence in k2 was fit well by considering the diffusion-limited chemical re-
action mechanism. The result suggested that increased viscosity was likely the key factor to account for the
decrease in chemical reactivity at the reduced temperature range, though the idea will still need to be verified
by temperature-dependent viscosity data in the future. In combination with the observed global surface tempera-
ture, the atmospheric chemical lifetimes of COA were estimated to be much longer in wintertime (> 1 h) than in
summertime (a few minutes) for temperate and boreal regions. Our present study demonstrates that the oxidation
lifetimes of COA particles will need to be parameterized as a function of temperature in the future for estimating
environmental impacts and fates of this category of particulate matter.

1 Introduction

Organic aerosol (OA) is a major component of atmospheric
particles (Zhang et al., 2011; Laskin et al., 2019). OA plays
important roles in the climate and air quality (Menon et
al., 2008; Liu et al., 2013; Robinson et al., 2018; Liu et
al., 2019). One of the key sources of OA in urban areas is
cooking (Rogge et al., 1991; Hildemann et al., 1991; Crippa
et al., 2013; Lee et al., 2015; Sun et al., 2016; Daellenbach
et al., 2017; Guo et al., 2020; Huang et al., 2021). Atmo-
spheric abundance of cooking organic aerosol (COA) is typ-
ically estimated by factor analysis of aerosol mass spectra or

by employing chemical tracers (Zhang et al., 2011; Huang
et al., 2021). Hildemann et al. (1991) identified that COA
accounted for 21 % of mass loading of OA in Los Angeles,
USA. The corresponding values for European cities were re-
ported to be at around 10 % (Crippa et al., 2013; Daellenbach
et al., 2017). In the case of the Asian region, high abundances
of COA have been observed, especially in cities in China, in-
cluding Beijing, Shanghai, Guangzhou, and Hong Kong SAR
(Lee et al., 2015; Sun et al., 2016; Guo et al., 2020; Huang
et al., 2021). The mass fractions of COA were highly vari-
able (8 %–33 %) in China, likely due to differences in local
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source distributions and uncertainties in source apportion-
ment (Zheng et al., 2023; Miao et al., 2021).

Processes involved in COA emissions include meat-
cooking operations and stir/deep frying by vegetable oils
(Zhao et al., 2007; Weitkamp et al., 2008). In both cases, fatty
acids such as oleic, linoleic, palmitic and stearic acids were
identified as the major marker compounds for COA (Song
et al., 2023; Zhao et al., 2007). As COA contains unsatu-
rated fatty acids such as oleic and linoleic acids, oxidation of
COA occurs following chemical reactions with ozone, OH
and NO3 (Weitkamp et al., 2008; Li et al., 2020; Wang and
Yu, 2021).

The chemical aging processes of COA and its surrogates
change their hygroscopicity and toxicity (Liu et al., 2021;
Wang et al., 2021). For instance, ozonolysis of oleic and
linoleic acids particles causes them to be highly active as
cloud condensation nuclei (CCN) (Broekhuizen et al., 2004;
Shilling et al., 2007). Oxidative potential of COA enhances
following oxidation (Wang et al., 2021). In addition, COA
aging processes need to be well understood for appropriately
appointing sources of OA (Reyes-Villegas et al., 2018). It
should be noted that the COA factor from factor analysis of
the aerosol mass spectrometric measurements may contain
both fresh and aged COA, while the profiles of molecular-
level chemical tracers may change due to atmospheric oxida-
tion (Huang et al., 2021).

The discrepancy in the atmospheric chemical lifetimes of
COA as well as its marker compounds from field observation
and the estimated corresponding values by laboratory exper-
iments have been discussed for a few decades (Robinson et
al., 2006; Rudich et al., 2007; Weitkamp et al., 2008; Wang
and Yu, 2021). Atmospheric chemical lifetimes of oleic and
linoleic acids estimated by laboratory experiments were typ-
ically on the order of minutes (Morris et al., 2002; Knopf
et al., 2005; Hung and Tang, 2010; Liu et al., 2023). The
laboratory data for ozonolysis of oleic acid were recently
compiled and analyzed using the kinetic multilayer model
(Berkemeier et al., 2021). On the other hand, a field observa-
tion in Los Angeles, USA, suggested that the atmospheric
chemical lifetime of oleic acid was on the order of days
(Rogge et al., 1991; Zahardis and Petrucci, 2007). Recent ob-
servational studies in the Yangtze River Delta region in China
suggested that the nighttime chemical lifetime of oleic acid
from cooking in the region was on the order of hours (Wang
and Yu, 2021).

The discrepancy among the field and laboratory chemi-
cal lifetimes of COA markers has typically been associated
with chemical composition of COA (Rudich et al., 2007).
Namely, mixing of saturated fatty acids from cooking such as
stearic and palmitic acids causes COA to be highly viscous
or solid at room temperature, reducing chemical reactivity
(Knopf et al., 2005). Chemical reactions of COA with ozone
also lead to phase transition of liquid to semi-solid or solid
phase, potentially due to the formation of high-molecular-
weight chemical species (Xu et al., 2022).

Recent laboratory studies started suggesting that tempera-
ture may also be an important factor in regulating chemical
reactivity of COA (Li et al., 2020; Kaur Kohli et al., 2024;
Liu et al., 2023). The reactive uptake coefficient (γ ) of ozone
by canola oil film on a coated-flow-tube reactor decreased by
an order of magnitude at the melting point (Li et al., 2020).
Ozonolysis of oleic acid particles that contained ammonium
sulfate seeds became unmeasurably slow by an aerosol flow
tube reactor for the temperature range below its melting point
(Liu et al., 2023). Considering that ambient temperatures
during wintertime in many cities in the world are signifi-
cantly lower than a typical laboratory condition (20–25 °C),
temperature could also play an important role in regulating
the atmospheric chemical lifetimes of COA.

Most of the previous temperature-dependent oxidation ex-
periments of COA were conducted using organic films or
droplets on substrates (Hung and Tang, 2010; Li et al., 2020;
Liu et al., 2023). However, the existence of substrates may in-
fluence physicochemical processes such as phase transition,
impacting chemical reactivity (Hearn and Smith, 2005; Liu
et al., 2023; de Gouw and Lovejoy, 1998). Low-temperature
oxidation experiments for suspending COA particles are still
needed.

In this study, we have conducted laboratory experiments
for testing the role of temperature in the chemical reactiv-
ity of COA. The laboratory study was conducted using an
aerosol flow tube for the temperature range of −20 to 35 °C.
The COA particles for the experiments were produced by
heating canola oil, Chinese-style hot pot soup base and lard.
The experimental results were used for evaluating changes in
the chemical lifetimes of COA as a function of temperature.

2 Materials and methods

Figure 1 shows the experimental setup. The experimental
setup consisted of three components, including particle gen-
erator, aerosol flow tube and online instruments for quan-
tifying the chemical composition and size distribution of
aerosol particles. Purified air produced by the zero-air gen-
erator (Model 747-30, AADCO Instruments, Inc.) was em-
ployed for the setup. Stainless steel, copper and conductive
polytetrafluoroethylene (PTFE) tubings were employed for
particle flows. Short pieces of Tygon tubing were also used
for connecting them. PTFE tubing was employed both for
zero-air and ozone flows. Table S1 in the Supplement sum-
marizes the list of experimental runs. Further details about
the experimental setup can be found in our previous publica-
tion (Liu et al., 2023).

2.1 Generation of COA particles

Three types of cooking materials, including canola oil
(product ID: 10057184957713, Jinlongyu Group Co., Ltd.),
Chinese-style hot pot soup base (Sichuan spicy hot pot, prod-
uct ID: 858421, Haidilao) and lard (produced by a cafeteria
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Figure 1. Schematic diagram of the experimental setup. Particles
were measured using the SV-TAG and OPC for Exp. no. 8, 15 and
22. The ACSM and SEMS were employed for other experiments.

in the campus of Peking University), were employed for the
experiment. Lard was extracted by heating pork fat using a
Chinese frying pan for around 30 min, following addition of
a trace amount of vegetable oil and water. The samples were
stored in a refrigerator until usage.

COA particles were generated by heating cooking oils to
180± 2 °C using a U-tube wrapped with six layers of alu-
minum foil and a heating tape inside. A thermocouple was
installed for measuring the temperature of the outer wall
of the U-tube. Samples of approximately 3 mL were put in
the bottom of the U-tube. The hot pot soup base contained
some solid components, including spices. Only the super-
natant liquid was employed for the experiments. A small
amount of lard was heated during the sample preparation pro-
cess, as it formed a solid phase at room temperature. The
air flow rate passing through the U-tube was controlled at
2 L min−1 by a mass flow controller (MFC; Alicat Scientific,
Inc.). Nucleation and condensation of the heated samples oc-
curred in an air-cooled condenser. An impactor (Model 8008,
Brechtel Manufacturing, Inc.) was used to remove large par-
ticles. Volatile organic compounds (VOCs) were removed
by a diffusion dryer (AGS-Dryer, Brechtel Manufacturing,
Inc.) containing activated charcoal for avoiding formation
of secondary organic aerosol particles during the ozonoly-
sis experiments. Particles were stored in a 100 L stainless-
steel container for 3 h to stabilize size distribution by coag-
ulation prior to conducting the oxidation experiments. Parti-
cle mass concentration in the tank reduced by approximately
50 % following 3 h of storage due to wall losses. No signif-
icant change in particle size distribution was observed after
2 h (Fig. S1 in the Supplement). Mode diameter for the num-
ber size distribution in the tank maximumly shifted by 10 %
during an experiment (Fig. S2).

2.2 Temperature-controlled aerosol flow tube

An aerosol flow tube, which was installed in a temperature-
controlled box, was employed for the ozonolysis reaction.
The aerosol flow tube consisted of a borosilicate glass tube
(5 cm in inner diameter and 1 m in length) and a movable
injector (1/4 in. stainless steel tubing supported by 3/8 in.
stainless steel tubing). The positions of the movable injec-
tor were changed for investigating oxidation kinetics for the

reaction time of 0 to 60 s at room temperature. Temperature
of the box for the aerosol flow tube was controlled for the
range of −20 to 35 °C by a chest freezer and a temperature-
controlled liquid circulator. The temporal variation of tem-
perature was ±0.2 °C at −20 °C.

Ozone was produced using an ultraviolet lamp (UV-M,
Beijing Tonglin Technology Co., Ltd). Ozone concentration
was continuously monitored by an ozone analyzer (Model
49i, Thermo Fisher Scientific, Inc.). Ozone concentration
was adjusted to be 450 ppb and 7 ppm for kinetics and
products’ investigation experiments, respectively. A diffu-
sion dryer containing the ozone destruction catalyst (F800,
Beijing Tonglin Technology Co., Ltd) was connected imme-
diately after the flow tube for terminating chemical reactions.

2.3 Particle characterization

Chemical composition of particles was monitored using
the time-of-flight aerosol chemical speciation monitor (ToF-
ACSM; Aerodyne Research, Inc.) equipped with a PM2.5
aerodynamic lens and capture vaporizer (Zheng et al., 2020).
The range of mass-to-charge (m/z) ratio for the mass spectra
was 12 to 210. The multilinear engine (ME-2) solver was em-
ployed for factor analysis of the aerosol mass spectra (Bud-
isulistiorini et al., 2021; Liu et al., 2023). A scanning electri-
cal mobility system (SEMS; Brechtel Manufacturing, Inc.),
which consisted of the combination of a differential mobility
analyzer (DMA) and a mixing-based condensation particle
counter (MCPC), measured the size distribution of particles.
Size distributions of particles were recorded every 3 min in
60 bins for the diameter range of 10–600 nm.

In addition, the semi-volatile thermal-desorption aerosol
gas chromatograph (SV-TAG; Aerodyne Research Inc. &
Aerosol Dynamic Inc.) was used for experiments at room
temperature for molecular-level chemical analysis (Li et
al., 2022; Liu et al., 2023). Standards for major fatty acids
in COA, including linoleic, oleic, palmitic and stearic acids
(Table S2), were employed for calibrating the instrument.
The SV-TAG was operated in “bypass” mode for sampling
both gas- and particle-phase species. Different instrumen-
tal settings (oven temperature of the concentrating trap and
flow rate for the gas chromatography) were employed in
experiments for identifying compounds (Figs. 2 and S3)
and for reaction kinetics. Identification of detected chemical
species was conducted using MassHunter (Agilent). An op-
tical aerosol counter (OPC; Model 11-D, GRIMM Aerosol
Technik, Ainring) was employed together with the SV-TAG
for measuring mass concentration.

3 Results and discussion

3.1 Chemical composition of COA particles

Figure 2 shows the gas chromatogram for COA particles
from the hot pot soup base. Chromatograms for all types
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of COA are shown in Fig. S3, in addition to the corre-
sponding background data. The SV-TAG identified more
than 500 chemical species in COA particles. The number of
the identified organic molecular formula was dominated by
oxygenated compounds such as carboxylic acids. Nitrogen-
containing compounds and hydrocarbons were also detected
(i.e., amides and alkanes). In addition, there were some
chemical species containing sulfur, phosphorus or halogen
atoms. Examples include benzenesulfonamide, phosphinic
acid and bromofluorene. It should be noted that the identifica-
tion of these chemical species was conducted using the unit-
mass-resolution mass spectrometer of the SV-TAG. Future
employment of the high-resolution mass spectrometer will be
needed for accurately identifying these chemical species that
contain heteroatoms. Peaks of plasticizers such as phthalate
were also identified. The plasticizers were likely originated
from contaminants in the zero air in addition to the plastic
tubing, as they existed in background measurement (Fig. S3).

Oleic, linoleic, palmitic and stearic acids were the four
dominant fatty acids, accounting for around 20 % of the total
particle mass. Fatty acids were likely released from thermal
degradation of triglycerides and phospholipids (Abdullahi et
al., 2013; Zhao et al., 2015). Figure 3 shows the mass frac-
tions of these four fatty acids in investigated COA. Canola
oil particles were rich in unsaturated fatty acids (i.e., linoleic
and oleic acids), while COA generated from lard contained
the highest fraction of saturated fatty acids (i.e., palmitic and
stearic acids). The high abundance of linoleic acid in COA
particles from the hot pot might be originated from chicken
oil in the sample (Song et al., 2023). Some other fatty acids
with even carbon numbers, such as dodecanoic, myristic,
hexadecenoic, linoelaidic and arachidic acids, were also de-
tected, though abundances of signals for these compounds
were minor.

Some other minor organic species were also detected,
such as sterols, tocopherols and polycyclic aromatic hydro-
carbons (PAHs). Sterols widely exist in vegetable and ani-
mal tissues (Sikorski and Kolakowska, 2010). The SV-TAG
detected sterols such as cholesterol, campesterol, sitosterol,
stigmasterol and fucosterol. The main dietary source of to-
copherol is vegetable oil (Jiang et al., 2001). Distinct sig-
nals from β, γ and δ tocopherols were found in three types
of COA particles, especially in hot pot particles. Usage of
vegetable oil during the extraction process might have con-
tributed to the existence of this compound in lard COA. PAHs
such as benzo(a)pyrene, benz(a)anthracene, pyrene and fluo-
ranthene were detected, although their abundances were lim-
ited. Capsaicin was only non-negligible for hot pot COA par-
ticles, likely originating from spices.

Figure 4 shows the ToF-ACSM mass spectra of three
types of COA particles. The major peaks for the mass spec-
tra included m/z= 41, 55, 67 and 91, as reported in previ-
ous COA studies (Mohr et al., 2009; He et al., 2010; Kalt-
sonoudis et al., 2017). Ratios of f55/f57 (f55/f57 = 2.4–3.2)
were consistent with previous COA measurements (Zhang

et al., 2011; Kaltsonoudis et al., 2017). High-molecular-
weight ions (m/z > 100) that have been observed for oleic
acid (m/z = 178, 191 and 202) were also detected (Hu et
al., 2018; Liu et al., 2023). These dominant peaks were
most likely hydrocarbon ions, as reported by previous COA
studies (He et al., 2010; Kaltsonoudis et al., 2017; Hu et
al., 2018).

Generally, mass spectra for the three types of COA were
similar (r2 > 0.95). Similarities in aerosol mass spectra for
COA from various sources have also previously been re-
ported (He et al., 2010). The mass spectrum of hot pot
COA particles exhibited relatively large differences from
that of the other two types of COA. Fractions of signals at
m/z = 105, 107, 117 and 137 were 2–5 times higher in hot
pot COA particles.

3.2 Chemical characteristics of oxidized COA particles
at room temperature

Ozonolysis of COA particles changed their chemical com-
positions (Fig. 5). In particular, abundances of unsaturated
fatty acids decreased following oxidation, as C=C double
bonds in unsaturated compounds are highly reactive with
ozone (Zahardis and Petrucci, 2007). Abundance of aze-
laic acid, which formed following ozonolysis of oleic acid,
increased following oxidation. These changes were ubiqui-
tously observed for all types of COA. There were no signif-
icant changes in mass concentration of saturated fatty acids
by oxidation.

The ToF-ACSM data also demonstrated reductions in
high-molecular-weight ions (i.e., m/z = 165, 191, and 202)
following oxidation, likely due to fragmentation of unsatu-
rated acids by ozonolysis. As a result, the contributions of
smaller molecular ions such as m/z = 43 and 44 increased
(Fig. 4). These data were qualitatively in line with the result
of the SV-TAG measurements that the oxidation processes
induced fragmentation of organic compounds in COA.

3.3 Estimation of the pseudo-second-order reaction rate
constants

The ME-2 analysis was conducted for quantitatively estimat-
ing the mass fraction of COA that had been oxidized using
the aerosol mass spectra. The details about the ME-2 anal-
ysis are provided in Sect. S1 in the Supplement. Briefly, a
two-factor solution was obtained for each set of experiment.
A factor that corresponded to COA prior to ozone exposure
was denoted as “fresh COA”, while another one was named
as “oxidized COA”. The value for the degree of freedom
(a value) of the mass spectra of particles prior to ozone expo-
sure in the aerosol flow tube was set to be 0.2. The mass spec-
tral range of m/z = 41 to 210 was employed for the anal-
ysis. The mass spectra for the ozone exposure of 7 ppm at
25 °C were analyzed together with each experimental dataset
to constrain the profile for reaction products. The resulting
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Figure 2. Gas chromatogram of hot pot COA particles prior to ozone exposure.

Figure 3. Mass fractions of four major fatty acids in canola oil, hot
pot and lard COA particles.

factor profiles of two factors for each type of COA are sum-
marized in Fig. S4.

Figure S5 shows the change in the fractional contributions
of the fresh COA factor (ffresh) following ozone exposure for
the lard experiments. The values of ffresh exponentially de-
creased after COA particles were exposed to ozone. Ozone
concentration was assumed to be a constant value, as an ex-
cess amount of ozone was injected to the flow tube. As a
result, the process was fit by the following equation by as-
suming the pseudo-second-order reaction with ozone:

ffresh = ffresh_0 exp
(
−k2PO3 t

)
. (1)

The term ffresh_0 indicates the mass fraction of fresh COA
prior to ozone exposure. The retrieved value of ffresh_0 was
1.00± 0.02 for all cases, agreeing well with the expectation
that fresh COA was the sole component prior to ozone expo-
sure. PO3 corresponds to the partial pressure of ozone. The
residence time of COA particles in the reactor is t . PO3 t cor-
responds to ozone exposure. The value of k2 corresponds
to the pseudo-second-order reaction rate constant for the
following chemical reaction: fresh COA+O3 → oxidized
COA. It should be noted that ffresh was occasionally larger
than ffresh_0 when the chemical reaction was extremely
slow/negligible at low temperatures. As the ACSM is a mass-

based instrument, detecting changes in chemical composition
due to ozonolysis is challenging when the reacted mass frac-
tion is small. The output of the ME-2 analysis would have
relatively large uncertainties when the change in chemical
composition is comparable to or less than fluctuations in ex-
perimental data. In these cases, k2 was forced to be zero in
the following analysis.

In the case of the SV-TAG data, the oxidation processes
of unsaturated fatty acids (i.e., oleic and linoleic acids) were
parameterized by employing a saturated fatty acid (stearic
acid) as a tracer (Wang and Yu, 2021).

[
funsaturated_fatty_acid

][
fstearic_acid

] =

[
funsaturated_fatty_acid_0

][
fstearic_acid_0

] exp
(
−k2PO3 t

)
(2)

In the above equation, funsaturated_fatty_acid_0,
funsaturated_fatty_acid, fstearic_acid_0 and fstearic_acid corre-
spond to abundances of unsaturated fatty acids prior to
ozone exposure, unsaturated fatty acids following ozone
exposure, stearic acid prior to ozone exposure and stearic
acid following ozone exposure, respectively.

The obtained values of k2 for 25 °C are compared in Ta-
ble 1, along with the corresponding values for oleic acid par-
ticles retrieved from our previous study (Liu et al., 2023).
Generally, the values of k2 were in the range of 0.05–
0.09 ppb−1 h−1. The values of k2 of COA particles ob-
tained by the ME-2 analysis of the ToF-ACSM data and
molecular-level measurements of oleic acid by the SV-TAG
agreed within differences of 10 %–40 %, suggesting that the
timescale for chemical aging of COA and oleic acid agreed
within the range of uncertainty.

The similarities in the values of k2 by the ME-2 analysis
and SV-TAG were reasonable, considering that unsaturated
fatty acids were the major chemical species that were respon-
sible for the oxidation processes. Oxidation of linoleic acid
is known to be 1.6 times faster than that of oleic acid (Moise
and Rudich, 2002; Hearn and Smith, 2004). However, it only
occupied a small portion, except for hot pot COA particles.
A previous study for reactive uptake coefficient of ozone by
canola oil film (γ = 0.6×10−3) (Li et al., 2020) also reported
that the chemical reaction process was comparable to that by
oleic acid (γ = 0.8× 10−3) (Thornberry and Abbatt, 2004).

https://doi.org/10.5194/acp-24-5625-2024 Atmos. Chem. Phys., 24, 5625–5636, 2024



5630 W. Liu et al.: Temperature-dependent chemical aging of COA

Figure 4. Mass spectra of (a) canola oil (Exp. no. 1), (b) hot pot (Exp. no.9) and (c) lard (Exp. no. 20) COA particles (black bars). Mass
spectra of particles following 2.7×10−5 atm s of ozone exposure are shown by red dots. The signal fractions ofm/z of 101–210 are enhanced
by 30, 20 and 40 times as noted in the figure.

Figure 5. Gas chromatograms of (a) canola oil, (b) hot pot and (c) lard COA particles for before (black) and after 2.7×10−5 atm s of ozone
exposure (red). The abundances are normalized by the intensity of stearic acid for each measurement.
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Table 1. Comparison of obtained values of k2 (ppb−1 h−1) for oleic
acid (OL) in particles by the SV-TAG and whole particles by the
ACSM at 25 °C.

Type k2 for OL in particles k2 for whole particles
(by the SV-TAG) (by the ACSM)

Oleic acid∗ 0.067 0.078± 0.008
Canola oil 0.053 0.086± 0.005
Hot pot 0.055 0.061± 0.003
Lard 0.049 0.056± 0.003

∗ Retrieved from our previous study (Liu et al., 2023).

Differences in experimental procedures could also account
for the discrepancy between the two studies.

There were some variabilities in particle number size dis-
tributions among the experiments. The mode diameters for
the COA particles were 300–400 nm (Fig. S6), while the
corresponding values for oleic acid particles were around
400 nm. The size ranges were comparable to the ambient
COA particles in Beijing (Ma et al., 2023). Reactive up-
take coefficients for oleic acid particles would change by less
than 5 % for 200 and 400 nm particles, leading to negligi-
bly small changes in k2 values (approximately 10 %) (Morris
et al., 2002; Smith et al., 2002). The variabilities in particle
sizes among the experiments did not likely affect the experi-
mental results of the present study.

3.4 Temperature dependence in k2

Figure 6 summarizes the obtained values of k2 plotted
against temperature. In general, k2 decreased systematically
for lower temperatures. On the other hand, the values of
k2 for elevated temperature ranges (T > 30 °C) were higher
than that for room temperature (T ∼ 25 °C). For the temper-
ature range above 25 °C, the retrieved value of k2 for oleic
acid was less than 3 times higher than it was for COA. For
−10 °C< T < 10 °C, the values of k2 were different by more
than an order of magnitude, depending on COA types. All
types of COA were not highly reactive for T <−15 °C.

The change of k2 with temperature was gradual, rather
than abrupt (Figs. 6 and S7). The gradual reduction in
chemical reactions for reduced temperature range has previ-
ously been reported for organic films that experienced glass
transitions using coated-flow-tube experimental setup (Li et
al., 2020). The transition temperature was defined as the
point at which k2 became an order of magnitude smaller than
that at room temperature. The transition temperatures were
around−10 °C (canola oil),−5 °C (hot pot) and 10 °C (lard).
Below these temperatures, the values of k2 were not highly
sensitive to temperature or were unmeasurably small. In the
case of chemical systems that experienced glass transition,
similar changes in γ were also observed using the coated
flow tube (Li et al., 2020; Moise and Rudich, 2002). Namely,

Figure 6. Dependence of k2 on temperature. Data for oleic acid
were retrieved from our previous study (Liu et al., 2023). The values
of k2 for Exp. no. 7, 10 and 21 were unmeasurably slow. Thus, the
corresponding data are shown as open symbols at the bottom.

γ was almost constant for the temperature range below the
glass transition temperature, as surface reactions dominated
for the region. However, γ increased almost linearly with
temperature for the warmer region. A similar transition was
also likely occurring to the COA particles.

COA particles that contained higher fractions of saturated
fatty acids had smaller k2 for a certain temperature, as well
as higher transition temperature. Previous laboratory studies
demonstrated that mixing of saturated fatty acids such as lau-
ric, myristic, stearic and palmitic acids reduced chemical re-
activity of oleic acid particles at room temperature (Hearn
and Smith, 2005; Katrib et al., 2005; Knopf et al., 2005).
We hypothesize that enhanced abundance of saturated fatty
acids increased viscosity of COA particles, though further
studies that directly quantify viscosity or glass transition
would still be needed for confirming the idea. Previous stud-
ies demonstrated that numerous processes such as gas and
bulk phase diffusion, adsorption and desorption, and surface
and bulk reactions were involved in determining oxidation
rate of aerosol particles (Berkemeier et al., 2021; Pöschl et
al., 2007; Li and Knopf, 2021; Willis and Wilson, 2022).
In particular, accurate estimation of viscosity is important.
A few methods were established to estimate the viscosities
and glass transition points of organic compounds based on
the chemical compositions and elemental ratios (DeRieux et
al., 2018; Ceriani et al., 2007). Simultaneous measurements
of chemical composition and reactivity will be needed for
understanding and estimating the chemical aging timescale
using molecular-level information of COA particles.

4 Atmospheric implications

Our laboratory experiments in the present study demon-
strated that pseudo-second-order reaction rate constants k2
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between COA and ozone were highly sensitive to tempera-
ture. Li et al. (2020) reported that the reaction of ozone and
canola oil liquid film was not gas-diffusion-limited, meaning
that the determining factor for k2 should be identified in the
particle phase. For estimating the potential impact of temper-
ature on atmospheric chemical lifetimes of COA, the exper-
imentally obtained k2–T relationships were phenomenolog-
ically fit by equations. The relationships do not follow the
Arrhenius equation well (Fig. S8), suggesting that the major
factor that influences the k2–T relationships is not related to
the activation energy of the chemical reaction. In the case of
diffusion-controlled chemical reaction processes, the overall
reaction rate constant is known to be related to viscosity (η)
(Houston, 2006). The temperature dependence in η can be
evaluated by the Vogel–Fulcher–Tammann (VFT) equation:

lnη = A+
B

T − T0
. (3)

In the above equation, A, B and T0 are empirically obtained
parameters. By considering the VFT equation, k2 values were
fit by the following equation under the assumption that the
oxidation processes of COA were controlled by viscosity
change.

lnk2 = α1+
α2

T +α3
(4)

In the above equation, α1, α2, and α3 are parameters that are
empirically optimized. The fitting results for the three types
of laboratory-generated COA are summarized in Fig. S9.
The corresponding optimized parameters are tabulated in Ta-
ble S3. The VFT equation fit the experimental data well,
demonstrating that the bulk diffusion was likely the key fac-
tor in controlling the reaction rate of COA particles.

Figure 7 shows the distributions of estimated atmospheric
chemical lifetimes of COA with respect to ozonolysis in
June and December. The figure was created by assuming
that chemical reactivity of ambient COA was comparable
to that from canola oil. Monthly mean surface air temper-
ature data were obtained from the website of the Physical
Sciences Laboratory of NOAA (https://psl.noaa.gov/mddb2/
makePlot.html?variableID=1603, last access: 7 September
2023) for June and December 2021 (Fig. S10). Ozone con-
centration was assumed to be 30 ppb. Qualitatively simi-
lar estimations were also obtained for other types of COA
(Fig. S11) and for other ozone concentrations (Fig. S12).

Temperature was between 10 and 30 °C for most areas in
June, except for Greenland and the Tibetan Plateau. As k2
only changed by less than twice for the temperature range,
the estimated atmospheric chemical lifetimes were shorter
than 1 h and did not exhibit an extensive variation.

In December, temperatures of the tropical and South-
ern Hemisphere regions were high. Temperatures in high-
latitude regions in the Northern Hemisphere were lower than
0 °C, resulting in atmospheric chemical lifetimes of longer
than 10 h. In the case of the mid-latitude regions, COA may

Figure 7. Estimated chemical lifetimes of COA during (a) June and
(b) December. The fit function for the experimental data of canola
oil COA was employed for the calculation by assuming the ozone
concentration of 30 ppb.

survive in the atmosphere for the timescale of 1–10 h, consis-
tent with recent observational studies in some cities in China
(Wang and Yu, 2021; Li et al., 2023).

The above discussion only considered chemical reactions
with ozone under dry conditions, while COA particles were
also highly reactive with other atmospheric oxidants such as
OH and NO3 radicals (Li et al., 2020). In addition, the dis-
cussion ignored changes in chemical reactivity of COA par-
ticles that might occur following initial reactions (Hosny et
al., 2016; Berkemeier et al., 2021). The potential influence
of hygroscopic growth of partially aged COA on its chem-
ical reactivity was also ignored. The mixing state of COA
particles that could influence chemical reactivity at low tem-
perature was also not considered (Liu et al., 2023; Ma et
al., 2023).

As atmospheric chemical lifetimes of oleic and linoleic
acids are short, online measurement techniques are required
for estimating their atmospheric chemical lifetimes from am-
bient data. So far, such studies have only been conducted in a
limited number of cities. Further observational evidence will
be needed for evaluating the roles of environmental condi-
tions such as temperature in atmospheric chemical lifetimes
of COA. In particular, wintertime observations in cold re-
gions will be important. We suggest that future laboratory
and field studies of COA will be needed to underpin its at-
mospheric fate and environmental impacts.
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5 Conclusions

We conducted a series of laboratory experiments to inves-
tigate the influence of temperature on the chemical reactiv-
ity of COA. Three types of COA particles were generated
by heating canola oil, hot pot soup base, and lard. The pro-
duced COA particles were exposed to ozone in an aerosol
flow tube reactor under the temperature range of −20 to
35 °C. Changes in chemical composition of COA particles
were characterized by the ToF-ACSM and SV-TAG. The ex-
perimental results were used for calculating the chemical re-
action rate constants k2. The observed temperature depen-
dences in k2 were fit well by the VFT equation, suggest-
ing that reduced viscosity was the key factor in account-
ing for the decrease in chemical reactivity. The parameter-
ized temperature-dependent k2 values were used for estimat-
ing the chemical lifetimes of COA particles on the global
scale, in combination with observed global surface tempera-
ture data. During summertime, atmospheric lifetimes of COA
are short (< 1 h) for most regions, while the corresponding
value is longer than 10 h in high-latitude regions in the North-
ern Hemisphere during wintertime. This study demonstrates
that the suppressed chemical reactivity of COA particles un-
der low temperatures needs to be considered in simulation of
COA fate.

Data availability. The data in this study are available from the cor-
responding author upon request.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-24-5625-2024-supplement.

Author contributions. Conceptualization – MK and WL. Exper-
iment investigation – WL, LH and KL. Data analysis – WL, LH and
MK. Resources and funding acquisition – MK, YL and QC. Writ-
ing (original draft preparation) – WL and MK. Writing (review and
editing) – LH, YL, QC.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Atmospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We acknowledge Chunyue Zhao at Jiayuan
Canteen in Peking University for providing the lard sample for the
study. We also thank Shuyan Xing for helping with the TOC figure.

Financial support. This research has been supported by the Na-
tional Natural Science Foundation of China (grant nos. 42175121,
42150610485 and 92044303).

Review statement. This paper was edited by Theodora Nah and
reviewed by two anonymous referees.

References

Abdullahi, K. L., Delgado-Saborit, J. M., and Harrison,
R. M.: Emissions and indoor concentrations of par-
ticulate matter and its specific chemical components
from cooking: A review, Atmos. Environ., 71, 260–294,
https://doi.org/10.1016/j.atmosenv.2013.01.061, 2013.

Berkemeier, T., Mishra, A., Mattei, C., Huisman, A. J.,
Krieger, U. K., and Pöschl, U.: Ozonolysis of oleic acid
aerosol revisited: multiphase chemical kinetics and reac-
tion mechanisms, ACS Earth Space Chem., 5, 3313–3323,
https://doi.org/10.1021/acsearthspacechem.1c00232, 2021.

Broekhuizen, K. E., Thornberry, T., Kumar, P. P., and Abbatt, J.
P. D.: Formation of cloud condensation nuclei by oxidative pro-
cessing: Unsaturated fatty acids, J. Geophys. Res.-Atmos., 109,
D24206, https://doi.org/10.1029/2004JD005298, 2004.

Budisulistiorini, S. H., Chen, J., Itoh, M., and Kuwata, M.: Can
online aerosol mass spectrometry analysis classify secondary
organic aerosol (SOA) and oxidized primary organic aerosol
(OPOA)? A case study of laboratory and field studies of Indone-
sian biomass burning, ACS Earth Space Chem., 5, 3511–3522,
https://doi.org/10.1021/acsearthspacechem.1c00319, 2021.

Ceriani, R., Gonçalves, C. B., Rabelo, J., Caruso, M., Cunha,
A. C. C., Cavaleri, F. W., Batista, E. A. C., and Meirelles,
A. J. A.: Group Contribution Model for Predicting Viscos-
ity of Fatty Compounds, J. Chem. Eng. Data, 52, 965–972,
https://doi.org/10.1021/je600552b, 2007.

Crippa, M., DeCarlo, P. F., Slowik, J. G., Mohr, C., Heringa, M.
F., Chirico, R., Poulain, L., Freutel, F., Sciare, J., Cozic, J., Di
Marco, C. F., Elsasser, M., Nicolas, J. B., Marchand, N., Abidi,
E., Wiedensohler, A., Drewnick, F., Schneider, J., Borrmann,
S., Nemitz, E., Zimmermann, R., Jaffrezo, J.-L., Prévôt, A. S.
H., and Baltensperger, U.: Wintertime aerosol chemical compo-
sition and source apportionment of the organic fraction in the
metropolitan area of Paris, Atmos. Chem. Phys., 13, 961–981,
https://doi.org/10.5194/acp-13-961-2013, 2013.

Daellenbach, K. R., Stefenelli, G., Bozzetti, C., Vlachou, A.,
Fermo, P., Gonzalez, R., Piazzalunga, A., Colombi, C.,
Canonaco, F., Hueglin, C., Kasper-Giebl, A., Jaffrezo, J.-L.,
Bianchi, F., Slowik, J. G., Baltensperger, U., El-Haddad, I.,
and Prévôt, A. S. H.: Long-term chemical analysis and organic
aerosol source apportionment at nine sites in central Europe:
source identification and uncertainty assessment, Atmos. Chem.
Phys., 17, 13265–13282, https://doi.org/10.5194/acp-17-13265-
2017, 2017.

https://doi.org/10.5194/acp-24-5625-2024 Atmos. Chem. Phys., 24, 5625–5636, 2024

https://doi.org/10.5194/acp-24-5625-2024-supplement
https://doi.org/10.1016/j.atmosenv.2013.01.061
https://doi.org/10.1021/acsearthspacechem.1c00232
https://doi.org/10.1029/2004JD005298
https://doi.org/10.1021/acsearthspacechem.1c00319
https://doi.org/10.1021/je600552b
https://doi.org/10.5194/acp-13-961-2013
https://doi.org/10.5194/acp-17-13265-2017
https://doi.org/10.5194/acp-17-13265-2017


5634 W. Liu et al.: Temperature-dependent chemical aging of COA

de Gouw, J. A. and Lovejoy, E. R.: Reactive uptake of ozone by
liquid organic compounds, Geophys. Res. Lett., 25, 931-934,
https://doi.org/10.1029/98GL00515, 1998.

DeRieux, W.-S. W., Li, Y., Lin, P., Laskin, J., Laskin, A., Bertram,
A. K., Nizkorodov, S. A., and Shiraiwa, M.: Predicting the glass
transition temperature and viscosity of secondary organic ma-
terial using molecular composition, Atmos. Chem. Phys., 18,
6331–6351, https://doi.org/10.5194/acp-18-6331-2018, 2018.

Guo, J., Zhou, S., Cai, M., Zhao, J., Song, W., Zhao, W., Hu, W.,
Sun, Y., He, Y., Yang, C., Xu, X., Zhang, Z., Cheng, P., Fan,
Q., Hang, J., Fan, S., Wang, X., and Wang, X.: Characterization
of submicron particles by time-of-flight aerosol chemical speci-
ation monitor (ToF-ACSM) during wintertime: aerosol composi-
tion, sources, and chemical processes in Guangzhou, China, At-
mos. Chem. Phys., 20, 7595–7615, https://doi.org/10.5194/acp-
20-7595-2020, 2020.

He, L.-Y., Lin, Y., Huang, X.-F., Guo, S., Xue, L., Su, Q., Hu,
M., Luan, S.-J., and Zhang, Y.-H.: Characterization of high-
resolution aerosol mass spectra of primary organic aerosol emis-
sions from Chinese cooking and biomass burning, Atmos. Chem.
Phys., 10, 11535–11543, https://doi.org/10.5194/acp-10-11535-
2010, 2010.

Hearn, J. D. and Smith, G. D.: Kinetics and product stud-
ies for ozonolysis reactions of organic particles using
aerosol CIMS, J. Phys. Chem. A, 108, 10019–10029,
https://doi.org/10.1021/jp0404145, 2004.

Hearn, J. D. and Smith, G. D.: Measuring rates of reaction
in supercooled organic particles with implications for atmo-
spheric aerosol, Phys. Chem. Chem. Phys., 7, 2549–2551,
https://doi.org/10.1039/b506424d, 2005.

Hildemann, L. M., Markowski, G. R., and Cass, G. R.:
Chemical-composition of emissions from urban sources of
fine organic aerosol, Environ. Sci. Technol., 25, 744–759,
https://doi.org/10.1021/es00016a021, 1991.

Hosny, N. A., Fitzgerald, C., Vyšniauskas, A., Athanasiadis,
A., Berkemeier, T., Uygur, N., Pöschl, U., Shiraiwa, M.,
Kalberer, M., Pope, F. D., and Kuimova, M. K.: Direct
imaging of changes in aerosol particle viscosity upon hy-
dration and chemical aging, Chem. Sci., 7, 1357–1367,
https://doi.org/10.1039/C5SC02959G, 2016.

Hu, W., Day, D. A., Campuzano-Jost, P., Nault, B. A., Park, T.,
Lee, T., Croteau, P., Canagaratna, M. R., Jayne, J. T., Worsnop,
D. R., and Jimenez, J. L.: Evaluation of the new capture va-
porizer for aerosol mass spectrometers: Characterization of or-
ganic aerosol mass spectra, Aerosol Sci. Tech., 52, 725–739,
https://doi.org/10.1080/02786826.2018.1454584, 2018.

Huang, D. D., Zhu, S., An, J., Wang, Q., Qiao, L., Zhou, M., He,
X., Ma, Y., Sun, Y., Huang, C., Yu, J. Z., and Zhang, Q.: Com-
parative assessment of cooking emission contributions to urban
organic aerosol using online molecular tracers and Aerosol Mass
Spectrometry measurements, Environ. Sci. Technol., 55, 14526–
14535, https://doi.org/10.1021/acs.est.1c03280, 2021.

Hung, H.-M. and Tang, C.-W.: Effects of temperature and
physical state on heterogeneous oxidation of oleic acid
droplets with ozone, J. Phys. Chem. A, 114, 13104–13112,
https://doi.org/10.1021/jp105042w, 2010.

Jiang, Q., Christen, S., Shigenaga, M. K., and Ames, B. N.:
γ -Tocopherol, the major form of vitamin E in the US diet,

deserves more attention, Am. J. Clin. Nutr., 74, 714–722,
https://doi.org/10.1093/ajcn/74.6.714, 2001.

Kaltsonoudis, C., Kostenidou, E., Louvaris, E., Psichoudaki, M.,
Tsiligiannis, E., Florou, K., Liangou, A., and Pandis, S. N.:
Characterization of fresh and aged organic aerosol emissions
from meat charbroiling, Atmos. Chem. Phys., 17, 7143–7155,
https://doi.org/10.5194/acp-17-7143-2017, 2017.

Katrib, Y., Biskos, G., Buseck, P. R., Davidovits, P., Jayne, J. T.,
Mochida, M., Wise, M. E., Worsnop, D. R., and Martin, S.
T.: Ozonolysis of mixed oleic-acid/stearic-acid particles: reac-
tion kinetics and chemical morphology, J. Phys. Chem. A, 109,
10910–10919, https://doi.org/10.1021/jp054714d, 2005.

Kaur Kohli, R., Reynolds, R. S., Wilson, K. R., and Davies, J.
F.: Exploring the influence of particle phase in the ozonolysis
of oleic and elaidic acid, Aerosol Sci. Technol., 58, 356–373,
https://doi.org/10.1080/02786826.2023.2226183, 2024.

Knopf, D. A., Anthony, L. M., and Bertram, A. K.: Reactive
uptake of O3 by multicomponent and multiphase mixtures
containing oleic acid, J. Phys. Chem. A, 109, 5579–5589,
https://doi.org/10.1021/jp0512513, 2005.

Houston, P. L.: Chemical Kinetics and Reaction Dynamics, Dover
Publications, 352 pp., ISBN 0486453340, 2006.

Laskin, A., Moffet, R. C., and Gilles, M. K.: Chemical imaging
of atmospheric particles, Accounts Chem. Res., 52, 3419–3431,
https://doi.org/10.1021/acs.accounts.9b00396, 2019.

Lee, B. P., Li, Y. J., Yu, J. Z., Louie, P. K. K., and Chan,
C. K.: Characteristics of submicron particulate matter at the
urban roadside in downtown Hong Kong – Overview of 4
months of continuous high-resolution aerosol mass spectrom-
eter measurements, J. Geophys. Res.-Atmos., 120, 7040–7058,
https://doi.org/10.1002/2015JD023311, 2015.

Li, J. and Knopf, D. A.: Representation of multiphase
OH oxidation of amorphous organic aerosol for tropo-
spheric conditions, Environ. Sci. Technol., 55, 7266–7275,
https://doi.org/10.1021/acs.est.0c07668, 2021.

Li, J., Forrester, S. M., and Knopf, D. A.: Heterogeneous oxidation
of amorphous organic aerosol surrogates by O3, NO3, and OH
at typical tropospheric temperatures, Atmos. Chem. Phys., 20,
6055–6080, https://doi.org/10.5194/acp-20-6055-2020, 2020.

Li, R., Zhang, K., Li, Q., Yang, L., Wang, S., Liu, Z., Zhang, X.,
Chen, H., Yi, Y., Feng, J., Wang, Q., Huang, L., Wang, W., Wang,
Y., Yu, J. Z., and Li, L.: Characteristics and degradation of or-
ganic aerosols from cooking sources based on hourly observa-
tions of organic molecular markers in urban environments, At-
mos. Chem. Phys., 23, 3065–3081, https://doi.org/10.5194/acp-
23-3065-2023, 2023.

Li, Y., He, L., Xie, D., Zhao, A., Wang, L., Kreisberg, N. M., Jayne,
J., and Liu, Y.: Strong temperature influence and indiscernible
ventilation effect on dynamics of some semivolatile organic com-
pounds in the indoor air of an office, Environ. Int., 165, 107305,
https://doi.org/10.1016/j.envint.2022.107305, 2022.

Liu, J., Zhang, F., Xu, W., Chen, L., Ren, J., Jiang, S., Sun,
Y., and Li, Z.: A large impact of cooking organic aerosol
(COA) on particle hygroscopicity and CCN activity in urban
atmosphere, J. Geophys. Res.-Atmos., 126, e2020JD033628,
https://doi.org/10.1029/2020jd033628, 2021.

Liu, S., Xing, J., Zhao, B., Wang, J., Wang, S., Zhang, X.,
and Ding, A.: Understanding of aerosol–climate interactions
in China: aerosol impacts on solar radiation, temperature,

Atmos. Chem. Phys., 24, 5625–5636, 2024 https://doi.org/10.5194/acp-24-5625-2024

https://doi.org/10.1029/98GL00515
https://doi.org/10.5194/acp-18-6331-2018
https://doi.org/10.5194/acp-20-7595-2020
https://doi.org/10.5194/acp-20-7595-2020
https://doi.org/10.5194/acp-10-11535-2010
https://doi.org/10.5194/acp-10-11535-2010
https://doi.org/10.1021/jp0404145
https://doi.org/10.1039/b506424d
https://doi.org/10.1021/es00016a021
https://doi.org/10.1039/C5SC02959G
https://doi.org/10.1080/02786826.2018.1454584
https://doi.org/10.1021/acs.est.1c03280
https://doi.org/10.1021/jp105042w
https://doi.org/10.1093/ajcn/74.6.714
https://doi.org/10.5194/acp-17-7143-2017
https://doi.org/10.1021/jp054714d
https://doi.org/10.1080/02786826.2023.2226183
https://doi.org/10.1021/jp0512513
https://doi.org/10.1021/acs.accounts.9b00396
https://doi.org/10.1002/2015JD023311
https://doi.org/10.1021/acs.est.0c07668
https://doi.org/10.5194/acp-20-6055-2020
https://doi.org/10.5194/acp-23-3065-2023
https://doi.org/10.5194/acp-23-3065-2023
https://doi.org/10.1016/j.envint.2022.107305
https://doi.org/10.1029/2020jd033628


W. Liu et al.: Temperature-dependent chemical aging of COA 5635

cloud, and precipitation and its changes under future cli-
mate and emission scenarios, Curr. Pollut. Rep., 5, 36–51,
https://doi.org/10.1007/s40726-019-00107-6, 2019.

Liu, W., Liao, K., Chen, Q., He, L., Liu, Y., and Kuwata, M.: Ex-
istence of crystalline ammonium sulfate nuclei affects chem-
ical reactivity of oleic acid particles through heterogeneous
nucleation, J. Geophys. Res.-Atmos., 128, e2023JD038675,
https://doi.org/10.1029/2023JD038675, 2023.

Liu, X., Gu, J., Li, Y., Cheng, Y., Qu, Y., Han, T., Wang,
J., Tian, H., Chen, J., and Zhang, Y.: Increase of aerosol
scattering by hygroscopic growth: Observation, modeling, and
implications on visibility, Atmos. Res., 132–133, 91–101,
https://doi.org/10.1016/j.atmosres.2013.04.007, 2013.

Ma, T., Furutani, H., Duan, F., Ma, Y., Toyoda, M., Ki-
moto, T., Huang, T., and He, K.: Real-time Single-
Particle characteristics and aging of cooking aerosols
in urban Beijing, Environ. Sci. Tech. Let., 10, 404–409,
https://doi.org/10.1021/acs.estlett.3c00053, 2023.

Menon, S., Unger, N., Koch, D., Francis, J., Garrett, T., Sednev, I.,
Shindell, D., and Streets, D.: Aerosol climate effects and air qual-
ity impacts from 1980 to 2030, Environ. Res. Lett., 3, 024004,
https://doi.org/10.1088/1748-9326/3/2/024004, 2008.

Miao, R., Chen, Q., Shrivastava, M., Chen, Y., Zhang,
L., Hu, J., Zheng, Y., and Liao, K.: Process-based and
observation-constrained SOA simulations in China: the role
of semivolatile and intermediate-volatility organic compounds
and OH levels, Atmos. Chem. Phys., 21, 16183–16201,
https://doi.org/10.5194/acp-21-16183-2021, 2021.

Mohr, C., Huffman, J. A., Cubison, M. J., Aiken, A. C., Docherty,
K. S., Kimmel, J. R., Ulbrich, I. M., Hannigan, M., and Jimenez,
J. L.: Characterization of primary organic aerosol emissions
from meat cooking, trash burning, and motor vehicles with high-
resolution aerosol mass spectrometry and comparison with ambi-
ent and chamber observations, Environ. Sci. Technol., 43, 2443–
2449, https://doi.org/10.1021/es8011518, 2009.

Moise, T. and Rudich, Y.: Reactive uptake of ozone by
aerosol-associated unsaturated fatty acids: kinetics, mecha-
nism, and products, J. Phys. Chem. A, 106, 6469–6476,
https://doi.org/10.1021/jp025597e, 2002.

Morris, J. W., Davidovits, P., Jayne, J. T., Jimenez, J. L., Shi, Q.,
Kolb, C. E., Worsnop, D. R., Barney, W. S., and Cass, G.: Kinet-
ics of submicron oleic acid aerosols with ozone: A novel aerosol
mass spectrometric technique, Geophys. Res. Lett., 29, 71-1–71-
4, https://doi.org/10.1029/2002gl014692, 2002.

Pöschl, U., Rudich, Y., and Ammann, M.: Kinetic model framework
for aerosol and cloud surface chemistry and gas-particle interac-
tions – Part 1: General equations, parameters, and terminology,
Atmos. Chem. Phys., 7, 5989–6023, https://doi.org/10.5194/acp-
7-5989-2007, 2007.

Reyes-Villegas, E., Bannan, T., Le Breton, M., Mehra, A., Priestley,
M., Percival, C., Coe, H., and Allan, J. D.: Online chemical char-
acterization of food-cooking organic aerosols: implications for
source apportionment, Environ. Sci. Technol., 52, 5308–5318,
https://doi.org/10.1021/acs.est.7b06278, 2018.

Robinson, A. L., Donahue, N. M., and Rogge, W. F.: Photochem-
ical oxidation and changes in molecular composition of organic
aerosol in the regional context, J. Geophys. Res.-Atmos., 111,
D03302, https://doi.org/10.1029/2005JD006265, 2006.

Robinson, E. S., Gu, P., Ye, Q., Li, H. Z., Shah, R.
U., Apte, J. S., Robinson, A. L., and Presto, A. A.:
Restaurant impacts on outdoor air quality: elevated organic
aerosol mass from restaurant cooking with neighborhood-
scale plume extents, Environ. Sci. Technol., 52, 9285–9294,
https://doi.org/10.1021/acs.est.8b02654, 2018.

Rogge, W. F., Hildemann, L. M., Mazurek, M. A., Cass, G. R.,
and Simonelt, B. R. T.: Sources of fine organic aerosol. 1. Char-
broilers and meat cooking operations, Environ. Sci. Technol., 25,
1112–1125, https://doi.org/10.1021/es00018a015, 1991.

Rudich, Y., Donahue, N. M., and Mentel, T. F.: Aging of
organic aerosol: Bridging the gap between laboratory
and field studies, Annu. Rev. Phys. Chem., 58, 321–352,
https://doi.org/10.1146/annurev.physchem.58.032806.104432,
2007.

Shilling, J. E., King, S. M., Mochida, M., Worsnop, D. R.,
and Martin, S. T.: Mass spectral evidence that small changes
in composition caused by oxidative aging processes alter
aerosol CCN properties, J. Phys. Chem. A, 111, 3358–3368,
https://doi.org/10.1021/jp068822r, 2007.

Sikorski, Z. Z. E. and Kolakowska, A.: Chemical, Biologi-
cal, and Functional Aspects of Food Lipids, CRC Press,
https://doi.org/10.1201/b10272, 2010.

Smith, G. D., Woods, E., DeForest, C. L., Baer, T., and Miller,
R. E.: Reactive uptake of ozone by oleic acid aerosol parti-
cles: application of single-particle mass spectrometry to hetero-
geneous reaction kinetics, J. Phys. Chem. A, 106, 8085–8095,
https://doi.org/10.1021/jp020527t, 2002.

Song, K., Guo, S., Gong, Y., Lv, D., Wan, Z., Zhang, Y.,
Fu, Z., Hu, K., and Lu, S.: Non-target scanning of or-
ganics from cooking emissions using comprehensive
two-dimensional gas chromatography-mass spectrom-
eter (GC×GC-MS), Appl. Geochem., 151, 105601,
https://doi.org/10.1016/j.apgeochem.2023.105601, 2023.

Sun, Y., Du, W., Fu, P., Wang, Q., Li, J., Ge, X., Zhang, Q., Zhu, C.,
Ren, L., Xu, W., Zhao, J., Han, T., Worsnop, D. R., and Wang,
Z.: Primary and secondary aerosols in Beijing in winter: sources,
variations and processes, Atmos. Chem. Phys., 16, 8309–8329,
https://doi.org/10.5194/acp-16-8309-2016, 2016.

Thornberry, T. and Abbatt, J. P. D.: Heterogeneous reaction of
ozone with liquid unsaturated fatty acids: detailed kinetics and
gas-phase product studies, Phys. Chem. Chem. Phys., 6, 84–93,
https://doi.org/10.1039/b310149e, 2004.

Wang, Q. and Yu, J. Z.: Ambient measurements of heteroge-
neous ozone oxidation rates of oleic, elaidic, and linoleic
acid using a relative rate constant approach in an ur-
ban environment, Geophys. Res. Lett., 48, e2021GL095130,
https://doi.org/10.1029/2021gl095130, 2021.

Wang, S., Takhar, M., Zhao, Y., Al Rashdi, L. N. S., and Chan,
A. W. H.: Dynamic oxidative potential of organic aerosol from
heated cooking oil, ACS Earth Space Chem., 5, 1150–1162,
https://doi.org/10.1021/acsearthspacechem.1c00038, 2021.

Weitkamp, E. A., Hartz, K. E., Sage, A. M., Donahue, N. M.,
and Robinson, A. L.: Laboratory measurements of the heteroge-
neous oxidation of condensed-phase organic molecular makers
for meat cooking emissions, Environ. Sci. Technol., 42, 5177–
5182, https://doi.org/10.1021/es800181b, 2008.

Willis, M. D. and Wilson, K. R.: Coupled Interfacial and
Bulk Kinetics Govern the Timescales of Multiphase

https://doi.org/10.5194/acp-24-5625-2024 Atmos. Chem. Phys., 24, 5625–5636, 2024

https://doi.org/10.1007/s40726-019-00107-6
https://doi.org/10.1029/2023JD038675
https://doi.org/10.1016/j.atmosres.2013.04.007
https://doi.org/10.1021/acs.estlett.3c00053
https://doi.org/10.1088/1748-9326/3/2/024004
https://doi.org/10.5194/acp-21-16183-2021
https://doi.org/10.1021/es8011518
https://doi.org/10.1021/jp025597e
https://doi.org/10.1029/2002gl014692
https://doi.org/10.5194/acp-7-5989-2007
https://doi.org/10.5194/acp-7-5989-2007
https://doi.org/10.1021/acs.est.7b06278
https://doi.org/10.1029/2005JD006265
https://doi.org/10.1021/acs.est.8b02654
https://doi.org/10.1021/es00018a015
https://doi.org/10.1146/annurev.physchem.58.032806.104432
https://doi.org/10.1021/jp068822r
https://doi.org/10.1201/b10272
https://doi.org/10.1021/jp020527t
https://doi.org/10.1016/j.apgeochem.2023.105601
https://doi.org/10.5194/acp-16-8309-2016
https://doi.org/10.1039/b310149e
https://doi.org/10.1029/2021gl095130
https://doi.org/10.1021/acsearthspacechem.1c00038
https://doi.org/10.1021/es800181b


5636 W. Liu et al.: Temperature-dependent chemical aging of COA

Ozonolysis Reactions, J. Phys. Chem. A, 126, 4991–5010,
https://doi.org/10.1021/acs.jpca.2c03059, 2022.

Xu, S., Mahrt, F., Gregson, F. K. A., and Bertram, A.
K.: Possible effects of ozone chemistry on the phase
behavior of skin oil and cooking oil films and par-
ticles indoors, ACS Earth Space Chem., 6, 1836–1845,
https://doi.org/10.1021/acsearthspacechem.2c00092, 2022.

Zahardis, J. and Petrucci, G. A.: The oleic acid-ozone heteroge-
neous reaction system: products, kinetics, secondary chemistry,
and atmospheric implications of a model system – a review, At-
mos. Chem. Phys., 7, 1237–1274, https://doi.org/10.5194/acp-7-
1237-2007, 2007.

Zhang, Q., Jimenez, J. L., Canagaratna, M. R., Ulbrich, I. M.,
Ng, N. L., Worsnop, D. R., and Sun, Y.: Understanding at-
mospheric organic aerosols via factor analysis of aerosol mass
spectrometry: a review, Anal. Bioanal. Chem., 401, 3045–3067,
https://doi.org/10.1007/s00216-011-5355-y, 2011.

Zhao, X. Y., Hu, Q. H., Wang, X. M., Ding, X., He, Q. F., Zhang,
Z., Shen, R. Q., Lü, S. J., Liu, T. Y., Fu, X. X., and Chen, L.
G.: Composition profiles of organic aerosols from Chinese res-
idential cooking: case study in urban Guangzhou, south China,
J. Atmos. Chem., 72, 1–18, https://doi.org/10.1007/s10874-015-
9298-0, 2015.

Zhao, Y. L., Hu, M., Slanina, S., and Zhang, Y. H.: Chem-
ical compositions of fine particulate organic matter emitted
from Chinese cooking, Environ. Sci. Technol., 41, 99–105,
https://doi.org/10.1021/es0614518, 2007.

Zheng, Y., Cheng, X., Liao, K., Li, Y., Li, Y. J., Huang, R.-J.,
Hu, W., Liu, Y., Zhu, T., Chen, S., Zeng, L., Worsnop, D.
R., and Chen, Q.: Characterization of anthropogenic organic
aerosols by TOF-ACSM with the new capture vaporizer, At-
mos. Meas. Tech., 13, 2457–2472, https://doi.org/10.5194/amt-
13-2457-2020, 2020.

Zheng, Y., Miao, R., Zhang, Q., Li, Y., Cheng, X., Liao, K.,
Koenig, T. K., Ge, Y., Tang, L., Shang, D., Hu, M., Chen, S.,
and Chen, Q.: Secondary Formation of Submicron and Super-
micron Organic and Inorganic Aerosols in a Highly Polluted
Urban Area, J. Geophys. Res.-Atmos., 128, e2022JD037865,
https://doi.org/10.1029/2022JD037865, 2023.

Atmos. Chem. Phys., 24, 5625–5636, 2024 https://doi.org/10.5194/acp-24-5625-2024

https://doi.org/10.1021/acs.jpca.2c03059
https://doi.org/10.1021/acsearthspacechem.2c00092
https://doi.org/10.5194/acp-7-1237-2007
https://doi.org/10.5194/acp-7-1237-2007
https://doi.org/10.1007/s00216-011-5355-y
https://doi.org/10.1007/s10874-015-9298-0
https://doi.org/10.1007/s10874-015-9298-0
https://doi.org/10.1021/es0614518
https://doi.org/10.5194/amt-13-2457-2020
https://doi.org/10.5194/amt-13-2457-2020
https://doi.org/10.1029/2022JD037865

	Abstract
	Introduction
	Materials and methods
	Generation of COA particles
	Temperature-controlled aerosol flow tube
	Particle characterization

	Results and discussion
	Chemical composition of COA particles
	Chemical characteristics of oxidized COA particles at room temperature
	Estimation of the pseudo-second-order reaction rate constants
	Temperature dependence in k2

	Atmospheric implications
	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

