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As a highly reactive atmospheric oxidant, chlorine (Cl) atoms significantly contribute to the oxidation of

volatile organic compounds (VOCs) and the formation of secondary organic aerosol (SOA) in coastal and

industrial environments. To assess the environmental impacts of SOA generated from Cl-initiated

oxidation, elucidating its chemical composition, formation mechanisms, and physicochemical properties

under varying atmospheric conditions is of paramount importance. This review summarizes recent

research advances on atmospheric chlorine chemistry. We first outline the sources and generation

mechanisms of Cl atoms, followed by an analysis of the kinetic characteristics, oxidation mechanisms,

and SOA formation potential of Cl-initiated VOC oxidation. Compared to hydroxyl (OH) radicals, Cl

atoms exhibit faster reaction rates and reaction pathways that preferentially generate low-volatility

products, significantly enhancing SOA formation and demonstrating higher SOA yields. Given the

complexity of SOA formation and its strong dependence on environmental conditions, we further

discuss the responses of gas-phase chemistry as well as SOA mass yields and composition to the [Cl2/

VOC]0 ratios, Cl exposure, NOx levels, and relative humidity. Finally, we outline key experimental

challenges and future research priorities.
Environmental signicance

Cl atoms signicantly enhance SOA formation through efficient oxidation of VOCs, particularly in coastal and industrial regions. Compared to OH radicals, Cl
exhibits higher reactivity and SOA yields. This process is modulated by [Cl2/VOC]0 ratios, Cl exposure, NOx levels, and relative humidity, which collectively
determine SOA properties by inuencing both gas-phase reaction pathways and particle-phase transformations. Current models face limitations in accurately
predicting atmospheric pollution due to inadequate mechanistic representation and insufficient parameterization of Cl-initiated SOA formation. This review
summarizes the sources and formation mechanisms of Cl, its pivotal role in atmospheric oxidation processes, and environmental dependencies of Cl-SOA
formation, thereby providing a foundation for rening parameterization schemes in atmospheric models and enhancing simulation accuracy.
1 Introduction

Fine particulate matter (PM2.5) can impact regional air quality
by scattering solar radiation and exerting notable impacts on
human health and climate change.1–5 Secondary organic aerosol
(SOA) constitutes a signicant component of PM2.5, accounting
for 20–80% on a global scale.6–9 The formation of SOA involves
the oxidation of volatile organic compounds (VOCs) and semi-/
intermediate-volatility organic compounds (S/IVOCs), gener-
ating low-volatility organic compounds that further undergo
ineering, Shandong University, Qingdao
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nology, Shandong University, Qingdao,

y the Royal Society of Chemistry
gas-particle partitioning and particle-phase reactions.10,11

Traditional research has focused on the chemical roles of
oxidants such as hydroxyl (OH) radicals,12–14 ozone (O3),15 and
nitrate (NO3) radicals,16,17 for which relatively comprehensive
theoretical frameworks have been established. However, recent
studies have identied that the chlorine (Cl) atoms could also
be efficient oxidants initiating VOC oxidation and SOA forma-
tion (hereaer referred to as “Cl-SOA”),18–20 especially in coastal
or industrial regions, where they contribute to approximately
14.5% of total VOC oxidation and 15% SOA formation.21–23

Cl atoms are produced via photochemical reactions of
chlorine-containing species, which can be formed via hetero-
geneous reactions on sea salt aerosols or directly emitted from
coal combustion, biomass burning, water treatment, waste
incineration, indoor disinfection, and other industrial
processes.21,24–26 Cl atoms have high reactivity towards VOCs
through hydrogen abstraction or addition reactions,27–31 leading
Environ. Sci.: Atmos.
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to 1–2 orders of magnitude higher reaction rate constants than
those of OH.32–36 Therefore, although their concentration (typi-
cally 102–105 molecules per cm3) is usually one or several orders
of magnitude lower than that of OH (typically 106 molecules per
cm3),37–39 they still play a signicant role in VOC oxidation.40–42

The oxidation of VOCs initiated by Cl atoms and the subse-
quent formation of SOA involve complex atmospheric
processes. Cl atoms can signicantly alter the chemistry of
other oxidants (e.g., increasing OH and O3 concentrations by 6–
22% and 3–41%, respectively, in polluted continental
regions)43–45 and strengthen the OH–HO2–RO2 cycle, thereby
elevating the atmospheric oxidation capacity and inuencing
SOA formation.46,47 Furthermore, Cl atoms also participate in
the direct production processes of SOA formation. Previous
studies have shown that the mass yield of Cl-SOA (the ratio of
the mass of SOA formed to the mass of precursor consumed) is
generally higher than that of SOA driven by OH radicals.48–50 In
addition to increasing SOA concentration, Cl-initiated VOC
oxidation can generate multifunctional organochlorides
through chlorine substitution, which enhances aerosol toxicity
and adversely impacts urban air quality.21,51,52 However, re-
ported SOA yields and formation mechanisms exhibit
substantial variability even for a specic VOC. This variability
can be attributed to the differences in the complex environ-
mental conditions including physical parameters (solar inten-
sity, temperature, and relative humidity (RH)),53,54 inorganic
pollutant emissions (NOx, ammonia, and sulfur dioxide),41 and
oxidant levels ([Cl2/VOC]0 ratio and Cl exposure (Clexp)).42

Consequently, Cl-SOA mass yields cannot be represented by
xed values for given precursors. Understanding the depen-
dence of Cl-SOA formation on various environmental condi-
tions is essential for accurately predicting SOA yields and their
environmental impacts.

In recent years, numerous studies have been published on Cl
atoms as active oxidants participating in the atmospheric
oxidation of VOCs and SOA formation. However, existing
studies lack a systematic comparison of the reaction rates and
SOA yields of different VOCs oxidized by Cl atoms, and the key
factors affecting SOA formation have not been fully claried,
which limits the accurate simulation of SOA mass concentra-
tion by models. Based on this, this review introduces the sour-
ces and generation mechanisms of Cl atoms, systematically
summarizes advances in the kinetics and mechanisms of Cl-
initiated VOC oxidation, and further discusses the yield and
inuencing factors of SOA. By integrating the latest experi-
mental research, this paper aims to provide a theoretical
foundation for establishing more accurate parameterization
schemes for chlorine chemistry, thereby improving model
quantication of Cl-SOA generation.
2 Sources and generation
mechanisms of Cl atoms

Cl atoms are primarily generated through the photolysis of
reactive chlorine species during daytime, with precursors
including nitryl chloride (ClNO2), Cl2, hypochlorous acid
Environ. Sci.: Atmos.
(HOCl), hydrochloric acid (HCl), and chloramines. These reac-
tive chlorine species originate from diverse sources. HCl can be
released from natural sources such as volcanic eruptions,45

while anthropogenic activities including coal combustion
municipal solid waste incineration, industrial processes,
biomass burning, and disinfectant usage can emit HCl, Cl2,
chloramines, and HOCl.24–26 For instance, in downtown Tor-
onto, the mean daily peak mixing ratios of monochloramine
and dichloramine during summer approached 500 and 250 ppt,
respectively. The photolysis of chloramines can be a substantial
contributor to Cl atom production, particularly in urban envi-
ronments.55 Similarly, HOCl present in bleach solutions can
volatilize into the gas phase aer indoor use, reaching
concentrations of up to 200 ppb during certain disinfection
activities.56 Recent studies have observed high concentrations of
Cl2 and ClNO2 in coastal areas, where these species are
predominantly formed through secondary chemical processes
involving heterogeneous reactions between sea salt aerosols
and gaseous species, as well as photochemical reactions.23,57

Notably, anthropogenic activities can also produce substantial
particulate chlorides, which can undergo secondary chemical
processes to generate precursors of reactive chlorine species.24,25

This mechanism may contribute to elevated concentrations of
species such as ClNO2 and Cl2 observed in inland regions. The
following sections will elaborate on these secondary formation
mechanisms for reactive chlorine species and the formation
process of Cl atoms.

ClNO2 is a major source of Cl atoms in coastal and inland
regions during morning hours. Its formation is predominantly
achieved through a chain of nocturnal atmospheric chemical
reactions: rst, NOx reacts with O3 to form NO3 radicals (R1),
which then combine with NO2 to produce dinitrogen pentoxide
(N2O5) (R2). N2O5 subsequently undergoes heterogeneous
reactions on chloride-containing aerosol (Cl−) surfaces to
generate ClNO2 (R3).58–62 Field observations indicate that under
specic conditions, its concentration can reach parts per billion
(ppb) levels.63 The ClNO2 accumulated overnight undergoes
rapid photolysis aer sunrise, which not only directly releases
highly reactive Cl atoms to enhance atmospheric oxidation
capacity, but also sustains the NOx cycle by regenerating NO2

(R4).

NO2(g) + O3(g) / NO3(g) + O2(g) (R1)

NO3(g) + NO2(g) 4 N2O5(g) (R2)

N2O5(g) + Cl−(aq) / ClNO2(g) + NO3
−(aq) (R3)

ClNO2(g) + hn / Cl(g) + NO2(g) (R4)

In addition to ClNO2, Cl2 is another important precursor of
Cl atoms in the lower troposphere.19 Observations of nocturnal
peaks or daytime increases in Cl2 concentrations in coastal and
continental regions suggest multiple generation pathways.23,64,65

First, Cl2 can be produced via heterogeneous reactions of
ClNO2, HOCl, chlorine nitrate (ClONO2), and OH with chloride
in aerosols, a process known as autocatalytic chlorine activation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(R5)–(R8).57,66–69 Xia et al. hypothesized that the Cl2 observed in
suburban areas of eastern China was more likely a co-product
with ClNO2 from N2O5 uptake on acidic aerosols that contain
chloride than being produced by ClNO2 uptake as previously
suggested.70 In Arctic regions, laboratory experiments, model
simulations, and eld observations showed that O3 photolysis
on liquid sea salt particles, saline snow, or ice surfaces is an
important way for Cl2 formation (R9).71–73 Beyond these
processes, Cl2 is also proposed to be efficiently generated
through the photolysis of aerosols containing Fe(III) and chlo-
ride, as well as particulate nitrate. For example, Chen et al.
proposed an aerosol iron photochemistry-driven Cl2 formation
mechanism (R10)–(R16), accounting for over 90% of Cl2
production in northern China.74 van Herpen et al. further
proposed that aerosol-phase iron photochemistry serves as the
dominant source of Cl2 and Cl atoms over the North Atlantic,
where iron-rich mineral dust aerosols from the Sahara mix with
sea spray aerosols.75 Recently, Peng et al. identied aerosol
nitrate photolysis as the dominant daytime source of Cl2 in
Hong Kong.18 OH radicals from nitrate photolysis and subse-
quent oxidation of chloride in solution can further oxidize Cl−

to produce Cl2 ((R12)–(R16), (R18) and (R19)). Nitrate photolysis
can also produce nitrite (NO2

−) and ground-state oxygen atoms
O(3P), where the oxidation of Cl− by O(3P) provides an addi-
tional pathway for Cl2 formation ((R12)–(R16), (R20) and
(R21)).76,77 Notably, in the presence of Cl−(aq), the Cl2 generated
from nitrate photolysis can further react to form HOCl (R22).78

Both Cl2 and HOCl can then react with NO2
−, leading to the

production of ClNO2 ((R23) and (R24)).79,80 This mechanism
should be incorporated into chemical models to better under-
stand heterogeneous oxidation chemistry and halogen cycling.

ClNO2(g) + H+(aq) + Cl−(aq) / Cl2(g) + HNO2(g) (R5)

HOCl(g) + H+(aq) + Cl−(aq) / Cl2(g) + H2O(aq) (R6)

ClONO2(g) + H2O (g) + Cl−(aq) / Cl2(g) + HNO3(g) (R7)

OH(g) + Cl−(aq) / 0.5Cl2(g) + OH−(aq) (R8)

O3(g) + 2Cl−(aq) / Cl2(g) + 2OH−(aq) + O2(g) (R9)

FeCl2+(aq) + hn / Fe2+(aq) + Cl(aq) (R10)

FeCl2
+(aq) + hn / FeCl+(aq) + Cl(aq) (R11)

Cl(aq) + Cl−(aq) 4 Cl2
−(aq) (R12)

Cl(aq) + Cl2
−(aq) 4 Cl−(aq) + Cl2(aq) (R13)

Cl2
−(aq) + Cl2

−(aq) / Cl−(aq) + Cl3
−(aq) (R14)

Cl3
−(aq) 4 Cl2(aq) + Cl−(aq) (R15)

Cl2(aq) 4 Cl2(g) (R16)

Cl2(g) + hn / 2Cl(g) (R17)

NO3
−(aq) + H +(aq) + hn / NO2(aq) + OH(aq) (R18)
© 2025 The Author(s). Published by the Royal Society of Chemistry
OH(aq) + Cl−(aq) + H+(aq) / Cl(aq) + H2O(aq) (R19)

NO3
−(aq) + hn / NO2

−(aq) + O(3P)(aq) (R20)

O(3P)(aq) + Cl−(aq) / O−(aq) + Cl(aq) (R21)

Cl2(g) + H2O(aq) 4 HOCl(g) + Cl−(aq) + H+(aq) (R22)

Cl2(g) + NO2
−(aq) / ClNO2(g) + Cl−(aq) (R23)

HOCl(g) + NO2
−(aq) / ClNO2(g) + OH−(aq) (R24)

HOCl represents a signicant chlorine precursor species,
with elevated concentrations observed during autumn 2022 in
coastal cities of southeastern China, where the average daytime
peak level reached 181 ppt.81 Previous studies have identied
Cl2, O3, nitrate, and iron as critical factors in HOCl formation.
In the presence of O3, photolysis of Cl2, nitrate photolysis, and
aerosol-phase iron photochemistry lead to daytime HOCl
production through reactions of ClO and hydroperoxyl radicals
(HO2) ((R25) and (R26)).68,81,82 Furthermore, ClO can react with
NO2 to form ClONO2, whose hydrolysis also generates HOCl
((R27) and (R28)).83 The photolysis of HOCl produces OH radi-
cals and Cl atoms (R29), which can oxidize VOCs to promote
ROx radical and O3 formation, signicantly enhancing the
atmospheric oxidation capacity. However, under real atmo-
spheric conditions, the rates of HOCl generation via nitrate
photolysis and aerosol iron photochemistry are inuenced by
multiple factors—such as aerosol acidity, particulate chloride
content, nitrate concentration, iron speciation, and aerosol
surface area—many of which remain unquantied. Therefore,
future laboratory studies are needed to rene our under-
standing of these mechanisms.

Cl(g) + O3(g) / ClO(g) + O2(g) (R25)

ClO(g) + HO2(g) / HOCl(g) + O2(g) (R26)

ClO(g) + NO2(g) + M / ClONO2(g) + M (R27)

ClONO2(g) + H2O(aq) / HOCl(g) + HNO3(aq) (R28)

HOCl(g) + hn / Cl(g) + OH(g) (R29)

HCl(g) + OH(g) / Cl(g) + H2O(g) (R30)

As discussed above, the photolysis of ClNO2, Cl2, and HOCl
can all generate Cl atoms ((R4), (R17), and (R29)). Cl atoms can
be regenerated through heterogeneous cycling on chloride-
containing aerosols or via volatilization and subsequent
oxidation of HCl (R30).84 Since current measurement tech-
niques cannot precisely determine atmospheric Cl concentra-
tions, they are typically estimated based on precursor photolysis
rates. The global average atmospheric Cl concentration is esti-
mated to be approximately 103 molecules per cm3, while in
coastal regions it can reach 104–105 molecules per cm3.85,86

Recent studies have shown that even in some inland areas, such
as the North China Plain, peak Cl concentrations can reach 105

molecules per cm3.19,65 These ndings robustly demonstrate
Environ. Sci.: Atmos.
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that the potential contribution of Cl atoms to atmospheric
oxidation capacity in inland urban areas cannot be ignored.46

3 Atmospheric oxidation of VOCs by
Cl atoms: kinetics and mechanism
3.1 Rate constants for reactions of Cl atoms with organic
compounds

Fig. 1 summarizes the gas-phase reaction rate constants (kCl) of
Cl atoms with 716 organic compounds, which are the combined
rate constant through addition and abstraction channels.87,88

The compounds are divided into 13 groups, including alkanes,
alkenes, alkynes, aromatic compounds, alcohols, ethers, alde-
hydes, ketones, esters, carboxylic acids, nitrogen compounds,
sulfur compounds, and halogenated compounds (See Table S1
in the SI). By comparing the average reaction rate constants of
each group, it is evident that their reactivity varies signicantly.
Specically, alkenes exhibit higher average reaction rate
constants (4.36 × 10−10 cm3 per molecule per s) than alkanes
(3.24 × 10−10 cm3 per molecule per s) due to the presence of
carbon–carbon double bonds, which provide favorable addition
sites for Cl atoms.89 Although alkynes contain unsaturated triple
bonds, their reactivity with Cl atoms (5 × 10−11 cm3 per mole-
cule per s) is lower than those of alkenes and alkanes because
the electron density in triple-bonded carbons is more concen-
trated, resulting in greater steric hindrance.33 Aromatic
compounds generally exhibit lower reactivity toward Cl atoms
compared to alkanes and alkenes. This difference stems
primarily from the resonance stabilization provided by the
conjugated p-electron system of the aromatic ring, which
substantially increases the activation energy required for direct
attack on the aromatic ring. As a result, Cl atoms do not readily
undergo direct hydrogen abstraction or addition reactions with
aromatic systems as they do with alkanes or alkenes. In most
Fig. 1 Rate constants for reactions of Cl atoms with organic
compounds. Data from the database for the kinetics of the gas-phase
atmospheric reactions of organic compounds.87,88

Environ. Sci.: Atmos.
cases, particularly when the aromatic ring carries substituents
such as alkyl groups, Cl atoms preferentially abstract hydrogen
atoms from these substituents, while the presence of carbon–
carbon double bonds within the substituent may promote
addition reactions.28,33 The average reaction rate constants show
relatively small differences among oxygenated organic
compounds (including alcohols, ethers, aldehydes, ketones,
and esters). A study suggested that the activating effect of
oxygen atoms may cause certain ethers to exhibit higher reac-
tivity than their corresponding alkanes.90 However, unsaturated
alcohols, esters, and aldehydes generally have lower rate
constants for their reactions with Cl atoms compared to those of
corresponding alkenes. This is attributed to the negative
inductive effects of hydroxyl (–OH), ester (–COOR), and alde-
hyde (–CHO) groups, which reduce the reactivity of double
bonds toward electrophilic addition by Cl atoms.91,92 Addition-
ally, carboxylic acids display particularly low reactivity due to
the strong polarity and signicant steric hindrance of their
carboxyl groups. For nitrogen-, sulfur-, and halogen-containing
compounds, the presence of heteroatoms alters molecular
electronic structures and chemical properties, resulting in
diverse reactivity patterns.

Within the same class of compounds, the reaction rate
constants are inuenced by the molecular structure, including
the carbon chain length, the degree of branching, and the type,
number, and position of substituents. For alkanes, the reactivity
ratio of primary, secondary, and tertiary C–H bonds with Cl
atoms is 1.0 : 3.8 : 5.5, and the reaction rate constant increases
with carbon chain length, while the branching position has
a minimal impact.93–95 In small alkenes (e.g., propene and 1-
butene), the hydrogen abstraction is negligible, but as the
carbon chain length increases (by –CH2– insertion), the
hydrogen abstraction becomes more signicant, and the reac-
tion rate constant increases. The reactivity of alkenes strongly
depends on the position of the double bond, with terminal
alkenes being more reactive than internal alkenes, and conju-
gated dienes exhibiting even higher reactivity.33 This is because
Cl atom addition to terminal carbons forms secondary radicals
centered on the second carbon, which are more stable than
primary radicals formed by addition to internal carbons.89 The
reaction rate constant of toluene is 2.5 × 105 times higher than
that of benzene, indicating that Cl atoms primarily react with
toluene via hydrogen abstraction from the methyl group.
Similarly, the rate constants of toluene, xylene, and tri-
methylbenzene increase linearly with the number of methyl
substituents (each methyl group contributes (6–8) × 10−11 cm3

per molecule per s), while the substituent position (e.g., in
xylene) has little effect. Likewise, alkyl-naphthalenes exhibit
rate constants up to 100 times higher than that of naphthalene,
increasing with the number of available alkyl hydrogens.28 The
same trend is observed for oxygenated organic compounds,
with studies showing that the reaction rate constants of alco-
hols,92 ethers,90 aldehydes,29 ketones,96 esters,97 and furans98

increase with carbon chain length. Notably, inserting a –CH2–

group between the oxygen atom and the double bond in
unsaturated esters reduces the reaction rate constant, as this
disrupts the conjugation between the lone pair electrons on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ester oxygen and the p-electron system of the double bond.97

For unsaturated aldehydes with a central double bond,
branching with electron-donatingmethyl groups accelerates the
reaction, but the position of the methyl group has little effect on
Cl atom reactivity.29 Furthermore, a comparison of the reaction
rates between 2-butanone and 2,3-butanedione (or acetone and
2,3-butanedione) reveals that introducing additional carbonyl
groups signicantly diminishes the reactivity toward Cl atoms.96

Thus, the rate constants for reactions of Cl atoms with organic
compounds within the same class exhibit discrete distributions.

Although signicant progress has been made in the kinetics
of Cl atoms gas-phase reactions, the number of compounds
covered by experimental data remains limited compared to
those with OH radicals. Moreover, the inuence of environ-
mental conditions (e.g., temperature and pressure) on reaction
kinetics has not yet been fully elucidated. Future research
should develop more precise experimental techniques, estab-
lish comprehensive structure–activity relationships, and
enhance simulations of reaction kinetics under real-world
environmental conditions.
3.2 Comparison of rate constants for reactions of Cl atoms
and OH radicals

The ratios of rate constants for reactions of Cl atoms and OH
radicals with selected typical atmospheric VOCs are summa-
rized in Fig. 2. The results show that Cl atoms exhibit reaction
rate constants 1–2 orders of magnitude higher than that of OH
radicals for most organic compounds. Taking alkanes as an
example, Cl atoms initiate reactions via hydrogen abstraction,
forming HCl and RO2. According to the structure–activity rela-
tionship, Cl atoms abstract terminal hydrogens more frequently
than OH radicals, leading to different product distributions.99

Consequently, the reaction rate constants of Cl atoms with
alkanes are an order of magnitude higher than those of OH
radicals. Additionally, based on gas collision theory, the reac-
tion rate constants of Cl atoms approach the gas-kinetic limit,
enabling high reactivity across diverse VOCs.91,100 Considering
the concentrations of both oxidants and their reaction rate
constants with atmospheric organic compounds, Cl atoms may
contribute approximately 10–100% to organic compound
transformation compared to OH radicals. With recent discov-
eries of inland chlorine sources, the total atmospheric chlorine
Fig. 2 Comparison of rate constants for reactions of Cl atoms and OH r
a kCl/kOH ratio of 10.

© 2025 The Author(s). Published by the Royal Society of Chemistry
production has risen substantially, breaking geographical
limitations in atmospheric organic compound trans-
formation.44 Notably, in some regional contexts, Cl atoms
contribute more to alkane transformation than OH radicals.59

These ndings suggest that the traditional OH-dominated
atmospheric oxidation paradigm requires revision, particu-
larly in regions with enhanced chlorine sources, where chlorine
chemistry must be fully integrated into assessments of atmo-
spheric oxidation and secondary pollutant formation.
3.3 Reaction mechanism

The primary VOC species emitted into the atmosphere consist
of alkanes, alkenes, aromatic hydrocarbons, and oxygenated
volatile organic compounds (OVOCs).101,102

These compounds are efficiently oxidized by atmospheric Cl
atoms to form RO2 radicals. RO2 can react with HO2, RO2, or
NO: (1) reactions between RO2 and HO2 typically produce
hydroperoxides; (2) RO2 self- or cross-reactions form carbonyls,
alcohols, or alkoxy radicals (RO); (3) the reaction of RO2 with NO
usually leads to organic nitrates and RO.11,103,104 This section
focuses on reaction mechanisms in the absence of NOx, while
the reaction pathways of RO2 with NO will be discussed in
Section 4.2.2. Beyond these pathways, RO2 can also undergo
isomerization/autoxidation, generating multifunctional
oxygenated compounds such as highly oxidized organic mole-
cules (HOMs).48,105 The aforementioned pathways are present in
both OH- and Cl-initiated oxidation processes. However, in Cl-
initiated oxidation, RO2 radicals can additionally react with Cl
atoms to form RO and ClO. The resulting ClO can further react
with RO2, potentially leading to the formation of ROCl.106,107

These products can undergo further oxidation and condensa-
tion, signicantly contributing to the formation of SOA.
Although the oxidation mechanisms described above provide
a general framework, specic reaction pathways and dominant
products exhibit substantial differences across various classes
of compounds.

For alkanes, taking linear alkanes as an example, their
reaction with Cl atoms proceeds via hydrogen abstraction,
involving two types of reaction sites: internal hydrogen atoms
(methylene H) and terminal hydrogen atoms (methyl H), as
illustrated in Fig. 3a.94 The alkyl radicals generated through
hydrogen abstraction rapidly react with O2 to form RO2. These
adicals with typical VOCs. The black horizontal dashed line represents

Environ. Sci.: Atmos.
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Fig. 3 Mechanism of Cl-initiated oxidation of VOCs in the absence of NOx: (a) alkane; (b) alkene; (c) aromatic hydrocarbon; (d) OVOC.
Subsequent products formed from the initial RO2 radicals are indicated in boxes.
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RO2 radicals subsequently undergo conversion predominantly
to RO radicals, which then proceed through three primary
pathways for further oxidation: (1) reaction with O2 to form
carbonyl compounds and HO2, where the resulting carbonyl
compounds can be further oxidized by Cl atoms; (2) direct
decomposition into small oxygenated molecules; (3) intra-
molecular hydrogen transfer to produce hydroxycarbonyl
compounds. Notably, in this third pathway, the resulting 1,4-
hydroxycarbonyl compounds undergo acid-catalyzed isomeri-
zation and dehydration, leading to the heterogeneous produc-
tion of dihydrofuran (DHF).108–110 Subsequent Cl atom addition
to the DHF double bond may serve as a source of organic
chlorides.111

For alkenes, a general reaction scheme involving RO2 and RO
radicals is proposed (Fig. 3b). The reaction between Cl atoms
and alkenes primarily proceeds via Cl addition to the double
bond, with hydrogen abstraction playing a minor role. For
example, the branching ratio for methyl H abstraction in Cl-
isoprene ranges from 0.13 to 0.17. The NASA JPL data evalua-
tion recommends a branching fraction of 0.15 at 298 K to form
HCl, which is the mean value observed in the studies of Cl-
isoprene.112–115 The initial reaction generates chloroalkyl radi-
cals and alkenyl radicals (centered at different carbon atoms),
which rapidly react with atmospheric O2 to form RO2. These
RO2 radicals subsequently undergo conversion predominantly
to RO radicals.116 Similar to alkanes, the resulting RO radicals
can react with O2 or decompose to form carbonyl compounds.52

Additionally, these RO radicals may undergo isomerization
Environ. Sci.: Atmos.
pathways, such as hydrogen transfer, leading to the formation
of compounds like chlorohydroxy ketones. Experimental
studies have detected gaseous products including chlorinated
ketones, chlorinated alcohols, enones, and enols, among which
low-volatility alcohols and ketones can undergo heterogeneous
reactions on aerosol surfaces or directly condense into the
particle phase to form SOA.117

The reaction with aromatic hydrocarbons is also an impor-
tant atmospheric sink for Cl atoms. Unlike OH radicals, the
mechanisms of reactions of Cl atoms with aromatic hydrocar-
bons exhibit distinct differences: OH typically initiates oxida-
tion preferably via addition to the aromatic ring, whereas Cl
tends to directly abstract hydrogen atoms from alkyl side
chains, thereby triggering subsequent free-radical chain reac-
tions (Fig. 3c).49 For instance, Cl-initiated oxidation of toluene
primarily proceeds via hydrogen abstraction from the methyl
group to form a benzyl radical, which subsequently reacts with
O2 to yield a benzyl peroxy radical.28 The subsequent reactions
of this radical follow three main pathways: (1) reaction with
a HO2 radical to form benzyl hydroperoxide; (2) reaction with Cl
atoms via hydrogen abstraction to generate a benzyl Criegee
biradical, which can further react with water to produce benzoic
acid or with Cl atoms to form benzaldehyde; (3) direct conver-
sion to the corresponding alkoxy radical via reaction with Cl
atoms, followed by reaction with O2 to form benzaldehyde. The
benzyl peroxy radical may also undergo self-reaction to produce
benzyl alcohol and benzyl dimers.42 Experimental studies have
conrmed that benzaldehyde, benzyl alcohol, and benzyl
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A comparison of SOA yields from VOC oxidation initiated by Cl
atoms versus OH radicals was conducted using different reactor
systems, specifically chambers40,48–50,53,111,116,129–138 and oxidation flow
reactors (OFRs).107,139,140 D5 stands for decamethylcyclopentasiloxane.
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hydroperoxide are the three major gaseous products of toluene
oxidation by Cl atoms.28,118,119 Notably, the abstraction of the
aldehyde H from benzaldehyde forms a benzoyl radical, which
can be further oxidized to generate 1,4-benzoquinone and other
quinone-like compounds. The two endocyclic double bonds of
quinone-like compounds may then be further oxidized by Cl
atoms.

OVOCs extensively participate in key atmospheric processes
and play a central role in chemical processes that determine the
oxidizing capacity of the atmosphere. Current research
predominantly focuses on unsaturated OVOCs.120–123 Fig. 3d
illustrates the mechanism of reactions of Cl atoms with unsat-
urated aldehydes, using trans-2-hexenal as an example. Unsat-
urated aldehydes containing carbonyl groups and carbon–
carbon double bonds typically undergo two types of reactions
when interacting with Cl atoms in the atmosphere: Cl addition
and H-abstraction. Based on previous experimental and theo-
retical studies of Cl reactions with unsaturated hydrocarbons,
allylic H-abstraction is a minor pathway and thus is not
considered in this work.124 The addition pathway proceeds as
described above for alkenes; the decomposition of the chloro-
alkoxy radicals leads to the formation of aldehydes and chlori-
nated compounds, such as formyl chloride. CO is also formed
as a by-product of formyl chloride. In the H-abstraction
pathway, the removal of the formyl H generates acyl radicals
and HCl. Subsequently, the acyl radicals rapidly react with O2 to
form acyl peroxy radicals, the key intermediate that undergoes
two competitive pathways: (1) reaction with HO2 to produce 2-
hexenoic acid and O3; (2) reaction with RO2 or Cl atoms to
generate RO radicals, which then decompose to form alkenyl
radicals and CO2. The alkenyl radicals, converted into alkenyl
peroxy radicals in the presence of O2, further react with RO2 to
produce aldehydes.125

Although current understanding of atmospheric degrada-
tion processes for most Cl-VOCs has been established to some
extent, the description of chlorine chemistry in the Master
Chemical Mechanism (MCM) remains incomplete. The MCM is
one of the most widely deployed chemical mechanisms, which
explicitly describes the degradation of 143 primarily emitted
VOCs initiated by OH, O3, and NO3. However, it only considers
Cl reactions with alkanes (22 species), and assumes the
formation of the same peroxy radicals as in OH oxidation, with
no subsequent Cl-specic reactions. A previous study has sup-
plemented the mechanisms and kinetic data (e.g., rate
constants and branching ratios) for the initial oxidation of
VOCs (65 species) initiated by Cl atoms, but subsequent reac-
tion mechanisms involving the further oxidation of interme-
diate products are still lacking.126 Table S2 summarizes the key
missing pathways in Cl-initiated oxidation within the current
chemical mechanism. As outlined in the table, although current
experiments have preliminarily deduced partial reaction
mechanisms based on characteristic oxidation products, the
lack of key chemical pathways and kinetic parameters severely
restricts the construction of chlorine chemistry mechanisms.
Therefore, further in-depth investigation into the detailed
oxidation mechanisms of Cl atoms with various VOCs (partic-
ularly alkenes and aromatic hydrocarbons) is essential for
© 2025 The Author(s). Published by the Royal Society of Chemistry
improving the accuracy of atmospheric chemical model
simulations.
4 SOA formation from Cl-initiated
oxidation

As atmospheric oxidation reactions proceed, the increasing
functionalization of oxidation products leads to a decrease in
their vapor pressure. These products with low volatility readily
contribute to SOA formation through nucleation, condensation,
and particle-phase reactions.127,128 This section synthesizes
laboratory studies on Cl-SOA, addressing both SOA yield and the
factors inuencing SOA formation.
4.1 SOA yield

SOA yield is an important parameter for model simulation and
laboratory research. The data presented in Fig. 4 include Cl-SOA
yields from different precursors under various atmospheric
conditions, primarily involving VOCs such as alkanes, alkenes,
and aromatic hydrocarbons. For comparison, we also compiled
the yield ranges of OH-initiated SOA (OH-SOA) under similar
conditions (Table S3).

Fig. 4 shows that Cl- and OH-SOA yields generally follow
similar trends across different precursors. However, for a given
precursor, Cl-SOA yields are oen higher than OH-SOA yields.
The key reason lies in the preference for initial H-abstraction
sites and the relative importance of H-abstraction pathways,
which fundamentally alter subsequent reaction pathways. In
systems where H-abstraction is the dominant reaction pathway
(e.g., alkanes), Cl tends to abstract primary H-atoms at the chain
ends, whereas OH primarily abstracts secondary H-atoms along
the chain.129 Radicals generated from primary carbon H-
abstraction are more likely to undergo functionalization,
forming low-volatility oxygenated products rather than carbon-
chain fragmentation, thereby preserving larger carbon skele-
tons and producing low-volatility species. In contrast, OH
preferentially attacks secondary/tertiary carbon sites, leading to
Environ. Sci.: Atmos.
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Fig. 5 Influence of [Cl2/VOC]0 on SOA formation from Cl-initiated
VOC oxidation. Data are from Dhulipala et al. (2019),135 Cai et al.
(2008),42 Wang et al. (2017),116 Pan et al. (2024),138 and Cai et al.
(2006).134
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subsequent b-scission reactions that generate smaller, volatile
fragments.48,103 Additionally, due to its lower reactivity towards
oxygenated functional groups such as aldehydes, Cl allows
oxidation intermediates to retain polar groups that participate
in condensation, while OH rapidly degrades these functional
groups, causing molecular fragmentation.111,130 These charac-
teristics collectively result in higher SOA yields from Cl oxida-
tion compared to OH oxidation under the same conditions.

For monoaromatic and polycyclic aromatic hydrocarbons, Cl
enhances the relative importance of H-abstraction pathways in
multigenerational oxidation compared to OH-dominated
systems. Cl-initiated H-abstraction can occur both in the reac-
tion of the parent VOC and in the reaction of oxidation products
(e.g., phenolic –OH groups).50,53,135 Unlike OH, which primarily
adds to aromatic rings and forms ring-opening products, Cl-
driven aromatic oxidation mainly proceeds via H-abstraction,
generating ring-retaining products that more readily condense
into the particle phase.40,49,141 H-abstraction from phenolic
groups by Cl directly forms phenoxy radicals, which are critical
for accurately modeling nitrophenol formation and radical and
ozone cycling in ambient environments.53,142 Given the
increasing concentrations of reactive chlorine species and the
fact that Cl demonstrates higher reaction rates and SOA yields
than OH for most VOCs, the role of chlorine chemistry in the
atmosphere needs to be reconsidered.

As discussed above, for a given precursor, the SOA yields
initiated by Cl atoms are generally higher than that by OH
radicals. However, the contribution of Cl-SOA has not been
adequately accounted for in current models. Recently, Liu et al.
developed a Cl-SOA simulation module in a global chemical
transport model by integrating parameterized SOA yields and
updated anthropogenic continental chlorine emissions. Their
results demonstrate that incorporating chlorine chemistry can
signicantly enhance SOA formation in polluted urban envi-
ronments and help reduce biases in current model simula-
tions.21 To bridge laboratory Cl-SOA results with modeling
applications, we have developed a parameterization scheme for
Cl-SOA yields (Table S4). The scheme provides median yields
and their uncertainty ranges (interquartile ranges) for major
VOCs under both high- and low-NOx conditions.
4.2 Factors inuencing Cl-SOA formation

4.2.1 [Cl2/VOC]0 ratio and Cl exposure. Spatially variable Cl
atom concentrations exert a decisive inuence on SOA forma-
tion by governing intermediate product distribution, reaction
pathways, and particle generation efficiency. In chamber
studies, Cl2 is routinely employed as a photolytic precursor to
generate Cl atoms, and the initial [Cl2/VOC] ratio is systemati-
cally varied (from 0 to 10) to probe SOA yields and mechanisms
across a wide range of Cl atom levels. To date, the Cl-initiated
oxidation of anthropogenic toluene42,135 and anisole138 as well
as biogenic isoprene116 and D-limonene134 has been well exam-
ined in this framework. Fig. 5 summarizes the SOA yields of
these VOCs at various initial [Cl2/VOC]0 ratios. Notably, signif-
icant differences in SOA yields were observed between the two
toluene experiments. The study by Dhulipala et al. was
Environ. Sci.: Atmos.
conducted with pre-existing seed aerosol (ammonium sulfate)
and higher precursor concentrations, which promoted particle-
phase reactions and reduced wall losses, thereby leading to
higher SOA yields.135 In contrast, no seed aerosol was added in
the experiments by Cai et al.42 Furthermore, differences in
physical structures (e.g., reactor volume and geometry) and
detection instruments across smog chambers may introduce
uncertainties. The combined effect of these factors resulted in
the observed differences in SOA yield for the same precursor.

As shown in Fig. 5, the SOA yields of these VOCs generally
increase with increasing [Cl2/VOC]0 ratios. At low [Cl2/VOC]0
ratios, excess precursor leads to insufficient oxidant, causing
intermediate accumulation and thus a lower SOA yield. For
example, lower [Cl2/VOC]0 ratios ([Cl2/anisole]0= 0.49, 0.63, and
0.78) in anisole systems promote the formation of gas-phase
intermediates like phenol.138 In this case, insufficient oxidant
prevents the conversion of phenol into lower-volatility products.
The semi-volatile nature of these intermediates limits their
partitioning into the particle phase, resulting in lower SOA
yields (20–31.1%). Conversely, at higher [Cl2/VOC]0 ([Cl2/
anisole]0 = 2.5), phenol is rapidly generated and consumed,
indicating more complete intermediate oxidation and higher
SOA yield (66.2%). In addition to intermediates, incomplete
precursor consumption also contributes to the lower SOA yields.
For instance, D-limonene, with two unsaturated carbon–carbon
bonds offering four potential addition sites, was expected to
exhibit higher SOA yields than a-pinene and b-pinene. However,
under identical initial [Cl2/VOC]0 conditions (3.6–5.5), a-pinene
and b-pinene exhibited SOA yields (20.1–23%) nearly triple that
of D-limonene (7.2–8%), with the latter achieving expected yields
only aer doubling its [Cl2/VOC]0 ratio.134 Furthermore, the [Cl2/
VOC]0 ratio indirectly inuences SOA chemical composition
through reaction kinetics. At low [Cl2/VOC]0 ratios, faster
intermediate pathways consume relevant intermediates and Cl
atoms, leaving slower intermediate reactions incomplete.118 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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product distribution resulting from such kinetic competition
ultimately governs both the yield and chemical characteristics
of SOA. However, with sufficient Cl atoms, nearly all interme-
diates are converted to lower-volatility products, thereby
increasing the SOA yield. Notably, studies have shown that high
reaction rates are obtained at high [Cl2/VOC]0 ratios, suggesting
accelerated SOA formation due to elevated oxidant levels.42,136

The [Cl2/VOC]0 ratio has been widely used as a metric for
comparing experimental conditions in smog chamber studies,
but it fails to account for the inuence of key variables such as
actual Cl atom concentration, photolysis rate, and reaction
time. As a critical parameter in atmospheric chemistry, Clexp is
dened as the product of Cl atom concentration with oxidation
time, and it quanties the cumulative oxidative intensity expe-
rienced by VOCs. This enables Cl-SOA yields obtained under
different conditions to be uniformly parameterized as a func-
tion of atmospheric aging time. For example, calculated Clexp
values in SOA experiments ranged from 5.4 × 109 to 1.6 × 1012

molecules per cm3 per s, corresponding approximately to 1 day
to 10 months of atmospheric oxidation at [Cl] = 6 × 104 mole-
cules per cm3.143 Therefore, based on the consumption of ani-
sole and reaction time at different [Cl2/VOC]0 ratios in smog
chamber experiments, we have converted the SOA yield into
a function of Clexp (Text S1 and Table S5). Additionally, we have
compiled the mass yields of SOA generated in OFRs as a func-
tion of Clexp for key VOCs, including dodecane, toluene,
isoprene, a-pinene, and D5 (Fig. 6a).107,138,140

SOA yields indicate that specic precursors generated SOA at
yields that were strongly dependent on the oxidant and expo-
sure time. As shown in Fig. 6a, the SOA yields of dodecane,
toluene, isoprene, and a-pinene generally increase rst and
then decrease with the increase in Clexp, which is consistent
with the results in previous studies of OH-initiated oxida-
tion.144,145 This is mainly attributed to the competing mecha-
nisms of functionalization and fragmentation at different Clexp
levels.146 At lower Clexp levels, functionalization dominates,
enhancing the degree of oxidation and generating substantial
amounts of low-volatility products, thereby driving the increase
in SOA yield. As Clexp levels further increase, fragmentation
gradually becomes dominant, leading to the C–C bond cleavage
Fig. 6 (a) SOA yields as a function of Clexp for key VOCs, including do
Krevelen diagrams showing the H/C ratio as a function of O/C ratio for

© 2025 The Author(s). Published by the Royal Society of Chemistry
and the generation of more volatile molecules, ultimately
resulting in a decrease in the SOA yield.140,147 Notably, unlike Cl-
SOA generated from other precursors, the mass concentration
of D5 SOA does not decrease at higher Clexp due to fragmenta-
tion reactions, as the cyclic Si–O backbone of D5 is mostly
retained.107 Moreover, information about the nature of SOA
formation and oxidative aging is provided by the Van Krevelen
diagram, which plots the H/C ratio as a function of the O/C ratio
(Fig. 6b). As oxidative aging progresses, oxygen-containing
functional groups may be added into the carbon skeleton of
products, resulting in SOA products with higher O/C ratios than
their precursors. Despite differences in precursor structures
and oxidation pathways, Cl-initiated aging exhibits a consistent
distribution trend in the extent of the oxidation, characterized
by a H/C ratio that decreases with increasing O/C.

4.2.2 NOx level. As a key byproduct of combustion
processes, NOx can be co-emitted with other anthropogenic
pollutants into the atmosphere, where it exerts signicant
inuences on SOA formation.148,149 NOx concentrations exhibit
strong spatial heterogeneity, varying by 1–2 orders of magnitude
from clean regions to polluted urban areas. Beyond their pivotal
role in tropospheric ozone formation and destruction, NOx

levels directly or indirectly interfere with VOC oxidation initi-
ated by Cl, signicantly impacting the SOAmass yield, chemical
composition, and physicochemical properties.

Although the inuence of NOx on SOA formation has been
extensively studied, complex dependencies lead to notable
variations across different systems. A systematic analysis of
recent ndings (Table 1) reveals that for biogenic VOCs like
isoprene41 and a-pinene,150 as well as aromatic compounds
including 1-methylnaphthalene,50 m-xylene,49 toluene,135 and
anisole,138 the presence of NOx generally reduces SOA yields.
Linear alkanes (e.g., decane) and n-alkylcyclohexanes (e.g.,
butylcyclohexane) also exhibit declining SOA yields with
increasing NOx, though the extent varies among isomers.130 In
contrast, n-alkylcyclohexanes like hexylcyclohexane, heptyl-
cyclohexane, and octylcyclohexane show an opposite trend.48

These results demonstrate that NOx effects on Cl-SOA formation
are co-modulated by VOC precursor types, molecular structures
of VOCs, and NOx concentration.
decane, toluene, isoprene, a-pinene,140 D5,107 and anisole.138 (b) Van
SOA generated in OFRs.
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Table 1 Influence of NOx on SOA formation from Cl-initiated VOC oxidation

Precursors
[VOC]0
(ppb)

[NOx]0
(ppb)

[Cl2]0
(ppb)

T
(K)

RH
(%) Seed

SOAmass
(mg m−3)

SOA yield
(%) Notes References

Isoprene 489 160 200 N/Aa 75 H2SO4 76 5.6 The presence
of NOx reduced
SOA yields

41
489 0 200 N/A 58 H2SO4 97 7.1
244 82 100 N/A 45 (NH4)2SO4 22 3.2
489 0 200 N/A 58 (NH4)2SO4 62 4.6

a-Pinene 15 15 15 298 <5 (NH4)2SO4 41 48.0 150
15 0 15 298 <5 (NH4)2SO4 73 85.0

1-
Methylnaphthalene

17 0 45 N/A N/A None 55 60.0 50
17 60 45 N/A N/A None 49 55.0

m-Xylene 78 20 25 298 30 (NH4)2SO4 12 4.5 49
78 <2 25 298 30 (NH4)2SO4 24 8.8

Toluene 39 21 40 N/A <5 (NH4)2SO4 32 22.0 135
43 <2 40 N/A <5 (NH4)2SO4 53 33.0
51 <2 40 N/A <5 (NH4)2SO4 70 36.0

Anisole 638 231 500 298 <20 None 444 20.7 SOA yields
decreased
with increasing
NOx

138
639 117 500 298 <20 None 456 21.3
626 64 500 298 <20 None 468 22.8
638 0 500 298 <20 None 581 31.1

Butylcyclohexane 13 36 40 N/A <5 (NH4)2SO4 77 94.0 130
13 18 40 N/A <5 (NH4)2SO4 92 112.0
13 0 40 N/A <5 (NH4)2SO4 140 170.0

Decane 11 32 40 N/A <5 (NH4)2SO4 59 81.0 The presence
of NOx reduced
SOA yields

11 36 40 N/A <5 (NH4)2SO4 69 95.0
11 37 40 N/A <5 (NH4)2SO4 63 86.0
11 0 40 N/A <5 (NH4)2SO4 98 134.0

Hexylcyclohexane 46 210 55–65 298 <5 (NH4)2SO4 226 82.6 The presence
of NOx increased
SOA yields

48
44 0 55–65 298 <5 (NH4)2SO4 125 48.0

Octylcyclohexane 44 169 55–65 298 <5 (NH4)2SO4 362 111.0
34 0 55–65 298 <5 (NH4)2SO4 243 94.5

Heptylcyclohexane 45 163 55–65 298 <5 (NH4)2SO4 248 88.0
38 0 55–65 298 <5 (NH4)2SO4 175 72.9
37 19 81 N/A <5 (NH4)2SO4 113 82.0
22 18 44 N/A <5 (NH4)2SO4 15 17.0

a N/A: not available.
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The dependence of Cl-SOA formation on NOx levels primarily
manifests in altered oxidation conditions and RO2 radical
chemistry. First, NOx can inuence SOA formation by modu-
lating oxidant levels. Without NOx, secondary OH generation is
minimal (OH exposure: 1.5 × 109 molecules per cm3 per s),
whereas Cl2 + NO experiments exhibit much higher OH expo-
sure (4.3× 1010 molecules per cm3 per s).49 The enhancement of
OH is predominantly mediated through the NOx cycle, where
the reaction between NOx and RO2 is a secondary OH produc-
tion pathway.104 For example, Cl-isoprene simulations indicate
that under high-NOx conditions, up to 40% of isoprene
consumption can be attributed to secondary OH chemistry,
whereas under low-NOx conditions, secondary OH contribu-
tions are negligible (<0.1%).41 Similarly, high-NOx Cl-toluene
experiments demonstrate the increased importance of OH
chemistry relative to chlorine chemistry.135 Beyond secondary
OH chemistry, high-NOx conditions also promote O3 produc-
tion, indicating that chlorine chemistry can enhance the
atmospheric oxidation capacity in the presence of NOx. Another
difference between low- and high-NOx experiments is the
behavior of chlorine species. In high-NOx environments, Cl-
initiated reactions form ClNO2 signicantly alter the oxidation
Environ. Sci.: Atmos.
conditions. On the one hand, ClNO2 formation reduces Cl atom
concentrations at the beginning of the experiment: simulations
of m-xylene experiments showed that cumulative Cl atom
exposure under low-NOx conditions (1.4 × 1010 molecules per
cm3 per s) exceeded that under high-NOx conditions (8 × 109

molecules per cm3 per s).49 On the other hand, ClNO2 serves as
a sustained Cl source, with simulated concentrations
decreasing aer initial formation and stabilizing when UV
lights are turned off.135 In contrast, under low-NOx conditions,
most Cl is converted to HCl, which is relatively stable to
photolysis and does not result in signicant recycling of Cl.
Simultaneously, the low OH concentration in low-NOx envi-
ronments hinders HCl from effectively promoting the chlorine
cycle through the OH oxidation pathway (OH + HCl / Cl +
H2O).

Second, NO signicantly alters the fate of RO2 radicals,
which directly determines the volatility of subsequent products
and SOA yields. As mentioned in Section 3.3, RO2 can react with
HO2, RO2, or NO under certain conditions. Under low-NOx

conditions, RO2 radicals primarily undergo isomerization/
autoxidation and reactions with HO2 or RO2 radicals,
promoting the formation of low-volatility organic compounds
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Influence of RH on SOA formation from Cl-initiated VOC
oxidation. Data are from Jahn et al. (2021),130 Jahn et al. (2024),53 Wang
et al. (2018),111 Wang et al. (2022),41 and Avery et al. (2023).107
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(including HOMs).138,150 In high-NOx environments, the reaction
of RO2 with NO primarily forms RO, which favors more volatile
oxidation products and increases molecular fragmentation.50,151

This pathway is further validated by OH oxidation experiments,
as H2O2 photolysis-driven oxidation generates abundant HO2,
enhances RO2 + HO2 reactions and mitigates NOx suppres-
sion.49 The fate of RO2 in the gas phase inuences particle
condensation. Under low-NOx conditions, the low-volatility
organic compounds formed preferentially partition into the
particle phase, thereby increasing SOA yields. In contrast, more
volatile oxidation products generated under high-NOx condi-
tions limit SOA formation, consistent with the observed SOA
reduction. However, experiments on the Cl-initiated oxidation
of the n-alkylcyclohexanes revealed that the addition of NO
unexpectedly increased HOM yields. This suggests that under
high-NOx conditions, RO may serve as critical intermediates in
the autoxidation process of alkanes, promoting the formation of
low-volatility products and ultimately leading to increased SOA
yields in the presence of NOx.48,152 These results collectively
demonstrate that NOx dynamically regulates RO2 radical
chemistry to inuence SOA yields, with net effects depending on
synergistic interactions between the VOC molecular structure
and the oxidation conditions.

Advances in mass spectrometry have enabled detailed char-
acterization of gas- and particle-phase products from Cl-VOC
oxidation under varying NOx conditions. First, multi-
generation observations of Cl-VOC gas-phase products reveal
that NOx appears to delay later-generation product formation.
For example, in the anisole system, the ratio of 2-chlorophenol
(second-generation product) to phenol (rst-generation
product) rapidly stabilizes under low-NOx conditions but
shows continuous growth under high-NOx conditions.138 This
likely occurs because ClNO2 formation in high-NOx environ-
ments slows chemical reactions, with NOx suppressing the
formation rates of typical oxidation products observed under
low-NOx conditions. Second, the inuence of NOx levels on the
product distribution follows a consistent pattern across
different VOC systems: low-NOx conditions promote the
formation of organic chlorides, whereas high-NOx conditions
favor the production of organic nitrates. Taking the Cl-anisole
oxidation as an example, the formation of C6H5OCl increases
at lower NOx levels (63.8 ppb), while the increase in C6H5NO3

becomes more signicant at higher NOx concentrations.138

Similarly, the gas-phase organic chloride fraction in m-xylene
decreases from 0.22 (low-NOx) to 0.18 (high-NOx),49 and
isoprene particle-phase chloride contributions decline with
increasing NOx concentrations.41 Additionally, the O/C ratio
range of cycloalkane products under high-NOx conditions (0.1–
1.0) is broader than that under low-NOx conditions (0.1–0.6),
directly explaining higher SOA yields at high NOx.48

4.2.3 Relative humidity. RH is one of the critical environ-
mental factors inuencing SOA formation. Field studies have
demonstrated that during severe haze events, SOA mass
concentrations vary with RH.153,154 Recent ndings further
reveal complex RH effects on Cl-SOA formation, which can
promote, inhibit, or have negligible impacts depending on VOC
type and reaction conditions (Fig. 7). For example, increasing
© 2025 The Author(s). Published by the Royal Society of Chemistry
RH reduces SOA yields for isoprene, dodecane, and D5, but
increases yields for ethylbenzene.53,107 In contrast, SOA yields
from butylcyclohexane and octane remain unaffected by RH
variations.111 Notably, decane-SOA yields decrease with high RH
under high-NOx conditions while increasing in the absence of
NOx.130 This opposing trend is attributed to the accelerated
hydrolysis of organic nitrates at elevated RH, as previously
observed in OH-initiated a-pinene oxidation.155,156

The complexity of RH effects stems from its inuence on
both gas-phase and particle-phase chemistry.157 In the gas
phase, water molecules can directly participate in VOC oxida-
tion by reacting with intermediate products. For example, in Cl-
initiated ethylbenzene oxidation, Jahn et al. observed that high
RH promotes the hydration of gas-phase dicarbonyl
compounds, generating more polar diols and carboxylic acids.53

Given the formation of aerosol liquid water (ALW) through
water absorption at high RH, RH further inuences particle
growth via regulating the particle phase state, viscosity, and
acidity, which determine the following gas-particle partitioning
and particle-phase reactions. For instance, the fraction of C2−5

oxygenated compounds in SOA increases from 14% under dry
conditions to 19% (40% RH) and 27% (60% RH). This is
attributed to ALW that serves as an effective partitioning
medium under high-RH conditions, thereby facilitating the
absorption and retention of semi-volatile, polar, and water-
soluble gaseous products into the particle phase.53 Conversely,
high RH signicantly suppresses both organic chloride forma-
tion and SOA yields in Cl-initiated alkane oxidation systems.
This phenomenon may result from water molecules competi-
tively inhibiting the uptake of key intermediates like 1,4-
hydroxycarbonyl compound and DHF, since the addition of Cl
to the double bond of DHF is likely the main source of organic
chlorides in the process of alkane oxidation.111 In addition,
particle-phase reactions, e.g. hemiacetal and acetal reactions
could be accelerated in ALW, not only due to its role as aqueous
Environ. Sci.: Atmos.
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reaction media, but also its inuences on particle acidity and
acid-catalyzed processes in aerosols.158 During Cl-VOC oxida-
tion, the formation of HCl and organic acids may lower aerosol
pH, promoting acid-catalyzed reactions.130 Cl-initiated isoprene
oxidation experiments show high SOA yields under humid
conditions when using pre-acidied seed particles. Addition-
ally, water acts as a plasticizer for SOA particles, reducing their
viscosity and inuencing their growth rates.159,160 These results
demonstrate that RH regulates the reactivity of critical inter-
mediates and their gas-particle partitioning while also inu-
encing the heterogeneous chemistry and oligomerization
processes. Thus, its impact on SOA formation is multifaceted
and highly dependent on the reaction pathways and product
properties of different VOC systems.

5 Conclusions

Signicant progress has been made in laboratory and eld
studies on chlorine chemistry, including the sources and
generation mechanisms of atmospheric Cl atoms, the oxidation
kinetics of VOCs, and the SOA formation yield and mechanism.
This review synthesizes the formation mechanisms of reactive
chlorine precursors (Cl2, ClNO2, HCl, and HOCl) in the atmo-
sphere and their photolytic processes generating Cl atoms.
Through analyzing the kinetic characteristics of VOC oxidation
initiated by Cl and comparing them with OH radicals, we
demonstrate that Cl atoms exhibit reaction rate constants 1–2
orders of magnitude higher than that of OH radicals for most
VOCs. Cl-initiated VOC oxidation triggers complex gas-phase
reaction chains, with specic pathway differences markedly
depending on the compound type. Based on current experi-
mental and theoretical studies, we have identied key missing
Cl-initiated pathways for major VOCs within existing chemical
mechanisms. As the atmospheric oxidation progresses, the
increasing functionalization of oxidation products reduces their
vapor pressure, enabling these low-volatility compounds to
enter the particle phase through homogeneous nucleation and
gas-particle partitioning, thereby forming SOA. Based on
current laboratory ndings, we typically observe higher SOA
yields from Cl-SOA compared to OH-SOA. To bridge laboratory
Cl-SOA results with modeling applications, we have developed
a parameterization scheme for Cl-SOA yields. This review
further examines the inuence of key factors on Cl-SOA
formation. The [Cl2/VOC]0 ratio affects SOA yields and the
chemical composition by modulating intermediate product
distributions, reaction pathways, and the particle formation
efficiency. Clexp can inuence SOA yield by regulating the
competition between functionalization and fragmentation
processes. The presence of NOx alters the oxidation conditions
by generating ClNO2 and secondary OH radicals, while also
inuencing the fate of RO2 radicals and the volatility of subse-
quent products, which ultimately affects SOA yields. RH regu-
lates the availability of water in the reaction system. This water
acts as both a reactant and a medium to inuence product
distributions and SOA formation processes.

Despite the abovementioned advances in Cl-associated
chemistry, the research in this eld is far from complete, and
Environ. Sci.: Atmos.
several critical issues remain unresolved. Future studies should
prioritize the following areas:

(1) Current research in modeling reactive chlorine formation
has made signicant progress, with kinetic parameters for
major gas-phase reactions and photolysis processes becoming
well established, while heterogeneous ClNO2 chemistry has
been successfully implemented in the model.161,162 However,
existing models still face substantial challenges in simulating
key reactive chlorine species such as Cl2 and HOCl, primarily
due to insufficient parameterization of kinetic parameters in
their heterogeneous reaction mechanisms, which hinders the
accurate source quantication and reliable reproduction of
observed concentrations. Future efforts should focus on inte-
grating multi-environment eld observations with laboratory
studies to better constrain the kinetic parameters for hetero-
geneous reactions, thereby systematically improving the capa-
bility of the predictive model for spatiotemporal distribution of
reactive chlorine.

(2) To ensure analytical accuracy in instrumental measure-
ments, many laboratory studies use the VOC precursor and
oxidant concentrations signicantly higher than respective
ambient levels. This may alter the key reaction pathways of RO2,
affect aerosol nucleation and growth mechanisms, and lead to
uncertainties in SOA yields. Therefore, further development of
online high-time-resolution mass spectrometry is required to
maintain high-sensitivity identication and accurate quanti-
cation of reaction intermediates and products under simulation
conditions approaching realistic atmospheric concentration
levels. Concurrently, experimental designs should ensure that
environmental parameters such as RH, NOx levels, and particle
acidity remain consistent with actual atmospheric conditions.
Such improvements will enhance the reliability of experimental
data and provide a more accurate foundation for model
parameterization.

(3) As mentioned above, Cl-SOA generated in the laboratory
is produced by a single precursor, and the formation and
physicochemical properties of Cl-SOA in VOC mixtures remain
poorly understood. Given the widespread presence of diverse
biogenic and anthropogenic volatile organic compounds in the
real atmospheric environment, these compounds can undergo
natural mixing through atmospheric transport and collectively
participate in SOA formation via atmospheric oxidation
processes. Therefore, the observed SOA concentrations cannot
be adequately explained solely by the contribution of individual
precursors; instead, it is essential to account for potential
synergistic or inhibitory interactions among mixed VOCs.
Numerous laboratory studies have been conducted on OH-
driven oxidation of mixed VOCs,163–165 whereas the formation
mechanisms of Cl-SOA still require further validation under
more complex gas-phase mixture systems.

(4) As detailed in Section 3.3, current chemical mechanisms
(MCM) lack explicit oxidation pathways and kinetic parameters
for Cl-initiated reactions beyond alkanes. In updated reaction
mechanisms, only peroxyl radicals formed in the rst-
generation reaction associated with Cl atoms have been
considered. Given the increasing concentrations of reactive
chlorine species and the characteristically high reactivity and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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yield of chlorine chemistry, developing detailed mechanisms of
chlorine chemistry is crucial for a more accurate representation
by current models. Thus, future efforts should prioritize
establishing kinetic parameters and oxidation pathways for
VOC degradation induced by Cl atoms through laboratory
studies, as well as theoretical calculations.

(5) Integrating laboratory-derived Cl-SOA yield data into
chemical models helps reduce current model biases.21 However,
due to the scarcity of experimental data and the wide distribu-
tion range of existing yield values, the most substantial uncer-
tainties of the current study are introduced by the
parametrizations of SOA yields. Therefore, more experimental
studies are needed to reduce the uncertainties in Cl-SOA
formation. To further improve and constrain SOA simula-
tions, it is essential to clarify the specic parametric require-
ments for Cl-SOA yield in chemical transport models, including
environmental conditions (e.g., NOx levels and Clexp) and
applicable numerical ranges.
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