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Abstract. Chlorine-containing oxygenated volatile organic compounds (Cl-OVOCs) are indicators of atmo-
spheric chlorine chemistry involving volatile organic compounds (VOCs). However, their formation mecha-
nisms are insufficiently understood. Herein, a strong diel pattern of chloroacetic acid (C2H3O2Cl) was observed
with daytime peaks at 19 and 13 ppt (1 h averages) in 2020 and 2021, respectively, at a coastal site in southern
China. Ethene was previously proposed as the primary precursor responsible for daytime C2H3O2Cl levels, but
a photochemical box model based on Master Chemical Mechanism (MCM) simulations indicates that ethene ac-
counts for less than 1 %. Quantum chemical calculations suggest that other alkenes also can act as chloroacetic
acid precursors. Using an updated gas-phase VOC–Cl chemistry model, we find that isoprene, the most abun-
dant VOC at the sampling site, along with its oxidation products, accounts for 7 % of the observed C2H3O2Cl.
Moreover, the simulation with the updated MCM produces appreciable levels of other Cl-OVOCs, especially
chloroacetaldehyde, a precursor of C2H3O2Cl. We proposed the multiphase reaction of Cl-OVOCs to reconcile
the overestimation of Cl-OVOCs and the underestimation of C2H3O2Cl in our gas-phase model. The estimated
reactive uptake coefficients for various Cl-OVOCs range from 3.63× 10−5 to 2.34× 10−2, based on quantum
chemical calculations and linear relationship modelling. The box model simulation with multiphase chemistry
shows that the heterogeneous conversion of chloroacetaldehyde to C2H3O2Cl can contribute 24 %–48 % of the
observed levels. Our study thus proposes a formation mechanism of gaseous C2H3O2Cl and highlights the po-
tential importance of multiphase processes in atmospheric organic acid formation.
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1 Introduction

Reactive halogen species play an important role in various
atmospheric environmental processes, including the deple-
tion of ozone (O3) in the polar regions, the formation of sec-
ondary pollution in polluted areas, and global climate change
(Saiz-Lopez et al., 2023; Simpson et al., 2015). Halogen rad-
icals, such as Cl q and Br q, primarily originate from the pho-
tolysis of photolabile halogen species and deplete through
the reactions with volatile organic compounds (VOCs) and
O3 in the earth’s atmosphere (Lawler et al., 2011; Osthoff
et al., 2008; Spicer et al., 1998). The chemistry between at-
mospheric VOCs and reactive chlorine not only facilitates
the formation of Cl q-initiated secondary organic aerosols
but also promotes the cycling of qOH–HO q

2–RO q
2, thereby

enhancing the atmospheric oxidation capacity (Choi et al.,
2020; Ma et al., 2023; Soni et al., 2023). A deeper under-
standing of the chemistry between VOCs and Cl q is crucial
for enhancing our knowledge of the atmospheric halogen cy-
cle and its environmental impact.

Field measurements have detected several chlorine-
containing aldehydes and ketones as indicators of atmo-
spheric chlorine chemistry related to specific VOC species
(Le Breton et al., 2018; Masoud et al., 2023). Moreover, am-
bient levels of halogenated organic acids, including chloro-
, bromo-, and iodoacetic acids, have been measured in ur-
ban and coastal atmospheres, with ethene suggested as a
potential precursor for these compounds (Le Breton et al.,
2018; Priestley et al., 2018; Xia et al., 2022; Yu et al.,
2019). Chamber experiments examining gas-phase chlorine
reactions with specific VOC precursors have identified these
chlorine-containing aldehydes and ketones as products, as
summarized in Table S1 in the Supplement (Blanco et al.,
2010; Canosa-Mas et al., 2001; Kaiser et al., 2010; Or-
lando et al., 2003; Rodríguez et al., 2012; Wang et al.,
2015; Wang and Finlayson-Pitts, 2001; Wennberg et al.,
2018). These studies show that chloro-methylbutenone and
4-chloro-crotonaldehyde are distinctive markers for the gas-
phase chlorine chemistry of isoprene and butadiene, and in-
versely, formyl chloride, chloroacetaldehyde, and chloroace-
tone can be derived from Cl q reactions with various VOC
precursors, including isoprene, methyl vinyl ketone (MVK),
and methacrolein (MACR). However, chloroacetic acid has
not been reported in gas-phase chlorine reaction experiments
involving alkenes; instead, it has been proposed that organic
acids originate from the ambient multiphase chemistry of
aldehydes (Carlton et al., 2007; Franco et al., 2021). The pre-
cise generation pathways of these chlorine-containing oxy-
genated VOCs (Cl-OVOCs), particularly chloroacetic acid,
remain unclear.

In this study, field measurements of chloroacetic acid were
conducted at a coastal site in Hong Kong during the autumn
seasons of 2020 and 2021. The observed chloroacetic acid
(as well as bromoacetic acid) was consistently concentrated
around midday over the 2 years studied. We aimed to eluci-

date the potential chemical processes leading to chloroacetic
acid production by performing quantum chemical (QC) cal-
culations and updated chemical box model simulations, with
important implications for understanding the halogen chem-
istry in the atmosphere.

2 Methods

2.1 Field observations

Two field campaigns were performed from 6 October to
24 November 2020 and from 11 September to 1 November
2021 in a rural area (Cape D’Aguilar; 22.21° N, 114.25° E)
on the southeastern tip of Hong Kong Island, China. This
site is affected by anthropogenic activities in the nearby
urban area and the Pearl River Delta, shipping activities
in the nearby waters, biogenic emissions, and long-range
transport from eastern China (Peng et al., 2022). Each
field campaign simultaneously measured reactive halogens
(C2H3O2Cl, C2H3O2Br, ClNO2, Cl2, HOCl, BrCl, and Br2),
trace gases (NOx, N2O5, NH3, CO, SO2, and O3), aerosol
mass concentration (PM2.5), aerosol surface area density
(Sa), VOCs, NO2 photolysis frequency (jNO2), and meteo-
rological parameters (temperature (T ) and relative humidity
(RH)). Reactive halogens were measured using an iodide-
adduct time-of-flight chemical ionization mass spectrome-
ter (I−-ToF-CIMS, Aerodyne Research). The principles of
the I−-ToF-CIMS have been described in detail (Lee et al.,
2014). The reagent ions (I− and I(H2O)−) were produced
by passing 1 L min−1 of CH3I-containing N2 air through an
inline ionizer (210Po). The peaks of C2H3O2Cl, C2H3O2Br,
ClNO2, Cl2, HOCl, BrCl, Br2, N2O5, and HONO were
identified via high-resolution peak fitting and verification
of the halogen isotopic ratios, according to the natural iso-
topic abundances of Cl and Br. The mean mass resolution
was ∼ 4800. The detection limits were 1.71± 1.56ppt for
C2H3O2Cl and 0.31± 0.26ppt for C2H3O2Br. The limits
were defined as twice the standard deviation in signals ob-
served during background testing. In estimating the mixing
ratio of C2H3O2Br, the sensitivity ratio of C2H3O2Br to Br2
was assumed to be the same as that of C2H3O2Cl to Cl2. The
total uncertainty in the measured chloroacetic acid was esti-
mated to be 11 %. Operational details of the CIMS and the
measurement of other parameters were given in our previous
work (Xia et al., 2022), which reported appreciable levels of
reactive bromines for our 2020 campaign.

2.2 Quantum chemical calculations

QC calculations are effective for investigating gas-phase
and heterogeneous reaction mechanisms (Ma et al., 2018;
Tentscher et al., 2019; Xue et al., 2022) and have been
adopted to complement field observations and model sim-
ulations (Yang, 2024). In the present study, QC calculations
were conducted to explore the Cl q-initiated reaction mech-
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Table 1. Model scenarios.

Scenario Precursor Uptake of Cl-OVOCs Heterogeneous formation

C2H4 C3H6 C5H8 and chloroacetic acida of chloroacetic acidb

I X
II X
III X
IV X X X
V X X X X
VI X X X X X

a The reactive uptake of Cl-OVOCs on the aerosols is based on estimated uptake coefficients derived from QC calculations,
excluding the heterogeneous formation of chloroacetic acid, and the γ value for chloroacetic acid is assumed to be the same
as that for acetic acid (Wang et al., 2020).
b The yield of chloroacetic acid from the reactive uptake of chloroacetaldehyde is estimated as twice that of oxalic acid from
aqueous-phase photochemical reactions involving glyoxal (Carlton et al., 2007).

anisms of alkenes, investigate the multiphase process by
which carbonyls convert into organic acids, and predict re-
active uptake coefficients (γ ) for Cl-OVOCs. The Cl q addi-
tion of alkenes is a typical barrierless reaction without an
available transition state. In determining the reaction charac-
teristics of Cl q+ alkene reactions, relaxed potential energy
surface scans along the dissociation paths of the Cl q addi-
tion intermediates were conducted to obtain the minimum
energy paths; i.e. constrained optimization was performed at
each fixed C–Cl distance (Zhang et al., 2020). The structural
optimization of Cl q addition intermediates and their relaxed
scans were performed at the M06-2X/aug-cc-pVTZ level of
theory (Zhao and Truhlar, 2008a, b), which has been widely
used to study organic chlorine chemistry (Ma et al., 2021;
Vijayakumar, 2021).

The key steps of gaseous carbonyl uptake in this work
were the solvation of gaseous carbonyls, hydrolysis of aque-
ous carbonyls, and evaporation of aqueous diols (an inverse
reaction of gaseous diol solvation), which are referred to as
diol mechanisms (Franco et al., 2021). QC calculations pro-
vided the potential energy surface for the above processes.
Geometry optimizations and frequency calculations were
conducted at the M06-2X/aug-cc-pVTZ level of theory. Gas-
phase single-point energies were calculated at the DLPNO-
CCSD(T)/aug-cc-pVTZ level of theory with TightPNO and
RIJK approximations. Aqueous-phase Gibbs free energies
were determined using the thermodynamic cycle method
(Marenich et al., 2009; Tentscher et al., 2019), along with
solvation free energy at the M06-2X/6-31G(d)//SMD level
of theory (Marenich et al., 2009).

Previous computational research has revealed that the sol-
vation and hydrolysis kinetics of a trace gas in microdroplets
are related to their reactive uptake coefficients of the trace
gas, as observed for N2O5 (Fang et al., 2024). We adopted the
above reaction energies for the solvation and hydrolysis of
several OVOCs and their reported γ values to develop linear
relationship models, which can be used to predict the γ val-
ues of Cl-OVOCs. All QC calculations were performed us-

ing the Gaussian 16 (Frisch et al., 2019) and ORCA (Neese,
2022) software.

2.3 Box model simulations

The Master Chemical Mechanism (MCM) describes detailed
gas-phase degradation mechanisms of VOCs, including H-
atom abstraction reactions involving various alkanes and Cl q
(Jenkin et al., 1997, 2015; Saunders et al., 2003). In our pre-
vious studies, we enhanced the original model of gas-phase
and heterogeneous chlorine and bromine chemistry by rep-
resenting the addition reaction products of all alkenes with
Cl q as a dummy chlorine-containing RO q

2 radical, except for
ethene and propene (Peng et al., 2021; Xia et al., 2022). To
investigate the formation mechanism of chloroacetic acid,
we refined the gas-phase chlorine chemistry of several key
alkenes and incorporated the reactive uptake of Cl-OVOCs
into the updated model. The updates included (1) refining
the rate constants and branching ratios for Cl q-initiated re-
actions involving typical alkenes; (2) adding the subsequent
reaction mechanism of chlorine-containing RO q

2 radicals, as-
sumed to be the same as the mechanism for the correspond-
ing qOH reactions in the MCM; (3) adding the reactive
uptake of Cl-OVOCs and chloroacetic acid, whose coeffi-
cients for aerosols are estimated from QC calculations or
the literature; and (4) adding the heterogeneous production
of chloroacetic acid.

All simulations were performed using the Framework for
0-D Atmospheric Modeling (F0AM), version 4.3.0.1 (Wolfe
et al., 2016). The model was constrained every 5 min using
the diurnal average concentrations of field-observed reactive
halogens and relevant species in 2020 (Table S2). A 24 h so-
lar cycle for the campaign-averaged condition was simulated
three times to stabilize intermediates, and the results of the
last run were used for further analysis. We set up six sce-
narios (scenarios I–VI in Table 1) to explore the effects of
each VOC precursor and the reactive uptake of carbonyls on
chloroacetic acid generation.
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3 Results and discussion

3.1 Field measurements of chloroacetic acid

The time series of the mixing ratios of C2H3O2Cl and other
meteorological parameters along with the correlation analy-
sis of C2H3O2Cl concentrations are depicted in Figs. 1 and
S1 in the Supplement. Daily averages of pollutant concen-
trations and meteorological parameters during the two ob-
servation periods are listed in Table 2. The mixing ratios of
C2H3O2Cl had a diurnal variation in both observation pe-
riods. This variation was similar to the diurnal profiles for
Cl2, HOCl, BrCl, and Br2. The average diurnal peaks for
C2H3O2Cl occurred at midday, with the maximum mixing
ratios being 19 ppt in 2020 and 13 ppt in 2021. These values
are approximately 5 and 3 times those observed in Manch-
ester, United Kingdom, during winter (Priestley et al., 2018).
The levels of C2H3O2Cl and inorganic reactive chlorine (de-
noted as Clx, where Clx = 2×Cl2+ClNO2+HOCl+BrCl)
were higher in 2020 than in 2021.

Correlation analysis from 10:00–14:00 LT (Fig. 1) re-
vealed that the levels of Clx had the strongest correlation
with the C2H3O2Cl concentration, with the correlation coef-
ficients being 0.60 and 0.83 in 2020 and 2021, respectively.
Daytime Sa and jNO2 were moderately positively correlated
with the C2H3O2Cl level (Fig. S1), suggesting that aerosols
and solar radiation could be involved in C2H3O2Cl forma-
tion. Previous studies have revealed that nitrate photolysis on
aerosols is an important source of atmospheric Cl2 and Br2
at the study site (Peng et al., 2022; Xia et al., 2022). We thus
hypothesize that chloroacetic acid can be derived from pho-
tochemical processes relating to aerosols. The negative cor-
relation between C2H3O2Cl and RH may be related to the
removal of C2H3O2Cl, such as reactive uptake onto clouds
or aerosols.

3.2 Gas-phase chlorine chemistry of alkenes

The original MCM incorporates the formation mechanisms
of chloroacetic acid with 1-chloroethane, 1,2-dichloroethane,
and 1,2-dichloropropane as precursors. The specific mecha-
nisms are depicted in Fig. S2 in the Supplement. First, 1-
chloroethane and 1,2-dichloroethane are oxidized by qOH to
produce chloroacetaldehyde, and 1,2-dichloropropane is oxi-
dized to form chloroacetone. Subsequently, chloroacetic acid
as a second-generation product is generated through the qOH
oxidation of chloroacetaldehyde and photolysis of chloroace-
tone. However, to our knowledge, these three halocarbons
have not been detected in field observations conducted in
Hong Kong (Cao et al., 2023; Zeng et al., 2020).

Ethene has been proposed as a precursor of chloroacetic
acid (Priestley et al., 2018) and was included in our previous
work as part of the original model (Xue et al., 2015). How-
ever, simulation based on the original model shows that the
ethene+Cl q reaction yields only 0.1 ppt of chloroacetic acid

(< 1% of the observed value) while producing a higher con-
centration of Cl-OVOCs, mainly containing chloroacetalde-
hyde (at a maximum of 43 ppt), as plotted in Fig. S3.

To explain the observed elevated concentrations of
chloroacetic acid, we propose gas-phase chlorine chemistry
from alternative precursors to modify the original model,
now referred to as the updated model. Due to differences
in the reaction rate constants and branching ratios for each
pathway involving alkenes and Cl q (NIST Chemical Kinet-
ics Database, 2024), we performed QC calculations to reveal
their reaction patterns through potential energy surface scans,
as depicted in Figs. 2 and S4–S6. For propene, Cl q preferen-
tially adds to the terminal C (α-C) rather than the middle C
(β-C). The α-C addition intermediate (IM1) of propene is
lower in energy than the β-C addition intermediate (IM2),
and IM2 spontaneously converts to IM1 by overcoming a
low energy barrier (∼ 8kcalmol−1), as shown in Fig. 2. Iso-
prene, MVK, and MACR exhibit similar patterns (Figs. S3–
S5). Our QC calculations indicate that α-C addition is the
primary pathway for the alkene + Cl q reactions, with neg-
ligible β-C addition. In contrast, previous chemical models
only incorporate detailed reaction mechanisms for propene
and Cl q (including α-C and β-C addition) and rough mecha-
nisms for other alkenes (Xue et al., 2015).

Based on the above QC calculations, we refined the
Cl q-initiated reaction rate constants and branching ratios
of alkenes (Table S3) and updated the gas-phase chlorine
chemistry of several alkenes, as summarized in Fig. 3 (with
the details for propene, isoprene, MVK, and MACR pre-
sented in Figs. S7–S10). The updated gas-phase mecha-
nism reveals that chloroacetaldehyde and chloroacetone are
first-generation products of other alkenes, excluding ethene,
whereas chloroacetic acid serves as a second-generation
product of these compounds. In particular, chloroacetalde-
hyde and chloroacetone have been identified as ubiquitous
products of gas-phase chlorine reactions of alkenes, such as
isoprene, MVK, and MACR, in chamber experiments (Ta-
ble S1). Additionally, propene is proposed as a precursor to
chloroacetone (Wang et al., 2023).

We next investigated the contribution of several typical
alkenes to chloroacetic acid using the updated gas-phase
mechanism. The simulation is described as scenarios II–IV
in the Methods section. The results show that adding gas-
phase formation pathways of chloroacetic acid in our up-
dated model accounts for 8 % of the observed mixing ra-
tio, and isoprene and its oxidation products play a major role
(Fig. S3). The low yield of chloroacetic acid is explained as
follows. The degradation of chloroacetaldehyde is primarily
driven by H-atom abstraction from the aldehyde group, lead-
ing to the formation of the acyl peroxy radical CH2ClCO q

3.
However, only a small fraction of CH2ClCO q

3 is converted
to chloroacetic acid through reactions with HO q

2 and RO q
2,

whereas the majority of CH2ClCO q
3 reacts with NO to form

CH2ClO q
2. The contribution of chloroacetone to CH2ClCO q

3
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Figure 1. Field observations of chloroacetic acid (C2H3O2Cl) at a coastal site. (a, b) Time series of the mixing ratios of O3, jNO2,
C2H3O2Cl, and C2H3O2Br (denoted as BAA) in (a) 2020 and (b) 2021. (c) Average diurnal variations in C2H3O2Cl in 2020 and 2021. The
shaded areas represent 25 %–75 % of C2H3O2Cl. (c, d) Coefficients of correlation between C2H3O2Cl, meteorological factors, and chemical
constituents from 10:00–14:00 LT in (d) 2020 and (e) 2021. Clx = 2×Cl2+ClNO2+HOCl+BrCl. Data are 10 min averages in (a) and (c)
and 1 h averages in (d) and (e). Please note that the date format used in this figure is year/month/day.

Table 2. Daily average values of pollutant concentrations and meteorological parameters.

Parameter 2020 2021 Parameter 2020 2021

RH (%) 75.0± 11.0 81.1± 8.2 ClNO2 (ppt)b 491.2± 388.1 173.4± 171.4
T (°) 24.0± 1.8 27.2± 3.2 Cl2 (ppt) 15.4± 16.4 11.5± 13.9
jNO2 (10−3 s−1)a 6.2± 1.8 5.3± 2.4 HOCl (ppt) 38.3± 26.0 31.5± 35.9
Sa (µm2 cm−3) 178.5± 81.9 103.6± 65.2 BrCl (ppt) 0.62± 0.56 0.36± 0.35
PM2.5 (µgm−3) 17.5± 7.4 8.8± 6.3 Br2 (ppt) 3.0± 1.9 1.1± 1.1
SO2 (ppb) 2.7± 1.0 5.1± 0.5 C2H3O2Cl (ppt) 10.1± 6.9 6.9± 6.5
O3 (ppb) 49.6± 16.5 40.6± 20.2 C2H3O2Br (ppt) 0.65± 0.36 0.34± 0.26

a The 1 h average at midday. b Average value at night (18:00–05:00 LT next day).

is considered negligible because of its low photolysis rate
constant in the MCM.

Our gas-phase VOC–Cl model predicts the generation of
up to 1 ppb of Cl-OVOCs (Fig. 4). Reactions of isoprene
and its oxidation products (MVK and MACR) with Cl q ac-
count for ∼ 91% of Cl-OVOCs, and others from ethene
and propene play a minor role. Formyl chloride is the most
abundant Cl-OVOC predicted by the model, followed by
chloroacetaldehyde and finally chloroacetone. All three Cl-

OVOCs were identified in previous field observations of re-
active chlorine species (Le Breton et al., 2018), but their con-
centrations were far lower than the levels predicted using our
model.

Our updated gas-phase alkene+Cl q reactions explain only
8 % of the observed chloroacetic acid concentration and sig-
nificantly overestimate Cl-OVOCs. The photochemical for-
mation of chloroacetic acid and Cl-OVOCs results in their
simulated diurnal cycles of daytime increase and night-
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Figure 2. Relaxed scan of the dissociation of Cl q and propene (C3H6) addition intermediates. IM1 and IM2 are intermediates for Cl q addition
to α-C and β-C of propene, and CP1, CP2, and CP3 are the complexes derived from scans of IM1 and IM2 in terms of bond lengths (r) of
α-C–Cl and β-C–Cl as variables, respectively. Scanned potential energy surfaces of IM1 (in blue) and IM2 (in green) take the total energy
of the reactants Cl q+ propene as zero for reference. Energy in brackets in kcalmol−1.

Figure 3. Gas-phase chlorine chemistry of typical alkenes. The MCM outlines the gas-phase generation of carbonyls, shown in black, and
the Cl q-initiated reactions of alkenes are illustrated according to QC calculations in red. R and R′ denote substituents. Decomposition: dec.

time decrease, failing to replicate the observed patterns. The
inconsistency between simulated and observed results of
chloroacetic acid and Cl-OVOCs implies possible missing
sinks or sources. Previous studies have reported that reac-
tive uptake coefficients (γ ) of several OVOCs (e.g. formalde-
hyde, glyoxal, methylglyoxal, acetone, 2-butanone, 2,3-
butanedione, and acetic acid) onto water or aerosol surfaces
can reach levels of 10−5

− 10−3 (De Haan et al., 2018; Iraci
and Tolbert, 1997; Liggio et al., 2005; Schütze and Her-
rmann, 2004; Wang et al., 2020). Proposed multiphase mech-
anisms of the conversion of aldehydes to gaseous organic
acids involve the multiphase equilibrium of aldehydes, diols,
and acids; aldehyde hydrolysis; and gas- and aqueous-phaseqOH oxidations of diols, and they explain the production of
formic acid from formaldehyde (Franco et al., 2021). More-

over, previous research has revealed heterogeneous reactions
as an important source of formic acid (Jiang et al., 2023). We
thus propose the reactive uptake of chloroacetic acid and Cl-
OVOCs and heterogeneous production of chloroacetic acid,
and we estimate the contribution of multiphase processes to
the formation of gaseous chloroacetic acid.

3.3 Multiphase production of chloroacetic acid

To address the overestimation of the chloroacetaldehyde
level and the underestimation of the chloroacetic acid level
in our gas-phase chlorine model, we propose multiphase
conversion mechanisms of chloroacetaldehyde to gaseous
chloroacetic acid and conducted QC calculations to deter-
mine the reaction potential energy surface (Fig. 5). Gaseous

Atmos. Chem. Phys., 25, 3753–3764, 2025 https://doi.org/10.5194/acp-25-3753-2025
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Figure 4. Box-model-simulated diurnal profiles of Cl-OVOCs generated from gas-phase VOC + Cl q reactions: profiles for (a–c) ethene,
propene, and isoprene, respectively, and (d) all alkenes (the sum of three alkenes). The diurnal profiles of C2H3O2Cl (maximum of 1.6 ppt)
are not visible. Scenarios I–IV are described in Table 1.

chloroacetaldehyde could dissolve in the atmospheric con-
densed phase, and aqueous chloroacetaldehyde then hydrates
to form chloral hydrate. Finally, the diol could react withqOH to form chloroacetic acid. The calculated energy bar-
rier of chloroacetaldehyde hydrolysis with a water molecule
reaches 37.5 kcalmol−1, which is reduced by the water dimer
and trimer to 25.2 and 21.3 kcalmol−1, respectively. Consid-
ering the acidic nature of aerosol, a molecule of sulfuric acid
catalyses chloroacetaldehyde hydrolysis with an energy bar-
rier of 6.1 kcalmol−1. Multiple water molecules or acid cat-
alysts involved in the hydrolysis reaction significantly lower
the energy barrier, indicating the rapid hydrolysis feasibility
of chloroacetaldehyde in atmospheric aerosols. QC calcula-
tions also indicate that chloroacetic acid readily forms from
chloral hydrate undergoing qOH oxidation and O2 abstrac-
tion due to the low energy barriers in both gas and aqueous
phases, as depicted in Fig. 5b. The QC calculations support
the plausibility of the multiphase formation of chloroacetic
acid.

To aid atmospheric models in simulating multiphase re-
actions of Cl-OVOCs, we conducted QC calculations to de-
termine the γ values for chloroacetaldehyde and other Cl-
OVOCs, including formyl chloride and chloroacetone (see

the Methods section). Briefly, we established linear relation-
ships between the QC-calculated multiphase reaction energy
and γ reported in previous experimental studies for sev-
eral OVOCs, and we then used the derived relationships to
predict the γ values of Cl-OVOCs. Note that we assume
that gas-phase diffusion limitations of OVOCs were negli-
gible, given their low uptake coefficients. The model lgγ =
−2.796−0.1541rGhyd has the largest correlation coefficient
(R2) of 0.727, lowest residual sum of squares (RSS) of 0.550,
and smallest standard deviation (SD) of 0.371, where1rGhyd
is the change in Gibbs free energy for mono-hydration re-
actions (Fig. S11). The γ values predicted for formyl chlo-
ride, chloroacetaldehyde, and chloroacetone are 2.34×10−2,
8.23× 10−4, and 7.07× 10−5, respectively. The predictions
for the other Cl-OVOCs are given in Table S4.

We then added the reactive uptake of Cl-OVOCs on ambi-
ent aerosol surfaces in our updated MCM model using λ de-
termined in the above QC calculations. As shown in Fig. 6,
the reactive uptake of Cl-OVOCs on aerosol surfaces reduces
the maximum Cl-OVOC concentration from the level of parts
per billion (ppb) to 64 ppt, contributing to a chloroacetalde-
hyde loss of up to 92 % in our box model simulation. The
reactive uptake of Cl-OVOCs serves as an important sink
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Figure 5. QC-calculated potential energy surfaces of multiphase
conversion of chloroacetic acid from chloroacetaldehyde at 298 K.
(a) Hydrolysis potential energy surfaces of chloroacetaldehyde
with water monomer (H2O), water dimer ((H2O)2), water trimer
((H2O)3), and sulfuric acid (H2SO4) in aqueous phase; (b) potential
energy surfaces of the conversion of chloral hydrate to chloroacetic
acid in gas and aqueous phases. TS denotes the transition state con-
necting reactants and products; RC and PC denote reactant complex
and product complex. 1G: Gibbs free energy difference of reac-
tions.

for Cl-OVOCs and would resolve the overestimation of Cl-
OVOC levels by our gas-phase model.

The proposed multiphase conversion mechanisms of
chloroacetaldehyde to chloroacetic acid are depicted in
Fig. 7. They can be simplified as CH2ClCHO(g)+H2O(l)→
CH2ClCOOH(g)+ other products. The first-order loss rate
of chloroacetaldehyde on aerosols is calculated using the γ
value estimated above. To assess the contribution of hetero-
geneous processes to chloroacetic acid formation, we esti-
mated the yield (ϕ) of chloroacetic acid from chloroacetalde-
hyde uptake as follows. A previous laboratory study shows a
yield of 1 %–2 % for oxalic acid from aqueous-phase photo-
chemical reactions of glyoxal (Carlton et al., 2007). We as-
sumed the yield (ϕ) of chloroacetic acid from chloroacetalde-
hyde is twice the above process because the heterogenous
production of chloroacetic acid involves one diol reaction,
whereas that of oxalic acid undergoes two diol reactions.

As discussed in Sect. 3.2, the gas-phase chlorine chemistry
of alkenes accounts for only 8 % of the observed chloroacetic

Figure 6. Box-model-simulated diurnal profiles of Cl-OVOCs gen-
erated from VOC + Cl q reactions with Cl-OVOC and chloroacetic
acid uptake on an aerosol surface (scenario V in Table 1).

Figure 7. Multiphase production of chloroacetic acid. The gas-
phase conversion of chloroacetaldehyde to chloroacetic acid, shown
in black, is described in Fig. 3, whereas the multiphase reactions in
red are presented in Fig. 5 according to QC calculations.

acid level and fails to explain the observed diurnal cycle.
Adding the reactive uptake of chloroacetic acid on aerosols
aligns the simulated and observed daily variation, and in-
cluding the heterogeneous source of chloroacetic acid in-
creases the simulated level to 24 %–48 % of the observed
level (Fig. 8). A sensitivity analysis of the effects of reactive
uptake coefficients of Cl-OVOCs on simulated chloroacetic
acid levels using our updated model was also conducted
(Fig. S12). Results show that a change of 1 standard devi-
ation (lgγ ±SD) in the predicted reactive uptake coefficients
for Cl-OVOCs results in either a 5 % increase or an 11 % de-
crease in the simulated peak of chloroacetic acid. Our study
underscores the significance of heterogeneous reactions in
the production of chloroacetic acid and other organic acids,
highlighting the necessity for more precise reaction parame-
ters in future research.

With the aforementioned updates, the box model signif-
icantly improved its ability to simulate chloroacetic acid.
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Figure 8. Comparison of measured and simulated diurnal profiles
of chloroacetic acid.

However, there is still a discrepancy between the updated
simulations and field measurements, which may result from
the uncertainty in the parameters we use and other factors af-
fecting chloroacetic acid. For example, previous studies have
reported the RH dependence of the reactive uptake coeffi-
cients of aldehydes and organic acids (Chen et al., 2021; De
Haan et al., 2018; Gen et al., 2018; Tong et al., 2010; Zeined-
dine et al., 2023). Other reactions of aldehydes in aerosols
such as qOH oxidation, sulfite addition, and Maillard-like re-
actions with reduced nitrogen species could compete with
hydrolysis (Shen et al., 2024; Tang et al., 2022), poten-
tially suppressing the yield of organic acids from the multi-
phase conversion of aldehydes. α-Chloro-β-ketones such as
chloroacetone may also contribute to chloroacetic acid for-
mation through atmospheric heterogeneous chemistry, sup-
ported by our QC calculations. In addition to alkenes, other
VOCs of high molecular weight, such as ethylbenzene, may
serve as precursors of chloroacetic acid (Cui et al., 2021).
Moreover, chloroacetic acid may be produced as a disinfec-
tion byproduct from the chlorination of dissolved organic
matter in the aqueous phase (Jahn et al., 2024).

4 Conclusion

A strong diel pattern of chloroacetic acid was observed at a
coastal site in southern China during two photochemically
active periods, indicating the intense Cl q-initiated oxidation
of VOCs. Chemical box model simulations based on the
MCM indicated that ethene, previously proposed as a pre-
cursor of chloroacetic acid, contributed less than 1 % to the
observed chloroacetic acid concentration. Even when consid-
ering other alkenes, their combined contribution would still
only be 8 % of the observed value, whereas the model pre-
dicts elevated levels of Cl-OVOCs. We conclude that the un-

derestimation of chloroacetic acid and overestimation of Cl-
OVOCs can be attributed to the neglect of the heterogeneous
processes involving Cl-OVOCs, as indicated by QC calcu-
lations. QC calculations reveal the feasibility of the multi-
phase conversion of chloroacetaldehyde to chloroacetic acid,
and the reactive uptake coefficients of Cl-OVOCs includ-
ing chloroacetaldehyde are estimated to be 3.63× 10−5 to
2.34×10−2. Adding the heterogeneous processes of these Cl-
OVOCs to the MCM model explains 24 %–48 % of the ob-
served chloroacetic acid and exhibits a diurnal pattern similar
to the observations, reducing the gaps between observed and
simulated results. Future experimental studies are needed to
validate the proposed multiphase chemical processes for Cl-
OVOCs and establish a reliable yield of chloroacetic acid.
In addition, it is important to investigate the implications of
OVOC uptake for the fate of these compounds and the sub-
sequent effects on secondary organic aerosols.
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