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Abstract. Heterogeneous reaction processes of aerosols play an important role in air quality and climate change.
However, the lack of in-situ measurements of single-nanoparticle reactions results in large uncertainties in mod-
eling the nanoparticle reaction kinetics. The study introduces a method to quantify reaction rates of single-
nanoparticles using hygroscopic growth factors (GFs) and the Zdanovskii-Stokes-Robinson (ZSR) rule. Planar
waveguide dark-field microscopy was employed to monitor sodium chloride (NaCl) aerosol GFs under ultra-
violet (UV) irradiation and SO2 exposure in real time. The results revealed a first-order reaction rate constant
of 0.6523 h−1 for 100 nm NaCl aerosols. Moreover, the reaction rate constant exhibits a non-monotonic size
dependence on particle diameter-increasing in the 50–200 nm range and decreasing for particle sizes larger than
200 nm. This reflects a competitive interplay between the surface curvature effect at small particle sizes and
specific surface area effect at larger sizes, which is further validated by a combined analysis based on transition
state theory and the double-film mass transfer approach. Subsequently, sodium octyl sulfate (SOS) was intro-
duced to form binary NaCl-based nanoaerosols, where the organic coating content was systematically varied
under constant surface curvature to modulate the specific surface area. An increase in organic volume fraction
(OVF) reduces the effective specific surface area and suppresses heterogeneous reaction rates, accompanied by
a pronounced nonlinear transition from partial to complete coating. This further confirms the experimentally
observed size-dependent nonlinearity in reaction rates and offers new insights into nanoscale sulfate formation,
improving atmospheric chemical models and pollution-climate assessments.

1 Introduction

Aerosol–atmosphere interactions are central to Earth’s cli-
mate system and air quality (Carslaw et al., 2010; Li et al.,
2024). Tropospheric aerosols not only scatter and absorb so-
lar radiation but also serve as active media for multiphase
oxidation reactions, which alter their chemical composition
and physicochemical properties such as hygroscopicity and
refractive index (Bi et al., 2013). These changes can signif-
icantly influence atmospheric visibility, cloud and fog for-

mation, and wet deposition processes (Cui et al., 2016; Per-
sad, 2023). Under ambient sunlight, aerosols are exposed to
oxidants such as ozone (O3), hydroxyl radicals ( qOH), and
reactive chlorine species (ClOx) (Ma et al., 2010; Shang
et al., 2021). These heterogeneous reactions drive compo-
sitional and morphological changes that modify optical and
hygroscopic properties, enhance secondary pollutant forma-
tion, and regulate atmospheric oxidative capacity (Laskin et
al., 2012; Keene et al., 1998; Rossi, 2003; Cao et al., 2023,
2024a; Jing et al., 2023). However, most previous studies fo-
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cused on micrometer-scale droplets or bulk systems, while
the kinetics of photochemical SO2 oxidation in nanoscale
sea-salt aerosols remain poorly constrained. In nanoscale
droplets, geometric factors such as surface-to-volume ra-
tio and surface curvature may substantially alter interfacial
transport and heterogeneous reaction kinetics (Barclay and
Lukes, 2019). Notably, surface-catalyzed oxidation of S(IV)
by Mn(III) at droplet interfaces can proceed two to three or-
ders of magnitude faster than bulk-phase reactions, and ne-
glecting such interfacial processes in models may substan-
tially underestimate aerosol aging and cloud condensation
nuclei (CCN) activity. These observations highlight the need
for kinetic descriptions that incorporate particle-size and in-
terface effects (Rosati et al., 2021; Wang et al., 2021; Gen et
al., 2020; Liu and Abbatt, 2021; Yang et al., 2023).

Traditional characterization of heterogeneous reaction ki-
netics is typically performed using laboratory-based flow re-
actors or smog chambers (Liu et al., 2020). For instance, the
sulfate formation rate from the aqueous oxidation of SO2
(or H2O2) can be determined offline after a given reaction
time in an aerosol flow reactor, yielding kinetic parameters
that represent the ensemble-averaged behavior of the aerosol
population during the reaction process. To investigate the ki-
netics of individual suspended micrometer-sized aerosol par-
ticles, Aerosol Optical Tweezers (AOT) have been developed
(Angle et al., 2021). When combined with cavity-enhanced
Raman spectroscopy, this technique enables the direct mea-
surement of the kinetics of Fe(III)-catalyzed SO2 heteroge-
neous oxidation within micrometer-sized droplets. The Ra-
man signal, which reflects the temporal evolution of reac-
tant or product concentrations, can be quantitatively corre-
lated with reaction rates. This approach has been applied
to elucidate mechanisms of sulfate formation via transition-
metal-catalyzed oxidation on sea-salt aerosol surfaces and to
explore the influence of environmental factors on such in-
terfacial processes. However, the determination of reaction
kinetics for single nanometer-sized aerosol particles still re-
mains challenging at present (Xie et al., 2023). A photonic-
chip-based dark-field imaging technique has recently been
reported for the in situ observation of nanoscale aerosols, en-
abling stable detection of particles as small as 50 nm across
centimeter-scale fields of view. Individual particles deposited
on the substrate can be monitored continuously for hours
to days, while an integrated reaction chamber permits pre-
cise control of gas composition, humidity, and temperature.
This approach facilitates direct measurements of nanoscale
heterogeneous reaction kinetics and their dependence on
particle properties such as specific surface area and curva-
ture, overcoming both the diffraction limitations of conven-
tional optical methods and the incompatibility of electron mi-
croscopy with dynamic atmospheric environments (Kuai et
al., 2019, 2020; Xie et al., 2020).

Sea-salt aerosols constitute the largest mass fraction
of natural atmospheric aerosols, and the contribution of
nanometer-sized particles during atmospheric transport is

non-negligible (Chi et al., 2015; Gong et al., 2023; Murphy
et al., 2019). Their major component, sodium chloride, un-
dergoes chemical transformation during transport from ma-
rine to continental regions under clear-sky conditions. Chlo-
ride ions released from sea-salt particles can form a series of
reactive chlorine compounds (Su et al., 2022; Rossi, 2003;
Finlayson-Pitts and Hemminger, 2000), which significantly
enhance the oxidative capacity of the atmosphere and pro-
mote the formation of secondary pollutants such as sulfate
and nitrate (Wang et al., 2019; Zhang et al., 2021; Soni et
al., 2023; Cao et al., 2024b). Sea-salt particles frequently co-
exist with organic species to form mixed organic–inorganic
aerosols, which often exhibit nonideal phase behavior such
as liquid-liquid phase separation (LLPS) (Freedman, 2017,
2020; Zhang et al., 2022). The formation of an organic shell
can hinder the diffusion of reactive gases (e.g., HNO3, SO2)
into the inorganic core, thereby strongly affecting the kinet-
ics of heterogeneous reactions.

In this study, we quantify the reaction rate of SO2 pho-
tooxidation on nanoscale sea-salt aerosol droplets under UV
irradiation by combining hygroscopic GF with the ZSR mix-
ing rule. The GFs were obtained in real time using planar-
waveguide dark-field microscopy under controlled UV and
SO2 exposure. By resolving the size-dependent kinetics in
the 50–400 nm regime, we elucidate how nanoscale cur-
vature and specific surface area jointly regulate heteroge-
neous reactivity, thereby providing quantitative constraints
on the contribution of ultrafine sea-salt aerosols to the at-
mospheric sulfur cycle. In addition, by simulating surface
modification through organic sulfonate coatings, we assess
how reduced equivalent specific surface area suppresses re-
action rates, offering direct experimental evidence for sul-
fate formation pathways in complex atmospheric systems,
including marine-organic mixtures and anthropogenically in-
fluenced aerosols. Collectively, these findings provide new
insight into the mechanisms driving rapid sulfate production
during haze episodes and improve our ability to predict how
anthropogenic surfactant emissions may indirectly alter at-
mospheric chemistry by modifying aerosol surface reactivity.

2 Methods

2.1 Sample Preparation

The chemical reagent NaCl used for preparing nanoscale
particulate aerosol particles was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). A standard
solution with a concentration of 1.0 g L−1 was prepared using
ultrapure water from a Millipore Direct-Q3 system (Merck,
Darmstadt, Germany). The standard solution was aerosolized
into ultrafine aerosol particles with a particle size of ap-
proximately 50–400 nm using an aerosol generation system,
which consists of a MetOne 255 nebulizer, a silica gel dif-
fusion dryer (to achieve a final relative humidity (RH) of
< 5 %), a TSI 3081 differential mobility analyzer, and a TSI
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3080 platform (as shown in Fig. 1). Monodisperse particles
collided and deposited on the substrate surface in the sample
chamber for 20 min. To minimize potential substrate-induced
photocatalytic effects, the SiO2 substrate was coated with a
thin inert Au layer prior to the experiments. Mixed NaCl-
SOS particles were generated from NaCl-SOS solutions with
a prescribed mass ratio of 38 : 1, 18 : 1, 8 : 1, 4 : 1, 2 : 1 and
1 : 1 (OVF5 %, 10 %, 18 %, 33 %, 50 %, and 70 %).

2.2 Sample Humidification and Aging

The RH was controlled using a humidifier, a dryer, and a
proportional-integral-derivative (PID) controller, as shown in
Fig. 1. The PID controller fed back a pulse signal to a three-
way solenoid valve based on the desired and measured RH.
The required RH was achieved by mixing dry and wet gases.
During the photo-aging process, the sample underwent het-
erogeneous reactions with SO2. The reaction gases, nitrogen
(N2, Qingjie Chemical Trading Co., Hefei, China) and sul-
fur dioxide (SO2, containing ppm levels of SO2 in nitrogen;
Qingjie Chemical Trading Co., Hefei, China), were supplied
by gas cylinders, with flow rates controlled by mass flow me-
ters to provide the desired SO2 concentration. The gas con-
taining the desired SO2 concentration was mixed with the gas
at the required RH using a mixer, as shown in Fig. 1, and then
passed into the sample chamber containing the deposited par-
ticles. The carrier gas consisted of SO2, N2, and water vapor.
O2 was not intentionally introduced into the system. This
design was adopted to control experimental variables and
to better highlight geometric effects associated with particle
size and curvature. An RH of 85 % was selected to ensure
that NaCl particles remained in an aqueous state and to fa-
cilitate efficient mass transfer and photochemical oxidation
under humid conditions relevant to polluted environments
(Rosati et al., 2021). An SO2 concentration of 200 ppm, al-
though higher than typical atmospheric background levels,
was adopted to simulate extreme pollution scenarios (e.g.,
industrial plumes or severe pollution events) and to pro-
vide sufficient signal for robust single-particle kinetic anal-
ysis within the experimental time scale (Yang et al., 2023).
A UV light source was placed above the sample chamber
(365–370 nm, 5 W) for effective simulation of daytime atmo-
spheric photochemical processes. After the set reaction time,
dry gas was injected into the sample chamber for 10 min to
dry the particles, after which their hygroscopicity was mea-
sured. The reaction-rate calculation method used in this work
was validated by ion chromatography (IC). Particles pro-
duced from the pure NaCl solution described in Sect. 2.1
were collected on quartz fiber filters (81 mm; TE-20-3010Z,
Tisch Environmental) using a particle sampler, and subse-
quently aged under the same conditions. After aging, the fil-
ters were cut into small pieces and extracted in ultrapure wa-
ter. The concentrations of anions formed during aging were
quantified by IC using a Dionex ICS-3000 system (Thermo
Fisher Scientific). NaCl-SOS mixed particles were subjected

to a humidification–drying cycle to induce LLPS, following
the procedure reported by Zhang et al. (2022). After LLPS
formation, the mixed particles were aged under SO2 concen-
trations and UV irradiation intensities identical to those used
for pure NaCl. For each OVF, particles were exposed to re-
action times of 2 and 3 h, respectively.

2.3 Measurement System

The measurement system illustrated in Fig. 1 is based
on a photonic-chip-enabled evanescent-wave illumination
scheme combined with dark-field optical imaging, which al-
lows in situ characterization of individual aerosol nanopar-
ticles down to the nanometer scale. The photonic chip con-
sists of a three-layer architecture designed to selectively ma-
nipulate the propagation and scattering of incident light. The
middle layer is a ∼ 2 µm thick dielectric film embedded with
∼ 60 nm titanium dioxide (TiO2) nanoparticles, which act as
efficient scattering centers. The top and bottom layers are
dielectric multilayer stacks composed of alternating silica
(SiO2) and silicon nitride (SiNx) films, engineered to exhibit
distinct photonic band gaps (PBGs). The optical reflectance
of both multilayer stacks was calculated using the transfer
matrix method, as detailed in Kuai et al. (2020). For the
bottom multilayer, a reflection minimum occurs near nor-
mal incidence for both transverse electric (TE) and transverse
magnetic (TM) polarized light, such that only light propagat-
ing close to 0° can be transmitted at the design wavelength
of 750 nm. Upon entering the TiO2-doped scattering layer,
the transmitted light undergoes multiple scattering events,
resulting in a redistribution of propagation directions. Scat-
tered light incident on the bottom multilayer outside the nar-
row transmission window is reflected back into the scatter-
ing layer by the PBG, while only near-normal components
are allowed to exit. The top multilayer is designed with a
PBG centered at 750 nm, permitting transmission only for
scattered light within a limited angular range. Scattered light
with propagation directions exceeding a numerical aperture
(NA) of 0.7 is reflected back into the scattering layer. Conse-
quently, when an objective lens with NA< 0.7 is used, back-
ground illumination is effectively suppressed, enabling dark-
field imaging. For illumination at 640 nm, the scattered light
lies within the photonic band gap of the multilayer struc-
ture; when the scattering angle exceeds the critical angle,
evanescent waves are generated at the multilayer–air inter-
face. Aerosol particles deposited on the surface of the top
multilayer are selectively illuminated by these evanescent
waves, producing high-contrast images with minimal back-
ground interference. This optical configuration enables sen-
sitive detection of individual aerosol nanoparticles and al-
lows continuous monitoring of their hygroscopic growth un-
der controlled environmental conditions. During hygroscop-
icity measurements, surface-wave images are recorded at
each prescribed relative humidity (RH). The grayscale inten-
sity of individual particles is extracted through image anal-
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Figure 1. Schematic diagram of the system for generation, aging, and hygroscopic growth measurements based dark-field imaging for single
nanoparticles.

ysis, and the cube root of the normalized intensity is used
to derive the hygroscopic growth factor (GF), as validated
in Kuai et al. (2020). Importantly, the compact photonic-
chip platform can be readily integrated with a series of up-
stream reaction chambers, enabling sequential exposure of
the same individual particles to dynamically controlled envi-
ronments, including changes in RH, gas-phase composition,
and irradiation conditions. This configuration allows real-
time, single-particle tracking of physicochemical transfor-
mations in aerosol nanoparticles during hygroscopic growth,
phase transitions, and heterogeneous or photochemical reac-
tions, providing a unique capability for simulating complex
atmospheric processes under well-defined and time-resolved
conditions

3
√

Graywet

3
√

Graydry

=
Dwet

Ddry
= GF (1)

where Graywet and Graydry represent the gray signal intensity
of the surface wave image of the nanoparticles before and
after humidification, and Ddry and Dwet represent the parti-
cle sizes before and after humidification. The reliability of
the measurement method was evaluated using hygroscopic
growth measurements of single 100 nm NaCl particles, with
the results (Fig. 2) showing good agreement with predictions
from the thermodynamic model E-AIM.

2.4 Retrieval of reaction progress and kinetic
parameters

Based on the ZSR volume-weighted mixing rule, it is as-
sumed that the components in the mixed particles retain their

Figure 2. Hygroscopic growth behavior of a single 100 nm NaCl
particle.

independent hygroscopic properties (Zangmeister and Pem-
berton, 2000). The hygroscopic GF of the mixed-component
nanoparticles can be expressed as:

GFmixed =

(
n∑
i

εiGF3
i

)1/3

(2)

εi =
wi/ρi
n∑
k

wk
ρk

(3)

where GFi is the hygroscopic growth factor of the pure com-
ponent i, εi is the volume fraction of the pure component i
in the dry state, and n is the number of pure components.
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For a given reaction system, two reference compositional
states were defined: the initial state and the final state. The
initial state corresponds to the particle composition before
reaction, whereas the final state corresponds to the com-
position reached after prolonged reaction, when no further
measurable change in hygroscopic behavior is observed. The
composition of a particle at reaction time t was assumed to
be represented by a linear combination of these two end-
member states, therefore the hygroscopic behavior of a par-
ticle at reaction time t was assumed to be represented by a
volume-weighted combination of the initial and final end-
member states:

GFt =
[
(1− ε)GF3

0+ εGF3
∞

]1/3
(4)

Where GFt is the hygroscopic growth factor measured at re-
action time t , GF0 is the hygroscopic growth factor of the
initial-state particle, GF∞ is the hygroscopic growth fac-
tor of the final-state particle after the reaction reaches a
steady state, and ε represents the dry-volume fractions of the
final-state composition and can be interpreted as the reaction
progress variable, which can obtain from Eq. (4):

ε =
GF3

t −GF3
0

GF3
∞−GF3

0
(5)

By definition, ε varies between 0 and 1, corresponding to the
initial-state and final-state end members, respectively. Using
the retrieved dry-volume fractions together with the mea-
sured hygroscopic growth factor, the concentrations of reac-
tant and product species in the droplet phase were calculated.
The concentration of each species was calculated by convert-
ing its dry-volume fraction into molar amount and normaliz-
ing by the droplet volume at the corresponding RH:

CR(t)=
(1− ε)VtρR

MRVt,RH
=
ρR(1− ε)

MRGF3
t,RH

(6)

Where CR(t) is the concentration of the reactant species in
the aqueous droplet at reaction time t , Vt is the dry particle
volume at reaction time t , ρR is the density of the reactant
phase, MR is the molar mass of the reactant, and Vt,RH is the
droplet volume at the corresponding RH. Since the droplet
volume can be expressed as:

Vt,RH = GF3
t,RHVt

Equation (6) can be simplified to the expression on the right-
hand side, where GFt,RH is the hygroscopic GF of the particle
at reaction time t and RH.

CP(t)=
εVtρP

MPVt,RH
=

ρPε

MPGF3
t,RH

(7)

Where CP(t) is the concentration of the sulfate-containing
products in the aqueous droplet at reaction time t , ρP is the

density of the reaction products, and MP is the correspond-
ing molar mass. For the present system, MP and ρP were as-
signed according to the dominant sulfate-containing product
identified in the final-state particles.

For the NaCl–SO2system investigated here, the initial-
state end member corresponds to pure NaCl particles. There-
fore, ε represents the residual dry-volume fraction of NaCl,
while 1− ε represents the dry-volume fraction of sulfate-
containing products.

The temporal evolution of the retrieved NaCl concentra-
tion was then used to evaluate the reaction kinetics. Assum-
ing pseudo-first-order kinetics with respect to reactant con-
sumption, the apparent rate constant k was obtained from the
slope of the linear regression between and reaction time:

ln
(
C0

Ct

)
= kt

where C0 and Ct are the NaCl concentrations at the initial
state and at reaction time t , respectively, and k is the apparent
pseudo-first-order rate constant.

It should be noted that this end-member approach does not
require prior specification of individual reaction products and
may be therefore applicable to systems in which the product
composition evolves continuously during reaction.

2.5 Control of Biphase Droplet Phase State

To study the effect of droplet surface area on the reaction
rate, we introduced SOS to cover the surface of the droplets.
Therefore, we selected six OVF values (5 %, 10 %, 18 %,
33 %, 50 %, and 70 %) for the experiments to investigate the
impact of a decrease in the specific surface area of nano-
droplets on the gas-liquid reaction rate when the interface
curvature is constant. This also provides a method for de-
termining the phase state of nano biphase droplets. Six OVF
values for the binary particles were tested after 2 and 3 h reac-
tion times. The results were used to calculate the hygroscopic
GF of the components of the binary particle, excluding SOS.
Furthermore, the hygroscopic growth curves for NaCl and
NaHSO4 were obtained using the E-AIM model, based on
Köhler theory.

3 Results and Discussion

3.1 Reaction Rate Measurement

3.1.1 Hygroscopic Growth Factor Measurement

NaCl particles were exposed to 85 % RH and UV irradiation,
allowing it to undergo photochemical aging reactions with
SO2 gas. The aerosol was then dried, followed by humidi-
fication from 25 % RH to 85 % RH under reaction times of
1, 2, 3, 4, and 5 h. The corresponding microscopic images of
the NaCl particles after different reaction times are presented
in Figs. S1–S5 in the Supplement. The results are shown in
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Figure 3. GFs of 100 nm NaCl particles after reaction times of 1, 2,
3, 4, and 5 h, together with the predicted GFs of NaCl and NaHSO4.

Fig. 3, each data point represents the average value of GF
measured for single particles at three randomly selected po-
sitions, with the standard deviation shown as error bars As
shown in Fig. 3, the hygroscopicity of NaCl particles in re-
sponse to SO2 absorption exhibited different behaviors under
low RH (< 78 % RH) and high RH (> 78 % RH).

When RH was less than 78 % RH (the deliquescence rel-
ative humidity (DRH) of NaCl), the reaction caused an in-
crease in the hygroscopicity of NaCl particles. As shown
in Fig. 3, compared to fresh NaCl particles (represented by
blue curve), the reaction products generally exhibited hygro-
scopicity at RH values below 78 %, with the increase in hy-
groscopicity becoming more pronounced with longer reac-
tion times. After 4 h of reaction, the hygroscopicity of the
aerosols began to stabilize. When RH exceeded 78 % RH,
the reaction caused a decrease in the hygroscopicity of NaCl
aerosols. The hygroscopicity of the aged particle decreased
at RH values above 78 %, and the reduction in hygroscop-
icity became more pronounced with longer reaction times.
Similar to the low RH scenario, the hygroscopicity began to
stabilize after 4 h of reaction.

The product of the oxidation reaction between NaCl and
SO2 could be Na2SO4 or NaHSO4 (Wang et al., 2018), but
the former is a substance with a higher DRH and stronger hy-
groscopicity upon deliquescence compared to NaCl, which
is inconsistent with the measurements in this work. To de-
termine the nature of the reaction products, we used the E-
AIM model to predict the hygroscopic curve of NaHSO4,
which is shown by the black curve in Fig. 3, GF measure-
ments of pure NaHSO4 particles were conducted under the
same experimental conditions to further validate the E-AIM-
based analysis, The measured GFs agreed well with the cor-
responding E-AIM predictions (Fig. S21). This was com-
pared with the GF measurements of the aged particle, and
the predicted hygroscopic curve of NaCl. It can be seen that,
at the same RH, the GF measurements of the aged aerosol
moved towards the NaHSO4 curve with increasing reaction

time, moving away from the NaCl curve, and ultimately sta-
bilizing near the NaHSO4 curve. Based on this, we conclude
that the reaction product is NaHSO4.

In conclusion, under 85 % RH and UV light conditions,
NaCl aerosols absorb SO2 and produce NaHSO4. The DRH
of NaHSO4 is 35 %, which allows the aged aerosol to exhibit
hygroscopicity at low RH. At high RH, NaHSO4 exhibits
lower hygroscopicity than deliquescent NaCl, leading to a
decrease in the hygroscopicity of aged aerosols at high RH.
The longer the reaction time, the more NaHSO4 is formed,
resulting in stronger hygroscopicity at low RH and weaker
hygroscopicity at high RH in the aged aerosols.

We observed that the evolution of aerosol hygroscopic-
ity slowed with increasing reaction time. Compared to fresh
NaCl aerosols, the GF of aged aerosols at 60 % RH increased
by 14 %, 23 %, 30 %, 34 %, and 35 % after reaction times of
1, 2, 3, 4, and 5 h, respectively. After 4 h of reaction, the GF
showed little further increase. At 80 % RH, the GF decreased
by 7.5 %, 11.4 %, 14.9 %, 15.9 %, and 16.4 % after reaction
times of 1, 2, 3, 4, and 5 h, respectively, and after 4 h of re-
action, the GF showed little further decrease. This indicates
that ultraviolet-catalyzed SO2 uptake and sulfate formation
in NaCl particles are time-dependent, with the reaction rate
decreasing as the reaction proceeds.

3.1.2 Reaction Rate Constant Calculation

We calculated the sulfate formation (mol L−1) for droplets
formed by 100 nm NaCl dry particles at fixed relative hu-
midity (85 % RH) and SO2 concentration (200 ppm) after
different reaction times. The calculation results are shown
in Fig. 4a. Each data point represents the mean sulfate for-
mation derived from single-particle GF measurements con-
ducted at six different RHs, with the corresponding stan-
dard deviations shown as error bars. Sulfate formation in-
creased monotonically with reaction time, exhibiting a rapid
increase during the initial stage followed by a gradual de-
celeration as the reaction progressed. After approximately
4 h, sulfate formation approached a plateau, suggesting that
the reaction was nearing completion. The temporal evolu-
tion of sulfate formation is well described by an exponential
function, indicating kinetically limited behavior. Consistent
with this observation, the residual NaCl content within the
droplet was quantified and plotted as ln(C0/C) versus re-
action time (Fig. 4b). To evaluate the reaction kinetics, the
residual NaCl concentration was analyzed using ln(C0/C).
As NaCl serves as the reactant, its concentration decreased
exponentially with increasing reaction time. In the logarith-
mic space, ln(C0/C) exhibited a linear dependence on time,
yielding a slope of 0.6523, with the shaded region represent-
ing the 95 % confidence interval of the fitted curve. This be-
havior is consistent with a pseudo-first-order reaction with
respect to NaCl, corresponding to an apparent rate constant
of approximately 0.6523 h−1. Independent validation was
obtained from IC, to facilitate a direct comparison with the
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Figure 4. (a) Sulfate concentration and (b) ln(C0/C) of 100 nm NaCl droplets formed at 80 % RH as a function of reaction time.

measurements, the IC data were converted accordingly. In IC
analysis, the ratio of the characteristic peak areas of sulfate
and chloride ions is proportional to the ratio of their concen-
trations:

ASO2−
4

ACl−
=

CSO2−
4

CCl−
(8)

where ASO2−
4

and ACl− represent the IC peak areas of sulfate
and chloride ions, respectively, and CSO2−

4
and CCl− denote

their corresponding concentrations. In our calculation frame-
work, the concentrations of sulfate and chloride ions in the
droplet after a reaction time t can be expressed as:

CSO2−
4
=
ρNaHSO4 (1− ε)

MNaHSO4GF3
t,RH

(9)

CCl− =
ρNaClε

MNaClGF3
t,RH

(10)

where ρNaHSO4 and ρCl− represent the density of the
NaHSO4 and NaCl, and MNaHSO4 and MCl− represent the
molar mass of the NaHSO4 and NaCl. In this study, the natu-
ral logarithm of the ratio of the reactant concentration (NaCl)
to its initial concentration was used as a metric to character-
ize the progression of the reaction:

ln
C0

C
= ln

GF3
t,RH

GF3
0,RHε

(11)

By combining Eqs. (8)–(11) can obtain:

ln
C0

C
= ln

[
GF3

t,RH

GF3
0,RH

(
ρNaClMNaHSO4

ρNaHSO4MNaCl

ASO2−
4

ACl−
+ 1

)]
(12)

The IC measurement results used for validation are shown in
Fig. S19. The IC-derived data show a consistent linear trend,
corroborating the GF-based analysis and confirming the con-
current formation of sulfate and the consumption of NaCl.

This demonstrates that the combination of GF measurements
and the ZSR mixing rule provides a reliable approach for in-
ferring reaction kinetics in aerosol nanoparticles.

To assess whether the observed kinetic behavior is sen-
sitive to the elevated SO2 concentration employed in this
study, an additional control experiment was conducted us-
ing 100 nm NaCl particles at a lower SO2 concentration of
20 ppm under otherwise identical experimental conditions
(85 % RH and UV irradiation). The corresponding hygro-
scopic growth measurements and kinetic analysis are pro-
vided in the Supplement (Fig. S20). The derived apparent
first-order rate constant was 0.2254 h−1, lower than the value
obtained at 200 ppm SO2 (0.6523 h−1), indicating that the
reaction rate decreases with decreasing SO2 concentration.
Nevertheless, the reaction remained well described by first-
order kinetics, and the overall temporal evolution of sulfate
formation was consistent with that observed at higher SO2
levels. These results suggest that although the absolute reac-
tion rate affected by SO2 concentration, the kinetic frame-
work developed in this study remains applicable across a
range of SO2 concentrations.

3.2 Size Dependence of Reaction Rates

From a kinetic perspective, bulk-phase reactions at constant
RH are expected to exhibit size-independent reaction rates,
whereas surface reactions should scale inversely with parti-
cle radius (1/r). To examine the role of particle size, sul-
fate formation was monitored as a function of time for NaCl
particles with diameters ranging from 50 to 400 nm under
UV-induced oxidation of SO2 at 85 % RH. The representa-
tive particle images for different particle sizes and reaction
conditions are provided in Figs. S6–S12, and the GF values
derived from these single-particle images are summarized in
Table S1. The temporal evolution of sulfate formation and
the corresponding ln(C0/C) values of residual NaCl for dif-
ferent particle sizes are shown in the Fig. 5. Each data point
in Fig. 5a and b represents the average value of sulfate forma-
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Figure 5. (a–b) Sulfate concentration and (c–d) ln(C0/C) of 50–400 nm NaCl droplets formed at 80 % RH under different reaction times.
(e) Relationship between k and dry diameters of particles.

tion calculated from single-particle GF measurements con-
ducted at six different RHs, with standard deviations repre-
sented as error bars. The shadow in Fig. 5c and d represents
the 95 % confidence interval of the fitted curve. Overall, sul-
fate formation and NaCl consumption exhibit similar kinetic
behaviors to those observed for the 100 nm particles. For a
given reaction time, the sulfate formation depends on parti-
cle size, reaching a maximum for particles with a diameter
of approximately 200 nm. Sulfate production increased with

particle size in the range of 50–200 nm, whereas a decreasing
trend was observed for particles between 200 and 400 nm.
Consistent with these observations, the ln(C0/C) plots of
NaCl residuals display size-dependent slopes, indicating that
the apparent rate constants k varies with particle size. The
highest k value was obtained for the 200 nm particles, reveal-
ing a non-monotonic dependence of reaction kinetics on par-
ticle size: k increased with particle size for particles smaller
than 200 nm, but decreased for larger particles.
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The observed non-monotonic dependence of sulfate for-
mation kinetics on particle size reflects the coexistence of
distinct kinetic regimes across the nano- to microscale. For
nanoscale NaCl aerosols, the heterogeneous photochemical
oxidation of SO2 is governed primarily by interfacial and
near-surface transport processes, whereas for larger droplets,
surface-area limitations and bulk-phase diffusion progres-
sively dominate the reaction kinetics. For particles with di-
ameters between 50 and 200 nm, the apparent reaction rate
increases with particle size. This behavior can be attributed
to curvature-related effects that suppress gas uptake and in-
terfacial transport in very small droplets. According to Köh-
ler theory, the increasing of the equilibrium vapour pres-
sure above a curved droplet surface caused by decreasing
radius due to the Kelvin effect renders net condensation
and uptake thermodynamically less favorable for very small
droplets (Kaku et al., 2006; Davies et al., 2019). In par-
allel, experimental and modeling studies have shown that
the mass-accommodation (or uptake) coefficient decreases
with increasing surface curvature, leading to reduced gas-
to-particle fluxes for nanometer-sized droplets (Barclay and
Lukes, 2019). Kinetic multilayer models demonstrate that re-
duced accommodation or weakened surface driving forces
directly translate into lower heterogeneous reaction rates
when interfacial or near-surface transport becomes limiting
(Shiraiwa et al., 2010; Chan and Chan, 2005). As a result,
smaller particles (e.g., 50 and 100 nm) require longer equi-
libration times, consistent with the reduced sulfate forma-
tion rates in this size range. As particle size increases to-
ward 200 nm, the influence of curvature diminishes, facili-
tating more efficient gas uptake and enhancing the apparent
reaction rate.

To rationalize the experimentally observed non-monotonic
size dependence of the apparent reaction rate constant, we
develop a mechanistic framework that integrates transition
state theory with a two-film-type resistance model. This ap-
proach enables a quantitative assessment of how curvature-
modified interfacial reactivity and finite transport limitations
jointly give rise to an optimal particle size. Following transi-
tion state theory, the probability (or rate coefficient) for gas–
surface uptake can be written as an activated process,

α ∝ exp
(
−
1G‡

RT

)
Where 1G‡ is the activation free energy associated with in-
terfacial adsorption or incorporation. For a curved interface,
classical interfacial thermodynamics predicts that the inter-
facial free energy acquires curvature-dependent corrections.
In the weak-curvature limit (r�molecular length), the free
energy can be expanded as

1G‡(r)=1G∞+
C

r

consistent with Tolman-type curvature corrections and Hel-
frich curvature elasticity (Tolman, 1949; Capovilla et al.,

2002). Substituting this expression into the activated uptake
formulation yields

α(r)∝ exp
(
−
1G‡ (∞)
kBT

)
exp

(
−

C

kBT r

)
∝ α(∞)exp

(
−
rc

r

)
Where rc is a characteristic curvature length scale determined
by interfacial tension and molecular restructuring at the inter-
face.

In addition to curvature-modified interfacial reactivity, the
overall uptake rate is further constrained by geometric and
transport limitations. Following a two-film–type resistance
framework, the finite surface-area availability (scaling with
particle radius r) and a finite effective reaction–diffusion
depth δ can be treated as independent limitations acting in
series (Li et al., 2022). Here, δ represents an effective length
scale that integrates near-surface diffusion, interfacial ac-
commodation kinetics, and molecular restructuring within
the condensed phase. These constraints can be combined into
an effective length scale r+δ, analogous to a Padé-type inter-
polation between surface-area-limited and transport-limited
regimes.

Accordingly, the apparent heterogeneous rate constant can
be approximated as

k ∝
1

r + δ
exp

(
−
rc

r

)
This formulation recovers the correct limiting behaviors:
for r � δ, kapp ∼ 1/r , consistent with surface-area control,
whereas for r � δ, the rate becomes insensitive to further
size reduction due to transport and interfacial limitations.
Differentiation of the above expression yields an optimal par-
ticle radius,

ropt =
rc

2

(
1+

√
1+ 4δ/rc

)
at which the enhancement from increasing surface area is
balanced by curvature- and transport-induced suppression.
An order-of-magnitude estimate for δ can be obtained by
considering the diffusion of sulfate ions away from the in-
terfacial reaction zone. The characteristic diffusion length
is given by δ ∼ (Dτ )1/2, D is the effective diffusion coef-
ficient of sulfate in concentrated NaCl solution and τ is the
characteristic time over which surface-generated sulfate con-
tributes to the measured concentration increase. Under the
experimental conditions, δ is expected to be significantly re-
duced relative to dilute aqueous solutions due to high ionic
strength and ion–ion interactions, yielding values on the or-
der of 10−10–10−11 m2 s−1. For reaction times of several sec-
onds to tens of seconds, this results in diffusion lengths of ap-
proximately 100–300 nm. Using physically reasonable val-
ues of rc (20–40 nm), consistent with curvature effects re-
ported for inorganic and organic aerosol interfaces (Barclay
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and Lukes, 2019), and δ (100–300 nm), representing effec-
tive mass-transfer and interfacial restructuring lengths, the
predicted maximum in kapp occurs in the range of approx-
imately 150–250 nm. This prediction is in excellent agree-
ment with the experimentally observed transition in the ap-
parent reaction rate constant.

Table 1 compares the kinetic data obtained in this study
with those reported by Jing et al. (2023) and Zhang and
Chan (2023). For micrometer-sized NaCl droplets, such as
those investigated by Jing et al. (2023) and Zhang and
Chan (2023), heterogeneous SO2 oxidation proceeds pre-
dominantly under bulk-phase or diffusion-limited conditions.
In this size regime, reactant concentrations remain suffi-
ciently high during the early stages of the reaction, result-
ing in nearly constant reaction rates over time. In contrast,
nanoscale droplets exhibit rapid reactant consumption and
reach quasi-equilibrium on much shorter timescales, leading
to a pronounced temporal evolution of reaction kinetics.

Although direct quantitative comparison between nano-
and microscale systems is complicated by differences in sur-
face area, diffusion length, and SO2 exposure conditions, the
substantially higher sulfate concentrations formed in submi-
crometer droplets within 1 h highlight the enhanced reactiv-
ity of nanoscale aerosols. Under the kinetic framework pro-
posed here, the sulfate concentration produced in 400 nm
droplets after 1 h corresponds to that achieved in micrometer-
sized droplets only after substantially longer reaction times,
underscoring the critical role of particle size in governing
heterogeneous oxidation rates.

3.3 Influence of Aerosol Mixing State on Reaction Rates

The effect of increasing particle size on the reaction rate
discussed above reflects the combined influence of surface-
to-volume ratio and surface curvature. To qualitatively as-
sess the role of surface-area-related limitations independent
of curvature effects, a series of controlled experiments em-
ploying organic surface coatings was conducted. This ap-
proach aims does not strictly decouple geometric and in-
terfacial effects, but provides a proxy for evaluating how
reductions in effective reactive surface area influence reac-
tion kinetics under otherwise comparable conditions. SOS
was selected as the additive, representing organic sulfonates
that constitute an important fraction of SOA, accounting for
approximately 5 %–30 % of the total organic aerosol mass
(Zhang et al., 2022). These compounds contain hydrophilic
sulfate groups and exhibit surface activity. When mixed with
inorganic salts, they can induce LLPS, which modifies the
hygroscopicity, scattering properties, and material exchange
between aerosols and the atmosphere (Zhang et al., 2022;
Freedman, 2020). GF measurements were performed for bi-
nary NaCl-SOS particlesfollowing UV-induced SO2 oxida-
tion over different reaction times. Sulfate formation were
subsequently derived in Fig. 6a and b.

The corresponding microscopic images of the binary par-
ticles with different organic volume fractions are presented
in Figs. S13–S18, and the GF values derived from these bi-
nary single-particle images are summarized in Table S2. Bi-
nary particles consistently exhibited lower sulfate formation
at a given reaction time compared to monodisperse NaCl par-
ticles with the same NaCl mass (Fig. 6a). The magnitude
of this difference increases with increasing OVF, suggesting
that the presence of the organic phase inhibits the heteroge-
neous reaction between NaCl and SO2.

This inhibition is consistent with the formation of an or-
ganic coating on the surface of NaCl particle surface via
LLPS, which introduces an additional barrier between the
aqueous and gas phases. Importantly, the introduction of
the organic phase alters not only the exposed reactive sur-
face area but also the interfacial transport properties. Con-
sequently, the observed kinetic suppression should be in-
terpreted as the combined effect of reduced effective sur-
face area and hindered interfacial transport. Nevertheless,
the OVF-dependent trends provide insight into the relative
importance of surface-area-related limitations. The samples
tested, with an effective surface-to-volume ratio compara-
ble to or greater than 100 nm monodisperse aerosols, ex-
hibit a slower sulfate formation rate, confirming that an in-
crease in surface-to-volume ratio is unfavorable for mass
transfer. As the OVF increases from 0 %, the coverage of
the NaCl droplet surface by the SOS layer expands reduces
the fraction of exposed inorganic surface while leaving the
particle curvature essentially unchanged. In this sense,the
experiments approximate a scenario in which the effective
reactive surface-area-to-volume ratio decreases without in-
voking curvature-related effects. In the low-OVF regime
(OVF< 33 %), whereas a more pronounced decrease in k
is observed at higher OVFs (Fig. 6b). This behavior is con-
sistent with a transition from partial to more extensive sur-
face coverage, although the exact coverage state cannot be
uniquely determined from the present data. When com-
pared with the particle-size-dependent trends observed for
monodisperse NaCl aerosols, these results suggest that a re-
duction in effective surface-area-to-volume ratio alone leads
to a decrease in the heterogeneous reaction rate. This con-
trasts with the increasing reaction rate observed for small
monodisperse particles in the 50–200 nm size range, where
reduced surface curvature is expected to facilitate gas up-
take and interfacial transport. Taken together, these findings
support the interpretation that curvature-related effects dom-
inate the enhancement of reaction rates in the small-particle
regime, whereas surface-area-related limitations become in-
creasingly important once curvature effects are minimized.

4 Conclusion

In this work, we measured the UV catalyzed SO2 conver-
sion in nanometer-sized sea-salt aerosol droplets and con-
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Table 1. Sulfate formation rates from heterogeneous oxidation of SO2 in droplets of different sizes.

Reference Medium Catalyst Conditions Size Sulfate formation of
1 h (10−3 mol L−1)

Zhang and Chan (2023) NaCl UV 6.5 ppm SO2; PH= 7; 57± 2 µm 4.68
80 % RH

Jing et al. (2023) NaCl Mn(II) 1 ppm SO2; PH= 5–8; 50 µm 36
80 % RH 27 µm 43.5

20 µm 54
15 µm 72
10 µm 108
5 µm 216

The present study NaCl UV 200 ppm SO2; PH= 7; 400 nm 1420
80 % RH 300 nm 1841

200 nm 2224
100 nm 1404
50 nm 894

Figure 6. (a) Sulfate concentration of NaCl-SOS mixed particles with different OVFs after reaction times of 2 and 3 h, and (b) the corre-
sponding reaction rate constants k.

firmed that hygroscopic measurements based on dark-field
optical microscopy, combined with the ZSR model, can be
utilized in inverting the heterogeneous reaction rate of sin-
gle nanoparticles. We found that, at the nanoscale, the UV-
catalyzed SO2 oxidation in aerosol droplets follows a first-
order reaction. In the small particle size range (< 200 nm),
an increase in particle size positively influences the reac-
tion rate, which is likely attributable to the inhibitory ef-
fect of increased surface curvature on the mass transfer rate.
However, for particles larger than 200 nm, the decrease in
surface-to-volume ratio limits mass transfer efficiency, and
the reaction rate becomes negatively correlated with parti-
cle size. This suggests that the UV-catalyzed oxidation of
sea-salt aerosols in the atmosphere exhibits a pronounced
particle-size dependence, whereby particles within specific
size ranges dominate sulfate production through this path-

way relative to other size fractions. Additional measurements
performed at 20 ppm SO2 yielded qualitatively similar ki-
netic behavior, suggests that the elevated SO2 concentration
mainly affects the absolute reaction rate rather than the un-
derlying kinetic behavior. Therefore, the particle-size and in-
terfacial effects identified in this study are unlikely to be
artifacts of the specific SO2 concentration employed. The
enhanced reactivity observed in nanoscale sea-salt aerosols
suggests that heterogeneous sulfur oxidation in ultrafine ma-
rine particles may proceed more efficiently than predicted
from bulk or micrometer-scale measurements. When nonre-
active material forms a core-shell structure, the liquid outer
layer can mask surface-active sites and effectively reduce the
available specific surface area, thereby limiting mass trans-
port and substantially suppressing the sulfate formation rate.
Collectively, these findings provide new insights into the
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mechanisms driving the rapid formation of nanoscale sulfate
components during haze episodes and enhance our ability to
predict how organic aerosols may indirectly influence atmo-
spheric chemistry by altering the aerosol surface properties.
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