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by ozone at the surface of
aqueous microdroplets†

Alexander M. Prophet,ab Kritanjan Polley,ab Gary J. Van Berkel, c

David T. Limmerabde and Kevin R. Wilson *a

The oxidation of iodide by ozone occurs at the sea-surface and within sea spray aerosol, influencing the

overall ozone budget in the marine boundary layer and leading to the emission of reactive halogen

gases. A detailed account of the surface mechanism has proven elusive, however, due to the difficulty in

quantifying multiphase kinetics. To obtain a clearer understanding of this reaction mechanism at the air–

water interface, we report pH-dependent oxidation kinetics of I− in single levitated microdroplets as

a function of [O3] using a quadrupole electrodynamic trap and an open port sampling interface for mass

spectrometry. A kinetic model, constrained by molecular simulations of O3 dynamics at the air–water

interface, is used to understand the coupled diffusive, reactive, and evaporative pathways at the

microdroplet surface, which exhibit a strong dependence on bulk solution pH. Under acidic conditions,

the surface reaction is limited by O3 diffusion in the gas phase, whereas under basic conditions the

reaction becomes rate limited on the surface. The pH dependence also suggests the existence of

a reactive intermediate IOOO− as has previously been observed in the Br− + O3 reaction. Expressions for

steady-state surface concentrations of reactants are derived and utilized to directly compute uptake

coefficients for this system, allowing for an exploration of uptake dependence on reactant

concentration. In the present experiments, reactive uptake coefficients of O3 scale weakly with bulk

solution pH, increasing from 4 × 10−4 to 2 × 10−3 with decreasing solution pH from pH 13 to pH 3.
1. Introduction

Oxidation reactions of iodine in the environment constitute
a set of important pathways for mediating global atmospheric
oxidant concentrations and reactive emissions.1,2 Iodine oxides,
the primary products from such reactions, play a particularly
signicant role in catalytic destruction cycles of ozone in the
troposphere, affect the overall atmospheric budget of HOx and
NOx species, and serve as higher molecular-weight precursors
for new particle formation.3–7 The iodide anion, I−, resides in
seawater where oxidation at the sea-surface initiates the release
of reactive iodine into the atmosphere. Furthermore, the I− + O3

reaction on the sea-surface makes up a major fraction of overall
ozone deposition from the marine boundary layer.8 Since
discovery of the environmental impact of iodine chemistry
through eld-based measurements, a host of laboratory-based
keley National Laboratory, Berkeley, CA

ifornia, Berkeley, CA 94720, USA

7830, USA

erkeley National Laboratory, Berkeley,

y, California 94720, USA

tion (ESI) available. See DOI:
experiments have aimed to understand the fundamentals
underlying this multiphase reaction. Here we employ laboratory
measurements on individual microdroplets together with
molecular and continuum modeling to clarify the mechanism
of iodide oxidation by ozone.

The earliest laboratory measurements of the heterogenous I−

+ O3 reaction found evidence for a bimolecular rate coefficient
that approaches the diffusion limit with krxn ∼1 × 109 M−1

s−1.9–11 This rate coefficient is similar in magnitude to what has
been observed in both gas phase experiments12,13 and in the
bulk aqueous phase using fast-mixing techniques.14 This
chemistry has been investigated by a number of researchers
studying the oxidation of bulk aqueous solutions,15–18 micron-
scale aerosol,19–21 and single iodide-water clusters.22,23 Recent
theoretical work has aimed to understand the kinetics and
energetics of this reaction using a variety of modeling
approaches ranging from numerical simulations to ab initio
calculations of aqueous iodide oxidation by ozone.24–27 Although
this system has been under investigation for decades, questions
remain regarding the detailed reaction mechanism at the air–
water interface, under what conditions surface reactions
dominate over bulk, and how such processes are coupled to
mass transport of reactants, emissions of volatile products, and
the overall uptake of ozone from the gas phase. As such, novel
experimental and modeling approaches are warranted. Willis &
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Wilson28 and Wilson et al.29 introduced a model framework for
analyzing multiphase ozone oxidation reactions in aqueous
microdroplets by describing ozone partitioning at the air–water
interface and subsequent solvation of O3 into the droplet inte-
rior. This approach, implemented through stochastic reaction-
diffusion simulations, allows for dynamic concentrations of
reactants to be computed at the surface and bulk regions of the
droplet using a set of detailed elementary steps describing
adsorption, desorption, and solvation of O3. As we aim to show
in this work by combining experiments, kinetic models, and
molecular simulations—the dynamics of ozone at the air–water
interface are critical for understanding the multiphase chem-
ical mechanism driving surface reactions of I− and O3.

In the current study, we examine oxidation kinetics of iodide
by ozone in individual microdroplets by trapping and reacting
charged microdroplets in a quadrupole electrodynamic trap
(QET). Reaction kinetics are obtained by measuring droplet
composition using an open-port sampling interface for mass
spectrometry (OPSI-MS) as recently demonstrated by Kaur Kohli
et al.30 Iodide decay kinetics are monitored as a function of [O3]
and pH. Using the framework of Willis & Wilson,28 a kinetic
model is constructed to explain the observed kinetics. Key model
constraints that include the desorption and solvation rates of O3

at the air–water interface are obtained directly from analysis of
molecular simulations. Kinetic modeling results suggest the I− +
O3 reaction occurs almost exclusively at the droplet surface under
our experimental conditions where surcial O3 may become
substantially depleted by the reaction due to diffusion limitations
in the gas phase. Experimental kinetics also show a strong pH
dependence, related in part to the different chemical mecha-
nisms relevant for destruction of I− as a function of acidity.
However, to fully explain the observed pH dependence, we
postulate the existence of a relatively short-lived reaction inter-
mediate IOOO−. This ozonide intermediate has been previously
proposed to exist through both experiment and theory, and is
analogous to the intermediate observed in Br− oxidation at the
air–water interface.31 A steady-state analysis of the surface
concentrations is also provided which, in conjunction with
recently developed expressions for uptake, are used to compute
uptake coefficients of O3 over a range of reactant concentrations.
2. Experimental

To investigate droplet reaction kinetics, a quadrupole electro-
dynamic trap (QET) is used to react arrays of individual
microdroplets, which are then analyzed with mass spectrometry
to monitor droplet composition as recently described by Willis
& Wilson28 and elsewhere.32,33 As this technique has been
previously described, we provide an overview with a particular
focus on the features relevant to the current experiments,
including the recently implemented open-port sampling inter-
face (OPSI) for single droplet mass spectrometry.
2.1. Quadrupole electrodynamic trap (QET)

The QET is used to charge and trap individual microdroplets
under a controlled ow of humidied zero air (600 cm3 min−1
© 2024 The Author(s). Published by the Royal Society of Chemistry
for all experiments) at room temperature (295 K). Microdroplets
are generated by a piezo-electric dispenser (Microfab, MJ-ABP-
01, 30 mm orice) oriented co-axially with the QET trapping
rods (Fig. 1A). Droplets are charged by applying ±200–500 V DC
bias to an induction plate located directly below the dispensing
region. An array of 10–100 droplets is trapped in an upper
balancing region of the trap during a typical experiment. Single
droplets can be individually transferred from the upper region
to a lower trapping region. Microdroplets in the lower trapping
region are sized by illuminating the droplet with a 532 nm laser
focused axially across the QET interior. Mie scattered light from
the microdroplet is then collected and analyzed as previously
described by Davies34 to obtain a droplet radius. Once sized,
single microdroplets are ejected from the QET and into the
analysis region. Ozone is generated using a corona discharge
ozone generator supplied with a low ow of oxygen (20–100
cm3 min−1), which is then diluted into 1.5–3 L min−1 of
nitrogen. 50 cm3 min−1 of the resulting dilution ow is
combined with the humidied airow and directed through the
QET. Ozone concentrations in the QET are monitored at the
reactor outlet using a UV ozone analyzer (2B Technologies,
model 106-M).
2.2. Open-port sampling interface (OPSI) mass spectrometry

Droplets ejected into the analysis region are carried by the gas-
ow and collide with the inlet of an open-port sampling inter-
face (OPSI) for analysis by mass spectrometry (MS). A schematic
of the OPSI is shown in Fig. 1B, outlining the major components
of the assembly. A number of studies utilizing a similar design
have been recently published for liquid droplet and particle
capture,30,35–40 and thus, we briey review the general construc-
tion of the OPSI and provide details on the specic components
used. The OPSI design consists of a PEEK 3-way tee connected to
a stainless 1/8′′ tube on the top port. A smaller (360 mm OD, 100
mm ID) PEEK tube runs axially inside the outer tube and tee,
connecting the top of the assembly to a commercial heated-
electrospray source (Thermo-Fischer HESI-II probe) separated
by a length of ∼20 cm. An additional length of PEEK tubing
delivers solvent (methanol in the current experiments) into the
perpendicular tee port, allowing solvent to ow through the
outer stainless 1/8′′ tubing and around the inner PEEK tubing.
This solvent then ows to the top of the OPSI where it enters the
inner tube given sufficient sheath gas ow is used in the HESI to
generate a pressure differential between the top of the inner
tube and the electrospray needle.

By balancing the solvent delivery ow and sheath gas pres-
sure, a stable ow of solvent through the inlet tube and into the
ionization region is achieved. For the current experiments, the
OPSI is operated in a slightly overlled mode wherein the
solvent delivery rate is marginally larger than the owrate
through the inner tube. A typical ow rate is ∼2.5 mL h−1.
Contents of the microdroplets landing in the solvent pool on
top of the OPSI are rst diluted before traveling through the
inner tube and analyzed using electrospray ionization mass
spectrometry (MS, Q Exactive Orbitrap, Thermo Fischer Scien-
tic, Inc.) Measuring the iodide signal as a function of analysis
Chem. Sci., 2024, 15, 736–756 | 737
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Fig. 1 Experimental schematic of the QET is shown in (A) and an overview of the OPSI-MS assembly is shown in (B). Panel (C) provides example
iodide decay kinetics as observed in the MS using an initial 250 mM solution of NaI at pH 3 with droplet radius r = 24 mm. Time-zero events
demonstrate the stability between successive droplet events before exposure to ozone, while the dashed vertical line denotes the time when the
droplets are exposed to ∼1 ppm [O3] flow.
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time provides a time-series showing single droplet detection
events (Fig. 1C), with typical peak widths of ∼30 s. Peak areas
from these single droplet events are then used to quantitatively
determine concentrations of analytes in microdroplets. A cali-
bration curve for droplet concentration response is provided in
ESI Section SI-2,† demonstrating the linear response of the
signal with droplet [NaI]. Fig. 1C shows that the observed [I−]
decays when droplets are exposed to a gas phase ow of 1 ppm
[O3] through the QET. Aer time-zero (marked with a dashed
vertical line in Fig. 1C), the peak area of subsequent droplet
events is observed to decay as I− is consumed by O3. Typical
mass spectra observed in the experiment are provided in Fig. S2
in SI-2,† where an initial pre-reaction spectrum is provided
738 | Chem. Sci., 2024, 15, 736–756
along with a spectrum obtained from a droplet aer undergoing
ozone exposure.

During reaction, a shutter is placed between the QET outlet
and the OPSI inlet to avoid the solvation and buildup of O3 in
the ionization region of the mass spectrometer. During a typical
measurement the shutter is opened for ∼0.5 s for each droplet
detection event. Without this shutter, gas-phase chemistry
(likely ion–molecule reactions) in the ESI source occurs even in
the presence of trace O3. Using the shutter conguration out-
lined in Fig. 1A, gas-phase interference can be ruled out by
shutting off the ozone owmidway through the experiment and
analyzing droplet composition to ensure the iodide ion signal
does not recover. No noticeable recovery of iodide signal is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed with the current approach, indicating all the chem-
istry observed originates from reactions occurring in the
microdroplets and not gas-phase chemistry in the ionization
region of the mass spectrometer.
2.3. Droplet composition

All reactions are performed using an initial [NaI] of 250 mM and
[NaCl] between 500 mM and 700 mM. NaCl is used to decrease
the water activity of solution to aw = 0.95, matching the gas
phase relative humidity of 95± 1% in the QET. Maintaining the
same water activity in both the dispenser solution and the gas
phase prevents droplets from signicantly changing size when
equilibrating inside the QET. Using this approach, the 30 mm
orice dispenser reliably provides droplets of radius 24 ± 1 mm.
The use of NaCl also ensures that the droplet size remains
relatively stable during the reaction, with droplet radius
changing only ∼1 mm during reaction as I− is consumed. pH 3
droplets are dispensed from a bulk aqueous solution containing
300 mM citric acid/sodium citrate, buffered at pH 3, and [NaCl]
= 500 mM. Likewise, pH 8 droplets are dispensed from a bulk
solution containing 300 mM Tris base (tris(hydroxymethyl)
aminomethane), buffered at pH 8, and [NaCl] = 700 mM. The
particular organic buffers used were chosen due to the presence
of multiple hydroxyl groups in both buffer systems, which
decreases the interfacial preference of the organics and there-
fore minimizes any interference with iodide surface chemistry.
However, we anticipate that most buffers in this pH range
would not have a strong surface propensity and therefore, our
results would not be sensitive to the particular buffer used.

Slightly different NaCl concentrations are used to compen-
sate for the differences in the hygroscopicity of the citrate/citric
acid and Tris base salt buffers. The [NaCl] is selected for each
solution to give the same nal droplet size of 24 mm, yielding
a [NaI] concentration that is constant across pH given the same
QET relative humidity. Unlike the pH 8 and pH 3 droplets, the
pH 13 droplets are unbuffered due to the lack of viable buffers
for this region and the constraint on the overall salt concen-
tration to maintain stable droplet sizes. However, the conse-
quence of an unbuffered solution in this case is minor as the
reaction mechanism under basic conditions does not incorpo-
rate production or consumption of H+ or OH−. Fresh solutions
were prepared daily using HPLC-grade water (Sigma-Aldrich),
NaI (Sigma-Aldrich, $99.5%), NaCl (Sigma-Aldrich, $99.5%),
citric acid (Sigma-Aldrich, $99.5%), sodium citrate monobasic
($99.5%), tris(hydroxymethyl)aminomethane (Sigma-Aldrich,
$99.8%) and NaOH (Sigma-Aldrich, $98%).
3. Experimental results & discussion
3.1. Iodide decay kinetics

Droplet reaction kinetics for a series of pH and [O3] are shown
in Fig. 2. Experimental results (shown as points) are compared
with kinetic simulations (lines), described below in Sections 4
and 5. Error bars for individual data points are estimated using
the standard deviation of droplet peak areas from a set of
unreacted droplet events prior to each experiment (e.g., droplet
© 2024 The Author(s). Published by the Royal Society of Chemistry
events in the “time-zero” section in Fig. 1C). Fig. 2A and B show
iodide decay in microdroplets dispensed from solutions buff-
ered at pH 3 and pH 8, respectively. A number of qualitative
features are observed as a function of pH and [O3]. For each
droplet pH, the iodide consumption rate is rst order in [O3].
This is summarized in Fig. 3, where initial rates of decay are
shown to increase linearly with increasing ozone concentration.
A strong dependence on dispensed-solution pH is also
observed. The overall rate of the reaction increases signicantly
with decreasing pH. From the most basic to acidic conditions,
the observed initial decay rate increases by almost an order of
magnitude. As considered further in the model discussion
Section 6.2 and as noted previously from product emission
studies,15–17 a major contribution to the apparent reaction
acceleration with decreasing pH originates from the reaction of
I− with its primary oxidation product HOI to produce I2.
However, an additional pH dependence of the reaction is
proposed below to account for the complete set of pH depen-
dent observations shown in Fig. 2 and 3.

Beyond a difference in the overall rate, changes in the shape
of the decay kinetics in Fig. 2 are also observed as a function of
pH and even [O3] under strongly basic conditions. The decay of
iodide in acidic solution appears mostly linear in time, with
a small but signicant tail as the iodide concentration
approaches zero. Conversely, the decay of iodide under strongly
basic conditions appears exponential for [O3] > 1 ppm but
becomes increasingly bi-exponential or linear in time as [O3]
decreases below 1 ppm. The origin of these functional forms for
the decay kinetics appears to be driven by the complex interplay
of reaction and surface adsorption of iodide, reaction inter-
mediates, and products and will be examined in more detail
below in Section 6.
3.2. Reaction product yields and kinetics

Utilizing droplet composition analysis with the OPSI-MS,
products formed and remaining in the condensed phase of
the droplet are detected in positive- or negative-mode electro-
spray ionization. For experiments done using pH 3 and 8,
however, no condensed-phase products are observed as all I− in
solution is quickly oxidized to I2, which evaporates into the
continuous gas ow through the QET. However, under strongly
basic conditions (notably, above the pKa of HOI of 10.8) IO3

− is
observed in the mass spectrometer atm/z= 174 as shown in SI-2
and Fig. S2.† Peak areas from time-traces of the ion signal atm/z
174 are monitored throughout the reaction under basic condi-
tions and provided in Fig. S3† for three example ozone
concentrations. As discussed further in SI-2,† the iodate yield
appears to decrease with decreasing [O3]. While the origin of
this shi in product yield is unknown, this may suggest
a change in surface mechanism with decreasing availability of
O3.
4. Model description

To understand the reactivity observed in the droplet experi-
ments, a kinetic model is constructed. This model describes the
Chem. Sci., 2024, 15, 736–756 | 739
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Fig. 2 Iodide decay kinetics showing ozone oxidation of 24 mm droplets containing 250 mM initial [NaI] for varying [O3] and dispensed solution
pH. Experimental data is shown as points in (A)–(D) and simulation results as solid lines. Panel (A) shows results using droplets dispensed from pH
3 solution buffered with citrate/citric acid. Panel (B) shows results using pH 8 solution buffered with Tris base. Panels (C) and (D) shows results for
unbuffered solution with an initial pH of 13, with [O3] above 1 ppm given in (C) and below 1 ppm given in (D).
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partitioning and reaction of gas- and liquid-phase species at the
droplet surface and within the bulk interior. The model
framework is based on work from Willis & Wilson28 where
a kinetic description of O3 adsorption and desorption at the
microdroplet surface and subsequent solvation into the bulk
liquid is presented and benchmarked using a set of ozone
oxidation reactions. Further analysis of this approach in Wilson
et al.29 provides closed-form expressions for predicting uptake
and reaction of trace gases into microdroplets. In the current
work, molecular dynamics (MD) simulations are used to study
the solvation of ozone at the air–water interface and the kinetics
of both the solvation and desorption processes. A water slab
with 768 water molecules and sodium halide salts, modeled
with a classical polarizable force eld,41 was used to represent
740 | Chem. Sci., 2024, 15, 736–756
an aqueous droplet at 300 K. A snapshot from the simulation of
O3 adsorption is shown in Fig. 4A. The free energy prole for
transferring an ozone molecule through the air–water interface,
with sodium halide salts (0.28 M NaI + 0.84 M NaCl) in the
solution, is shown in Fig. 4B where the shaded blue region is the
(scaled and shied) water density prole. Results and details of
the MD simulations and the procedures for obtaining the
solvation and desorption rates are included in the ESI Section
SI-3.† In the following modeling sections, we briey outline the
kinetic model and detail the specic novel components relevant
for the application of this framework to the analysis of the I− +
O3 reaction.

The model developed in this section is implemented in
Kinetiscope©,42 a soware package previously used to simulate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Kinetic plot showing initial iodide decay rate vs. [O3]. Initial rates
from experiments using solutions with pH 3, 8, 13 are shown as points
and simulation results are shown as dashed lines. Linear scaling with
[O3] is observed for all cases, with dramatic acceleration between pH
13 and pH 3. Error bars for data points reflect a combined uncertainty
in reactor [O3] concentration and deviation between individual droplet
measurements.

Fig. 4 (A) Snapshot of the MD simulation where an ozone molecule is
adsorbed near the air–water interface. (B) The free energy profile for
transferring an ozone molecule through a water slab with 0.28 M NaI
and 0.84 M NaCl is displayed. The shaded blue region shows the
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kinetics in a variety of systems such as organic aerosol, aqueous
microdroplets, and emulsions.43–45 Droplet kinetics are simu-
lated by conceptualizing the droplet bulk interior and surface as
two separate compartments that have a rectangular prism
geometry. Both compartments have the same 1 × 1 nm2 cross-
sectional area but have different compartment lengths. The
length of the bulk compartment is chosen to be r/3, in order to
preserve the correct surface-to-volume ratio of a sphere with
radius, r. The surface compartment length (d) is 1 nm and
represents the thickness of the air–water interface. This surface
depth corresponds to the approximate length scale over which
the water density changes across the air–water interface as
observed by the MD results in Fig. 4B and previous simula-
tions.46 Molecules move between the surface and bulk
compartments in Kinetiscope by Fickian diffusion, which is
governed by the relative concentrations in each compartment
and the compartment lengths. Solutes that diffuse into the
surface compartment from the bulk can then adsorb to the air–
water interface through a kinetic description of solvation/
desolvation to establish surface concentrations. Similarly, gas-
phase species partition to the surface through a set of adsorp-
tion–desorption steps described in the following sections and
summarized in the multiphase framework in Fig. 5A.
© 2024 The Author(s). Published by the Royal Society of Chemistry
4.1. Ozone partitioning scheme

The ozone partitioning scheme is conceptualized as two parallel
processes: one describing the kinetic adsorption process at the
gas–liquid interface, and one describing diffusion of ozone
through the gas phase to the droplet surface. As the kinetic
partitioning description draws from the work of Willis & Wil-
son,28 we revisit the mechanics of this description before
introducing the description of ozone diffusion.

4.1.1 Ozone gas–liquid kinetic equilibrium. The kinetic
description of O3 equilibration between phases begins with
decomposing the overall dimensionless Henry's law coefficient
(Hcc) for ozone solvation into gas-to-surface (gs) and surface-to-
bulk (sb) components, the product of which preserves the
overall gas-to-bulk (gb) coefficientHgb

cc =Hgs
cc$H

sb
cc. The individual

components Hgs
cc and Hsb

cc, which link the gas, interface and bulk
O3 concentrations, are computed28 from solvation free energies
obtained from MD simulation results shown in Fig. 4 and dis-
cussed in SI-3,† yielding Hgs

cc = 9.3 and Hsb
cc = 0.0156 with Hgb

cc =

0.145. The value of Hgb
cc is consistent with literature values for

solvation of O3 in 1 M sodium chloride solutions.47,48 Surface
components Hgs

cc and Hsb
cc can in turn be expressed kinetically

(eqn (1) and (2)), relating the ozone partitioning steps shown in
Fig. 5A, i.e., adsorption/desorption from the gas-phase and
solvation/desolvation from the liquid phase:
(scaled and shifted) water density profile.
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Fig. 5 The multiphase framework and chemical mechanisms implemented in the simulations. Panel (A) outlines the heterogenous ozone
oxidation model framework showing adsorption of liquid- and gas-phase species to the interface. Panel (B) shows the primary I− + O3 reaction
mechanism involving the reactive intermediate IOOO−. Panel (C) shows subsequent chemistry with HOI and IO− including both further oxidation
by O3 and secondary chemistry with I−. Chemistry shown in (B) and (C) is included in both the bulk liquid and the droplet interface as denoted in
(A) through an abbreviated reaction scheme.
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Hgs
cc ¼

�
O3ðadsÞ

��
O3ðgÞ

� ¼ kads$GO3

N$s

kdes$d
; (1)

Hsb
cc ¼

�
O3ðbÞ

��
O3ðadsÞ

� ¼ ksolv$d

kdesolv$GO3
N
: (2)

In eqn (1) and (2), the O3 subscript (ads) denotes surface-
adsorbed ozone, (g) denotes gas-phase O3 and (b) refers to
bulk solvated O3. In the case of fast surface reactions, the
effective [O3(g)] near the interface may become depleted due to
gas-phase diffusion limitations. To address this in the model,
we introduce the species [O3(diff)] that denotes the gas-phase O3

concentration that has diffused across a characteristic diffusion
length in the gas phase. This characteristic length and the
742 | Chem. Sci., 2024, 15, 736–756
kinetic steps governing [O3(diff)] are addressed below in Sections
4.1.2 and SI-4.† The diffusional O3 description is implemented
in the model through modication of eqn (1)

Hgs
cc ¼

�
O3ðadsÞ

��
O3ðdiffÞ

� ¼ kads$GO3

N$s

kdes$d
; (3)

where the diffusion-limited [O3(diff)] description replaces the
overall gas phase concentration [O3(g)]. Values for the individual
coefficients kdes and ksolv are computed directly from the MD
simulations detailed in Section SI-3† with results shown in
Fig. S6.† kads and kdesolv can then be calculated using the equi-
librium expressions in eqn (1) and (2). The complete set of
coefficients is included in Table S1.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Simulating the adsorption and solvation steps for O3 within
the kinetic model is done using a modied Langmuir adsorp-
tion framework49 where O3 adsorbs (from either the gas or
liquid phase) to a surface site (steps (A1) and (A2), respectively):

O3ðdiffÞ þ siteO3
%
kads

kdes

O3ðadsÞ (A1)

O3ðbulkÞ þ siteO3
%
kdesolv

ksolv

O3ðadsÞ (A2)

Surface sites for ozone (not pictured in Fig. 5 for brevity), are
conceptualized as available regions of the interface where ozone
can adsorb. In this case, we assume the area of one surface site
is equal to the molecular area of O3 (18.5 Å2) as computed by
Vieceli et al.50 The maximum number of surface sites is GO3

N

and can be expressed in volumetric units using surface thick-
ness GO3

N/d. Throughout the simulation, the total number of
surface sites is conserved and expressed as,

�
siteO3

� ¼ GO3

N

d
� �O3ðadsÞ

�
: (4)

Eqn (1) includes a dependence on s, the sticking coefficient
(or the thermal accommodation coefficient) for a single O3

molecule onto a site. The sticking coefficient s is distinct in the
present model from the accommodation coefficient a, dened51

as the probability of solvation relative to desorption: a= ksolv/(kdes
+ ksolv). From the simulations presented in SI-3,† a = 0.0097.
While Willis & Wilson28 could identify a lower bound for s as
>10−4, the conditions they analyzed were insensitive to values of s
above this value and the treatment of O3 gas-phase diffusion was
not addressed. In the current work, a greater sensitivity is
observed in the kinetic model, and a value s = 0.93 is obtained
from molecular simulations, in general agreement with
measurements from direct scatting experiments.52–54 A value of s
∼1 means that every O3 molecule that collides with the interface
thermalizes before undergoing desorption, solvation, or reaction.

4.1.2 Ozone gas diffusion description. Diffusion limita-
tions for surface reactions become relevant for a select range of
droplet sizes and reaction rates, where the reactive loss on the
surface exceeds the maximum rate O3 can diffuse to replenish
the droplet interface. In this case, the diffusion limit generates
an ozone concentration gradient extending from the droplet
surface across some characteristic diffusive length Ldiff into the
gas phase (see SI-4 and Fig. S8† for illustration of relevant
length scales). Previous work studying gas diffusion limitations
to droplet surfaces assumed Ldiff to be equal to the droplet
radius r for droplet sizes large enough that the gas phase can be
described by the continuum regime (Kn < 0.01).55,56 The diffu-
sion rate for O3 in air with diffusion coefficient Dg across
a length of Ldiff = r in one dimension is

kLdiff
¼ 2$Dg

r2
: (5)

We note that the simulation geometry effectively simulates
mass transport using a one-dimensional description, meaning
© 2024 The Author(s). Published by the Royal Society of Chemistry
that higher order geometric diffusional corrections are
unnecessary.

As the present model avoids explicitly simulating concen-
tration gradients in preference for discretized spatial compart-
ments, an additional characteristic length (the adsorption
length Lads) is necessary for describing the local O3 concentra-
tions near the interface. Originally introduced in the context of
surfactant adsorption,57 Lads denotes the length over which O3 is
depleted in the gas-phase directly from the adsorption and
desorption kinetics introduced above as step A1. Conceptually,
as shown in Fig. S8,† a shell of width Lads surrounding the
droplet contains the same number of O3 molecules as the
droplet interface when the system comes to equilibrium. When
the droplet surface reaches equilibrium, the number of O3

molecules on the interface can be calculated as nO3
= [O3(g)]$

Hgs
cc$Vsurf where Vsurf is the simulated surface volume (1 × 1 ×

d nm3 in current simulations). The rapid kinetic process at the
surface draws nO3

molecules contained in a gas-adsorption
volume Vads extending radially from the droplet surface. Main-
taining the rectangular prism simulation geometry introduced
above then necessitates Vads have length Hgs

cc$d nm. This denes
the simulation adsorption length Lads = Hgs

cc$d nm (see SI-4 and
Fig. S8† for summary illustration of characteristic diffusion and
adsorption lengths). Since the volume dened by Lads is the
relevant gas volume for O3 adsorption to the interface, the
relevant rate for diffusion into the adsorption volume is found
by multiplying eqn (5) by Ldiff/Lads

kdiff ¼ 2$Dg

r2
$
Ldiff

Lads

¼ 2$Dg

r$Lads

: (6)

This denition of kdiff is used in the simulation to supply
O3(diff) directly to the interface, providing an upper bound on
diffusional transport of O3(g) to the surface. Diffusion is simu-
lated in the kinetic model by including the following step
directly in the surface compartment:

O3ðgÞ %
kdiff

kdiff

O3ðdiffÞ: (A3)

In this implementation, the concentration of species [O3(g)] is
dened to remain constant, while [O3(diff)] may deviate from
[O3(g)] due to competition between steps (A1)–(A3), as well as any
chemistry downstream of these steps.
4.2. Aqueous solute surface partitioning scheme

Surface-adsorption of solutes to the air–water interface is
treated using a similar Langmuir description where species in
solution, aer diffusing into the surface compartment, may
adsorb to the surface with a rate proportional to the bulk ion
concentration and number of available surface sites. Equilib-
rium surface-adsorbed [I−] is expressed by a Langmuir
isotherm:

�
IðadsÞ

�� ¼ GI�
N

d
$

K I�
eq $
�
IðbÞ

��
1þ K I�

eq $
�
IðbÞ

�� ; (7)
Chem. Sci., 2024, 15, 736–756 | 743
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where the Langmuir equilibrium coefficient is dened kineti-
cally as,

K I�
eq ¼ kI�

desolv

kI�
solv

: (8)

The isotherm in eqn (7) expresses the surface concentration of
iodide in terms of the bulk concentration when the system is at
equilibrium (i.e., without reaction). While the adsorption
description of iodide follows an analogous scheme to the ozone
adsorption expression in step (A1), iodide and ozone are
assumed to occupy a distinct set of surface sites. This is not the
case for other solutes, where we assume that reaction products
and intermediates in the aqueous phase compete for the same
set of surface sites as iodide. A maximum surface site concen-
tration GI−

N/d is dened for these solutes. We estimate
a maximum concentration GI−

N/d from previous measurements
and simulations of iodide at the air–water interface that indi-
cate surface concentrations ranging from∼3 M to 10.5 M.58–60 In
the model we use GI−

N/d= 10.5 M as a representative maximum
concentration for solutes at the air–water interface, in accor-
dance with measurements of surcial iodide concentrations
using nonlinear spectroscopy.60

Previous investigations of I− at the air–water interface have
repeatedly found a strong surface preference for iodide relative
to other aqueous ions. Such determinations have been made
through a variety of techniques including kinetic measure-
ments,61,62 photoemission spectroscopy,19,63,64 and second-
harmonic generation spectroscopy.65,66 Measurements of
surface-affinity are quantied for iodide through a Gibbs free
energy of adsorption to the air–water interface, DGI�

ads which can
be directly related to a Langmuir equilibrium coefficient using
a commonly employed Langmuir adsorption framework:65

K I�
eq ¼ e�DG

I�
ads=RT=Cw where Cw is the solvent concentration

(assuming water with Cw ∼55 M). Values for DGI�
ads have also

been computed from ion density proles obtained by MD
simulations of sodium iodide at the air–water interface.58,67

Reports of DGI�
ads from experiment and simulations range from

−0.8 kcal mol−1 to −6.2 kcal mol−1, demonstrating a strong
dependence on solution composition and model framework
employed for analysis.61–63,65,66,68 This range of DGI�

ads corre-
sponds to a large uncertainty in K I�

eq, ranging from 0.1 M−1 to
650 M−1. To determine the appropriate K I�

eq for the present
model, we rst performed MD simulations of the initial exper-
imental solution composition and observe the initial surface
concentration under these conditions to be [I(ads)

−] = 780 mM
(see Fig. S5 in SI-3†). Assuming a maximum surface concen-
tration of GI−

N/d = 10.5 M, the simulated [I(ads)
−] constrains

K I�
eq ¼ 0:32 M�1, a value on the lower side of the reported range

in the literature.
Although the surface concentrations in the kinetic model are

constrained by the MD simulation results, a number of uncer-
tainties persist due to the complex nature of the air–water
interface. The surface selectivity of the halide ions depends
strongly on the choice of water model and force eld parameters
in MD simulations.64,69–71 The prediction of our current model
744 | Chem. Sci., 2024, 15, 736–756
and force eld is in agreement with recent observation from
experiments and MD simulations.60,69,72 One clear deciency of
the current approach is the coarse-grain perspective of the
surface, where a single kinetic volume is used to dene the
entire interface. In reality, small angstrom-scale features in the
density proles of the solutes and solvent at the interface are
important for understanding the structure of the interface.
Such features can be observed in the free energy and density
proles for aqueous iodide and ozone included in ESI Fig. S4
and S5 in Section SI-3.† Fine structural details of this aqueous
system have also been observed using liquid microjet tech-
niques combined with X-ray photoemission spectroscopy.71

From the perspective of reactivity, however, the interface may in
fact be sufficiently represented without such ne details in
some instances since the chemical loss of I− at the interface will
be determined most strongly by the overlap region of the
density proles of I− and O3 at the interface, where concentra-
tions will remain approximately constant (in the absence of
diffusive limitations).

The surface affinities of the reaction products are known
with less accuracy than iodide. However, some of the oxidation
products in solution have been observed to be depleted from
the interface and are suspected to be ∼10–100× less surface
active than I−.73,74 Nevertheless, for the sake of simplicity we use
the same K I�

eq for all solutes in the simulation. Furthermore, we
also assign the volatile, neutral products generated in solution
(I2 and HOI) to possess the same partitioning behavior with K I�

eq.
Forward and reverse rates, kdesolv and ksolv, describing the
kinetic components of K I�

eq are included for each simulated
species in ESI Table S1† and the sensitivity of these rates
analyzed in Section SI-5.†
4.3. Product evaporation description

Volatile products generated by oxidation of iodide (e.g., I2 and
HOI) evaporate from the simulated droplet surface through an
irreversible step. As with ions in solution, the rst step for
a volatile species to partition out of the condensed phase is an
adsorption step to the air–water interface. Once adsorbed, the
species may evaporate from the surface described by a rst-
order rate. First-order evaporative rate coefficients for each
volatile species are derived using the Hertz–Knudsen equation,
where the ux of gas from the surface is calculated as,75

J ¼ ae$pvapffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p ;

where ae is the evaporation coefficient (assumed to be 1 for
simplicity),m is the molecular weight of the volatile species, kB is
the Boltzmann constant and T is the absolute temperature. The
saturation vapor pressure of the species, pvap, is related to its
Henry law coefficient and adsorbed surface concentration pvap =
[I2(ads)]/H

gb
cc . The surface ux is converted to a rate coefficient by

scaling J with the surface area-to volume ratio (SA/V) to account
for the overall surface accessibility from the bulk. Individual rate
coefficients for volatile species are therefore calculated as,76
© 2024 The Author(s). Published by the Royal Society of Chemistry
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kevap ¼ SA

V
$

ae$

 
1

H
gb
cc

!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p :

kevap for HOI and I2, computed from their associated Henry’s law
constants77,78 are used to dene evaporative rates for the following
steps (E1) & (E2) (and simulation steps S21 and S22 in Table S1†).

HOI(ads) / HOI(gas) + site (E1)

I2(ads) / I2(gas) + site (E2)

4.4. Reaction steps

The chemical mechanism used in the present model relies on
previous literature describing the I− + O3 reaction in both the
gas and liquid phase. The complete set of reactive steps and
associated rate coefficients are shown in Table S1.† A scheme
showing each reaction step is shown in Fig. 5B and C. Below we
rst review the primary oxidation step of iodide outlined in
Fig. 5B, followed by the subsequent reactions involving the
primary oxidation products found in Fig. 5C.

4.4.1 Primary oxidation reaction. The initial oxidation step
illustrated in Fig. 5B is proposed to proceed through a reaction
intermediate IOOO− in analogy to the BrOOO− intermediate
produced during bromide ozonation.14,31 Although the inter-
mediate IOOO− has not been directly observed, previous
experimental and theoretical work proposed its existence at the
air–water interface.17,22,23,26 The mechanism implemented in the
model framework here is adapted from the mechanism for
aqueous Br− oxidation by ozone as introduced by Liu et al.14

wherein a stable ozonide adduct is rst generated, followed by
dissociation to HOI or IO−.

I� þO3 %
k1

k�1
IOOO� (R1)

IOOO� þHþ !k2 HOIþO2 (R2)

IOOO� !k3 IO� þO2 (R3)

The initiation reaction step (R1) involves a fast equilibrium
for adduct formation between I− and O3. Once formed, the
IOOO− adduct subsequently reacts with a proton or water to
form HOI. The proton-assisted pathway is provided as step (R2)
and the water-assisted pathway is dened as a unimolecular
decay step (R3), assuming the droplet water content remains
constant. While rate coefficients for these individual steps are
unknown, we propose that previous measurements of the
consumption rate of ozone in bulk solutions14,18 provide the rate
of adduct formation, i.e., k1 = 1.2 × 109 M−1 s−1. For the sake of
simplicity, and in the absence of evidence to the contrary, we
assume steps (R1)–(R3) have the same rate at the surface and
within the bulk. Given the measured gas- and liquid-phase rate
coefficients for this reaction are nearly identical,12,14 we believe
© 2024 The Author(s). Published by the Royal Society of Chemistry
this is a reasonable assumption. We anticipate the validity of
this assumption will be tested by measuring the iodide
concentration dependence of the oxidation kinetics, and ideally
through future experiments targeting the chemical lifetime of
the ozonide intermediate in the bulk and at the surface. We also
assume that the proton-assisted decay rate (R2) is diffusion
limited, with a rate coefficient of k2 = 1011 M−1 s−1, an esti-
mated upper bound for the ion recombination rate in solution
as measured previously in the proton-hydroxide recombination
reaction.79,80 While this assumption likely overestimates the rate
of (R2), we similarly suggest that such details could be gathered
from future experiments studying the ozonide intermediate
directly, particularly in light of HOI and IO− formation kinetics
in solution.

Using the aforementioned values of k1 and k2, coefficients
k−1 and k3 are treated as adjustable parameters in the model. A
single set of values for k−1 (3.6 × 104 s−1) and k3 (220 s−1)
produce simulation results that agree with the observed droplet
kinetics shown in Fig. 2. As presented by Liu et al.14 and shown
below in eqn (9), the four rate coefficients k1, k−1, k2, and k3
combined with a steady-state approximation for reaction
intermediate IOOO− yields an effective bimolecular rate coeffi-
cient (kobs) for the overall I− + O3 reaction,

kobs ¼
k1

�
k2

k�1
$½Hþ� þ k3

k�1

�

1þ k2

k�1
$½Hþ� þ k3

k�1

: (9)

kobs quickly approaches measured rate of kexp = 1.2× 109 L mol−1

s−1 for neutral to acidic solutions but slows signicantly to ∼7 ×

106 L mol−1 s−1 under strongly basic conditions. Fig. 6 shows the
behavior of kobs from eqn (9) from pH 0 to 13. As discussed further
in Section 6, this effective decrease in rate is compounded by the
changing overall reactivity of I− in basic solutions, where secondary
chemistry involving I− is negligible. We note the experimental rate
measured by Liu et al.14 in aqueous solution at pH 6.7 is∼50 times
larger than kobs predicted from the parametrization shown in Fig. 6.
However, this deviation would be expected for bulk measurements
of O3 decay due to IOOO− formation, as the fast initial adduct
formation would not be inuenced by differences in bulk pH
affecting the overall rate of steps (R1)–(R3).

4.4.2 Secondary oxidation reactions. Once formed, the
conjugate pair HOI and IO− react further with O3 and I−

yielding different nal products depending on pH. For pH
values above the pKa of HOI (pKa = 10.8), the unimolecular
decay pathway of IOOO− shown in (R3) dominates the overall
reactivity and the conjugate base IO− is stable in solution.
Aqueous IO− can then undergo further oxidation to produce
IO2

− and ultimately the iodate anion IO3
−. This oxidation

process has been studied extensively in wastewater treatment
where hypoiodous acid and similar species are used as disen-
fectants.81,82 Mechanistic studies of I− + O3 in the gas-phase also
show IO− as the rst oxidation product in the sequential
oxidation of I− to IO3

−. The sequential addition mechanism of
O3 to the primary oxidation product IO− is implemented as
observed by Bhujel et al.12
Chem. Sci., 2024, 15, 736–756 | 745
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IO− + O3 / IO2
− + O2 (R4)

IO2
− + O3 / IO3

− + O2 (R5)

Reactions (R4) and (R5) are included directly in the model at
both the surface region and the bulk. Here we assume that (R4)
and (R5) are irreversible given the relatively slow reverse rate of
reaction.12 As suggested in previous literature, rate coefficients
for (R4) and (R5) depend on the phase, where the rate in the gas-
phase appears collision limited but the analogous liquid phase
rate is ∼1000× slower. In the current model, we assume reac-
tions (R4) and (R5) at the droplet surface resemble the gas-
phase reactivity more than the liquid phase, and therefore use
an approximate diffusion-limited reaction rate coefficient k
∼1010 M−1 s−1 for steps (R4) and (R5) at the surface. The slower
liquid-phase reaction rates k ∼106 M−1 s−1 are used in the bulk
phase and are based on past measurements in aqueous
solution.81

For solutions below pH = 10.8, the primary oxidation
product is HOI. Here, the proton-assisted decay of IOOO− to
HOI contributes to the overall loss of the intermediate and
quickly becomes the dominate pathway below pH 10. To fully
capture the reaction mechanism under neutral to acidic
conditions, it is important to account for HOI/IO− speciation
and associated reactions with I−, OH−, and I2. The fate of the
HOI/IO− conjugate pair and their reactivities with iodine in
solution have long been studied using spectroscopic techniques
in an attempt to unravel this complex mechanism relevant to
oxidation processes in disinfection, nuclear chemistry, and
halogen chemistry in biological systems.83–88 Here, we include
the steps in the model that are most relevant for the fate of I−

and the pH dependent reactivity in solution. This is summa-
rized in the mechanistic overview in Fig. 5C. The most
elementary of these reactions is simply the conjugate acid–base
conversion

H+ + IO− % HOI. (R6)
Fig. 6 Calculated pH dependence of the primary oxidation rate from
combined reaction steps (R1)–(R3). Observed rate kobs is calculated
form eqn (9), following the framework of Liu et al.14 used in the bulk
aqueous Br− + O3 reaction system.

746 | Chem. Sci., 2024, 15, 736–756
As introduced above for reaction (R2), we assume that
recombination reactions occur at the proton neutralization
rate79,80 in solution kneutral = 1011 M−1 s−1. This forward rate of
(R6) then constrains the reverse dissociation rate of HOI using
the pKa = 10.8. Solution pH is then simulated in the model
using the xed dissociation rate coefficient for HOI along with
the pseudo-rst order reaction rate (i.e., k0IO ¼ ½Hþ� � kneutral).

Having dened solution pH through the speciation of HOI,
subsequent chemistry with I− is addressed. We note that while
the O3 + HOI reaction has been previously observed,81 this
reaction is not included in the model since this reaction rate is
105 times slower than the O3 + I− reaction and is signicantly
slower than other sinks for HOI. In the presence of I−, HOI is
quickly converted to I2 under acidic and neutral pH.86 Produc-
tion of I2 has been reported to occur through two distinct
mechanisms that dominate at different pH values, both
included in the model as (R7)–(R9). The rst pathway involves
the formation of reactive intermediate I2OH

− (R7) which
dissociates to I2 through the proton-assisted reaction in (R8).
The second formation pathways shown in (R9) involves the
direct elimination of OH− from HOI by I−.89,90

HOI + I− % I2OH− (R7)

I2OH− + H+ % I2 + H2O (R8)

HOI + I− % I2 + OH− (R9)

The forward and reverse rate coefficients for (R7)–(R9) with
literature ref. 82, 89 and 90 are included in Table S1.†While step
(R7) is independent of solution pH, reactions (R8) and (R9) both
depend directly on pH explicitly through [H+] and [OH−]. As in
the association between IO− and H+, pseudo-rst order rate
coefficients are calculated using [H+] and [OH−], as to avoid the
computational cost of simulating these species directly. Lastly,
once I2 is produced in solution, the triiodide anion91 is formed by,

I2 + I− % I3
−. (R10)

Simulation results, however, predict I3
− concentrations

under all pH conditions are negligible due to the rapid evapo-
rative loss of I2, which is a dominant sink for iodine in small
volumes (i.e., droplets).

The complete set of reactions ((R1)–(R10)) as shown in
Fig. 5B and C, is included in both the surface and bulk
compartments of the kinetic model. As mentioned above, since
surface partitioning behaviors of most species involved are
unknown, we generally assume the surface partitioning of all
solutes match the iodide anion, likely an overestimation of
surface activity for most species due to the high surface
propensity of I−. Model sensitivity to absolute kdesolv and ksolv
values is revisited in ESI Section SI-5† for the iodide ion only.
We note that the sensitivity of these rates for other solutes is
negligible due to the large proportion of bulk chemistry that
drives the observed pH sensitivity. All rate coefficients for
(R1)–(R10) are also assumed to be equal between the surface
and bulk compartments, except for the difference in IO− and
IO2

− reactivity mentioned above and noted in Table S1.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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5. Model results

The simulation results are compared to experiments in Fig. 2–4
(Section 2). Overall, the simulations capture the observed trends
in the iodide-decay kinetics and how they depend upon [O3] and
pH. As discussed further below, the initial rate scaling with [O3]
can be understood from transport limitations and surface
concentrations, while the pH dependence arises from a surface-
rate pH dependence (i.e., (R1)–(R3)) and the bulk reaction
mechanism (i.e., (R6)–(R9)). Although the simulations generally
recreate the shape of iodide decay kinetics, the observed
experimental decay shapes are not fully replicated. Under basic
conditions where [O3] < 1 ppm, simulations predict kinetics that
appear more exponential in time, with experiments trending
closer to a bi-exponential or linear time-dependence, albeit with
larger experimental uncertainty. Although we cannot fully
rationalize the origin of these deviations, the differences are
relatively small, and the simulated trends generally agree with
experiment. Some factors contributing to the shape of time-
dependent kinetics will be examined in Section 6, with some
potential reasons identied for the disagreement between
model and experiment.
6. Analysis and discussion

Here we analyze the major features observed in the experi-
mental and simulated kinetics to provide greater insight into
the underlying chemical and physical processes governing this
heterogenous reaction. First, in Section 6.1, the pH dependence
of the reaction is examined in more detail, with attention given
to identifying which chemical steps appear to determine the
overall reaction rate and products observed. Section 6.2 exam-
ines how adsorbed ozone concentrations evolve during the
reaction, where an approximate kinetic derivation is used to
predict steady-state surface concentrations of ozone during
reaction. Results from this derivation are then used in Section
6.3 to understand the behavior of the overall uptake coefficient
for O3 across a range of reactant concentrations. Results from
experiment, simulation, and closed form expressions are
compared with past measurements of this system to provide
broader context to the current ndings.
6.1. pH Dependent reaction kinetics and product
distributions

As shown in Fig. 4, the experimental and simulated kinetics
exhibit a strong pH dependence. In the model, this pH depen-
dence has two distinct origins; the rst is the pH rate depen-
dence in the primary oxidation step ((R1)–(R3)) and the second
is the network of secondary iodide loss channels involving H+

and OH− ((R6)–(R9)). Model results shown in Section SI-6†
demonstrate that the secondary chemistry of iodide alone
cannot achieve the model/experiment agreement shown in
Fig. 2–4. As summarized in Fig. S10,† this suggests an addi-
tional mechanism is responsible for the kinetics observed when
varying pH. We propose this additional pH dependence results
© 2024 The Author(s). Published by the Royal Society of Chemistry
from the proton-assisted decay of an ozonide intermediate
IOOO− as was rst proposed (and later observed) for the anal-
ogous Br− system.14,31 To the best of our knowledge, no direct
evidence of the IOOO− intermediate has been reported, likely
due to a short chemical lifetime. However, according to the
parameterization of steps (R1)–(R3) introduced above, such an
intermediate may be relatively long lived under strongly basic
solutions (with lifetimes on the order of 10–100 ms). On the
other hand, as the surface lifetime of IOOO− and any degree of
surface-stabilization is unknown, the overall lifetime may be
signicantly smaller if bulk solvation occurs on a timescale
much faster than chemical decomposition. We also acknowl-
edge that the bulk mechanism for the primary oxidation step
may deviate signicantly from the surface mechanism, and the
kinetics of any intermediates involved may result in a different
overall pH dependence. Recent theoretical work investigating
the energetics of possible ozonide intermediates for aqueous
iodide oxidation suggests a series of possible conformations of
the intermediate.26 The evolution of such conformations and
the kinetics involved may again depend greatly on the presence
of the interface and local pH.

Across the range of pH studied, a clear difference is observed
in the overall product distribution predicted through the kinetic
model. While the soluble, terminal product IO3

− can be
observed directly (Fig. S3†), volatile products such as I2 and HOI
go undetected in the experiments. ESI Section SI-7† provides the
modeled product distribution across the pH range analyzed for
an example ozone concentration of [O3(g)] = 820 ppb. As ex-
pected, for simulations below the pKa of HOI, the dominant
product is I2, with a small fraction of HOI emitted. For strongly
basic solution, IO3

− dominates the product distribution. As
observed in the iodate formation kinetics shown in SI-2,† the
overall fraction of IO3

− appears to decrease with decreasing [O3]
below 1 ppm. This trend is not observed in the simulations
(Fig. S3†), and the origin of the changing mechanism is
currently unknown.
6.2. Surface-adsorbed ozone concentrations

The kinetic simulations indicate that surface-adsorbed ozone
concentrations fall below the concentration predicted by
Henry's law for a range of solution pH. Fig. 7 shows surface-
adsorbed [O3(ads)] for three solution pH values at early times
in the simulation. For the simulation at pH 13, [O3(ads)] rapidly
approaches its Henry's law concentration at the surface,
achieving a steady-state concentration that is ∼50% of the
expected Henry's law concentration. In the pH 8 simulation,
however, [O3(ads)] nds its steady-state value that is ∼8×
smaller. In the acidic extreme at pH 3, [O3(ads)] is ∼100×
depleted from the Henry's law concentration, indicating that
the primary oxidation step for I− + O3 is substantially limited
by O3 transport to the air–water interface. This transport
limitation results from the diffusive rate to the surface being
slower than the reactive loss of O3(ads), ultimately depleting
both O3(ads) and O3(diff) in the model results. We expect more
generally that surface reactions will be limited by ozone
Chem. Sci., 2024, 15, 736–756 | 747
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Fig. 7 Simulated [O3(ads)] for the first 5 ns of reaction with [O3(g)] =
1 ppm and bulk iodide [I(b)

−] = 250 mM. Adsorbed O3 is seen reaching
a steady state concentration after ∼1 ns. Simulation results demon-
strate [O3(ads)] is ∼100× smaller than the predicted Henry's Law
concentration for a pH 3 solution due to the fast chemical loss rate on
the surface.
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diffusion for cases when k0rxn . kdiff where the pseudo-rst
order reaction rate is k0rxn ¼ kobs$½IðadsÞ��. This concept can
be concisely expressed using the second Damköhler number,
dened in this system as the ratio of the surface reaction rate
to the characteristic gas-phase diffusion rate: DaII ¼ k0rxn=kdiff .
Using this notation, the oxidation reaction under conditions
with DaII < 1 will be limited by the surface reaction itself,
whereas DaII > 1 denotes the rate will be limited by gas-phase
diffusion and will display surface depletion of O3. As expressed
in eqn (6), kdiff depends on both the droplet radius and the
equilibrium partitioning of O3 which is captured in the model
by use of Lads. While we reserve a more thorough investigation
of the droplet-size and molecular specicity of kdiff to future
�
O3ðadsÞ

� ¼ s$kads$kdiff$
�
O3ðgasÞ

�
$
�
siteO3

�
kdes$kdiff þ krxn$

GI�
N

d
$

K I-

eq$
�
IðbÞ

��
1þ K I�

eq $
�
IðbÞ

�� $�kdiff þ s$kads$
�
siteO3

��: (11)
work, the MD results in SI-3 Section B† show that the char-
acteristic rate of surface equilibration (∼kdes) is faster than
kdiff for the particular droplet radius studied—indicating that
transport limits of O3 do not result from kinetic limitations.
However, this is not generally the case for smaller droplet
sizes, where kinetic limitations at the interface may become
dominant.

Fig. 8 shows that the degree of ozone depletion at the
interface is also dependent on the bulk [I(b)

−]. Simulations in
this case are initialized for each given [I(b)

−] by rst computing
the corresponding equilibrium [I(ads)

−] as dictated by the
Langmuir isotherm (eqn (7)). The simulation is then run until
a steady state [O3(ads)] is observed. The inection point noted
748 | Chem. Sci., 2024, 15, 736–756
as a vertical line in Fig. 8 indicates the point at which
k0rxn ¼ kdiff , when the reactive loss rate of O3 on the surface
equals the rate of O3 diffusion into the adsorption length. For
ease of example, the pH dependent mechanism and adduct
formation is not considered in Fig. 8 and a simple second
order rate coefficient of krxn = 1.2 × 109 M−1 s−1 is used for the
I− + O3 reaction. As all experiments performed in the present
work utilize [I−] = 250 mM, Fig. 8 suggests for kobs ∼109 M−1

s−1, [O3(ads)] is greatly depleted from its Henry's Law concen-
tration. Since the reaction under this condition is limited by
O3 transport, the kinetics scale as rst-order in [O3] as
demonstrated through the high linearity of initial rates vs. [O3]
reported in Fig. 3.

The surface depletion of O3 can also be computed analyti-
cally using a simple steady-state analysis of [O3(ads)] and [O(diff)]
at early reaction times. As shown in Fig. 7, [O3(ads)] approaches
steady state aer approximately 1 ns. Assuming that [I(ads)

−] is
equal to the Langmuir equilibrium concentration, the steady-
state expressions for [O3(ads)] and [O(diff)] are

d
�
O3ðadsÞ

�
dt

¼ 0

¼ s$kads$
�
O3ðdiffÞ

�
$
�
siteO3

�
� krxn$

�
O3ðadsÞ

�
$
GI�

N

d
$

K I�
eq $
�
IðbÞ

��
1þ K I�

eq $
�
IðbÞ

��
� kdes$

�
O3ðadsÞ

�
(10a)

d
�
O3ðdiffÞ

�
dt

¼ 0

¼ kdiff$
�
O3ðgasÞ

�þ kdes$
�
O3ðadsÞ

�� kdiff$
�
O3ðdiffÞ

�
� s$kads$

�
O3ðdiffÞ

�
$
�
siteO3

�
: (10b)

Rearranging eqn (10a) and (10b) while substituting for
[O3(diff)] produces an expression for [O3(ads)] as a function of
[I(b)

−]:
Eqn (11) accounts for the surface depletion of O3 by the
surface reaction only and does not include solvation dynamics
of O3, which quickly become insignicant when surface O3

becomes depleted by reaction. Furthermore, we highlight that
eqn (11) assumes adsorbed I− equilibrates on a timescale
much faster than the O3 depletion dynamics such that [I(ads)

−]
is equal to the Langmuir equilibrium value calculated from
eqn (7). Relaxing this assumption leads to a case where both
surface reactants may be depleted. Results from eqn (11) as
a function of bulk iodide concentration [I(b)

−] are compared
with simulation results in Fig. 8 for [O3(g)] = 1 ppm. For
simplicity, the results from eqn (11) in Fig. 8 utilize a simple
bimolecular I− + O3 reaction rate of krxn = 1.2 × 109 M−1 s−1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Steady state [O3(ads)] dependence on [I(b)
−] from mM to M concentrations for [O3(g)] = 1 ppm. Points denote simulation results from early

steady-state analysis of ozone. The red curve shows steady-state expression from eqn (11). Results are compared to the Henry's Law
concentration of [O3(ads)]. The dashed vertical line indicates the [I(b)

−] where the chemical loss rate of O3 at the surface ðk0rxn ¼ ½IðadsÞ�� � krxnÞ is
equal to the simulated diffusion rate of O3 (i.e., kdiff).
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Output from eqn (11) and the simulation predict the same
surface behavior for adsorbed O3, where reaction depletion
becomes signicant for bulk [I(b)

−] > 1 mM. Only for [I(b)
−] <

1 mM does adsorbed ozone remain at its Henry's Law value. At
these lower iodide concentrations, the multiphase kinetics are
driven by bulk-reaction dynamics and should be accurately
predicted using the closed formed analytical expressions
derived in Wilson et al.29
6.3. Uptake coefficients

In this section we compute uptake coefficients from the exper-
imental kinetics shown in Fig. 3 and introduce an expression for
computing uptake while accounting for surface depletion of O3.
This approach builds on the recent work by Wilson et al.28,29

where uptake expressions were derived to describe reaction
conditions when O3 is depleted from the bulk solution, but not
depleted from the microdroplet surface.

6.3.1 Experimental uptake calculation. Reactive uptake
coefficients for O3 are computed from the experimental kinetics
shown in Fig. 3 using the initial observed reaction rate, kinit, to
compute gexp,92

gexp ¼
4$r$Srxn$kinit$

�
IðbÞ

��
0

3$
�
O3ðgÞ

�
$c

; (12)

where r is the droplet radius, c is the mean molecular speed of
O3 in the gas phase, and Srxn is an additional reaction-
stoichiometry factor. The Srxn factor is included in eqn (12)
since the experiments yield kinit for the decay of iodide,
whereas the expression for gexp refers explicitly to the reactive
loss of O3. Secondary chemistry of I− is coupled to solution pH,
and therefore, measurements of kinit reect chemical loss of I−

in addition to the primary I− + O3 reaction. Following the
stoichiometry of reaction, however, allows uptake to be
© 2024 The Author(s). Published by the Royal Society of Chemistry
compared across pH using Srxn to properly compute gexp.
Simulation results predict molecular iodine I2 as the major
product for pH 3 and 8 (demonstrated in SI-7†), indicating that
for every I− + O3 reaction an additional I− is consumed. This
1 : 2 ozone-to-iodide reaction equivalence is accounted for
when calculating gexp by simply using Srxn = 0.5. At pH 13,
however, the only relevant loss channel for I− is O3 and as
such, Srxn = 1. We note that only conditions where [O3(g)] >
1 ppm were used in calculating uptake for pH 13 conditions
given the apparent mechanistic complexity for sub-ppm
concentrations of O3. Fig. 9 shows average gexp as a function
of pH resulting from eqn (12), where a modest increase in gexp

from ∼4 × 10−4 at pH 13 to 2 × 10−3 at pH 3 is observed.
Experimental results in Fig. 9 are compared to the values ob-
tained from the analytical expression introduced in the
following section.

6.3.2 Analytic expression for O3 uptake. To compute reac-
tive uptake in this system directly, we begin with the expres-
sions for surface and bulk reactive uptake of O3 in
microdroplets as recently introduced by Wilson et al.:29

gs ¼
4$r$krxn$

�
O3ðadsÞ

��
IðadsÞ

��
3$c$

�
O3ðgÞ

� $

	
r3 � ðr� dÞ3



r3

; (13)

gb ¼
4$r$krxn$

�
IðbÞ

��
3$c

$

"
ktransport$H

gb
cc

krxn$
�
IðbÞ

��þ ktransport

#
: (14)

The radial term in eqn (13) accounts for the relative scaling
of surface to bulk volume with changing radius r and surface
thickness d. In eqn (14), ktransport is a term introduced by Wilson
et al.29 that describes an overall ozone equilibration rate into the
bulk solution that includes liquid diffusion and kinetic contri-
butions. While previous work utilized the equilibrium
Chem. Sci., 2024, 15, 736–756 | 749
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Fig. 9 Experimental reactive uptake coefficients for O3 calculated
from eqn (12) (points) compared with the analytical expression for
surface uptake coefficients using eqn (13) (dashed line). Error for
uptake coefficients reflects the standard deviation of uptake across
different [O3] for each pH.
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assumption [O3(ads)] = Hgb
cc × [O3(g)], the current investigation

with iodide has shown [O3(ads)] resides far below this equilib-
rium value. Therefore, eqn (11) which accounts for reactive
depletion of [O3(ads)] is used in eqn (13) rather than assuming
the Henry's Law concentration.

The surface uptake coefficient calculated from eqn (13) is
compared to experimental uptake coefficients in Fig. 9. The pH
dependence of gs is captured by using the pH-scaling of kobs
discussed in Section 4.4 above and provided in eqn (9). As
shown in Fig. 9, agreement is observed between experiment and
the uptake expression in eqn (13), reinforcing the conclusion
that the surface reaction dominates iodide loss under our
experimental conditions. The agreement between experiment
and uptake expressions further motivates the use of eqn (13)
and (14) to predict uptake across a much larger concentration
range. Fig. 10 shows uptake predictions from eqn (13) and (14)
as well as the sum total gtotal = gs + gb for a constant [O3(g)] =
1 ppm and droplet radius r = 24 mm. Average uptake from the
experiments at [I(b)

−] = 250 mM and pH 3 are included for
comparison in Fig. 10, as well as two limiting cases from
resistor-based models discussed in more detail below.

For very low iodide concentrations shown in Fig. 10, below
100 nM, the uptake coefficient is dominated by the bulk reac-
tion and is limited by the oxidation reaction rate in the bulk. At
approximately [I(b)

−] = 100 nM, uptake of O3 by a bulk reaction
starts becoming limited due to depletion of O3 in the droplet
interior and the surface reaction starts to dominate the reactive
uptake. For increasing iodide concentrations, the surface reac-
tion totally governs the uptake of O3. When iodide concentra-
tions increase above 1 mM, results from Fig. 8 suggest [O3(ads)]
becomes greatly depleted due to gas-phase diffusion limita-
tions. This depletion effect is similarly observed in Fig. 10 in the
limiting of surface uptake to values ∼10−3.

Fig. 10 also compares the uptake coefficient expressions with
commonly used resistor model limits shown with dashed lines.
For very low [I(b)

−], computed gtotal values agree with the dilute
limit or “phase-mixed” case introduced by Schwartz et al.93
750 | Chem. Sci., 2024, 15, 736–756
gdilute ¼
4$r$Hgb

cc

3$c
$krxn$

�
IðbÞ

��: (15)

As bulk iodide concentrations increase and gs dominates
gtotal, results approach the “uptake controlled by fast reaction”
case from Worsnop et al.51 or the “diffusion limit” case by
Schwartz et al.93

gdiff ¼
4$Hgb

cc

c
$
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DO3ðbÞ$krxn$

�
IðbÞ

��q
$

�
coth

�
r

Lrxn

�
� Lrxn

r

�
;

(16)

where the reaction-diffusion length Lrxn is dened asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DO3ðbÞ=krxn$½IðbÞ��

q
. Deviation from the diffusion limit becomes

pronounced for intermediate [I(b)
−] as the surface rst becomes

enriched with [I(ads)
−] relative to the bulk concentration, fol-

lowed by the depletion of [O3(ads)] for [I(b)
−] > 1 mM.

6.4. Atmospheric implications & literature comparison

Here, we comment on the relevance of our ndings to uptake of
O3 by seawater concentrations of I− in droplets, and subse-
quently discuss our ndings in context of previous literature
results. The expressions for uptake in eqn (13) and (14) allow for
the prediction of uptake in systems such as seawater and sea
spray aerosol (SSA) interacting with the marine boundary layer,
where near-surface seawater iodide concentrations range from
∼10–200 nM (ref. 94) and typical ozone concentrations in the
marine boundary layer are ∼20 ppb.95–98 For these concentra-
tions, uptake of O3 by a droplet with radius r = 24 mm is on the
order of 5 × 10−7 with bulk chemistry dominating the overall
uptake. As previously reported, salt concentrations in SSA can
increase dramatically upon emission from the sea surface, with
I− becoming potentially enhanced by factors up to ∼1000 (ref.
99–101) and, in some measurements, making up a third of the
total soluble iodine content of aerosol with particle radius r <
500 nm.102 Additionally, rapid acidication of SSA103 may
contribute to an apparent acceleration of iodide oxidation by
ozone relative to the pH of seawater (∼pH 8). Under these
concentrated and acidic conditions where iodide concentra-
tions could approach ∼100 mM, the expression obtained for
gtotal predicts the uptake of ozone is driven almost exclusively by
the surface reaction. However, we acknowledge that the current
model construction employs a coarse-grain depiction of the
droplet surface and bulk regions and therefore potentially
overlooks important “sub-surface” dynamics which would affect
the predicted transition in bulk vs. surface uptake. For reference
we include the range of iodide concentrations encountered in
seawater and SSA in the highlighted box in Fig. 10, where the
transition from bulk to surface chemistry is observed.

While the model predictions presented in Fig. 10 suggest
both surface and bulk contributions to the uptake of O3 under
relevant salt concentrations, we emphasize that results in
Fig. 10 have resulted from evaluating eqn (13) and (14) for the
droplet radius r = 24 mm investigated in the experiments. For
SSA and marine aerosol a broad range of sizes are encountered,
where typical aerosols have radii r < 10 mm and submicron
particles make up the vast majority of aerosol by total number.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Uptake coefficients computed from eqn (13) and (14) using [O3(g)] = 1 ppm and droplet radius r = 24 mm. Total uptake is the sum of
surface and bulk components. Results from the analytical approach are compared with two limiting cases from resistor-based uptake modeling
shown as dashed and dotted lines. Experimental uptake at pH 8 is compared with the models.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
:0

1:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
For such small sizes, we expect the surface contribution to the
overall uptake of O3 by I

− to become even more signicant due
to the inverse radial scaling of the surface to volume ratio. On
the other hand, eqn (13) and (14) predict the uptake of ozone by
a macro-scale system such as the sea surface would be domi-
nated by bulk chemistry using the same radial scaling argu-
ment. However, correctly calculating uptake for macro-scale
systems utilizing the current model would require detailed
knowledge of the system dimensions and the governing gas-
phase mass transport steps for O3 across large systems such
as the marine boundary layer. As such, we reserve a more
complete discussion of the size-dependence of gtotal under
relevant concentrations to future work.

Uptake coefficients calculated from the analysis above and
observed in experiments can also be compared to previous
laboratory measurements of uptake of O3 on aqueous iodide
solutions and aerosol. One of the most comparable previous
reports by Magi et al.10 measures uptake of O3 using a droplet-
train apparatus, with droplet sizes ∼100 mm and NaI
concentrations ranging from 0.5 to 3 M. The reported uptake
coefficient from this work under conditions 293 K and [I−] =
0.5 M is g = 5 × 10−3, only about 2–3 times greater than the
maximum uptake measured in this work. However, as the
droplet-train apparatus operates at reduced pressure (10–30
torr), deviations from uptake measured at ambient pressure
may be expected. Additional relevant experiments performed
by Ammann and coworkers20,21 use submicron sodium iodide
aerosol to measure the uptake of ozone. The main difference
between the conditions of these experiments and ours is
particle size, as the present experiments all utilize much
© 2024 The Author(s). Published by the Royal Society of Chemistry
larger microdroplets. Nevertheless, measurements on
submicron aerosol composed of iodide/chloride mixtures by
Rouvière et al.20 yield uptake coefficients of g ∼4.4 × 10−3,
which differ by a factor of ∼2 from the largest uptake coeffi-
cients observed in our experiments. This reference also
reports a relatively weak concentration dependence, where
increasing [I−] from 0.9 M to 7.3 M increases the ozone
reactive uptake coefficient by∼2.5. This may point to a similar
surface ozone depletion effect observed for sub-micron aero-
sol, although a more in-depth analysis of the experimental
conditions used is needed to draw any specic conclusions
from this past work.

Lastly, we note that while the conditions studied and
modeled in the current work generally do not accurately
represent conditions found in real-world systems, our current
approach aims to identify and analyze the molecular-scale
processes governing reactivity in simple multiphase systems.
A deep understanding of these simple systems, in turn, builds
the foundation for investigating the complex systems encoun-
tered in the environment.

7. Conclusion

Kinetics of iodide oxidation by ozone in single microdroplets
are reported and analyzed with a recently developed multiphase
model that describes individual surface and bulk processes
occurring during the course of reaction. A kinetic model is
constructed using literature references, basic assumptions
about rate coefficients, and is further constrained using
molecular simulations of O3 and iodide at the air–water
Chem. Sci., 2024, 15, 736–756 | 751

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04254e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
:0

1:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
interface. Use of the model provides insight into important
surface mechanisms that govern the overall reactivity in
microdroplets and provide a benchmark for developing more
general expressions for O3 uptake in aerosol. Experimental
results in conjunction with modeling work suggest the I− + O3

reaction under the conditions studied occurs exclusively at the
air–water interface. Nevertheless, we note that since the model
employed discretizes the entire droplet into two compartments,
a detailed account of sub-surface diffusion and reaction
processes may be lacking which could be important for a clear
accounting of surface vs. bulk reactivity. We anticipate future
work will clarify these subsurface processes to fully understand
the transition between surface and bulk reactivity.

A strong dependence on the consumption rate of I− with
bulk solution pH is observed, as previously reported for bulk
solution. However, the modeled pH-dependent chemistry
involving I− in solution cannot fully explain the observed
kinetics. To explain the observed pH dependence of the I− + O3

reaction we invoke an IOOO− intermediate, which is analogous
to reaction intermediates found in the mechanism governing
bromide oxidation by ozone at the air–water interface. A
kinetic analysis also demonstrates a rst-order dependence on
[O3(gas)] for all pH conditions. Simulation and analytical results
suggest this reaction order originates from the depletion of
ozone at the droplet surface during reaction for neutral to
acidic conditions, and the linear scaling of surface adsorbed
O3 for mild to extremely basic conditions. Surface depletion of
reagents appears to be a general feature of fast surface-
reactions and may be relevant across scales for many systems
involving uptake of trace gases. A kinetic expression for steady-
state ozone concentrations on the droplet surface, eqn (11), is
derived and subsequently used in a recently developed set of
expressions, eqn (13) and (14), for predicting uptake coeffi-
cients in droplets due to both surface and bulk reactions.
Surface uptake coefficients calculated using eqn (11) for
surface-adsorbed O3 indicate a large sensitivity to reactive
depletion of species at the air–water interface, warranting the
further study of the conditions under which reactants become
depleted at interfaces.

Total uptake coefficients predicted by the analytical expres-
sions obtained are analyzed across a range of concentrations
and compared to the experimental uptake values of g ∼10−3

and previous aerosol uptake experiments from the literature.
The applicability of the present ndings to reaction in seawater
and sea spray aerosol is considered, with a brief discussion of
the major ndings and limitations of the modeling approach.
Future work aims to expand the current approach to under-
stand mass transport limitations in heterogeneous chemistry
more broadly while investigating which key parameters control
uptake coefficients and how these processes are related to
reaction mechanisms at the droplet surface, where a number of
factors such as partial solvation, pH, and reaction depletion
may signicantly alter expected uptake.
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Direct Field Evidence of Autocatalytic Iodine Release from
Atmospheric Aerosol, Proc. Natl. Acad. Sci. U. S. A., 2021,
118(4), 2021, DOI: 10.1073/PNAS.2009951118.
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