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ABSTRACT: The chemistry of reactive halogens in the polar atmosphere plays important
roles in ozone and mercury depletion events, oxidizing capacity, and dimethylsulfide
oxidation to form cloud-condensation nuclei. Among halogen species, the sources and
emission mechanisms of inorganic iodine compounds in the polar boundary layer remain
unknown. Here, we demonstrate that the production of tri-iodide (I3

−) via iodide
oxidation, which is negligible in aqueous solution, is significantly accelerated in frozen
solution, both in the presence and the absence of solar irradiation. Field experiments
carried out in the Antarctic region (King George Island, 62°13′S, 58°47′W) also showed
that the generation of tri-iodide via solar photo-oxidation was enhanced when iodide was
added to various ice media. The emission of gaseous I2 from the irradiated frozen solution
of iodide to the gas phase was detected by using cavity ring-down spectroscopy, which was
observed both in the frozen state at 253 K and after thawing the ice at 298 K. The
accelerated (photo-)oxidation of iodide and the subsequent formation of tri-iodide and I2
in ice appear to be related with the freeze concentration of iodide and dissolved O2 trapped
in the ice crystal grain boundaries. We propose that an accelerated abiotic transformation of iodide to gaseous I2 in ice media
provides a previously unrecognized formation pathway of active iodine species in the polar atmosphere.

■ INTRODUCTION
Reactive halogens play various key roles in the global
environment. In particular, the presence of gaseous halogens
in the polar and marine boundary layers is of great interest
because these highly reactive species can affect the oxidative
capacity of Earth’s atmosphere.1−9 The sources and impacts of
iodine in polar atmospheric chemistry are much less under-
stood in comparison with chlorine and bromine. Although
active iodine compounds (e.g., IO and I2) in the polar regions
have been observed by ground- and satellite-based techniques,
the sources and mechanisms of this large iodine emission are
still being debated.4−6,10,11 In this aspect, it is of particular
interest how the heterogeneous chemistry of iodine can be
affected by the presence of frozen media in cold environments
such as the polar region. Some chemical and photochemical
reactions in frozen solutions are reported to be quite different
from their aqueous counterparts and highly accelerated because
solutes are concentrated in liquid-like grain boundary regions
(freeze concentration effect)12−20 and brine channels in sea
ice21,22 as they are segregated from the crystalline ice lattice.

A number of atmospherically relevant oxidation reactions,
such as nitrite to nitrate and sulfite or sulfide to sulfate, are
known to be promoted when dilute solutions are frozen.12,23,24

O’Driscoll et al.23 reported that the enhanced release of active
and ozone-depleting gases such as nitric oxide (NO) and iodine
molecule (I2) from the solidification of sea-salt aerosol
components containing nitrite and iodide ion (NO2

−/I−).
They observed the production of I3

− spectrophotometrically in
the frozen solution of NaNO2/KI at pH 6. Sullivan and
Sodeau25 investigated the freeze-induced formation of inter-
halogen species from frozen halide ion solutions that can be a
potential mechanism for the release of interhalogens to the
atmosphere in polar regions. In this study, they observed the
freeze-induced production of dibromoiodide ion, IBr2

− from
mixed solutions containing iodide, bromide, and nitrite ions
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under slightly acidic conditions up to pH 5.1, which is relevant
to snow in polar region. They also verified the effects of various
experimental conditions such as a ratio of [Br−]/[I−], pH, and
the presence of oxidants (nitrite and hydrogen peroxide) and
dioxygen. Diao and Chu also investigated the heterogeneous
reactions of gaseous HONO with HCl, HBr, and HI on ice
surface at 191 K in a fast-flow-tube reactor.26 The results
showed that the reaction probability of HONO on HI-treated
ice surface is higher than that on HCl-treated or HBr-treated
ice surface. The reaction probability increased with the surface
coverage of HI, and the product INO rapidly converted to I2 on
the HI-treated ice surface. However, chemical or photochemical
conversion kinetics and mechanisms of iodide alone in frozen
solution are unknown and needed to be investigated.
In this study, we investigated the oxidation of iodide to form

I3
− and I2 in frozen solution, which is even more enhanced

under simulated solar irradiation. The effects of various
experimental parameters on the freezing-enhanced iodide
oxidation were systematically investigated to understand this
anomalous chemical process. A modeling study was also carried
out to reproduce the experimental results. This finding
proposes a previously unrecognized source of gaseous I2
through abiotic process in the polar region.

■ EXPERIMENTAL SECTION
Materials. KI (99.5%, Samchun Chemical) was used as the

iodide source. N2 (BOC Gases, 99.999% purity) and O2 (Sinan
Gases, Korea, 99.999% purity) gases were used when the effect
of the dissolved gas was investigated. Ultrapure deionized water
(18 MΩ·cm) prepared by a Barnstead purification system was
used in all experiments.
Laboratory Experiments of Iodide Oxidation in Ice.

The initial iodide concentration employed in this work ranged
in 1−1000 μM for the oxidation either in the dark or under
photo-irradiaion. The pH of the solutions was adjusted with
HCl or NaOH solution to a desired value prior to freezing.
Iodide solution (5 mL) was added to 12 × 125 mm quartz
tubes, sealed with septa, and put into the ethanol bath, which
was precooled at −5 °C. The temperature of the freezing bath
was gradually lowered from −5 °C to −20 °C within 30 min for
complete solidification. The whole ice column was irradiated by
a lamp (for photo-oxidation) after the freezing process. Sample
tubes (maximum 16 tubes) were located in a merry-go-round
photolysis reactor that was rotated at a constant speed (0.8−1.0
rpm) around a 100 W mercury lamp (Ace Glass Inc.) for
uniform irradiation. Light was filtered by a pyrex jacket
(transmitting λ > 300 nm; see Figure 1C) surrounding the
mercury lamp that was immersed in the ethanol bath. For the
photo-oxidation experiments in oxygen or nitrogen saturated
conditions, the sample tubes were purged with O2 or N2 gas for
30 min prior to freezing and irradiation. The dark oxidation
experiments were also carried out in the same way except for
the photoirradiation.
All irradiated ice samples were thawed for sampling and the

subsequent analysis for I3
−. Although there is a possibility that

the concentration of tri-iodide in frozen solution might be
changed after thawing, we assumed that this effect is negligible
in this study. Aqueous photochemical reactions of iodide were
also carried out as a control at 25 °C using the same
experimental setup. The concentration of photogenerated tri-
iodide (I3

−) was determined by measuring the absorbance at
352 nm (εm = 26400 M−1cm−1)23 using a UV−visible
spectrophotometer (Libra S22). The detection limit of this

analysis method is about 0.1 μM of tri-iodide. The absorption
spectrum of oxygen-saturated solution of iodide was obtained
with direct O2 purging in a quartz cell (path length of 1 cm)
sealed with septa.

Figure 1. Iodide oxidation to I3
− in frozen and aqueous solution. (a)

The time profiles of the photogeneration of tri-iodide in the ice phase
(−20 °C) measured at different pH along with the dark control
oxidation of iodide shown. (Inset: UV−visible absorption spectra of
I3
− formed in ice containing [I−]0 = 1 mM, after 2 h of irradiation). (b)

The time profiles of dark production of tri-iodide from a concentrated
iodide solution that was continuously purged with pure O2 or air flow
([I−]0 = 1 M, pHi = 3). (c) UV−visible absorption spectra of iodide
solutions. Dashed lines represent the spectral change of an iodide
solution ([I−]0 = 5 M, pHi = 6.5, air-equilibrated, dark condition) with
time with the accompanying production of I3

−. Note the appearance of
(I−·O2) charge-transfer (CT) complex band in O2-saturated solution
(blue solid line, [I−]0 = 0.1 M). The transmittance of the pyrex filter
employed for photo-experiments was also shown (red solid line) for
comparison.
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Outdoor Experiments. The experiments for iodide photo-
oxidation were also carried out under ambient solar radiation.
The outdoor experiments were conducted in the Antarctic
region, King George Island (62°13′S 58°47′W, sea level) from
December 1 to 17, 2010. Quartz tubes containing the desired
concentration of iodide were frozen in a refrigerator (at −20
°C) before exposing to sunlight. The solidified ice samples were
placed on the surface of ambient snow horizontally for
exposure to incident solar radiation. The irradiated samples
remained solid during the entire exposure to sunlight. Control
photolyses of aqueous samples containing iodide were carried
out simultaneously under the same irradiation conditions. To
prevent the freezing of the aqueous samples under ambient
exposure, we placed the samples on an electrically heated mat
on the snow.
The concentrations of photogenerated I3

− were immediately
determined by UV−visible spectrophotometer after solar
irradiation in the Korea Polar Research Institute (KOPRI)
King Sejong Station (King George Island). The ambient
temperature ranged between −4.5 and 2.3 °C (average
temperature was −3.5 °C during experiments). The integrated
solar irradiance as measured at the King Sejong Station in King
George Island varied from 0.2 to 8.6 W/m2 for UV band of 315
< λ < 380 nm, depending on the angular position of the sun
and the weather condition, with an average intensity of 3.1 W/
m2 during the photo-oxidation experiment (corresponding to
about 9.0 (μeinstein m−2s−1) assuming 350 nm photons). The
snow samples for iodide spiking experiment were collected 100
m far from The King Sejong Station and about 50 m far from
sea ice and seawater. The initial pH of collected snow and
glacier ice after melting was 5.30 and 5.45, respectively. The
glacier ice samples were obtained from drifting icebergs
detached from Marian Cove Glacier, and the outer part of
glacier was removed to eliminate contamination. The collected
snow and glacier were thawed at room temperature and
resolidified after iodide spiking (adding 1 mM iodide) at −20
°C for photolysis under natural solar irradiation.
Gaseous I2 Measurement by Cavity Ring-Down

Spectroscopy. Gaseous iodine molecule was measured by
cavity ring-down spectroscopy (CRDS). The principle of
CRDS and pertinent experimental details (Figure S1) are
described elsewhere,27 and a brief description is given here. The
photo-oxidation of iodide in frozen solution proceeded in a
Pyrex glass cell (41 mm internal diameter and 54 cm length)
coupled with two valves on both sides of the cell (total volume
=770 ± 10 mL). The glass cell consists of a double pipe. To
minimize possible secondary reactions, we washed the inner
side of the cell with deionized water and methanol before each
experiment and dried. Aqueous NaI solutions ([NaI] = 1, 5, 10,
50, and 100 μM, volume = 50 mL) were prepared by reagent
grade NaI (Sigma-Aldrich, ≥ 99.5%) in 18 MΩ ·cm deionized
water. Deoxygenated water was also used for control experi-
ments. Dissolved oxygen was removed from deionized water by
bubbling nitrogen gas through the water, the concentration of
which was measured with a dissolved oxygen meter. Typical
concentrations of dissolved oxygen were 8.2−8.4 mg/L and
0.0−0.2 mg/L before and after nitrogen gas bubbling,
respectively. Solution pH was adjusted to pH 3 by adding
HCl. The temperature of the inner side of the cell was
regulated by flowing a mixture of ethylene glycol and water
through the outer side of a double pipe cell over the range of
253 to 298 K. The sample solution was filled into the cell at 265
K, and the temperature of the inner side of the cell was

gradually decreased. It took about 40 min for the temperature
of the ice sample to reach 253 K. The temperature of the
sample ice was monitored by a thermocouple, which was
located near the ice surface.
The sample ice (surface area of 145 cm2) kept at 253 K was

illuminated through a Pyrex glass cell by two 20 W fluorescence
lamps (TOSHIBA, FL-20S-BLB, 58 cm length, centered at 365
nm) in a closed-batch reactor. Each lamp was fixed above the
cell. The distance between the center of the lamp and the ice
surface was 7.0(±0.2) cm, and the incident irradiation power
was 8.25(±0.25) mW cm−2, corresponding to about 1.5 × 1016

photons cm−2 s−1. After irradiation for 3 h, the sample ice was
thawed at 298 K. It took about 10 min for the temperature of
the sample solution to reach 298 K, and then the molten
solution was at rest for 15 min to achieve equilibrium. The
CRDS detection region was 18.3(±1) mm above the surface of
the sample solution. The I2 concentration was monitored with a
Nd3+−YAG-pumped dye laser (Lambda Physik, SCANmate) at
532.8 nm for the B3Π−X1Σ+ band. The CRDS measurements
of gaseous I2 were usually carried out after thawing the ice at
298 K. In a separate control experiment, I2 was measured both
before and after melting the ice to investigate whether gaseous
I2 is emitted over the frozen state at 253 K. The measurement
was performed immediately after two valves on both sides of
the reactor cell were opened, and no apparent sign of I2 loss
was observed during the measurement. The I2 signal baseline
was taken at the same wavelength after refreshing the cell
completely by N2(g) flow. The detection limit of I2 was
estimated to be 1.5 × 1010 molecules cm−3. All photochemical
reactions and measurements were performed at atmospheric
pressure. The pressure in the cell was monitored by a pressure
gauge.

Modeling. We use the multiphase model, CON-AIR
(condensed-phase-to-air transfer model).28,29 The model treats
the coupling of ice photochemistry (i.e., in the brine layer
(BL)), and atmospheric boundary layer and condensed-phase
chemistry. The model is composed of reactions involving O, H,
C, N, S, Cl, Br, and I, incorporating heterogeneous uptake,
halogen recycling on deliquesced airborne sea-salt aerosols, and
wet−dry deposition. Full model details with a list of the
condensed-phase reactions, phase-transfer processes, and
photochemical reactions used in the model can be found
elsewhere.28,29 A list of BL reactions and the Henryś law
constants included in the model is included in Table S1 and S2.
The dependence of the Henry’s law constants on the salinity
was not considered due to the lack of the experimental data.
Halogen species exchange between the BL and gas phase is
treated via phase equilibration as well onto the sea-ice surface.
The solubility of species is taken into account by including a
diurnal variation of the typical temperature profile during polar
springtime (i.e., ∼260 ≤ T/K ≤ ∼270).30 CON-AIR is
parametrized with [I−]0 = 1.3 × 10−7 M; a BL thickness of
500 μm; volumetric =1.14 × 10−6 (cm3 (BL)/cm3 (atmos-
phere), [O2](sea ice) = 1 × 10−4 M,31 which is applied to
aqueous-phase reaction rates; and the first-order transfer rate
constant, kt = 1.25 × 10−5 s−132,33 and the dimensionless
Henry’s law constant (H′ = HRT, H is a species’ Henry’s law
constant, R is the gas constant, 0.08206 L atm K‑1 mol‑1 and T
is the temperature (K) are used to quantify the rate of transfer
of species from the BL to the atmosphere via k(BL→atmosphere) =
(kt × [species concentration])/(H′).28,29 We have imple-
mented in CON-AIR the experimentally derived reaction 1
(vide infra) and the equilibrium between tri-iodide and I2. For a
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detailed description of CON-AIR, please refer to the previous
studies.28,29 This allows us to study the effect of the proposed
mechanism, under a range of aqueous iodide concentrations
and pH values, on the release of active iodine to the
atmosphere and the resulting contribution to iodine levels in
the polar boundary layer.

■ RESULTS AND DISCUSSION
Iodide Oxidation to Tri-iodide in Various Conditions.

Iodide can be oxidized to tri-iodide slowly in the presence of O2
in acidic condition through reaction 1.25,34

+ + → ++ − −O (aq) 4H 6I 2H O 2I2 2 3 (1)

The rate constant of reaction 1 was first measured in ambient
aqueous solution and determined to be 2.16 × 10−2 (mol−2·L2·
s−1) (see Table S3 and Figure S2 for details). We found that the
oxidative formation of tri-iodide (reaction 1), which occurs
extremely slowly in aqueous solution, is significantly accelerated
in the frozen solution (both under dark and photo-irradiation
conditions) (see Figure 1a). The inset (Figure 1a) clearly
shows the appearance of the tri-iodide peak, which has two
absorption bands centered at 288 and 352 nm (with molar
absorption coefficients of 40 000 and 26 400 M−1cm−1,
respectively). To confirm the occurrence of reaction 1 even
in the absence of light, we monitored the absorbance band (at
352 nm) as a function of time under dark condition in a highly
concentrated iodide solution (1 M): Figure 1b shows that the
tri-iodide absorbance gradually increased with time, which
indicates that I3

− is generated in situ as a result of the reaction
between iodide and dissolved O2. The oxygen purging of the
iodide solution further accelerated the production of tri-iodide
(Figure 1b), which confirms the role of O2 in reaction 1.
However, reaction 1 is negligible in aquatic environmental
conditions, where the iodide concentration is much lower.
Upon observing the enhancement of iodide oxidation in frozen
solution, we systematically studied the iodide activation in ice
medium as a new unknown environmental transformation path
and investigated the oxidation of iodide to tri-iodide (I3

−) in ice
and the subsequent emission of gaseous I2 to the gas phase.
Table 1 summarizes the production of I3

− in aqueous
solution and ice under different experimental conditions (i.e., in
the presence and absence of light and O2, various pH, and solar
radiation in the polar environment): the formation of I3

− in ice
was significantly accelerated in all tested conditions compared
to those in the liquid state. The production of tri-iodide was
observed in ice even in the dark acidic condition, whereas that
in aqueous solution was negligible below the detection limit.
Under solar irradiation (λ > 300 nm), the rate of tri-iodide
formation was significantly enhanced in ice, although iodide

ions do not absorb light in this wavelength region (Figure 1c).
Although the photogeneration of tri-iodide (under solar-
simulating condition) gradually decreased from pH 3 to pH
6, the enhanced production of tri-iodide in the ice phase was
still observed over a wide range of pH (3−9) (Figure 2). In the

absence of light, the generation of tri-iodide in ice exhibited a
similar pH dependence although the dark production rates
were much lower than the photoproduction rates. The ice-
induced production of I3

− under dark was about seven times
lower than that under light irradiation (at pH 3) and became
insignificant above pH 6.
The dissolved gas (air, N2, and O2) also critically influenced

the photo-oxidation of iodide as shown in Table 1. Because the
efficiency of iodine atom formation via photoexcitation of

Table 1. Production of I3
− (μM) in Aqueous Solution and Ice

Experimental conditions: [I−]0 = 1 mM, 6 h of irradiation; snow and glacier samples were also spiked with 1 mM iodide. †Type of dissolved gas prior
to freezing. *O2 or N2 was purged for 30 min before freezing and irradiation. ‡DW: distilled water. nd: not detected

Figure 2. Generation of I3
− at various pH range in aqueous solution at

25 °C (black bar) and in ice at −20 °C (red bar). (a) Under light
irradiation (λ > 300 nm) and (b) in the dark; [I−]0 = 1 mM, reaction
time 6 h.
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iodide ion is highly enhanced in the presence of a suitable
electron acceptor such as dioxygen,35 the photo-oxidation of
iodide was negligible in both aqueous and frozen solutions in
the absence of O2. The photogeneration of tri-iodide in
aqueous solution was markedly enhanced in oxygen-saturated
conditions in an acidic environment, which confirms the role of
dioxygen in the photo-oxidation of iodide. However, it is noted
that there was no significant change of tri-iodide formation
between air-equilibrated and O2-saturated conditions in the ice
phase, which implies that O2 is saturated in ice-grain boundaries
even in air-saturated conditions. Previous studies also showed a
similar result indicating that the dissolved O2 can be
accumulated in the ice-grain boundary upon freezing.14,24

The photo-oxidation of iodide was also investigated as a
function of initial iodide concentration in ice phase at acidic pH
range (Figure 3). The generation of tri-iodide in ice gradually

increased with increasing initial concentration of iodide and was
more efficient at lower pH condition in the whole
concentration range tested. We also carried out the iodide
photo-oxidation experiments at various temperature (−10, −20,
and −30 °C), which are shown in Figure S3. A similar
enhancement of iodide oxidation was observed at different
freezing temperatures, and we did not observe any formation of
KI precipitates during the experiments.
Mechanism for Enhanced Oxidation of Iodide in Ice.

At lower pH and higher iodide concentrations, the generation
of tri-iodide in ice is higher (Figures 2 and 3). The observed
accelerated generation of tri-iodide in illuminated and dark ice
conditions can be ascribed to the freeze concentration effect of
iodide and O2 (in reaction 1) at ice grain−surface boundaries.
The local concentration of solutes in the ice-grain boundary
region can be enhanced by several orders of magnitude from
their respective aqueous concentrations.36−38 Reaction 1 is
negligible in diluted aqueous solutions but can be markedly
accelerated in high concentrations found in the ice grain
boundary region. Furthermore, the elevated local concen-
trations of substrates in the ice grain boundary region may
affect the photochemical kinetics and mechanisms.36,39 Our
results show that the photogeneration of tri-iodide in ice was
higher at lower pH (as shown in Figures 1a and 2a), because
reaction 1 is favored under acidic condition.

Although iodide itself does not absorb in the wavelength
region of λ > 300 nm (Figure 1c), it can form a charge-transfer
(CT) complex with O2 (I

−·O2).
40 The absorption spectrum of

a concentrated iodide solution is different between the air-
saturated and O2-saturated condition (Figure 1c): a new
absorption band at 280−330 nm appeared in an O2-saturated
solution (see Figure S4 for detailed spectrum), which agrees
with the reported absorption spectrum of the CT complex (I−·
O2) in aqueous solution.40 The CT complexation (enabling the
light absorption above 300 nm) should be enhanced in the ice-
grain boundary region, where both iodide and dioxygen can be
concentrated, which subsequently accelerates the photoinduced
oxidation of iodide (via reaction 2). In the presence of excess
iodide in the grain boundary, an I atom recombines with I− to
produce I2

− at a diffusion-limited rate, which subsequently
generates tri-iodide through disproportionation (reactions 3
and 4).41 In the confined environment of ice grain boundary,
the bimolecular reactions among various reactive iodine species
(I, I2

−, I3
−) and O2 might be highly accelerated, which is

associated with the marked photoeffect observed in iodide
oxidation in ice.

+ → · → · +− − −I O (I O ) I O2 2 2 (2)

· + →− −I I I2 (3)

+ → +− − − −I I I I2 2 3 (4)

Verification of Freeze Concentration Effect. To
investigate the concentration effect of iodide and protons on
the photo-oxidation kinetics of iodide, we monitored the
formation of tri-iodide in the aqueous phase via elevating the
concentration of either iodide or proton (lowering pH) (Figure
4). The generation of tri-iodide in aqueous solution was

markedly enhanced when the iodide concentration is increased
100-fold (1 mM → 100 mM) or the proton concentration was
increased 100-fold (pH 3 → pH 1). Hence, although the iodide
photo-oxidation in aqueous solution at 1 mM and pH 3 is
negligible, its kinetics in ice are significantly enhanced.

Direct Detection of Gaseous I2 with CRDS. The
production of tri-iodide implies the presence of I2 that should
be in equilibrium with tri-iodide (I2 + I− ↔ I3

−: K = 700).35,42

The I2 molecule generated in ice can be released to the
headspace. In laboratory experiments, the release of gaseous I2
emitted from the irradiated frozen solution was directly
detected by cavity ring-down spectroscopy (CRDS) (Figure

Figure 3. Photo-induced production of I3
− from iodide oxidation in

ice. The tri-iodide concentration generated after 6 h of solar-simulating
irradiation in the ice phase (−20 °C) was measured as a function of
the initial iodide concentration and pH.

Figure 4. Effects of pH and iodide concentration on the photo-
oxidation of iodide in aqueous solution and ice.
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5a). The results show that the concentration of gaseous I2
linearly increased with increasing iodide concentration (Figure
5b). The photogeneration of I2 was observed in the irradiated
frozen solution containing iodide as low as 1 μM (or about 0.1
ppm), which is close to a lower detection limit. The I2
concentration produced at [I−] < 1 μM could not be quantified.

The effects of O2, photoirradiation, and freezing on the
generation of gaseous I2 are compared in Figure 5c, which
reconfirms that the freezing process and the presence of O2 are
critical for the production of I2. Although the in situ generated
I2 might react with other halide species such as chloride and
bromide, it does not seem to be significant. Note that the
photogeneration of I2 (Figure 5c) was measured in the
presence of excess amount of chloride (1 mM HCl, 100 fold
higher than the iodide concentration). An additional control
test in the presence of 1 mM Br− (in the condition of Figure
5c) did not reduce the I2 emission at all.
In a separate set of experiments, the concentration of gaseous

I2 was measured at the frozen state (irradiated for 3 h, [I−]0 =
10 μM) at 253 K, then clean N2 gas purged the reactor to clear
out I2. It took about 10 min for the irradiated ice to thaw at 298
K under dark conditions. After the molten solution was
equilibrated for 15 min, gaseous I2 was measured again. The
emission of gaseous I2 was observed both before and after
thawing the ice, which yielded the concentration of 3.8(±1.6)
and 3.9(±1.2) ( × 1012 molecules cm−3), respectively. This
observation implies that the gaseous I2 can be emitted directly
over the irradiated ice and snow containing iodide even without
melting the frozen media, which can also explain IO
observation in inner Antarctica, where no surface melt
occurs.43,44 Moreover, this also implies that the in-situ-
generated I2 can diffuse successfully through the ice-grain
boundaries to the air above the ice surface.
Incidentally, the I2 emission flux from the irradiated ice

surface is roughly estimated as an example at specific
experimental conditions (Figure 5c: pHi = 3, [I−]0 = 10 μM,
air-equilibrated ice at 253 K, assuming that the production rate
of I2 is linear during the 3 h irradiation): the calculated
photogeneration flux of I2 in the CRDS reactor is 2.8 × 109

molecules cm−2 s−1. Although this number should not be taken
as an index for a real polar I2 emission flux (because the
laboratory experimental condition has much higher [I−] and
UV flux and lower pH than those of the natural polar
condition), it may provide an upper limit. However, the flux of
I2 emission via the dark aqueous reaction at 298 K (reaction 1)
can be estimated on the basis of the experimentally determined
rate law (see Table S3 and Figure S2) and the assumption that
the production rate of I2 is equal to that of I3

− and all I2
molecules are fully volatilized to the gas phase. The calculated
I2 flux under the dark aqueous condition in the same CRDS
reactor would be 6.3 × 106 molecules cm−2 s−1, which is lower
by 3 orders of magnitude than the above-mentioned photo-
generated flux of I2.

Outdoor Experiments. Finally, the photo-oxidation of
iodide (spiked into the molten snow and glacier samples) was
investigated in the Antarctic region (King George Island,
62°13′N, 58°47′E) to confirm the laboratory-observed
phenomenon under Antarctic solar radiation. The field
experiments were carried out using the frozen solutions of
iodide (in distilled water) and the refrozen solutions of molten
snow and glacier (spiked with iodide), both of which were
irradiated under the same Antarctic solar condition (Table 1).
The outdoor experiments confirmed the laboratory results. The
frozen samples irradiated under the Antarctic sun generated a
significant amount of tri-iodide and I2 (also confirmed by the
appearance of the brownish color), which was more efficient at
lower pH and higher iodide concentration.

Multiphase Modeling. We next incorporated the exper-
imentally derived rate constant of reaction 1 into a multiphase

Figure 5. Detection of gaseous I2 by CRDS. (a) CRD spectrum of
gaseous I2 formed as a result of iodide photo-oxidation in frozen NaI
solution (10 μM, pHi = 3) for 3 h at 253 K. The spectrum was
measured after the frozen solution was thawed (at 298 K). (Red line)
I2 absorption cross-section reported in the literature.48 (b)
Concentration of gaseous I2 emitted (after thawing) from the frozen
iodide solution irradiated for 3 h at 253 K as a function of the iodide
concentration before freezing. The 3σ detection limit of I2 (σ: the
standard deviation of the baseline noise) was estimated to be 1.5 ×
1010 molecules cm−3, which corresponded to the case of [I−]0 = 0.8
μM under the present experimental condition. (c) Comparison of
I2(g) concentrations under various experimental conditions (pHi = 3,
[I−]0 = 10 μM, ice temperature at 253 K, equilibrium temperature after
thawing at 298 K).
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model28,29 that considered the iodide oxidation and the
reactions among active halogen species within the ice-grain
boundary and its associated air-condensed phase equilibrium to
calculate the effect of the proposed mechanism upon the gas-
phase levels of iodine in the polar atmosphere. Competition
between chloride, bromide, and iodide is quantitatively
expressed in CON-AIR.28,29 To show that the model replicates
the laboratory experimental data, we conducted a modeling
exercise to reproduce the range of I2 production in the CRDS
reactor condition ([I−]0 = 1 to 10 μM), which indeed exhibits a
good match (with Figure 5b) as shown in Figure S5.
The model results indicate that the photo-oxidation of iodide

in ice, and the subsequent phase equilibration of I2, produces
the following gas phase IO levels under typical springtime
Antarctic irradiation conditions: 0.25 pptv and 1.5 pptv with
[I−]0 = 10 nM at pH 6 and 3, respectively; 0.5 pptv and 2.5
pptv with [I−]0 = 130 nM for pH 6 and 3, respectively. These
model results were obtained with a modeling framework based
on available experimentally- and field-derived data; however,
please note that uncertainties still remain when modeling
processes at the ice−air interface; for instance, on the
concentration effects applied to reaction rates, salinity depend-
ence of Henry’s law coefficients, and brine-layer thickness. This
range of IO concentrations are in agreement with satellite
observations around King George Island.45 The modeled IO
dependence on pH reflects the enhanced production of tri-
iodide at acidic condition, as observed in the laboratory
experiments. The pH of the sea-ice and snowpack at Antarctica
ranges in 4.5−6.5.46 Our results suggest that higher levels of
reactive iodine are expected to be transferred to the gas phase
in regions with higher iodide concentrations. However, we
should mention that the total I2 emission from the solar-
irradiated ice surface in the polar environment is not
comparable (on a global scale) to the total iodine emission
from seawater, considering that the sea surface area is far larger
than the frozen surface on earth.
Environmental Implications. We have shown that the

abiotic oxidation mechanism of iodide to tri-iodide and I2 in the
ice phase, under solar irradiation, leads to the emission of
gaseous reactive iodine. The experimental studies were carried
out with varying the reaction conditions (e.g., pH, light
intensity, iodide concentration, and dissolved gas), and the
observed phenomenon may have significant environmental
implications because iodine compounds can influence the
chemistry and radiative balance of the polar atmosphere. The
modeling calculation done with employing the environmentally
relevant condition confirmed that the proposed iodide
oxidation process can be important in the polar environment.
Furthermore, the strong enrichment of iodine in Antarctic
meteorites and snow, which has recently been measured,11,47

might be related with the enhanced production of volatile I2
and IO over the solar-irradiated ice. Freezing-induced chemical
reactions involving iodine compounds, which have not been
recognized before, may have significant impacts on polar
environments. This kind of phenomenon might be extended to
other halide species concentrated in brine channels in sea ice
and should be further investigated.
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