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ABSTRACT: The bioavailable iron is essential for all living organisms, and the
dissolution of iron oxide contained in dust and soil is one of the major sources of
bioavailable iron in nature. Iodine in the polar atmosphere is related to ozone
depletion, mercury oxidation, and cloud condensation nuclei formation. Here we
show that the chemical reaction between iron oxides and iodide (I−) is markedly
accelerated to produce bioavailable iron (Fe(II)aq) and tri-iodide (I3

−: evaporable in
the form of I2) in frozen solution (both with and without light irradiation), while it
is negligible in aqueous phase. The freeze-enhanced production of Fe(II)aq and tri-
iodide is ascribed to the freeze concentration of iron oxides, iodides, and protons in
the ice grain boundaries. The outdoor experiments carried out in midlatitude during
a winter day (Pohang, Korea: 36°0′ N, 129°19′ E) and in an Antarctic environment
(King George Island: 62°13′ S 58°47′ W) also showed the enhanced generation of
Fe(II)aq and tri-iodide in ice. This study proposes a previously unknown abiotic
mechanism and source of bioavailable iron and active iodine species in the polar environment. The pulse input of bioavailable
iron and reactive iodine when ice melts may influence the oceanic primary production and CCN formation.

■ INTRODUCTION

Iron is an essential micronutrient for living organisms and plays
an important role in various phytoplankton metabolisms.1,2 In
particular, oceanic primary productivity is limited by
bioavailable iron (mainly ferrous species, Fe(II)) in several
oceans including the Southern Ocean, which has low
phytoplankton production despite the abundant nutrients
(HNLC regions: high nutrient low chlorophyll).3,4 Since the
“iron hypothesis” was first proposed by Martin and co-
workers,3,5 various iron fertilization experiments ranging from
incubation experiments to mesoscale iron enrichment experi-
ments have been carried out. These experiments have revealed
that the iron supply stimulates ocean primary production
which is followed by atmospheric carbon sequestration
through the biological carbon pump.6,7 It is also known that
one of the dominant iron sources to the open ocean is aeolian
transport of dusts (containing iron) from the desert areas.8

The speciation, solubility, and bioavailability of iron in the
oceanic environment are controlled by chemical complexation
with organic compounds and photochemical redox processes.
The particulate iron (oxyhydr)oxides, which cannot be directly
used by phytoplankton, can be transformed to bioavailable
forms of iron through photochemical reactions in the ocean.9

It has been also observed that the photochemical dissolution of
iron oxides is enhanced in the presence of various organic
compounds.10

The importance of iodine in the troposphere has been
intensively studied due to its role in catalytic ozone
depletion.11 In addition to ozone destruction, iodine also
plays important roles in (i) atmospheric oxidizing capacity by
removing various organic and inorganic compounds,12 (ii)
generation of ultrafine aerosol particles as cloud condensation
nuclei (CCN),13 (iii) depletion of gaseous elemental mercury
(Hg0) via oxidation to Hg(II),11 and (iv) perturbation of HOx
and NOx ratio in midlatitudes marine boundary layer
(MBL).11,14 High concentrations (up to 20 pptv) of iodine
oxide (IO) have been detected by ground- and satellite-based
measurements in a coastal Antarctic region during spring
time.12 Furthermore, a remarkable 3-fold increase in Arctic
atmospheric iodine levels has recently been reported for the
period 1950−2011.15 Although the environmental impacts of
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atmospheric iodine are subject to intensive research via field
measurements, laboratory, and theoretical studies, the plausible
production mechanisms of iodine in polar environment are still
unclear.16 Iodine is also suggested to be a potential proxy for
past sea ice extent reconstructions.17 However, the chemical
transformation of iodine compounds during transport and after
deposition on the ice media is not well-known. Understanding
chemical transformation of iodine compounds in ice is
essential to explain the relationship between iodine recorded
in ice cores and paleo sea ice extent or glacial/interglacial
variations.
It has been gradually revealed that ice and snow play a

significant role as active media for environmental chemical
processes such as photochemical, redox, and biological
reactions.18−24 The chemical processes involving organic and
inorganic species in the frozen environment are thought to be
quite different from their aqueous counterparts, and several
reactions are significantly accelerated in the ice media. For
example, the dissolution of metal oxide particles19,25 and the
reduction of Cr(VI) by organic acids20/H2O2

26/NO2
− 27 are

highly enhanced in the frozen solutions. The photochemical
(or dark) transformation of iodide ions to tri-iodide (I3

−) and
gaseous molecular iodine (I2) is also highly enhanced in the ice
phase.28 It is generally thought that the accelerated chemical
reactions in frozen solutions are caused by the freeze
concentration effect in ice grain boundaries where organic or
inorganic substrates are superconcentrated.29

Ice edge algal bloom during polar spring time has been
observed and input of iron from melting sea ice is regarded as
one of the major regulating factors.30 Atmospheric mineral
dusts containing iron oxide are transported and deposited on
snow/ice layer on sea ice, and the concentration of iron in sea
ice is much higher (up to several μM) relative to ice-free
waters.31 Furthermore, iodide exists in seawater at the
concentration of tens to hundreds nM.32 When seawater
freezes, the iodide ions and biologically produced iodine
species can be concentrated on the surface of sea ice.
Considering that the dissolution of iron oxides in ice is
sensitively affected by the presence and kind of various organic
and inorganic species,19,33,34 the reaction between iron oxides
and iodide in ice may play an important role. Here we
investigated the reductive dissolution of iron oxide to
bioavailable iron (Fe(II)aq) and the concurrent oxidation of
iodide to reactive iodine species (I3

−, I2) in aqueous35 and
frozen solutions to reveal a previously unrecognized chemical
transformation in the ice media.

■ MATERIALS AND METHODS
Materials. The synthesis and characterization of optically

transparent α-Fe2O3 colloid are described in a previous
paper.19 Other commercially available iron oxides of hematite
(α-Fe2O3, Bayferrox 105 M, LANXESS, BET surface area 6
m2/g), maghemite (γ-Fe2O3, Aldrich, BET surface area 36 m2/
g), goethite (α-FeOOH, Aldrich, BET surface area 178 m2/g),
lepidocrocite (γ-FeOOH, Bayferrox 943, LANXESS, BET
surface area 75 m2/g), and magnetite (Fe3O4, Aldrich, BET
surface area 50 m2/g) were also used and compared with the
colloidal hematite for the iron dissolution reactions. Arizona
test dust (AZTD) containing 2−5% of Fe2O3 was employed as
a proxy of natural mineral dust. Detailed information on
AZTD can be found at www.powdertechnologyinc.com.
Commercial iron oxide samples were ground into fine powder
before preparing the stock aqueous suspension to enhance the

dispersion. KI (99.5%, Samchun Chemical) was used as the
iodide source. Argon gas (Linde Korea, 99.999% purity) was
used as a purging gas when the dissolved O2 was removed.
Ultrapure deionized water (18 MΩ·cm) prepared by a
Barnstead purification system was used in all experiments.

Photolysis. The detailed freezing and photolysis methods
are described in our previous works.19 To put it briefly, the
samples containing colloidal hematite or various commercial
iron oxides with iodide were placed in 12 × 125 mm quartz
tubes, sealed with septa, and located in a merry-go-round
photolysis reactor. The reactor was immersed into the
cryogenic ethanol bath cooled at −5 °C. The temperature of
cryogenic bath was gradually lowered to −20 °C within 20 min
in order to prevent the breakage of the quartz tubes. A 100-W
mercury lamp (Ace Glass Inc.) was used as a major UV
irradiation source, and the lamp was placed in a double-jacket
Pyrex well (cooled by ethanol circulation through the jacket)
to prevent the direct contact between the lamp surface and the
frozen solution. Irradiation wavelengths shorter than 300 nm
were filtered by the Pyrex jacket surrounding the mercury
lamp. After freeze solidification of the samples, the mercury
lamp with Pyrex jacket was immersed in the cryogenic ethanol
bath to start ice photochemical reaction. Aqueous photo-
chemical reactions of iron oxides with iodide were also carried
out as a control at 25 °C using the same experimental setup.
For the photochemical experiments in deaerated condition, the
sample tubes were purged with argon gas for 30 min prior to
light irradiation. The light intensities absorbed by the aqueous
and frozen samples were measured by the ferrioxalate
actinometry method. Although the incident light flux from
the mercury lamp should be the same, the intensities of the UV
light absorbed by the aqueous and ice samples (λ > 300 nm)
were 52.9 and 23.4 mW cm−2 (3.4 × 10−4 and 1.5 × 10−4

einstein min−1 L−1), respectively. It should be noted that the
light intensity absorbed by the frozen sample should be taken
only as a rough estimate.36 The measured value of light
intensity in ice phase has some uncertainty because the
ferrioxlate actinometry is mainly recommended for liquid
phase.37

Dark Reaction. A conical centrifuge tube of 15 mL was
used as a main reactor for the dark reactions. The samples
containing colloidal hematite or commercial iron oxide with
iodide were solidified in the cryogenic ethanol bath cooled at
−20 °C. The aqueous samples were solidified within 20−30
min. Therefore, defining the time zero (“t = 0”) in the reaction
kinetic measurements was ambiguous. In this study, the time
zero indicates the point when the aqueous sample was placed
into the cryogenic ethanol bath precooled at the desired
reaction temperature (−20 °C). Aqueous reactions of iron
oxides with iodide were also carried out as a control at 25 °C
using the same experimental setup. After reaction, the frozen
samples were thawed usually within 5 min in a beaker
containing lukewarm water (30−40 °C). All reactions were
repeated at least three times to confirm the reproducibility.

Analysis. The concentration of Fe(II)aq was measured
spectrophotometrically by using the ferrozine or 1,10-
phenanthroline method,19 and the total dissolved iron (Fe2+

and Fe3+) was quantified by the same method following the
chemical reduction of Fe(III)aq to Fe(II)aq. We also measured
the total dissolved iron (Fe2+ and Fe3+) concentrations by
atomic absorption spectroscopy (AAS, SpectrAA-800) to
confirm that the above spectrophotometric method and the
AA analysis attain the identical results. The concentration of
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I3
− was determined by measuring the absorbance at 352 nm

(εm = 26,400 M−1 cm−1) using a UV/visible spectropho-
tometer (Libra S22).
Outdoor Experiments. The outdoor experiments were

carried out on the roof of the Environmental Engineering
building at POSTECH (Pohang, Korea: 36°00′ N, 129°19′ E)
between 9 a.m. and 2 p.m. under clear or partly cloudy sky
conditions in January (winter season). The solar light intensity
was recorded every minute by using a pyranometer (apogee,
PYR-P), and a daily average varied from 20 to 51 mW cm−2.
The ambient temperature ranged between −3.7 and 1.9 °C.
The same 12 × 125 mm quartz tubes that were used in the
laboratory experiments were also used as a reactor for the
outdoor experiments. Quartz tubes containing the desired
concentrations of iron oxide and iodide were frozen in an
ethanol bath before exposing to sunlight. The frozen samples
are placed on the precooled ice pack to keep the samples from
melting during the experiments. The control photolysis of
aqueous samples was carried out simultaneously under the
same irradiation conditions, and the aqueous samples were
placed on an electrically heated mat to prevent the freezing of
them. The concentrations of photogenerated Fe(II)aq and I3

−

were immediately determined by a UV/visible spectropho-
tometer after solar irradiation. We also carried out the same
solar experiments in the Antarctic region, the King Sejong
Station, King George Island (62°13′ S 58°47′ W, sea level)
from December 15 to 24, 2013. The ambient temperature
ranged between −5.5 and 1.7 °C (an average of −3.6 °C). The
integrated solar irradiance measured at the King Sejong Station
varied from 0.08 to 0.97 mW cm−2 for a UV band of 315 < λ <
380 nm. The quartz tubes containing desired concentrations of
iron oxides and iodide in distilled water were frozen in a
refrigerator cooled at −20 °C prior to natural solar irradiation.
It took about 1 h for full solidification of samples.

■ RESULTS AND DISCUSSION

Enhanced Photochemical Production of Fe(II) aq and
Triiodide in Ice. We carried out a series of photoreactions of
iron oxides and iodide with monitoring the photoreductive
dissolution of Fe(II)aq from iron oxides and the accompanying
oxidation of iodide to triiodide. The production of both
Fe(II)aq and I3

− was significantly accelerated in the ice phase
while negligible in the aqueous solution (Figure 1a).

α‐ + + → + +− + + −Fe O 3I 6H 2Fe I 3H O2 3
2

3 2 (1)

Although hematite (α-Fe2O3) can be reductively dissolved
under extremely high concentrations of iodide and protons at
high temperature (353 K)38 in aqueous solution (eq 1), the
reaction was negligible in the present aqueous condition
(lower concentrations of proton, iron, and iodide, lower
temperature). The reaction was apparently accelerated in the
frozen solution with producing Fe2+ and I3

− at a 2:1 molar
ratio, which is close to the eq 1 stoichiometry. Incidentally, the
possible photodissolution of Fe3+ species from hematite was
checked by comparing the total dissolved iron concentration
([Fe2+] + [Fe3+]) with [Fe(II)aq]: most dissolved iron was
Fe2+, and the production of Fe3+ species was negligible.
Therefore, the dissolved iron species is a result of reductive
dissolution of iron oxide. Figure 1b shows that Fe(II)aq
production in ice gradually increased with increasing the
concentration of iodide. As for the pH effect, the photo-
reductive production of Fe(II)aq in both aqueous solution and

ice was higher at lower pH value10 (SI Figure S1a) which is in
accord with eq 1. Fe(II)aq formation was insignificant above
pH 5. On the other hand, I3

− formation via photooxidation of
iodide was also faster with lower pH but slightly reduced at pH
2 (Figure S1b). Unlike the case of Fe(II)aq formation, the
photooxidative formation of I3

− was still observed above pH 5,
which reconfirms the recent study of photooxidation of iodide
in ice.28 It is well-known that I3

− has equilibrium with I2 in the
presence of I− (I2 + I− ↔ I3

−: K = 700), and the detection of
I3
− implies the presence of I2. The chemical equilibrium for the

hydration of pyruvic acid was also observed in frozen state.39

The spontaneous conversion of I3
− to I2 in frozen solution and

the subsequent evaporation of I2 to the gas phase over the ice
were detected by cavity ring-down spectroscopy (CRDS).28

We also monitored the possible production of oxyanions such
as IO3

− and IO4
− that can be generated from the oxidation of

I− using ion chromatography, but no generation of such
oxyanions (within their detection limit of about 0.5 μM) was
observed.
To evaluate the role of dioxygen, the photoreactions of

hematite and iodide were compared between aerated and
deaerated conditions (SI Figure S2). The production of Fe(II)
was enhanced in ice both with and without dissolved O2. The
Fe(II)aq formation via photodissolution of hematite should be
hindered in the aerated condition since dioxygen can reoxidize
the reduced Fe(II)surf or scavenge the conduction band
electrons in iron oxide particles.40 However, it is interesting
to note that the inhibiting effect of O2 on the hematite
photodissolution was much lower in ice than that in the

Figure 1. (a) Time profile of the simultaneous generation of Fe(II)aq
and I3

− in the UV-irradiated (λ > 300 nm) colloidal solution of
hematite and I− in aqueous phase (at 25 °C) or in ice (at −20 °C).
(b) Production of Fe(II)aq from photoreductive dissolution of
hematite with different concentrations of iodide contained in ice at
−20 °C (after 6 h reaction). Experimental conditions: [α-Fe2O3] = 8
mg/L, [I−]i = 500 μM (for a), pHi = 3.
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aqueous phase. This implies that the iron dissolution reaction
(eq 1) is strongly favored with concentrated reagents (e.g., I−)
in the ice grain boundary, and the hindering effect of O2 is
much limited in ice compared with that in the aqueous
solution. On the contrary, the concurrent photooxidation of
iodide to I3

− was highly accelerated in the presence of O2 in
both aqueous solution and ice since iodide can be directly
oxidized by O2 (eq 2).28

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

The photooxidation of iodide to triiodide is negligible in the
absence of O2 in both aqueous and frozen solutions containing
the iodide only.28 However, the present result shows that this
anoxic mechanism of iodide photooxidation is enabled in the
presence of hematite (SI Figure S2b). This implies that the
photoactivation of iodide is possible even in O2-free (or O2-
deficient) environmental conditions as long as iron oxide is
available.
Enhanced Production of Fe(II)aq and Triiodide under

Dark Conditions. The reaction of hematite and iodide was
also tested in the absence of light. Figure 2 shows that the dark

redox reaction induced a significant production of Fe(II)aq and
I3

− in the ice phase (though much slower than the
photochemical counterpart shown in Figure 1a), while that
in aqueous solution was negligible. The final molar ratio of
[Fe(II)aq] and [I3

−] after 96 h reaction was close to the
stoichiometric ratio of 2:1 as in the case of a photochemical
reaction (see Figure 1a).
The simultaneous redox conversion of iron oxide and iodide

in ice under dark conditions was also tested using various types

of iron oxides (commercially available powder) which have
different characteristics such as particle size, surface area, and
crystallinity [hematite (α-Fe2O3), maghemite (γ-Fe2O3),
goethite (α-FeOOH), lepidocrocite (γ-FeOOH), and magnet-
ite (Fe3O4)]. The results are summarized in Table 1. The

production of Fe(II)aq and I3
− under the dark was markedly

enhanced in the ice phase regardless of the kind of iron oxides.
We also investigated the pH dependence of Fe(II)aq and I3

−

production under dark conditions (SI Figure S3). The
formation of both Fe(II)aq and I3

− was enhanced in ice
phase and decreased with increasing pH. The generation of
Fe(II)aq was negligible above pH 5 even in ice phase. This
trend is coincident with the previous finding.33

Comparison with the Single Component Freezing
Systems. We compared the production of Fe(II)aq or I3

− in
ice between the single component (γ-Fe2O3 or iodide only)
and the dual (γ-Fe2O3 + iodide) components systems (SI
Table S1). The production of Fe(II)aq from iron oxide in ice
was significantly accelerated in the presence of iodide (the dual
components) compared to the case of iron oxide only (the
single component) in both dark and irradiated conditions. UV
irradiation enhanced the reductive dissolution rate of γ-Fe2O3
by iodide in ice about 12 times (initial dissolution rates under
dark and UV irradiation are 3.75 μM/h and 45 μM/h,
respectively) compared to that under dark conditions.
However, it seems that the iodide oxidation was not apparently
enhanced by the presence of γ-Fe2O3 in ice. This implies that
triiodide ions are adsorbed or further decomposed back to
iodide on γ-Fe2O3. The photochemical oxidation of iodide in
ice was also accelerated both in the presence and absence of
iron oxide.

Freeze Concentration Effect and Reaction Mecha-
nism. Accelerated chemical reactions in ice are mainly
attributed to the freeze concentration effect of reagents in ice
grain boundaries.29,41,42 To investigate this concentration effect
on this photoredox reaction (hematite + iodide) in ice, the
aqueous phase reaction was carried out with higher
concentrations of iodide and proton. The reference reaction
was carried out with [I−] = 0.5 mM and pH 3 in both aqueous
and frozen solutions, which proceeded only in the ice phase
(Figure 3). When either the concentration of [I−] or [H+] in
aqueous solution was raised by 10-fold (from the reference
reaction), the production of Fe(II)aq was also observed in

Figure 2. Time profiles of the simultaneous generation of (a) Fe(II)aq
and (b) I3

− in the colloidal solution of hematite and I− in aqueous
phase (at 25 °C) or in ice (at −20 °C) in the dark. Experimental
conditions: [α-Fe2O3] = 8 mg/L, [I−]i = 500 μM, pHi = 3.

Table 1. Formation of Fe(II)aq via Reductive Dissolution of
Various Types of Iron Oxides and Simultaneous Production
of I3

− from I− Oxidation under Dark Conditionsa

[Fe(II)aq] (μM) [I3
−] (μM)

aq ice aq ice

hematite
(α-Fe2O3)

1.1 ± 0.6 4.8 ± 1.2 0.1 7.8 ± 0.8

maghemite
(γ-Fe2O3)

3.3 ± 0.4 169.1 ± 3.4 0.1 26.8 ± 1.4

goethite
(α-FeOOH)

8.1 ± 1.2 101.1 ± 2.2 0.6 ± 0.3 22.4 ± 0.9

lepidocrocite
(γ-FeOOH)

0.9 ± 0.4 148.4 ± 3.7 0.1 31.6 ± 1.6

magnetite
(Fe3O4)

2.5 ± 0.5 218.7 ± 5.5 0.2 30.9 ± 2.1

aExperimental conditions: [iron oxide] = 0.2 g/L, [I−] = 1 mM, pHi =
3, reaction time 72 h in aqueous solution at 25 °C and in ice at −20
°C.
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aqueous solution although it was still much lower than that in
the ice reference reaction. However, when both [I−] and [H+]
were raised by 10 times ([I−] = 5 mM, pH 2), the production
of Fe(II) in aqueous solution was comparable to or even
higher than that in the ice reference reaction. This implies that
the enhanced reaction of hematite and iodide in ice can be
ascribed to the concentration of reagents in the ice grain
boundary.
The reductive dissolution of hematite by iodide was

previously investigated under extreme conditions (i.e., pH 2,
high concentrations of iodide (0.5−1.56 M), and high
temperature (353 K)) to propose the following rate law (eq
3):37 the first order with respect to proton concentration and
the second order with respect to the concentration of iodide.

= [ ][ ]+ −R k H I 2 (3)

The redox conversion of iron oxide and iodide should require
the surface adsorption (or complexation) of iodide on the
Fe2O3 surface. To verify the adsorption (or complexation) of
I− on the Fe2O3 surface, the attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectra of pure Fe2O3 and I−-
adsorbed Fe2O3 were measured and compared (SI Figure S4).
I− adsorbed on Fe site in Fe2O3 can inhibit the vibration of
Fe−O vibration. The peak at 560 cm−1, which is ascribed to
Fe−O vibration,43 was significantly reduced by I− adsorption.
This result indicates that the adsorption (or complexation) of
I− on the surface of Fe2O3 is favored. The adsorption (or
complexation) of I− on the Fe2O3 surface can be enabled by
electrostatic attraction between I− and the OH2

+ group on
Fe2O3 (outer-sphere surface complex) or ligand exchange
between I− and the OH (or OH2

+) group on Fe2O3 (inner-
sphere surface complex).37 Figure S5 shows a high-resolution
transmission electron microscopy (HRTEM) image, an
energy-dispersive X-ray (EDX) spectrum, and elemental
mapping images of I−-adsorbed Fe2O3. The I peak in the
EDX spectrum reconfirms that I− can be adsorbed on the
surface of Fe2O3. I elemental spots are well scattered and
exactly coincide the Fe and O elemental spots.
The adsorption of I− on the Fe2O3 surface could be followed

by the electron transfer from the adsorbed iodide to the iron
oxide through two mechanisms: (1) the ligand-to-metal charge
transfer (LMCT) from adsorbed iodide to the surface ferric
ion or (2) the photoinduced charge transfer on hematite
working as a photocatalyst. From a LMCT viewpoint, ferric ion

on the hematite surface (noted as ≡Fe(III)) forms an inner-
sphere complex with the adsorbed iodide (eq 4), and the
subsequent LMCT reduces ferric to ferrous species with
oxidizing iodide (eqs 5 and 6). It was previously reported that
the interfacial process can be highly facilitated in the ice grain
boundary region where the concentrations of iron oxide
particles and organic/inorganic molecules/ions are highly
elevated.19,33,34The resulting iodide radical reacts with another
iodide anion to produce diiodine radical (E0(I2/I2·

−) = 0.11 V)
(eq 7), which seems to explain why the overall reaction rate
law is the second order with respect to the concentration of
iodide (eq 3). The reduced surface Fe(II) is then dissolved
into the solution (eq 8), and the diiodine radicals dispropor-
tionate to produce triiodide (eq 9).

≡ + → ≡ ‐ ‐− −Fe(III) I Fe(III) I (inner sphere surface complex)
(4)

≡ ‐ → ≡ ‐ ·−Fe(III) I Fe(II) I (LMCT) (5)

≡ ‐ + → ≡ ‐ ·− hFe(III) I v Fe(II) I (photoinduced LMCT)
(6)

≡ ‐ · + → ≡ +− •− −Fe(II) I I Fe(II) I (I reaction)2 (7)

→ Fe IIFe(II) (surface site) ( ) (desorption)aqsurf (8)

+ → +•− •− − −II I I (disproportionation)32 2 (9)

An alternative mechanism is the semiconductor photocatalysis
where the reductive dissolution of Fe(II)aq and the oxidation of
iodide are caused by the photoinduced transfers of conduction
band (CB) electron and valence band (VB) hole, respectively,
on hematite semiconductor (Eg = 2.2 eV) (eqs 10−13). The
photogenerated CB electrons can reduce lattice Fe(III) to
Fe(II) (eq 11) which is subsequently released into the solution
phase (eq 12). On the other hand, iodide is oxidized to I3

− by
VB holes (eq 13).

+ → +− +h hFe O v e (bandgap excitation)III
2 3 cb vb

(10)

+ →−surface siteFe(III) ( ) e Fe(II) (iron reduction)cb surf
(11)

→surface site Fe IIFe(II) ( ) ( ) (desorption)aqsurf (12)

≡ ‐ + → ≡ ‐ ·

≡ ‐ · + → ≡ +

− +

− •−

hFe(III) I Fe(III) I

Fe(III) I I Fe(III) I (iodide oxidation)

vb

2
(13)

The redox reaction between ferric ions and iodide ions is
thermodynamically spontaneous (eq 14),44 and therefore the
dark reaction can occur without photoactivation.

+ → + =+ − + − E2Fe 3I 2Fe I 1.01 V3 2
3

0
NHE (14)

Accordingly, the stoichiometric molar ratio of Fe2+ and I3
−

production reached 2:1 in the photostationary state (see
Figure 1a). However, in the initial reaction period (<1 h), the
relative concentration of photogenerated Fe(II)aq with respect
to I3

− is significantly lower than the ratio of 2:1. This could be
ascribed to the slow dissolution process of Fe(II)surf from the
iron oxide surface (eq 8).

Solar Experiments. To confirm the applicability to natural
solar irradiation, outdoor experiments were conducted under
natural environmental conditions in midlatitude during a

Figure 3. Effect of [I−] and pH on Fe(II)aq generation via the
photoreductive dissolution of hematite (8 mg/L) in aqueous solutions
(at 25 °C) in comparison with the reference ice phase reaction
performed with [I−] = 0.5 mM and pH 3 (red circles).
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winter day (Pohang, Korea: 36°00′ N, 129°19′ E) (Figure 4).
The simultaneous generation of Fe(II)aq and I3

− was

concurrently accelerated in ice under solar irradiation. The
production of Fe(II)aq and I3

− under solar irradiation
conditions was slightly higher than that in laboratory
conditions using an artificial light source (100 W medium
pressure Hg lamp) (see the Methods section). We also carried
out the solar experiments in an Antarctic environment at King
George Island (62°13′ S 58°47′ W, sea level) (see Figure 5).

The production of Fe(II)aq and I3
− in ice was consistently

higher than that in the aqueous phase regardless of the kind of
iron oxides. Figure 5 compared the production of Fe(II)aq and
I3
− from various iron oxide samples (maghemite, goethite, and

lepidocrocite: the properties summarized in Table S2) after 7 h
of reaction under Antarctic solar irradiation. The production of
Fe(II)aq in ice phase was most closely related with the surface
area of the iron oxide sample, while other properties of iron
oxide such as the surface potential and hydrodynamic diameter
seem to have little correlation with the photoactivity. Goethite
has the highest surface area (178 m2/g) and exhibited the
highest production of Fe(II)aq (87.4 ± 3.0 μM) after 7 h in ice
phase. Maghemite which has the lowest surface area (36 m2/g)
produced the smallest amount of dissolved Fe(II) (27.3 ± 1.0
μM) in ice. Lepidocrocite with a medium surface area (75 m2/
g) showed the medium reactivity (52.7 ± 5.3 μM). Arizona
test dust which contained 2−5% of Fe2O3 also exhibited an
enhanced production of Fe(II)aq in ice phase compared to
aqueous solution. The production of Fe(II)aq should depend
on the surface area of iron oxide because the ferrous species are
dissolved from the surface sites (eqs 8 and 12). On the other
hand, the production of triiodide was much less influenced by
the type of iron oxides in both aqueous and ice phase (Figure
5b), which is consistent with the observation that the iodide
oxidation was not apparently enhanced by the presence of γ-
Fe2O3 in ice (Table S1). The production of triiodide seems to
be little influenced by the iron oxide part. The outdoor
experiments confirm that the photoreaction of iron oxide and
iodide can be accelerated in frozen solutions not only in the
laboratory conditions but also under natural solar irradiation.

Environmental Implications. The reductive dissolution
of iron oxides and the accompanying oxidation of iodide to I3

−

were compared between the aqueous and ice phases. The
redox transformation that produces bioavailable Fe(II)aq and
reactive iodine species (I3

− then I2) proceeded negligibly
slowly in aqueous solution but was significantly accelerated in
frozen solution both under light irradiation and in the dark.
The frozen solution contains iodides, protons, and iron oxide
particles concentrated in ice grain boundaries, which should
accelerate the heterogeneous reactions. The freeze-enhanced
redox reaction of iron oxide and iodide might occur in natural
environments. Although the present experimental finding is
unlikely applicable to seawater conditions because of the high
pH of seawater (between 7.5 and 8.4), atmospheric dust
particles containing iron can travel a long distance and can be
trapped in ice aerosols containing sea salts. The pH of aerosols
can be decreased to pH 1−2 in the presence of organic and
inorganic acids. Acidic aerosols containing iron mineral dusts45

and frozen sea salt aerosols containing iodide are commonly
found in cold environments (atmosphere in polar regions, the
upper troposphere and stratosphere).46 In addition, snow/ice
on frozen sea may contain iron species provided through the
atmospheric transport and deposition of mineral dusts and
iodide supplied by wind-driven seawater droplets. It is also
reported that an acid rock drainage and rock weathering site in
Antarctica provides acidic (pH 3.2−4.5) and iron-rich (up to
1.78 mM Fe) drainage water into the ocean. They also
measured the concentration of dissolved iron in sea ice (1.9
μM−29 μM), which is comparable to our study (50 μM as
total iron).47 The present work suggests that the intrinsic
chemical reactions occurring in the ice phase can have
important environmental implications and therefore need to

Figure 4. Simultaneous production of Fe(II)aq and I3
− in the natural

solar-irradiated solution of hematite and I− in aqueous phase (at 25
°C) or in ice (at −20 °C). Experimental conditions: [α-Fe2O3] = 8
mg/L (50 μM), [I−] = 500 μM, pHi = 3.

Figure 5. Simultaneous production of (a) Fe(II)aq and (b) I3
− in the

solution of iron oxide and I− in aqueous phase (at 25 °C) or in ice (at
−20 °C) under solar irradiation in an Antarctic region (King George
Island, 62°13′ N, 58°47′ E). Experimental conditions: [iron oxide or
Arizona test dust] = 0.2 g/L, [I−] = 1 mM, pHi = 3, 7 h irradiation.
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be further investigated from the microscopic to the global
scale.
We suggest that the concomitant production of active iodine

(I3
−, I2) along with iron reduction in ice may partly contribute

to the abrupt increase of atmospheric iodine concentrations in
the Antarctic spring.12,44 This has implications for CCN
formation and radiative forcing48 as reported in previous
research connecting atmospheric iodine and particle formation
in both the Arctic and Antarctic atmospheres.49

The supply of bioavailable iron plays a critical role in
biogeochemical processes such as enhancement of primary
production in HNLC regions. This work suggests that
particulate iron oxides present in polar aerosols, snow, sea
ice, icebergs, and ice sheets may be quickly converted into the
bioavailable form of iron (Fe(II)aq) through (photo)reductive
dissolution processes. The previously observed high concen-
tration of bioavailable iron and algal bloom near receding ice
might be partially explained by the enhanced reduction of iron
oxides trapped in ice.30 The synergically enhanced production
of bioavailable iron and active iodine species through the
frozen-media transformation path might play a significant role
in the global environmental processes.
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