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Abstract. Iron dissolution from mineral dusts and soil parti-
cles is vital as a source of bioavailable iron in various envi-
ronmental media. In this work, the dissolution of iron oxide
particles trapped in ice was investigated as a new pathway
of iron supply. The dissolution experiments were carried out
in the absence and presence of various organic complexing
ligands under dark condition. In acidic pH conditions (pH
2, 3, and 4), the dissolution of iron oxides was greatly en-
hanced in the ice phase compared to that in water. The dis-
solved iron was mainly in the ferric form, which indicates
that the dissolution is not a reductive process. The extent of
dissolved iron was greatly affected by the kind of organic
complexing ligands and the surface area of iron oxides. The
iron dissolution was most pronounced with high surface area
iron oxides and in the presence of strong iron binding lig-
ands. The enhanced dissolution of iron oxides in ice is mainly
ascribed to the “freeze concentration effect”, which concen-
trates iron oxide particles, organic ligands, and protons in the
liquid like ice grain boundary region and accelerates the dis-
solution of iron oxides. The ice-enhanced dissolution effect
gradually decreased when decreasing the freezing tempera-
ture from−10 to−196◦C, which implies that the presence
and formation of the liquid-like ice grain boundary region
play a critical role. The proposed phenomenon of enhanced
dissolution of iron oxides in ice may provide a new pathway
of bioavailable iron production. The frozen atmospheric ice
with iron-containing dust particles in the upper atmosphere
thaws upon descending and may provide bioavailable iron
upon deposition onto the ocean surface.

1 Introduction

Iron is an essential micronutrient controlling the metabolism
and growth of organisms, an essential element in metalloen-
zymes, and an electron transfer mediator in various biolog-
ical systems (Tortell et al., 1996; Falkowski et al., 1998;
Morel and Price, 2003; Alexova et al., 2011). In the open
ocean, input of iron dominantly comes from the atmospheric
deposition through aeolian dust transport (Jickells et al.,
2005; Mahowald et al., 2005). Iron-containing aeolian dust
particles may serve as efficient ice nuclei (Pruppacher and
Klett, 1997), and thus can be incorporated in atmospheric ice
in the upper troposphere. The frozen atmospheric ice par-
ticles thaw upon descending and provide bioavailable iron
upon deposition onto the ocean surface (Fan et al., 2006).
Iron in aerosol particles is mainly present as iron oxides and
oxyhydroxides and their dissolution process is an essential
mechanism for the production of bioavailable iron. Extensive
works have investigated the dissolution of iron oxides under
both dark and irradiation conditions with changing various
experimental parameters (Rubasinghege et al., 2010; Schw-
ertmann, 1991; Waite and Morel, 1984; Journet et al., 2008;
Shi et al., 2011a, b; Faust and Hoffmann, 1986; Bligh and
Waite, 2010). However, all previous works on iron oxide dis-
solution were carried out in aqueous solution except our re-
cent study which found that the photoreductive dissolution of
iron oxides is highly accelerated in ice under solar irradiation
(Kim et al., 2010).

Chemical reactions taking place in ice can be very differ-
ent from the aqueous counterparts (Takenaka et al., 1992,
1996; Kuo et al., 2011; Kim and Choi, 2011; McNeill et
al., 2012; Guzman et al., 2006, 2007; Boxe and Saiz-Lopez,
2008; Cheng et al., 2010). The differences in reaction are
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Table 1.Summary of the properties of iron oxide samples.

Iron oxide BET specific ζ -potentiala crystallite sizeb hydrodynamic
surface area (m2 g−1) (mV) (nm) diametera (nm)

γ -Fe2O3 (maghemite) 36 32± 1 25± 3 292± 37
α-FeOOH (goethite) 178 25± 1 41± 2 480± 57
Fe3O4 (magnetite) 50 17± 5 25± 2 294± 7
α-Fe2O3 (hematite) 8 12± 6 81± 21 580± 105
γ -FeOOH (lepidocrocite) 75 21± 5 37± 3 297± 42

a Values were measured at pH 3 at which the majority of the experiments were conducted.
b Determined by the Scherrer equation from X-ray diffraction analysis.

mainly ascribed to the “freeze concentration effect”, which
refers to the phenomenon that organic/inorganic solutes, pro-
tons, and dissolved gases are excluded from the ice crys-
tals and subsequently concentrated in the liquid-like grain
boundary region (Takenaka et al., 1996). This work further
advances and generalizes our previous finding of enhanced
photoreductive dissolution of iron oxides in ice (Kim et al.,
2010). The dissolution of iron oxides in ice was investi-
gated under dark condition to find that the dissolution can be
markedly enhanced in ice via a non-reductive process even
in the absence of light.

2 Materials and methods

2.1 Chemicals and materials

Commercial iron oxide particles used in this study in-
clude maghemite (γ -Fe2O3: Aldrich), goethite (α-FeOOH:
Aldrich), magnetite (Fe3O4: Aldrich), hematite (α-Fe2O3:
Aldrich), and lepidocrocite (γ -FeOOH: LANXESS Corp).
In order to enhance the dispersion of particles, goethite and
magnetite were ground into fine particles. Organic complex-
ing ligands such as formic acid, acetic acid, formaldehyde,
and Desferrioxamine B (DFOB) were all purchased from
Aldrich. Suwannee River fulvic acid (FA) and humic acid
(HA) were purchased from the International Humic Sub-
stances Society (http://www.humicsubstances.org).

2.2 Characterization of iron oxides

Crystallinity and size of five iron oxide samples (i.e.
maghemite, goethite, magnetite, hematite, and lepidocrocite)
were determined by powder X-ray diffraction on a PAN-
alytical X’Pert diffractometer (Cu Kα radiation) with an
X′Celerator detector. The N2 BET specific surface areas of
iron oxides were obtained on a Mirae SI nanoPorosity-XQ
analyzer. Theζ -potential and hydrodynamic diameter of the
iron oxide samples were measured at pH 3 (main pH con-
dition of dissolution experiments) using an electrophoretic
light scattering spectrophotometer (ELS 8000, Otsuka). The
analyzed properties of iron oxide samples were summarized
in Table 1. The iron oxides used in the study may represent

the environmental samples well in terms of the particle size
(< 100 nm) and surface area. The crystal size of soil iron ox-
ides ranges from a few to several hundred nm and the surface
area can be as small as< 1 m2 g−1 for massive crystals and
as large as 100 m2 g−1 for fine crystals (Cornell, 1996).

2.3 Experimental procedure

Aqueous dispersion of iron oxide in deionized water
was prepared at a concentration of 0.2 g L−1. Aliquots
of HA or FA (100 ppm), DFOB (500 µM) or other or-
ganic acids (600 mM) were then added to make a de-
sired concentration (1 ppm HA or FA, 50 µM DFOB, 6 mM
formic/acetic/formaldehyde). The iron oxide suspension was
unbuffered and air-equilibrated. The initial pH of the suspen-
sion was adjusted to 2, 3, 4, 5, and 8 with HCl and NaOH.
The initial solution pH was adjusted within±0.05 accu-
racy. Five milliliter of this suspension sample was placed
in a conical tube (15 mL) and then frozen in an ethanol
bath cooled at−20◦C. In the case of temperature-dependent
experiments, ethanol bath (−10, −20, and−30◦C), deep
freezer (−70◦C), and liquid nitrogen (−196◦C) were used
to control the temperature. The aqueous samples were kept
in ambient temperature (20–25◦C). Both frozen and aque-
ous samples were kept in the dark. There was a thin layer
of iron oxide particles sedimented at the bottom of the tube
but most particles were well dispersed throughout the reactor
tube both in aqueous and ice samples. Each tube containing
5 mL of iron oxide suspension was sampled at regular time
intervals (i.e. 24, 48, and 72 h). The ice samples were then
thawed in lukewarm water (30–40◦C) for further analysis.
Experiments at a given condition were carried out at least 3
times to confirm reproducibility.

2.4 Analysis of dissolved iron

The dissolved iron was colorimetrically measured by 1,10-
phenanthroline method (Stucki and Anderson, 1981). Af-
ter thawing the ice samples in lukewarm water (30–40◦C,
within 5 min), the aqueous and ice samples were both fil-
tered through a 0.45-µm filter to remove iron oxide particles.
Ferrous (Fe2+) analysis was carried out by adding 2 mL of
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Fig. 1. Production of total dissolved iron from (a) goethite (α-FeOOH) and (b) maghemite (γ-

Fe2O3) under dark condition in the presence of various organic complexing ligands in water 

(25 oC) and ice (-20 oC) after 72 h. Experimental conditions: [α-FeOOH or γ-Fe2O3]i = 0.2 g 

L-1, [organic ligand] = 6 mM, [fulvic or humic acid] = 1 ppm, [DFOB] = 50 μM, and pHi  = 

3.00 ± 0.05. 

Fig. 1. Production of total dissolved iron from(a) goethite (α-
FeOOH) and(b) maghemite (γ -Fe2O3) under dark condition in the
presence of various organic complexing ligands in water (25◦C)
and ice (−20◦C) after 72 h. Experimental conditions: [α-FeOOH
or γ -Fe2O3]i = 0.2 g L−1, [organic ligand]= 6 mM, [fulvic or hu-
mic acid]= 1 ppm, [DFOB]= 50 µM, and pHi = 3.00± 0.05.

1,10-phenanthroline and 1.5 mL of ammonium acetate buffer
to the vial containing 1.5 mL of the filtered sample. The vial
was then vigorously mixed and kept for 1 h in the dark be-
fore analysis. The total dissolved iron (Fe2+

+ Fe3+) was
measured by the similar protocol but by adding 100 µL of
hydroxylamine hydrochloride which reduces all the ferric to
ferrous ions. The absorbance was measured at 510 nm (ε =

2.5× 104 L mol−1 cm−1) using a UV/Visible spectropho-
tometer (Libra S22, Biochrom). To check out the possibility
that some dissolved iron may re-precipitate before the anal-
ysis, the samples were also kept in dark for 24 h before mea-
surement. The analysis result was not different from that ob-
tained right after thawing. To assure the results of the colori-
metric analysis, some samples were also analyzed by atomic
absorption spectroscopy (AAS, SpectrAA-800) and the de-
termined concentration of the total dissolved iron was within
5 % difference from that obtained by the above colorimetric
analysis. The iron oxide samples with DFOB was analyzed

only by AAS because of the strong affinity between ferric
and DFOB. Deionized water used was ultrapure (18 M� cm)
and prepared by a Barnstead purification system.

3 Results and discussion

3.1 Enhanced production of iron from
iron oxides in ice

Series of heterogeneous dissolution experiments were con-
ducted with various commercial iron oxides (nanosized par-
ticles) in the presence of selected organic complexing lig-
ands. Among several iron oxides, goethite and maghemite
were mainly investigated because of the abundance in the
environment and the facility in performing the experiments
(e.g. good suspension and high surface area). All the iron ox-
ide dissolution experiments were conducted in both aqueous
and ice phase under dark. Figure 1 shows that the produc-
tion of total dissolved iron (Fe2+

+ Fe3+) from both goethite
(Fig. 1a) and maghemite (Fig. 1b) was markedly enhanced
in ice phase compared to the aqueous samples regardless of
the presence of organic complexing ligands. At similar con-
ditions (i.e. type and concentration of iron oxide and organic
acid, pH, and reaction time), the iron dissolution rates in ice
were much slower than the previously reported rate of pho-
toreductive dissolution in ice (by 7–8 times) but the trend
remained the same (Kim et al., 2010). Most of the iron ox-
ide samples in aqueous solution that were kept at ambient
temperature for 72 h produced insignificant amount of dis-
solved iron compared to the ice counterparts. However, the
aqueous samples with DFOB produced around 15 µM (about
6 % of the initial iron oxide) of total dissolved iron from
both goethite and maghemite, which reflects the strong iron
binding character of DFOB in the aqueous phase (Borer et
al., 2009). It should be noted that the iron dissolution in ice
was clearly observed even in the absence of organic com-
plexing ligands and the addition of organic acids like formic
and acetic acid little changed or even reduced the dissolution
rate. This indicates that the observed dissolution of iron oxide
is not a reductive process unlike the case of photoreductive
dissolution that essentially requires the presence of organic
ligands (Kim et al., 2010). The rate of iron dissolution in ice
was particularly fast in the presence of fulvic, humic acid,
and DFOB, all of which may form a strong complexation
with dissolved irons. This implies that the enhancement with
these organics is mainly driven by the ligand-enhanced dis-
solution.

Figure 2 compared the iron dissolution from commer-
cial samples of maghemite, goethite, magnetite, hematite,
and lepidocrocite after 72 h reaction in the dark. The dis-
solution rate of iron oxides was higher with the samples
with higher surface area. Goethite which had the high-
est surface area (178 m2 g−1) showed the highest con-
centration of dissolved iron (61± 1 µM) after 72 h in the
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Table 2. Initial dissolution rates of different iron oxides in the presence and absence of various organic liganda.

Initial Rates (10−8 mol L−1 h−1)

Organic γ -Fe2O3 α-FeOOH Fe3O4 α-Fe2O3 γ -FeOOH
Ligand (maghemite) (goethite) (magnetite) (hematite) (lepidocrocite)

aq ice aq ice aq ice aq ice aq ice

None 6.3 41.1 8.8 187.0 15.3 22.9 1.8 3.9 1.1 44.7
(0.9)b (5.7) (0.2) (5.3) (1.5) (2.3) (1.1) (2.4) (0.1) (3.0)

Formic acid 8.4 59.3 24.1 98.7 – – – – 2.8 15.3
Acetic acid 5.1 37.3 7.2 45.5 – – – – 0.4 14.0
Formaldehyde 6.6 41.5 5.1 43.6 – – – – – –
Fulvic acid 10.5 104.8 18.7 224.4 12.2 35.1 0.7 2.2 – –
Humic acid 7.8 79.3 20.1 231.4 14.0 36.3 2.2 3.1 – –
DFOB 38.6 96.5 35.8 162.5 – – – – 17.4 43.0

a Experimental condition: [iron oxide]i = 0.2 g L−1, pHi = 3. [formic, acetic, or formaldehyde]= 6 mM, [FA or HA] = 1 ppm,
[DFOB] = 50 µM. The initial rate was determined after 24 h reaction at 20–25◦C for aqueous samples and−20◦C for ice samples.
b Values in the parentheses are the initial dissolution rates (10−8 mol m−2 h−1) of iron oxides per surface area basis.

ice. Maghemite (19± 1 µM), magnetite (30± 1 µM), and
lepidocrocite (29± 8 µM) which had similar surface areas of
36, 50, and 75 m2 g−1 respectively, produced similar concen-
tration level of dissolved iron, which is lower than that of
goethite. Hematite with the lowest surface area (8 m2 g−1)
exhibited the lowest rate of iron dissolution. Table 2 summa-
rizes the initial iron dissolution rates which were obtained
using various iron oxides and organic complexing ligands.
For the dissolution rates in the absence of organic ligands,
the values normalized by the surface area are also compared
(numbers in the parentheses). It is noted that the surface area-
normalized dissolution rates much less vary among the dif-
ferent iron oxides than the apparent dissolution rates do: the
apparent dissolution rate of goethite and hematite in ice is
187 vs. 3.9 while its surface area-normalized counterpart is
5.3 vs. 2.4. Therefore, the key parameter that determines the
dissolution rate of iron oxides in ice should be the surface
area, not the crystallinity.

The speciation of the dissolved iron (Fe2+ vs. Fe3+) was
also determined and the time profiles of each species are
shown for both goethite (Fig. 3a) and maghemite (Fig. 3b).
Regardless of the presence or kind of organic complexing
ligands, most of the dissolved iron was in the ferric form
(Fe3+

= Fetot − Fe2+) and the production of Fe2+ was negli-
gible, which confirms that the dissolution is not a reductive
process. On the contrary, in the presence of light and organic
ligands (e.g. DFOB), the majority of the species dissolved
from iron (hydr)oxides was reported to be in the ferrous
form generated through the photoreductive process (Borer et
al., 2009; Pehkonen et al., 1993; Siefert et al., 1994). For
both goethite (Fig. 3a) and maghemite (Fig. 3b), fulvic acid
enhanced the dissolution rate whereas acetic acid retarded
it, compared to the case without organic ligands. This in-
dicates that the complexing ability of ligands critically af-
fects the iron dissolution process. To investigate this effect
further, two organic ligands, DFOB (as a strong multiden-
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Fig. 2. Dissolved iron formation from various iron oxides in the absence of organic 

complexing ligand under dark condition. Aqueous samples (black) were maintained at room 

temperature and ice samples (red) at -20 oC for 72 h. Experimental conditions: [iron oxide] = 

0.2 g L-1 and pHi  = 3.00 ± 0.05. 

 

Fig. 2. Dissolved iron formation from various iron oxides in the
absence of organic complexing ligand under dark condition. Aque-
ous samples (black) were maintained at room temperature and ice
samples (red) at−20◦C for 72 h. Experimental conditions: [iron
oxide]= 0.2 g L−1 and pHi = 3.00± 0.05.

tate ligand) and acetic acid (as a weak monodentate ligand),
were compared for the dissolution of goethite with varying
their concentrations. Figure 4a shows that the presence of
acetic acid has a negative effect on the iron dissolution pro-
cess in the concentration range of 0–60 mM. This indicates
that the adsorption of acetate on iron oxide surface hinders
the dissolution process. The adsorption sites of iron oxides
seemed to be saturated at 6 mM of acetic acid since increas-
ing the concentraion up to 60 mM showed no further change.
On the contrary, the concentration dependence of the DFOB-
induced dissolution is different (Fig. 4b) and the release of
iron from goethite was optimized at [DFOB]= 50 µM.

In the previous studies, it was estimated that protons are
locally concentrated in the ice grain boundary regions by 2–
3 orders of magnitude compared to the bulk aqueous phase

Atmos. Chem. Phys., 12, 11125–11133, 2012 www.atmos-chem-phys.net/12/11125/2012/
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Fig. 3. The time profiles of dissolved iron (Fe2+ and Fetot) generation from iron oxides in ice: 

(a) goethite and (b) maghemite. Experimental conditions: [α-FeOOH or γ-Fe2O3]i = 0.2 g L-1, 

[fulvic acid] = 1 ppm, [acetic acid] = 6 mM, and pHi  = 3.00 ± 0.05. 

Fig. 3. The time profiles of dissolved iron (Fe2+ and Fetot) genera-
tion from iron oxides in ice:(a) goethite and(b) maghemite. Exper-
imental conditions: [α-FeOOH orγ -Fe2O3]i = 0.2 g L−1, [fulvic
acid]= 1 ppm, [acetic acid]= 6 mM, and pHi = 3.00± 0.05.

(Heger et al., 2006; Grannas et al., 2007; Robinson et al.,
2006). Since pH has a significant influence on the dissolu-
tion of iron oxides (Cornell, 1996), the initial iron dissolu-
tion rates were determined at various pH (Table 3). Total iron
dissolution rates, estimated from the dissolution after 24 h,
rapidly decreased with increasing pH. Both maghemite and
goethite showed a significantly enhanced dissolution rate in
ice when the initial pH was lower than 4. Although goethite
in ice showed somewhat higher release of dissolved iron at
pH 4 than the aqueous counterpart, it was not a significant
amount compared to pH 3 and pH 2. All the aqueous sam-
ples showed negligible amount of total iron dissolved from
iron oxide at pH> 2. The literature data of iron oxide disso-
lution in an aqueous solution of pH 0.3 (Sidhu et al., 1981)
(shown in Table 3) is in the comparable range with the ice

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Total dissolved iron generation from goethite in the presence of various concentrations 

of (a) acetic acid and (b) DFOB. Experimental conditions: [α-FeOOH]i = 0.2 g L-1, and pHi  

= 3.00 ± 0.05. 
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Fig. 4. Total dissolved iron generation from goethite in the
presence of various concentrations of(a) acetic acid and(b)
DFOB. Experimental conditions: [α-FeOOH]i = 0.2 g L−1, and
pHi = 3.00± 0.05.

dissolution data at pH 2–3. This implies that the ice grain
boundary region has a highly acidic environment.

The formation of the micro-sized liquid-like grain bound-
ary regions in bulk ice greatly depends upon the freezing
temperature. It has been reported that the thickness of the
liquid-like layer in the ice decreases with decreasing the
freezing temperature (Takenaka et al., 2006). Figure 5 shows
the dissolution of maghemite investigated at various tem-
peratures in the dark condition at pH 3. All the samples
were frozen by putting the sample tubes in the pre-set low
temperatures (−10, −20, −30, −70, and−196◦C). In all
frozen samples, the dissolution of total iron from maghemite
was higher than the aqueous counterpart and lowering the
freezing temperature gradually reduced the amount of the to-
tal dissolved iron. The liquid content in the grain boundary
layer should decrease with decreasing the freezing tempera-
ture and be negligible below the eutectic point on which the
system becomes completely solid (Takenaka and Bandow,
2007). However, reactions might occur to a weak extent even
below the eutectic point (Kiovsky and Pincock, 1966; Horne,
1963). The freezing rate should depend on the temperature
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Table 3. Initial dissolution rates of different iron oxides at various
pH in the absence of organic liganda.

Initial Rates (10−8 mol L−1 h−1)

pHi γ -Fe2O3 α-FeOOH
aq ice aq ice

(0.3)b (177)b (9.5)b

2 40.7± 4.1 359.9± 1.2 243.5± 3.4 1159.2± 19.6
(5.7± 0.6)c (50.0± 0.2)c (6.8± 0.1)c (32.6± 0.6)c

3 6.3± 4.0 41.1± 13.0 8.8± 5.3 187.0± 9.8
(0.9± 0.6)c (5.7± 1.8)c (0.2± 0.2)c (5.3± 0.3)c

4 1.1± 0.5 0.7± 0.9 2.4± 1.1 24.0± 1.2
5 2.9± 0.5 2.3± 0.3 2.1± 0.3 1.3± 1.0
8 1.1± 1.6 0.6± 0.9 2.8± 0.7 2.7± 0.9

a Experimental condition: [γ -Fe2O3 or α-FeOOH]i = 0.2 g L−1, reaction time 24 h
at 25◦C for aqueous samples and−20◦C for ice.
b Literature data taken from the study of Sidhu et al. (1981) in the unit of (10−8

mol m−2 h−1).
c Values in the parentheses are the initial dissolution rates (10−8 mol m−2 h−1) of
iron oxides per surface area basis.

as well. Although the freezing rate could not be controlled
in this work, it should be faster at lower temperatures. At
fast freezing conditions (−70 and −196◦C), the solutes
might have little time to migrate and concentrate in the grain
boundary regions (Heger et al., 2005). On the other hand,
when the freezing process is slow enough at higher temper-
ature (> −30◦C), the iron oxide particles and other solutes
may have sufficient time to be gradually concentrated at the
grain boundaries. Overall, lowering freezing temperature in-
fluences the dissolution of iron oxides in ice in a complex
way. It may enhance the freeze concentration effect by reduc-
ing the liquid content in the grain boundaries whereas it may
cause an opposite effect by retarding the migration of the so-
lutes during the freezing process. Judging from the result of
Fig. 5, the latter effect seems to prevail. The temperature-
dependent results imply that the existence of liquid-like grain
boundaries plays an important role in the ice-induced disso-
lution of iron oxides.

3.2 Dissolution mechanisms

When ice crystals begin to form, iron oxides, organic sub-
stances, and protons are concentrated in the ice grain bound-
ary region according to “freeze concentration effect”. The
ice-enhanced production of Fe3+ from iron oxide under dark
condition is possibly ascribed to the proton concentration in
the ice grain boundary region (pH effect) where the iron ox-
ide particles are agglomerated (Kim et al., 2010). Adsorp-
tion of protons to surface hydroxyl groups on iron oxide may
promote the dissolution of ferric ions (Schwertmann, 1991).
The dissolved ferric ions can be hydrolyzed or chelated by
organic ligands. Under irradiation, the ferric complexes can
be reduced to ferrous ions that are more bioavailable. The
dissolution of iron oxides is generally promoted by proton-
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assisted (Eq. 1) and ligand-assisted (Eq. 4) process (Furrer
and Stumm, 1986):

≡ FeIII OOH(s) + nH+
→

[
FeIII (OH)(3−n)

]n+

(aq)
(1)

+(n − 1)H2O

≡ FeIII OOH(s) + H+
→≡ FeIII (OH)

+

2(s) (2)

≡ FeIII (OH)
+

2(s) + 2H+
→ Fe3+

(aq) + 2H2O (3)

≡ FeIII
− OH+ L−

+ H+
→≡ FeIII L + H2O (4)

→

[
FeIII L

]
(aq)

+ H2O

The proton-assisted dissolution (Eq. 1) can be described by
two consecutive steps. First, a proton is adsorbed on the sur-
face O atom to generate surface hydroxyl group (Eq. 2).
Next, two more protons are adsorbed weakening the Fe-O
bond by polarizing it and eventually Fe3+ ion is released into
the solution (Eq. 3). In the ice grain boundary regions, the
concentrated protons would readily protonate the iron oxide
surface and thus release more Fe3+ ions into the ice grain
boundaries.

Another mechanism is the ligand-promoted dissolution.
Enhanced dissolution of iron oxides in the presence of mul-
tidentate ligands has long been studied in the aqueous phase
(Kraemer, 2004; Rose and Waite, 2003). Strong iron-binding
multidentate ligands efficiently enhance the dissolution of
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iron oxides by forming surface chelation replacing the sur-
face hydroxyl groups (Eq. 4). Upon freezing, the concen-
trated organic ligands (fulvic acid, humic acid, and DFOB) in
the ice grain boundaries should serve as efficient iron chelat-
ing agents to further enhance the release of dissolved iron as
shown in Figs. 1 and 4. However, monodentate organic lig-
ands (acetic acid, formic acid, and formaldehyde) did not en-
hance the iron dissolution in ice compared with that in the ab-
sence of organic ligand (Figs. 1 and 4). Monodentate ligands,
unlike multidentate ligands, are known to form much weaker
surface complexes with irons and may not enhance the disso-
lution rate (Furrer and Stumm, 1986). These weak monoden-
tate ligands can inhibit iron dissolution by blocking the active
sites for chelating ligands (Furrer and Stumm, 1986) or pro-
tons (Schwertmann, 1991). In the ice grain boundaries, the
concentrated monodentate ligands may block the iron oxide
active sites from protonation and thus hinder the dissolution
of iron as shown in Figs. 1 and 4.

4 Summary and outlook

This work investigated the iron oxide dissolution reactions in
the aqueous and ice phase under dark condition. The dissolu-
tion of iron oxides greatly increased when they were trapped
in ice and the ice-enhanced effect depended on the kind of
organic ligand, pH, and the type and surface area of iron ox-
ides. Since all the experiments were conducted in the absence
of light, the present finding generalizes the special case of
photoreductive dissolution in ice which we recently reported
(Kim et al., 2010). The results impose important implications
on the redox cycling of iron in icy environments such as po-
lar region, upper atmosphere, and frozen soils. Especially,
in upper atmosphere or mid-winter polar regions, iron con-
taining dust particles can be trapped in ice and subsequently
provide labile ferric ions upon thawing to their receiving en-
vironment. The transport of aeolian dust particles and their
subsequent deposition is thought to be the major source of
bioavailable iron in the open ocean. These dust particles con-
tain iron (typically a few percent) (Warneck, 1988) and serve
as ice nuclei in the upper troposphere (Pruppacher and Klett,
1997). The typical cloud pH is 3.5 and marine aerosol solu-
tion can be as low as pH 1.0 (Zhuang et al., 1992). Since the
pH in the ice grain boundary can be much lower, iron oxides
in the frozen dust particles will undergo enhanced dissolution
and eventually provide more bioavailable iron upon deposi-
tion. These labilized ferric ions can form complexes with lig-
ands or OH groups and subsequently undergo photochemical
or biological reduction in reducing environments. In general,
the proposed phenomenon can be limited to environments
with acidic ice such as the upper atmosphere. However, care-
ful demonstration should be taken in order to extrapolate
any laboratory results to natural environment. Various fac-
tors including dissolved substrates (organic and inorganic),
ionic strength, microorganisms, and crystallinity, surface de-

fects, and size of iron-containing minerals can contribute to
the reactions taking place in the ice grain boundary regions.
The dissolution process may be initiated inhomogeneously at
the surface defect sites, which should be characterized at the
molecular level. Careful control studies are required to un-
derstand the effect of each factor involved in the dissolution
process and to verify the laboratory results for their implica-
tions in natural environmental conditions.
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