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Abstract

Siderophores play an important role in biological iron acquisition in iron-limited aquatic systems. While it is widely
accepted that the solubilization of iron-bearing mineral phases is a key function of siderophores, the mechanism of siderophore-
promoted mineral dissolution in aquatic systems is largely unknown. In this study, we investigated the effect of siderophores
(desferrioxamine B (DFOB) and aerobactin) on light-induced dissolution of goethite and lepidocrocite in the presence or
absence of oxalate in aerated and deaerated suspensions at pH 6. For the irradiated two-ligand system (oxalate/siderophore), the
experimental results suggest that oxalate acts as the electron donor for the formation of surface Fe(II), and the siderophore acts
as an efficient shuttle for the transfer of surface Fe(II) into solution. Furthermore, even in the absence of an electron donor such
as oxalate, both DFOB and acrobactin accelerated the light-induced dissolution of lepidocrocite as compared to the thermal
dissolution. Experiments with dissolved Fe(III)-DFOB and Fe(IIl)-aerobactin complexes suggest that this enhancing effect is
not due to photolysis of corresponding surface complexes but to efficient transfer of reduced surface Fe(Il) into solution, where
surface Fe(Il) may be formed, e.g., through photolysis of surface Fe(IlI)-hydroxo groups. Based on this study, we conclude that
the interplay of light and siderophores may play a key role in the dissolution of colloidal iron(IIl) (hydr)oxides in marine
systems, particularly in the presence of efficient electron donors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction particularly in ‘High Nutrient, Low Chlorophyll’
(HNLC) regions (Martin and Fitzwater, 1988; Martin

Iron bioavailability has been shown to limit or et al., 1994). A significant external iron source to these
colimit primary productivity in several oceanic waters, and other oceanographic regimes is atmospheric input

(Martin and Fitzwater, 1988; Martin et al., 1994). For
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subarctic Pacific, which lies in the path of an
extended aerosol plume that originates in China
(Martin et al., 1989). At the relatively low pH values
(3-6) of atmospheric waters, solid iron phases (e.g.,
crystalline iron oxides and iron aluminium silicates)
in the aerosols are subject to photoreductive dis-
solution (Faust and Hoffmann, 1986; Pehkonen et
al., 1993; Zhu et al.,, 1993; Siefert et al., 1994;
Sulzberger and Laubscher, 1995a,b; Johansen et al.,
2000). Besides crystalline iron oxides (this term will
be used for the various Fe(Ill) oxides, Fe(Ill) oxo-
hydroxides, and Fe(Ill) hydroxides), photoproduced
Fe(Il) also enters open ocean surface waters by wet
deposition. However, without significant stabilization
of Fe(Il) by some organic ligands, Fe(Il) undergoes
fast oxidative precipitation in seawater (Millero et
al., 1987).

The extent to which iron limits primary production
in open ocean waters depends on both the abundance
of iron and its bioavailability. Particulate and colloidal
iron is believed to be unavailable to phytoplankton
(Wells et al., 1983; Finden et al., 1984; Rich and
Morel, 1990), and the solubility of iron in open ocean
waters is extremely low, log [Fe(Ill)]<—9 (Liu and
Millero, 2002). Regarding dissolved iron, it has been
proposed that eukaryotic phytoplankton species utilize
only inorganic iron species (Anderson and Morel,
1982). However, more recent studies have shown that
some eukaryotic algae are able to utilize iron bound to
(strong) organic chelators via a cell surface reductase
mechanism (Jones et al., 1987; Soria-Dengg and
Horstmann, 1995; Hutchins et al., 1999; Maldonado
and Price, 1999, 2001; Weger, 1999).

Unlike eukaryotic algae, marine bacteria acquire
iron through a siderophore-mediated uptake system
(Winkelmann, 1991). Siderophores are low-molecu-
lar-weight organic ligands (0.5-1.5 kDa) with a high
affinity and specificity for iron. Under iron-limiting
conditions, siderophores are excreted by cyano- and
heterotrophic bacteria (Gonye and Carpenter, 1974;
Reid and Butler, 1991; Haygood et al., 1993; Wilhelm
and Trick, 1994; Tortell et al., 1999). The stability
constants of Fe(Ill)-siderophore complexes are in the
range of log K=25-50 (Albrecht-Gary and Crumbliss,
1998). Besides increasing the solubility of iron,
siderophores also accelerate iron oxide dissolution
(Hersman et al., 1995; Yoshida et al., 2002; Cheah et
al., 2003; Kraemer, 2004). Iron-binding groups of

bacterial siderophores typically include hydroxamate,
catecholate, a-hydroxycarboxylate, and, less often,
carboxylate groups (Winkelmann, 1991).

Hitherto, there is no clear picture of the roles of
siderophores for iron acquisition by the phytoplankton
community. The acquisition of iron from iron—side-
rophore complexes by eukaryotic phytoplankton (e.g.,
diatoms) is obscure and controversially discussed in
literature. Although eukaryotic phytoplankton gener-
ally do not produce siderophores, it has been shown
that some species may utilize siderophore-bound iron
under iron-limiting conditions by a cell surface
reductase mechanism (Soria-Dengg and Horstmann,
1995; Maldonado and Price, 2001). Other studies,
however, have pointed out, that strong iron—side-
rophore complexes are not available to eukaryotic
phytoplankton in iron-replete waters (Wells et al.,
1994; Wells, 1999). For an in-depth discussion of
these contrasting results, we refer to Maldonado and
Price (2001).

It has been reported, that most (>99%) dissolved
ferric iron in the HNLC upper ocean water is
complexed by strong organic ligands having condi-
tional stability constants in seawater similar to side-
rophores (Van den Berg, 1995; Wu and Luther, 1995;
Rue and Bruland, 1997; Witter et al., 2000; Powell
and Donat, 2001). The nature of these ligands has
been partly elucidated by Macrellis et al. (2001). They
have determined size classes as well as conditional
Fe-binding affinities of iron binding compounds
collected in the central California coastal upwelling
system. The size class and conditional stability
constants of these ligands were similar to known
siderophores. Moreover, hydroxamate as well as
catecholate Fe(IIl)-binding groups were found in all
compounds for which strong iron binding was
detected.

1.1. Roles of siderophores in the light-induced redox
cycling of dissolved iron

The effect of siderophores on the redox chemistry
of dissolved iron is dominated by two processes: (i)
stabilization of the trivalent state of iron due to the
much higher affinity of siderophores for Fe(IIl)
compared to Fe(Il), and (ii) photolysis of certain
Fe(Ill)-siderophore complexes resulting in the for-
mation of Fe(Il). It has been demonstrated that Fe(III)
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complexes with the marine siderophores petrobactin
(Fig. 1; Barbeau et al., 2002) and that various
aquachelins (Barbeau et al., 2001) are photolyzed
under irradiation, yielding Fe(Il), and increased
bioavailability of iron to phytoplankton (as has been
demonstrated for the photolysis of the Fe(Ill)-aqua-
chelin B complex). The photoreactivity of Fe(Ill)-
petrobactin and Fe(Il)-aquachelin complexes is
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Fig. 1. Chemical structures of the microbial siderophores DFOB, aerobactin, and petrobactin (Bergeron et al., 2003).
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containing only hydroxamate groups such as desfer-
rioxamine B (DFOB; Fig. 1) form photostable iron
complexes (Barbeau et al., 2003).

The stabilization of the trivalent redox state of iron
by siderophores can be related to the stability
constants of the Fe(I)- and Fe(Ill)-complexes (Taylor
et al., 1994):

ﬁFe(lll)

0 _ 0 110

EQu s = ES, — 59.15 log ( pRm ) (1)
110

where the redox potential of the hexaaquated iron Eac?
is +770 mV (vs. normal hydrogen electrode). Due to
the much higher affinity of siderophores to Fe(III)
than to Fe(Il) (BLs"™>pFs™)  redox potentials
observed for most Fe—siderophore complexes are in
the range of —350 to —750 mV. These strongly
negative redox potentials facilitate Fe(Il) oxidation in
the presence of oxygen. In the reported case of Fe(I1l)—
DFOB complexes, the oxidation to Fe(IIl)-DFOB is
instantaneous (Welch et al., 2002). Based on the
above consideration, measured Fe(Il) concentrations
may not be a suitable indicator for photoreductive
dissolution of iron oxides in the presence of side-
rophores in the laboratory or in marine in situ studies.

1.2. Roles of siderophores in the thermal dissolution
of iron oxides

The dissolution of iron oxides requires the break-
ing of bonds between surface Fe(IIl) and lattice
neighbors (e.g., lattice oxygen). Surface chemical
processes that weaken these bonds can accelerate iron
oxide dissolution. Protonation of surface sites, adsorp-
tion of ligands, and (photo)reduction of surface sites
by reductive agents all lead to polarization of metal—
oxygen bonds and therefore promote dissolution
(Zinder et al., 1986).

Siderophores react with iron oxides in the dark via
a ligand-controlled dissolution mechanism (Kraemer,
2004) with a rate law proposed by Furrer and Stumm
(1986):

R = kL [L}ads (2)
where R is the dissolution rate, &y is a first-order rate

constant, and [L].gs is the adsorbed ligand concen-
tration. Siderophores also accelerate other ligand-

controlled dissolution mechanisms. A recent study of
thermal steady-state dissolution kinetics of goethite in
the presence of DFOB and oxalate at near neutral pH
has revealed that the rate determining step in the
overall dissolution reaction is the detachment of
surface Fe(Ill) by oxalate, followed by a ligand
exchange reaction between DFOB- and Fe(Ill)-
oxalate complexes in solution (Cheah et al., 2003).

1.3. Mechanism and rate law of light-induced
dissolution of iron oxides

Photodissolution of iron oxides has been subject to
many studies (Waite and Morel, 1984; Faust and
Hoffmann, 1986; Litter and Blesa, 1988; Siffert and
Sulzberger, 1991; Pehkonen et al., 1993; Sulzberger
and Laubscher, 1995a,b). The dissolution process
generally involves two steps:

1. Photoexcitation and charge transfer resulting in
the reduction of surface Fe(Ill) to Fe(II).

2. Detachment of reduced surface Fe(Il) from the
mineral surface.

Different mechanisms can result in the formation
of surface Fe(Il): (i) ligand-to-metal charge transfer
(LMCT) within organic Fe(IIl) surface complexes or
within surface Fe(Ill)-hydroxo groups, leading to the
reduction of surface Fe(Ill) and the oxidation of the
ligand, and (ii) generation of photoelectrons and
photoholes within the iron oxide lattice (semiconduc-
tor mechanism) through photoexcitation of O* —
Fe*" charge transfer bands and migration of photo-
electrons to surface Fe(Ill) and photoholes to an
adsorbed electron donor. (Di)carboxylate and hydrox-
ycarboxylate functional groups are important electron
donors and are ubiquitous in biogenic organic com-
pounds. Furthermore, (di)carboxylic and hydroxycar-
boxylic acids are also introduced to remote ocean
surface waters by wet deposition of photochemically
transformed anthropogenic precursors (Sempere and
Kawamura, 1996, 2003).

Irrespective of the mechanism involved, the rate-
determining step in the dissolution of crystalline iron
oxides is the detachment of Fe(Il) from the mineral
surface (Banwart et al., 1989; Siffert and Sulzberger,
1991; Stumm and Sulzberger, 1992), and the rate of
Fe(Il) formation is linearly dependent on the concen-
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tration of the adsorbed ligand, acting as electron donor
(see Eq. (2)). In the presence of oxygen and depend-
ing on pH, detachment of reduced surface iron may be
outcompeted by reoxidation of surface Fe(II). Unless
stabilized by ligands, detached Fe(Il) is subject to
oxidative precipitation in circumneutral surface
waters, resulting in the formation of amorphous iron
oxide phases (Wells and Mayer, 1991). These freshly
formed amorphous iron oxide phases are more readily
dissolved than crystalline iron oxides. Hence, photo-
reductive dissolution is an important process, poten-
tially increasing the bioavailability of iron in
circumneutral surface waters (Finden et al., 1984;
Wells and Mayer, 1991; Johnson et al., 1994; Miller
and Kester, 1994).

1.4. Purpose of this study

Solubilization of crystalline iron oxides originating
from tropospheric deposition increases the pool of
iron that may be available to the marine biota. Several
studies have shown that photoreductive dissolution of
crystalline iron oxides phases in the presence of humic
substances or model compounds such as oxalate,
acting as electron donors, is extremely slow above
acidic pH values (Waite and Morel, 1984; Sulzberger
and Laubscher, 1995a; Voelker et al., 1997). Hitherto,
the effect of siderophores on photoreductive dissolu-
tion has not yet been studied. Although we did not
attempt to mimic natural conditions in iron deficient
arcas of the open ocean, we have investigated the
interplay of siderophores and oxalate in photodisso-
lution of iron oxides. In this study, we worked with
two model siderophores: DFOB, a trihydroxamate
siderophore, and aerobactin, a dihydroxamate/o-
hydroxycarboxylate siderophore (Fig. 1).

2. Materials and methods
2.1. Materials

Desferrioxamine B was obtained as mesylate salt
[C25H46N508NH;(CH3SO37)] from Ciba Gelgy
(Desferal®). Iron-free acrobactin (C,,H3,01,N,4) was
purchased from EMC microcollections in Tiibingen,
Germany and used was as received. All other
chemicals were reagent grade and solutions were

prepared with high purity 182 MQ cm™' water
(Milli-Q, Millipore). pH measurements were carried
out with a combined glass electrode (Metrohm),
standardized with pH-buffer solutions (Merck). Goe-
thite (a-FeOOH) was synthesized using a method
described by Schwertmann and Cornell (1991),
dialyzed, and freeze-dried. Lepidocrocite (y-FeOOH)
was prepared according to a procedure developed by
Brauer (1963) by oxidation of FeCl, with NaNO, in
the presence of hexamethylentetraamine at 60 °C for 3
h. In order to remove excess chloride, the lepidocro-
cite suspension was washed several times by centri-
fugation and resuspension in high purity water. The
precipitate was freeze-dried. Powder X-ray diffraction
confirmed that the synthesized solids are goethite and
lepidocrocite. The specific surface area as determined
by the BET method is 170 m*/g for lepidocrocite and
38 m*/g for goethite. The point of zero charge (PZC)
of lepidocrocite produced according to the method by
Brauer is 7.5 (Bondietti, 1992). For goethite, an
isoelectric point (IEP) of 8.3 was determined by
measuring the electrophoretic mobility of suspended
particles.

2.2. Dissolution experiments

Dissolution experiments were performed with two
experimental systems. The first setup (solar simulator)
consisted of a 1000-W, high-pressure xenon lamp
(OSRAM), from which the originating light (spectrum
similar to that of sunlight) was filtered by the bottom
window of the Pyrex glass vessel acting as a cutoff
filter at 305 nm (Siffert and Sulzberger, 1991). All
experiments were carried out in a Pyrex glass vessel
with a water jacket at constant temperature (25+1
°C). The incident light intensity, 7y, was 1200 W/m?,
as measured by ferrioxalate actinometry. The reaction
volume was typically 350 ml and the irradiated
surface area was 50 cm”. The solutions were
vigorously stirred with a Teflon-coated stirrer. The
ionic medium used for the dissolution experiments
was 0.01 M KCIO,. Suspensions of 0.08 g/L goethite
or 0.02 g/L lepidocrocite were irradiated for several
hours in the presence of 80 uM DFOB and/or 200 uM
K-oxalate. Goethite suspensions including organic
ligands were prepared 17 h before irradiation and
stored in the dark to circumvent thermal fast initial
dissolution reactions during irradiation experiments.
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By adding appropriate amounts of diluted HCI or
NaOH, the pH of the solutions was kept constant at
pH 6 during the entire experiments. Two different
types of experiments were performed: steady-state
experiments, in which DFOB and oxalate were both
added to goethite or lepidocrocite suspensions before
irradiation; and non-steady-state experiments in
which oxalate reacted with the iron oxides under
irradiation before adding DFOB. Oxygen-free (dea-
erated) conditions were maintained by purging N,
through the suspensions and sporadically applying a
weak vacuum.

The second experimental setup was a light box
equipped with eight Philips TL20W/05 lamps (spec-
trum ranging from 300 to 460 nm with a maximum
at 365 nm) on two opposite sides inside the box.
Dissolution experiments were carried out in 4-ml
polymethylmethacrylat (PMMA) cuvettes with two
optical sides with excellent transmission in the range
of 280-800 nm. The cuvettes with dimensions of 1
cmx1 cmX4 cm were always placed on a magnetic
stirrer plate at the same height. Because light
transmission also occurred through the two non-
optical sides of the cuvettes, an incident light
intensity /, of approximately 55 W/m* was estimated
by ferrioxalate actinometry. An average photolysis
quantum yield of 1.16 was used for the light
intensity calculation. Suspensions containing 0.02
g/L lepidocrocite, 0.01 M KCIO,4, and 45 pM DFOB
or aerobactin at pH 6 were irradiated for over 4 h.
The suspensions were stirred with small magnet bars.
An integrated ventilator kept the temperature at
about 32 to 34 °C. Dark experiments were carried
out at the same temperature in a temperature-
controlled water bath.

In all dissolution experiments, samples of the
suspensions were periodically taken, immediately
filtered, and acidified with a small amount of 65%
suprapure HNO; (Merck). Single-use syringe filters
with 0.2-um pore size (Sartorius) were used for
goethite suspensions. Preliminary tests showed that
significant fractions of a lepidocrocite suspension
passed through membrane filters with 0.2-mm pore
size. Therefore, membrane filters with a pore size of
0.025 pm (Schleicher and Schuell) were used to filter
lepidocrocite suspensions. We operationally define
iron that passes through these filters as total dissolved
iron [Fey,]. Total dissolved iron was measured by

ICP-MS (Agilent 7500 Series; iron standards from
Fluka).

2.3. Photolysis of dissolved Fe(lll)—siderophore
complexes

Solutions of 45 uM 1:1 Fe(Ill)>DFOB and 1:1
Fe(Ill)—aerobactin complexes were prepared by add-
ing the equivalent amount of siderophore to a
solution of 45 puM FeCl;-6H,O at pH 1. The pH
of the solutions was varied by titrating these
unbuffered solutions manually with NaOH. No
electrolyte was added. The ionic strength of solutions
with pH>3 was approximately 0.1 M due to the
initial acidification to pH 1 with HCI and titration
with NaOH back to higher pH. Light and dark
experiments were performed with the second exper-
imental setup. UV-visible absorption of the irradiated
and nonirradiated solutions were recorded with a
UV-visible spectrophotometer (Cary 1E) using a
microcuvette (5-cm path length, 0.7-ml volume).
Analogous experiments were carried out with 0.15 g/
L lepidocrocite suspensions in the presence of 45
UM aerobactin and 0.01 M KClO,4. After irradiation,
samples were filtered and the spectra of the filtered
solutions were recorded.

3. Results

3.1. Photolysis of Fe(lll)-siderophore complexes in
homogeneous and heterogeneous systems

Aqueous Fe(Ill)-aerobactin complexes exhibited
pH-dependent peak shifts in the UV-visible spectrum
consistent with published results (Harris et al.,
1979). Decreasing the pH from 6 to 3.5 led to a
shift of the absorption peak maximum from 395 to
about 430 nm. Similar peak shifts were observed
upon irradiation of a solution of 1:1 Fe(Ill)-
aerobactin at a constant pH of 6.3 for 2 and 6 h
(Fig. 2), whereas the spectrum of the nonirradiated
Fe(Ill)-aerobactin solution did not change over time.
The irradiated solution (pH 6.3) exhibited a UV-
visible spectrum similar to that of a nonirradiated
solution at pH 3.5 (with absorption maximum at 430
nm), which is consistent with a light-induced change
in the coordination sphere of Fe(Ill)-aerobactin
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Fig. 2. UV-visible spectra of 1:1 Fe(Ill)-aerobactin complexes (45
M) irradiated for 2 and 6 h or kept in the dark. /y=55 W/m? (blue
actinic light source with a spectral range between 300 and 460 nm).
7=32 °C, pH 6.3, and ionic strength of ~0.1 M.

complexes analogous to the pH-dependent change in
the coordination sphere. We have also observed peak
shifts in irradiated solutions of Fe(Ill-aerobactin
complexes at lower pH. At pH 5, a peak shift from
402 to 427 nm occurred upon irradiation, whereas at
pH 4, a peak shift from 423 to 430 nm was
observed. Irradiation of a Fe(III)-DFOB solution for
6 h at pH 6 did not result in changes in the UV-
visible absorption spectra (data not shown), which is
in agreement with recent reports (Barbeau et al.,
2003).

To investigate photolysis of Fe(Ill)—aerobactin
complexes at the lepidocrocite surface, lepidocrocite
suspensions were irradiated in the presence of

0.15

0.1

Absorption

350 450 550 650

Fig. 3. UV-visible spectra of two filtered suspensions (independent
replicates) containing 0.15 g/L lepidocrocite and 45 uM aerobactin,
after 6 h irradiation with 7o=55 W/m? (blue actinic light source with
a spectral range between 300 and 460 nm). 7=32 °C, pH 6,
electrolyte=0.01 M KClOy4.

aerobactin for 6 h at pH 6. The spectra of two filtered
solutions (independent replicates) showed an absorp-
tion maxima at 430 nm (Fig. 3) which also was found
for an irradiated homogeneous Fe(Ill)-aerobactin
solution at pH 6.3 (Fig. 2).

3.2. Effects of DFOB or aerobactin and light on the
dissolution of lepidocrocite and goethite

The results of lepidocrocite dissolution experi-
ments in the presence of aerobactin or DFOB are
shown in Fig. 4. No significant dissolution was
observed in the absence of these siderophores, even
in a deaerated, irradiated lepidocrocite suspension.
Thermal lepidocrocite dissolution rates were acceler-
ated in the presence of DFOB and aerobactin (2.0 and
2.8 nmol min~—' m ™2, respectively). Irradiation caused
further acceleration of dissolution rates relative to
thermal dissolution rates by a factor of four and six
(8.2 and 11.5 nmol min~' m™?) in the presence of
DFOB and aerobactin, respectively.

No thermal or photodissolution of goethite was
observed in the presence of DFOB as the only organic
ligand (detection limit ~0.1 pM Fe) under aerated or
deaerated conditions on the time scale of the
dissolution experiments (data not shown).

18 7 © Aecrobactin, irradiated

16 4 ® Aerobactin, dark

14 ] & DFOB, irradiated

1 A DFOB, dark O .-

< 12 7 . . . ”"
21 { X no siderophore, irradiated Jtad
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7} ]
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4 _

2 -
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Time (min)

Fig. 4. Dissolution in aerated 0.02 g/L lepidocrocite suspensions
in the presence of 45 uM aerobactin or DFOB. Suspensions
were either irradiated with ;=55 W/m® (blue actinic light
source with a spectral range between 300 and 460 nm) or kept
in the dark. Lepidocrocite suspensions (deaerated) were also
irradiated in the absence of siderophores. 7=32 °C, pH 6,
electrolyte=0.01 M KCIO,. [Fe,,]=total dissolved iron measured
by ICP-MS.
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Table 1

Dissolution rates in irradiated lepidocrocite suspensions at pH 6 in
the presence of DFOB and/or oxalate (0.02 g/L lepidocrocite,
electrolyte=0.01 M KClO,4; 7=25 °C, 1,=1200 W/mz)

Table 2

Dissolution rates in irradiated goethite suspensions at pH 6 in the
presence of DFOB and/or oxalate (0.08 g/L goethite, electro-
lyte=0.01 M KCIOy; T=25 °C, 1,=1200 W/m?)

[DFOB] [Oxalate] Deaerated Dissolution rate [DFOB] [Oxalate] Deaerated Dissolution rate
(M) (M) (nmol m~% min~") (uM) (uM) (nmol m~2 min~")
- - No n.d. 80 - No n.d.

- - Yes n.d. 80 - Yes n.d.

80 - No 5.4 - 200 No n.d.

80 - Yes 7.3 - 200 Yes n.d.

- 200 No Small, nonlinear 80 200 No 0.59

— 200 Yes 11.8 80 200 Yes 29

80 200 No ~24.3 n.d.: no detectable increase in iron concentrations over the course of
80 200 Yes ~24.3

n.d.: no detectable increase in iron concentrations over the course of
the dissolution experiment.

3.3. Photodissolution of lepidocrocite and goethite in
the presence of DFOB and/or oxalate

Dissolution rates of lepidocrocite in the presence or
absence of DFOB and oxalate are summarized in
Table 1 and Fig. 5. Under aerated conditions at pH 6,
oxalate did not promote significant photodissolution,
whereas DFOB did (see also Fig. 4). However, under
deaerated, irradiated conditions, appreciable dissolu-
tion rates were observed in the presence of oxalate
only. Photodissolution of lepidocrocite under aerated
conditions was greatly enhanced by DFOB when
oxalate also was present. There was no significant

_: closed symbols: o
] . o .
20 aerated conditions o
] - N
~ 16 4 open symbols: s IC))FOi
E:L 1 deaerated conditions D.’"Eh Xalate
— 12 ]
§ R Oxalate )
= 1 __,_
= 4B e
1 peros
] A
4 LB DFO_B__A
] Ak
; o0 galate
0 T =

0 40 80 120 160 200 240
Time (min)

Fig. 5. Dissolution in irradiated 0.02 g/L lepidocrocite suspensions
in the presence/absence of 80 pM DFOB/200 uM oxalate. /,=1200
W/m? (xenon lamp with a spectral range between 300 and 800 nm),
T=25 °C, pH 6, electrolyte=0.01 M KClO,. Closed symbols stand
for aerated suspensions, open symbols for deaerated suspensions.
[Feoi]=total dissolved iron measured by ICP-MS.

the dissolution experiment.

difference in photodissolution rates in the two-ligand
system under aerated and deaerated conditions.
Results of goethite dissolution experiments are
summarized in Table 2 and Fig. 6. The dissolution
rates were generally lower than those observed for
lepidocrocite under the same conditions. For example,
the lepidocrocite dissolution rate in the presence of 80
puM DFOB and 200 pM oxalate in the dark was 6.2
nmol m~2 min~', and, hence, more than an order of
magnitude higher than the corresponding dissolution
rate for goethite (0.1 nmol m~> min~"). Furthermore,
no thermal dissolution or photodissolution of goethite
was observed in the presence of either DFOB or
oxalate on the time scale of the experiments. Only for
goethite suspensions containing both DFOB and

4 -
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Fig. 6. Dissolution in 0.08 g/L goethite suspensions in the presence
of 80 uM DFOB and 200 pM oxalate under different conditions.
15=1200 W/m? (xenon lamp with a spectral range between 300 and
800 nm), 7=25 °C, pH 6, electrolyte=0.01 M KCIO,. Suspensions
were kept first for 17 h in the dark to circumvent fast dissolution
during irradiation experiments. After this time span, total dissolved
iron concentrations as measured by ICP-MS were 0.3-0.4 uM.
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oxalate, dissolution rates were increased upon irradi-
ation and dissolution rates were smaller in aerated
than in deaerated suspensions (Fig. 6). As mentioned
above, oxygen had no effect on light-induced dis-
solution rates of lepidocrocite in the presence of both
DFOB and oxalate (Fig. 5).

3.4. Non-steady-state experiments with lepidocrocite
and goethite in the two-ligand system DFOB/oxalate

To investigate whether kinetically labile surface
sites (e.g., photoproduced Fe(Il), or freshly formed
iron oxide phases) accumulate at the mineral surface
in the presence of oxalate, we conducted non-steady-
state experiments. Deaerated or aerated lepidocrocite
and goethite suspensions were first exposed to
oxalate for a few hours, before adding a spike of
DFOB. In Fig. 7A-C, the dissolution kinetics in
non-steady-state experiments is compared to that in
the steady-state experiments, in which DFOB and
oxalate were added simultaneously to lepidocrocite
or goethite suspensions. As soon as DFOB was
added to irradiated, lepidocrocite (aerated) and
goethite (deaerated) suspensions containing oxalate
(at 70 and 200 min, respectively), the dissolution rate
equaled that of the corresponding steady-state experi-
ment (Fig. 7A, B). Hence, on the time scale of this
experiment, we observed no accumulation of kineti-
cally labile surface sites in irradiated suspensions at
pH 6.

Goethite suspensions were first conditioned in the
dark for 17 h with oxalate and oxalate/DFOB in non-
steady-state and steady-state experiments, respec-
tively, before irradiating the suspensions. Within this
conditioning period, no detectable thermal dissolution
by oxalate took place, whereas thermal dissolution
was obvious in the presence of both oxalate and
DFOB, resulting in dissolved iron concentrations of
0.3-0.4 uM (at 0 min) in deaerated and aerated
suspensions (Fig. 7B, C). In irradiated, aerated
goethite suspensions (Fig. 7C), the addition of DFOB
led to fast initial dissolution which then slowed down
to match the steady-state dissolution rate. No photo-
dissolution was observed in aerated goethite suspen-
sions before DFOB was added. The fast release of
0.3-0.4 uM dissolved iron after the addition of DFOB
can be rationalized in terms of thermal formation of
kinetically labile surface iron by oxalate during the

25 7
1 A L]
20 3 fondl
,g b steady-state -~
3 15 ] A
= ] e ,‘E’
g 101 - ]
&= ] 'l _.--"o
5 E /" . - 0
1 .4 - non-steady-state
] --ﬁn"jﬂj ’
B ——
0 100 200 300
4.0 1
| B A
steady-state Pl
3.0 4 A _"A
—~ ‘A
E g Jtas PLie
2 LA N
2 2.0 A /" Jites
5 -~ g
o - - -
a3 - A P
= A . - -
1.0 - /"A & e A non-steady
’,l A A___ﬁ& state
A Al.--
0.0 bt
0 100 200 300 400 500
1.0
] c .
0.8 steady-state -’ e
S o
3 06 7 —_5—"
= i ) .
g 04l e -"6'—_0
£ S
[ oS
02 ;
i \ b non-steady-state
]
0.0 $——F—r———I -+
0 100 200 300 400
Time (min)

Fig. 7. Comparison of steady-state dissolution and non-steady-state
dissolution in irradiated 0.02 g/L lepidocrocite suspensions (A) and
0.08 g/L goethite suspensions (B and C). In steady-state experi-
ments, 80 uM DFOB and 200 pM oxalate were added simulta-
neously to the iron oxide suspensions, whereas in non-steady-state
experiments, oxalate was first left to react with the iron oxides,
before DFOB was added (at 70 and 200 min for lepidocrocite and
gocthite suspensions, respectively). (A) Aerated and irradiated
lepidocrocite suspensions; (B) deaerated and irradiated goethite
suspensions; (C) aerated and irradiated goethite suspensions. 7=25
°C, pH 6, I=1200 W/m? (xenon lamp with a spectral range between
300 and 800 nm), electrolyte=0.01 M KCIO,4. Goethite suspensions
were kept first for 17 hours in the dark to circumvent fast
dissolution during irradiation experiments. After this conditioning
phase, total dissolved iron concentrations as measured by ICP-MS
were 0.3-0.4 uM for steady-state experiments and 0 uM for non-
steady-state experiments in panels (B) and (C).
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conditioning phase and by the efficient detachment
after the addition of DFOB at 200 min.

4. Discussion
4.1. Photolysis of Fe(lll)—siderophore complexes

We measured UV-visible absorption spectra of
Fe(Ill)-siderophore complexes before and after irra-
diation in order to investigate the photoreactivity of
these complexes. Irradiation of 1:1 Fe(Ill)-aerobactin
solutions at pH 4, 5, and 6.3 led to light-induced peak
shifts in the absorption spectra with a final absorption
maximum at approximately 430 nm (for pH 6.3
solution, see Fig. 2). These peak shifts clearly indicate
the photoreactivity of dissolved Fe(Ill)-aerobactin
complexes. It is likely that the photoreactivity of
aerobactin is imparted by the a-hydroxycarboxylate-
binding group. This suggests that the coordination of
Fe(Ill) by both oxygen atoms of the hydroxyl and
carboxyl moieties of the a-hydroxycarboxylate group
is a prerequisite for photolysis to occur. We hypothe-
size that photolysis of the Fe(Ill)—aerobactin complex
is likely to result in the destruction of the o-
hydroxycarboxylate group and the formation of a 3-

Table 3

Thermodynamic stability constants at 25 °C and infinite dilution
Reaction Log K»o5"
Aerobactin® +H =HAerobactin* 10.51
Aerobactin® +2H"=H,Aerobactin®~ 20.30
Aerobactin®+3H"=H;Aerobactin®~ 25.25
Aerobactin® +4H"=H,Aerobactin ™ 29.16
Aerobactin®+5H "=HsAerobactin 32.49
Aerobactin® +Fe**=FeH_, Aerobactin® +H" 20.67
Aerobactin® +Fe**=FeAerobactin® 25.72
Aerobactin®~+Fe**+H '=FeHAerobactin~ 29.75
Aerobactin®+Fe*"+2H "=FeH,Aerobactin 33.06
Aerobactin® +Fe*'+3H =FeH;Aecrobactin” 35.46
Fe*'+OH =FeOH*" 11.81
Fe’'+20H =Fe(OH); 23.4
Fe**+30H =Fe(OH); (aq) 30.2
Fe**+40H =Fe(OH); 34.4

2Fe* +20H =Fe,(OH)3" 25.14
3Fe**+40H =Fe;(OH); " 49.7
FeH_;Aecrobactin®~ is the photoreactive species [Fe®"

(aerobactin®)]> .
# Values are taken from Martell et al. (2001) and were corrected
to zero ionic strength using the Davies equation.
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Fig. 8. Observed absorption maxima of non-irradiated solutions of
1:1 Fe(IlT)—aerobactin complexes (45 uM) at different pH vs. the
calculated fraction of the [Fe®"(aerobactin®)]*~ species. The
program CHEAQS vers. L19 was used for speciation calculations
(Verweij, 1999-2001).

ketoglutarate residue in analogy to the structurally
similar petrobactin (see Fig. 1; Barbeau et al., 2002).
The changes in absorption spectra of the Fe(IIl)-
aerobactin complex therefore reflect the loss of iron
coordination by the a-hydroxycarboxylate group.
This interpretation is supported by similar spectral
changes due to pH shifts and hence changes of the
coordination sphere of Fe(Ill)-aerobactin complexes.
Harris et al. (1979) have observed UV-visible
absorption spectra of Fe(Ill)-aerobactin complexes
as a function of pH and concluded that pH-dependent
shifts are due to changes in the coordination of iron by
the citrate moiety. Raising solution pH from 3.5 to 6
increases the fraction of [Fe®'(aerobactin®)]*~, in
which Fe(Ill) is coordinated by both hydroxamate-
binding groups, as well as the hydroxyl and carboxyl
moieties of the a-hydroxycarboxylate group. Accord-
ing to speciation calculations, the fraction of this
species constitutes 16%, 74%, and 97% at pH 4.0, pH
5.0, and pH 6.0, respectively, in 1:1 Fe(Ill)—aerobactin
solutions (/=0.1 M). Thermodynamic data for the
speciation calculation are listed in Table 3. A linear
relationship between the pH-dependent fraction of
[Fe**(aerobactin®)]>~ and the observed absorption
peak maximum is found in nonirradiated 1:1 Fe(Ill)-
aerobactin solutions (Fig. 8). At pH 3.5, the absorp-
tion peak maximum lies at approximately 430 nm,
whereas at pH 6, the peak maximum occurs at 395
nm. Irradiation of 1:1 Fe(Ill)—aerobactin solutions
with pH>3.5 leads to a peak shift to 430 nm,
indicating photodegradation of the citrate moiety in
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the photoreactive species [Fe’"(acrobactin® )]’ and
hence loss of one binding group.

We have not observed changes in the UV-visible
spectra of Fe(III)-DFOB complexes due to irradiation.
This is consistent with previous reports on the
photostability of Fe(IlI)-DFOB complexes (Barbeau
et al., 2003).

4.2. Thermal and photodissolution of lepidocrocite by
DFOB and aerobactin

The rate of siderophore-controlled iron oxide
dissolution is influenced by the configuration and
bonding of Fe—siderophore surface complexes. Sim-
ilar rate constants of ligand-promoted dissolution of
goethite in the presence of the trihydroxamate side-
rophore DFOB or monohydroxamate aHA (acetohy-
droxamic acid, see Fig. 9) have been reported
(Cocozza et al., 2002). These authors have therefore
concluded that only one hydroxamate group of DFOB
participates in the formation of a bidentate mono-
nuclear surface complex on goethite. In the case of
aerobactin, the a—hydroxycarboxylate moiety as well
as the hydroxamate moieties may participate in
surface complex formation. The affinities of these
functional groups for inner-sphere coordination of
Fe(III) at the mineral surface are not known, but may
be assessed from the stability constants of aqueous
complexes of analogous compounds (Stumm et al.,
1980). The overall stability constant of a typical 1:1
Fe(IlI)-monohydroxamate complex is much higher
than that of an equivalent 1:1 Fe(Ill)-a-hydroxycar-
boxylate complex (Fig. 9). For example, the stability
constant of 1:1 Fe(Ill)-acetohydroxamic acid (mono-
hydroxamate complex) is eight orders of magnitude
higher than that of 1:1 Fe(Ill)-glycolic acid (a-

Acetohydroxamic acid aHA Glycolic acid

H
HO  _H
)N\ HO H
(6] CH, HO o
Log K¢ =10.95 Log Ko =2.9

Fig. 9. Chemical structures of acetohydroxamic acid and glycolic
acid and the stability constants (Martell et al., 2001) of aqueous 1:1
Fe(IlI)-ligand complexes at ionic strength /=1 M and 25 °C.

hydroxycarboxylate complex; Martell et al., 2001).
Therefore, we assume that weaker inner-sphere sur-
face complexes are formed with a-hydroxycarboxy-
late-binding groups than with hydroxamate-binding
groups and that hydroxamate groups will have a
stronger effect on dissolution rates than a-hydrox-
ycarboxylate groups. Such a correlation between
ligand affinity and dissolution rates of iron oxides
has been observed by Duckworth and Martin (2001).
They have studied surface complexation and dissolu-
tion of hematite by various dicarboxylic acids at pH 5
and have observed a linear relationship between the
ligand-promoted dissolution rate constants and the
Langmuir binding constants. Based on above consid-
erations, we propose surface coordination of aero-
bactin on iron oxides by a hydroxamate-binding
group. The hypothesis that the a-hydroxycarboxylate
group does not participate in surface complexation is
consistent with the observation of equal light-induced
and thermal lepidocrocite dissolution rates by DFOB
and aerobactin (Fig. 4), despite the different photo-
reactivity of dissolved Fe(Ill)-aerobactin and Fe(IIl)—-
DFOB complexes. This indicates that both side-
rophores coordinate surface Fe(IIl) with the hydrox-
amate group and not with the a-hydroxycarboxylate
group in the case of aerobactin, and that both
siderophores do not promote photoreduction of Fe(III)
surface sites by a ligand-to-metal charge transfer
mechanism. UV-visible absorption spectra of filtered
lepidocrocite suspensions that were irradiated in the
presence of aerobactin (Fig. 3) exhibited the same
spectral features as photolyzed Fe(Ill)-aerobactin
complexes in solution (Fig. 2), typically having an
absorption maximum at 430 nm. Most likely, the
transfer of surface iron into solution occurs via the
hydroxamate-binding group of aerobactin, and once
dissolved Fe(Ill) is fully coordinated, photolysis of the
Fe(Ill)-aerobactin complex occurs.

Possible mechanisms of Fe(Ill) photoreduction at
the lepidocrocite surface in the presence of DFOB or
aerobactin are photolysis of surface Fe(Ill)-hydroxo
groups or excitation of the O*"—Fe*" charge-transfer
bands with subsequent migration of the generated
photoelectron to the oxide surface. Irrespective of the
exact photochemical mechanisms that lead to the
formation of surface Fe(II), both DFOB and aero-
bactin clearly promote the transfer of iron to the
solution. This is consistent with the acceleration of the



190 PM. Borer et al. / Marine Chemistry 93 (2005) 179-193

rate-determining detachment of Fe(Il) in ligand-
promoted, reductive dissolution (Banwart et al.,
1989).

4.3. Thermal and photodissolution of goethite and
lepidocrocite in the two-ligand system DFOB/oxalate

Oxalate is known to form photoreactive surface
complexes at goethite and lepidocrocite surfaces and
to promote fast photodissolution in the absence of
oxygen (Siffert and Sulzberger, 1991; Sulzberger and
Laubscher, 1995b). In the presence of oxygen and
depending on pH, reoxidation of Fe(Il) at the mineral
surface may outcompete detachment of Fe(Il) (Sulz-
berger and Laubscher, 1995a,b). In our study, the
presence of oxygen reduced the rate of lepidocrocite
photodissolution in the presence of oxalate to less
than 50% relative to dissolution rates of deaerated
suspensions at pH 6 (Fig. 5 and Table 1). This
indicates that fast reoxidation of surface Fe(Il) in
aerated suspensions outcompetes its slow detachment
from the lepidocrocite surface. However, in the
presence of both oxalate and DFOB, photodissolution
of lepidocrocite was significantly accelerated with
similar rates in aerated and deaerated suspensions
(Fig. 5). Considering that DFOB does not act as an
electron donor (see discussion above), we conclude
that DFOB is an efficient shuttle for the transfer of
surface Fe(I) into solution.

The presence of oxygen has a bigger impact on
light-induced dissolution of goethite in the presence of
DFOB and oxalate (Fig. 6), as compared to lepidoc-
rocite. This can be explained in terms of different
thermodynamic stabilities of these two iron oxide
phases. With goethite, detachment of reduced iron is
likely to be slower than with lepidocrocite, resulting
in competitive reoxidation of Fe(II) (Sulzberger and
Laubscher, 1995b). These authors have reported that
no dissolution took place in irradiated, aerated
goethite and hematite suspensions at pH 3. However,
as shown in Fig. 6, photodissolution of goethite does
take place in aerated suspensions, even at pH 6, if
DFOB is added to the system. The likely role of
siderophores in the formation of dissolved iron
through photoreductive dissolution of iron oxides is
shown schematically in Fig. 10.

To investigate, if kinetically labile sites (Fe(II) and
reoxidized surface sites) accumulate at irradiated

=Fe(ll)-L-L —2NV 3 =Fe(ll) + L*
+0, + Sid.

= Fe(IID) (Fe(I1)-Sid.),,

+ Sid. +0

[§)

(Fe(ID)-Sid.),,
L = OH, photoreductive ligand

Fig. 10. General mechanism of light-induced dissolution in the
presence of siderophores. Following photoexcitation of surface
hydroxo complexes or surface ligand complexes and charge
transfer, surface Fe(IIl) is reduced to Fe(Il). For simplicity, the
0> —Fe*" semiconductor charge transfer mechanism is omitted.
Detachment of Fe(Il) is the rate determining step in the overall
photodissolution reaction. A competing reaction is the reoxidation
of surface Fe(Il). Depending on the thermodynamic stability of the
iron oxide, siderophore-promoted detachment may or may not
outcompete the surface reoxidation reaction. The dissolution of
reoxidized surface Fe(Ill) is promoted by siderophores in a slow
ligand controlled dissolution reaction with similar rates as the dark
reaction. In solution, Fe(II)-siderophore complexes are oxidized
immediately to Fe(IlT)-siderophore complexes by oxygen.

oxide surfaces in the presence of oxalate, non-
steady-state dissolution experiments were per-
formed. Goethite and lepidocrocite suspensions
were irradiated in the presence of oxalate before
adding the siderophore DFOB (Fig. 7A-C). The
accumulation of labile surface sites is expected to
result in a fast non-steady-state dissolution reaction
after the addition of the siderophore. Accumulation
and fast non-steady-state release of labile Fe(IlI)
surface sites have been observed previously in
thermal dissolution experiments involving oxalate
and DFOB (Reichard et al., submitted for publica-
tion). Furthermore, a labilizing effect of light on the
dissolution of colloidal iron oxides by unknown
organic chromophores in seawater has been
observed by Wells and Mayer (1991). We did not
observe such a light-induced labilization of surface
sites on goethite and lepidocrocite in the presence
of oxalate. The sudden increase in dissolved iron,
which occurred upon addition of DFOB to an
aerated and irradiated goethite/oxalate suspension
(Fig. 7C), is most likely due to the labilizing effect
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of oxalate during the conditioning phase in the dark
(17 h). The thermal formation of about 0.3-0.4 pM
kinetically labile surface iron by oxalate is con-
sistent with the results by Reichard et al. (submitted
for publication).

5. Conclusions

Considering that the deposition of atmospheric
acrosols to ocean waters may provide a significant
source of iron in the form of solid oxides, photo-
dissolution processes may be important for increas-
ing the bioavailability of iron to the marine biota.
According to our laboratory study, siderophores,
including a nonphotoreductive siderophore, greatly
accelerate light-induced dissolution of crystalline
iron oxides. Addition of a second organic ligand,
acting as the electron donor, further accelerates the
dissolution process. This synergistic effect of side-
rophores and photoreductive ligands may be an
important process in iron solubilization in iron-
deficient marine surface waters, where photoreduc-
tive ligands as well as siderophores are present
(Kuma et al., 1992; Nakabayashi et al., 1993; Van
den Berg, 1995; Sempere and Kawamura, 1996;
Macrellis et al., 2001).
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