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Chapter 5 
 
Individual ligands have different effects on the photoreduction of iron 
in natural seawater of the Southern Ocean 
 
Micha J.A. Rijkenberg, Loes J.A. Gerringa, Vicky E. Carolus, Ilona Velzeboer, Hein J.W. de 
Baar 
 
Abstract 

 
The influence of five Fe-binding model ligands (phaeophytin, ferrichrome, 

desferrioxamine B (DFOB), inositol hexaphosphate (phytic acid) and protoporphyrin IX 
(PPIX)) on the photo-induced redox speciation of Fe in Southern Ocean seawater was 
investigated. Phaeophytin and ferrichrome did not clearly affect the Fe photochemistry. The 
model ligands DFOB, phytic acid and PPIX all showed, although different and based on 
different mechanisms, an effect on the photoproduction of Fe(II). The DFOB decreased the 
photoreducible Fe fraction and prevented the formation of newly photoreducible Fe by 
binding the re-oxidized Fe(III) resulting in a lower Fe(II) steady state during irradiance. 
Addition of phytic acid led to higher concentrations of photoproduced Fe(II) compared to the 
control. Furthermore, an increasing phytic acid concentration coincided linearly with 
increasing maximum photoproduced Fe(II) concentrations, presumably due to influencing the 
aggregation of Fe(III) and increasing the photoreducible Fe fraction. In seawater, the PPIX 
does not bind Fe(III) but Fe(II). Subsequently, PPIX acted as a photosensitizing catalytic 
producer of superoxide, thus increasing the dark reduction of Fe(III) to Fe(II). Yet, the 
presence of PPIX decreased the overall concentration of free Fe(II). 
 
1. Introduction 

 
Iron, Fe, is an important trace metal required in essential biochemical systems 

necessary to provide cells with the energy and biological components for growth and 
multiplication (Harrison and Morel, 1986; Rueter and Ades, 1987; Raven, 1990; Rueter et al., 
1990; Greene et al., 1991; Geider and la Roche, 1994). Well known Fe-requiring cellular 
processes include photosynthesis and nitrogen fixation (Rueter and Ades, 1987; Geider et al., 
1993). Iron is one of the important factors limiting primary production in large oceanic areas 
such as the Northeast Pacific, the Equatorial Pacific and the Southern Ocean. These areas are 
known as high-nutrient low-chlorophyll (HNLC) areas, because major nutrients such as 
phosphate, nitrate and silicate cannot be fully utilized by phytoplankton (Martin and 
Fitzwater, 1988; de Baar et al., 1990; Martin et al., 1990; Martin et al., 1994). Although the 
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concentrations of Fe are higher in coastal regions, the higher cellular demand by coastal 
phytoplankton (Sunda et al., 1991), and the lack of bioavailable chemical Fe species, can also 
lead to limitation of primary production in the coastal environment (Hutchins and Bruland, 
1998; Bruland et al., 2001; Strzepek and Harrison, 2004). 

The chemistry of Fe in seawater is very complex. The Fe(III) and its hydrolysis 
products have very low solubility products resulting in a tendency to form particulate iron 
oxyhydroxides (Millero, 1998; Liu and Millero, 1999; Moffett, 2001; Waite, 2001; Liu and 
Millero, 2002). Organic complexation of Fe(III) in seawater increases the overall Fe 
solubility (Kuma et al., 1996; Johnson et al., 1997). Although organic Fe(III)-binding ligands 
are often found in excess over the dissolved Fe pool (Boye et al., 2001) it does not prevent 
the existence of a colloidal Fe pool within the operational defined “dissolved” Fe fraction (all 
Fe passing through a 0.2 �m filter). Nishioka et al. (in press) distinguished the Fe pools by 
operational size discrimination among others in a particulate Fe (> 0.2 �m), and a fine 
colloidal Fe pool (200 kDa-0.2 �m), and showed the importance of these Fe fractions in the 
Southern Ocean polar front between South Africa and Antarctica. 

The Fe(II), although better soluble in seawater, becomes rapidly oxidized by O2 and 
H2O2 (Millero et al., 1987; Millero and Sotolongo, 1989; King et al., 1995). Remarkably, 
significant and stable concentrations of Fe(II) have been determined in the Northeast Atlantic 
(Boye et al., 2003), the East-equatorial Atlantic (Bowie et al., 2002) and during a Southern 
Ocean Fe enrichment experiment (Croot et al., 2001). 
 Redox reactions and speciation are shown to be important for the bioavailability of Fe 
for phytoplankton. The Fe(II) is assumed to be an Fe fraction suitable for biological uptake 
(Anderson and Morel, 1980; Anderson and Morel, 1982; Takeda and Kamatani, 1989; 
Maldonado and Price, 2001). Furthermore, the Fe redox cycle initiated by photochemical 
processes is mentioned as an important mechanism by which (colloidal) Fe is converted in 
more reactive species (defined by the method applied) resulting in a higher bioavailability to 
phytoplankton (Wells and Mayer, 1991; Johnson et al., 1994; Miller and Kester, 1994). 
 Organic complexation can influence the redox speciation of Fe in seawater. Extensive 
literature on the influence of organic complexation of Fe on the oxidation kinetics is available 
(Theis and Singer, 1974; Millero et al., 1987; Voelker et al., 1997; Santana-Casiano et al., 
2000; Moffett, 2001; Rose and Waite, 2002; Santana-Casiano et al., 2004). Organic 
compounds can also induce photoreductive dissolution of Fe from colloidal material (Waite 
and Morel, 1984; Waite et al., 1986; Waite and Torikov, 1987; Siffert and Sulzberger, 1991; 
Pehkonen et al., 1993; Pehkonen et al., 1995; Sulzberger and Laubscher, 1995). Barbeau et 
al. (2001) have shown the photolysis of marine Fe(III)-siderophore complexes. The latter 
high affinity Fe(III)-binding ligands secreted by e.g. marine bacteria to scavenge and 
transport Fe (Trick, 1989; Wilhelm and Trick, 1994; Granger and Price, 1999), may lead to 
the formation of lower-affinity Fe(III) ligands and the reduction of Fe(III) to Fe(II). The 
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ability of the Fe(III)-siderophore complex to be photoreduced was found to be strongly 
dependent on the Fe-binding functional group (Barbeau et al., 2003). 

The identity, origin, and chemical characteristics of the assemblage of organic 
Fe-binding ligands in the oceans are largely unknown. Despite differences in location and the 
method used, a remarkably similar picture has emerged for the conditional stability constants 
of Fe ligand complexes, ranging between 1018 and 1023, and measured in the North Atlantic 
(Gledhill and van den Berg, 1994; Wu and Luther, 1995; Witter and Luther, 1998), the North 
Sea (Gledhill et al., 1998), the Mediterranean Sea (van den Berg, 1995), the Arabian Sea 
(Witter et al., 2000), the North Central and equatorial Pacific Ocean (Rue and Bruland, 1995; 
Rue and Bruland, 1997) and the Southern Ocean (Nolting et al., 1998; Boye et al., 2001; 
Boye, in press). Witter et al. (2000) conclude from comparisons between formation and 
dissociation rate constants of model ligands and field samples that most unknown ligands in 
seawater could originate from porphyrin and siderophore-like compounds. Macrellis et al. 
(2001) isolated organic Fe-binding ligands with hydroxamate and catecholate Fe-binding 
functional groups from the central California coastal upwelling system. Recently, Gledhill et 
al. (2004) detected 7 siderophore type compounds in coastal and near shore environments 
among which one was identified as DFOB (McCormack et al., 2003). 
 In the present study, the influence of Fe binding ligands on the redox speciation of Fe 
in Southern Ocean seawater was investigated. The choice of model ligands to be investigated 
was based on their possible natural occurrence. Inspired by the article of Witter et al. (2000), 
three Fe-chelating moieties were studied including: tetrapyrrole ligands (phaeophytin and 
PPIX), terrestrial and marine hydroxamate siderophores (ferrichrome and DFOB) and the 
terrestrial Fe-complexing storage ligand inositol hexaphosphate (phytic acid). The 
tetrapyrrole ligands were chosen to represent Fe-binding ligands derived from pigments such 
as chlorophyll-a released in the seawater upon cell lysis. Ferrichrome and DFOB 
(trihydroxamates from terrestrial microorganisms) were chosen to represent the structural 
types of siderophores that could be present in seawater (Macrellis et al., 2001; Martinez et al., 
2001; Gledhill et al., 2004). DFOB is very similar to the siderophore desferrioxamine G 
produced by a marine bacterium belonging to the genus Vibrio (Martinez et al., 2001) and is 
found in coastal seawater (Gledhill et al., 2004). Furthermore, DFOB is widely used in 
experiments causing massive reduction in iron uptake (Wells et al., 1994; Wells, 1999) and 
phytoplankton growth in offshore and near shore waters (Wells et al., 1994; Hutchins et al., 
1999). It is not known how DFOB influences the photoreducible Fe pool. Phytic acid is an 
organic phosphorous, metal-complexing (including Fe), storage compound abundant in seeds 
of terrestrial plants and has also been used as a terrestrial biomarker in coastal environments 
(Suzumura and Kamatani, 1995). 
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2. Materials and methods 
 
2.1 Seawater 

 
Clean Southern Ocean surface seawater (44ºS 20º E, 30 November, 2000) was 

pumped into an over-pressurized class 100 clean air container using a Teflon diaphragm 
pump (Almatec A-15, Germany) driven by a compressor (Jun-Air, Denmark, model 600-4B) 
connected via acid-washed braided PVC tubing to a torpedo towed at approximately 5 m 
alongside the ship (Polarstern, ANTXVIII/2). The seawater was filtered in-line by a filter 
(Sartorius Sartobran filter capsule 5231307H8) with a cut-off of 0.2 �m. Upon return to the 
institute the tank was stored at room temperature. The Southern Ocean seawater contained 
1.1 nM dissolved Fe and 1.75 ± 0.28 equivalents of nM Fe of natural ligands with a 
conditional stability constant (log K’) of 21.75 ± 0.34 (given errors show the 95% confidence 
interval). The DOC concentration was 86.8 ± 1.13 �M C (given error is the standard 
deviation). 

Artificial seawater was prepared using CaCl2
.2H2O (8.9 10-3 M, Baker Analyzed), 

MgCl2
.6H2O (4.6 10-2 M, Baker Analyzed), NaCl (0.53 M, Merck (Gr for analysis)) and 

NaHCO3 (2.5 10-3 M, Baker Analyzed) in 18.2 Milli-Ω nanopure water (MQ). The artificial 
seawater had an ionic strength of 0.7 and a pH of 8.01 (Metrohm 713 pH meter). The Fe 
concentration was 100 nM.  
 
2.2 Reagents 

 

All solutions were prepared using MQ. Chemicals, except for phaeophytin and 
ferrichrome (see below), which were used as received. Three times quartz distilled (3xQD) 
HCl was prepared for use in iron stock solutions. A 20 µM Fe(III) stock solution was made 
with ammonium Fe(III) sulfate (NH4Fe(III)(SO4)2

.12H2O, Baker Analyzed, reagent grade) in 
0.012 M 3xQD HCl. A 5.9 10-5 M PPIX (disodium salt) (Aldrich Chem.) stock solution, a 2.4 
10-5 M DFOB (Novartis) stock solution and a 8.7 10-5 M phytic acid (Aldrich Chem.) stock 
solution were used without further purification.  

Phaeophytin (Sigma) and ferrichrome (from Ustilago sphaerogena) (Sigma) were 
deferrated using a method described by Witter et al. (2000). One milligram of chlorophyll-a 
(from spinach) and ferrichrome were first diluted in 1 ml of 90% acetone / 10% MQ water. 
This solution was further diluted to 10 ml in MQ and acidified to pH 3.0 with 6 M HCl 
(3xQD). Magnesium was removed from chlorophyll-a by passing the acidified ligand through 
an 8-cm column of XAD-16 resin (Sigma). The XAD-16 resin had been cleaned previously 
by vacuum extraction in methanol (3xQD). The organic loaded column was eluted with 



Effect of individual ligands on Fe(II) photoproduction 

 83 

methanol (3xQD), followed by a washing step with 3xQD methanol:chloroform (1:1) to 
liberate any remaining ligand. The methanol and chloroform fractions were removed by 
evaporation and the collected ligand (phaeophytin, ferrichrome) was resuspended in MQ.  
 
2.3 Light 

 
Philips ultraviolet B (UVB: 280-315 nm) (TL-12), ultraviolet A (UVA: 315-400 nm) 

(TL’ 40W/05) and visible light (VIS: 400-700 nm) (TL’D 36W/33) lamps were used to 
simulate the solar spectrum in the experiments. Spectral conditions were measured using a 
MACAM Spectroradiometer SR9910 with a small spherical 4π sensor. All sides of the 
rectangular UV transparent polymethylmetacrylate (PMMA) bottle (Steeneken et al., 1995), 
except the top, were covered with black plastic to prevent focussing effects. Spectra were 
recorded from 280-700 nm. 
 
2.4 Fe colloid formation 
  

An acid cleaned Teflon bottle was equilibrated overnight with natural seawater 
containing 50 nM Fe(III). The Fe colloid formation was visualized in an experiment where 
Fe, labile with respect to 10 �M 2-(2-Thiazolylazo)-p-cresol (TAC) (labile Fe), was measured 
as function of time after the addition of 50 nM Fe(III) to 1 liter of natural seawater. The 
experiment was performed at 15°C in the dark. Samples (15 ml) were taken in time and 
immediately measured for Fe able to be bound by TAC using Cathodic Stripping 
Voltammetry (CSV) (see below).  
 
2.5 Photoreduction of Fe with and without different organic Fe binding ligands  

 
All experiments were performed in an over-pressurized class 100 clean air, 

temperature controlled container laboratory using a temperature of 4ºC. Prior to use, the 1 
liter, PMMA bottles were equilibrated with natural seawater containing the same 
concentration Fe(III) and ligand as used during the experiments. Equilibration occurred in the 
dark under the same conditions as the experiments. 

An experiment typically started with measuring the background concentration Fe(II) 
in the dark, after which the lamps were switched on. During 60-90 minutes the concentration 
of Fe(II) was followed. Next, the oxidation of Fe(II) was followed for 30 minutes after 
turning off the light. The seawater solution was continuously stirred using a Teflon stirring 
bean. 

Investigation of the photoreducibility of amorphous Fe hydroxides was performed in 
artificial seawater. The Fe(II) photoproduction of amorphous Fe hydroxides was investigated 
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using a blank (100 nM Fe(III) present but no Fe addition) and an addition of 20 nM Fe(III) 
(both after overnight equilibration), and a fresh addition of 20 nM Fe(III). The optical 
spectrum used for the experiments contained UVB (1.82 Wm-2), UVA (4.08 Wm-2) and VIS 
(13.16 Wm-2).  

One experiment series was performed with increasing concentrations of Fe(III), 
additions of 11, 15 and 20 nM Fe to natural seawater. The optical spectrum used for these 
experiments contained UVB (0.91 Wm-2), UVA (2.57 Wm-2) and VIS (2.77 Wm-2). 

The influence of different ligands on the photo-induced redox speciation of Fe in 
natural seawater was studied in separate experiments by addition of 10 nM Fe(III) and 20 nM 
of the ligands PPIX, phytic acid and DFOB. Phaeophytin and ferrichrome were added in 
excess to 500 ml of Southern Ocean seawater (0.2 �m filtered, pH 8.07 (Metrohm 713 pH 
meter)) containing 10 nM Fe(III). Additional experiments with increasing concentrations of 
DFOB, phytic acid and PPIX were performed in 500 ml Southern Ocean seawater to which 
100 nM Fe(III) was added. The addition of ligand always preceded the addition of the Fe. 
The optical spectrum used for these experiments contained UVB (1.25 Wm-2), UVA (3.72 
Wm-2) and VIS (3.24 Wm-2). 
 
2.6 UV-digestion 

 
The UV digestion was performed using a UV emitting 15 W low pressure mercury 

vapour lamp (Glasco Ultraviolet Systems) emitting radiation with maxima at 254 and 185 
nm. The seawater was incubated in acid-cleaned quartz tubes at a distance of 3 cm from the 
lamp for 8 hours. The whole set up was placed in a fume hood to remove the produced UV 
absorbing ozone (O3). 
 
2.7 Iron(II) analysis 

 
Concentrations of Fe(II) were measured inline using an automated flow injection 

analysis system employing a luminol-based chemiluminescence detection of Fe(II) (Seitz and 
Hercules, 1972; King et al., 1995; O'Sullivan et al., 1995). An alkaline luminol solution is 
mixed with the sample in a spiral shaped flow cell in front of a Hamamatsu HC135 photon 
counter. At pH 10, Fe(II) is rapidly oxidized by oxygen on a millisecond time scale causing 
the oxidation of luminol and producing blue light (Xiao et al., 2002). 

Samples were transported in-line from the PMMA bottle to a sample loop. Then, by 
introducing it in MQ, the sample was transported into the flow cell every 93 seconds. 

The complete analysis system was built inside a light-tight wooden box. The luminol 
reagent and the carrier were kept in light-tight bags (as used for storage of photographic 
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films). The tubing was covered by aluminum foil and the tubing of the peristaltic pump was 
shaded by black plastic. 

The alkaline luminol solution was prepared weekly with 15 mM 5-amino-2,3-dihyfro-
1,4-phthal-azinedione (Luminol) (SIGMA) in 20 mM Na2CO3. The 50 µM luminol reagent 
solution was made in 0.5 M NH3 (suprapur, Merck) and 0.1 M HCl (suprapur, Merck). The 
luminol reagent solution was stored in the dark for at least 24 hours before use, to ensure that 
the reagent properties had stabilized. A 0.01 M Fe(II) stock was prepared monthly by 
dissolving ferrous ammonium sulfate hexahydrate (Fe(II)(NH4SO4)2

.6H2O) (Baker Analyzed, 
reagent grade) in 0.012 M (3xQD) HCl. Working solutions were prepared daily just before 
use. All Fe(II) stock solutions were refrigerated in the dark at 4°C when not in use.   

Calibration was performed by the standard addition of known concentrations of Fe(II) 
to the sample matrix. The time delay between Fe(II) addition and the actual measurement 
caused an oxidation effect. This oxidation effect was accounted for by extrapolating the data 
back to time zero using the fact that Fe(II) oxidation in seawater very closely approximates 
pseudo-first-order kinetics. 
 
2.8 Fe(III) analysis 

 
Dissolved iron, defined as the Fe fraction passing a 0.2 �m filter, was determined 

using flow injection analysis with luminol chemiluminescence and H2O2 (de Jong et al., 
1998).  
  
2.9 CLE-ACSV 

 
Determination of the organic speciation of iron was performed using CLE-ACSV. 

The 2-(2-Thiazolylazo)-p-cresol (TAC) (Aldrich, used as received) reagent was used as 
competing ligand (Croot and Johansson, 2000). All solutions were prepared using 18.2 MΩ 
nanopure water. The equipment consisted of a µAutolab voltammeter (Ecochemie, 
Netherlands), a static mercury drop electrode (Metrohm Model VA663), a double-junction 
Ag/saturated AgCl reference electrode with a salt bridge containing 3 M HCl and a counter 
electrode of glassy carbon. The titration was performed using 0.01 M stock solution of TAC 
in 3x quartz distilled (QD) methanol, 1 M boric acid (Suprapur, Merck) in 0.3 M ammonia 
(Suprapur, Merck) (extra cleaning by the addition of TAC after which TAC and Fe(TAC)2 
was removed with a C18 SepPak column) to buffer the samples to a pH of 8.05 and a 10-6 M 
Fe(III) stock solution acidified with 0.012 M HCl (3xQD). Aliquots of 15 ml were spiked 
with Fe(III) until final concentrations between 0 and 20 nM and allowed to equilibrate 
overnight (> 15 hours) with 5 mM borate buffer and 10 �M TAC. The concentration 
Fe(TAC)2 in the samples were measured using the following procedure: i) removal of oxygen 
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from the samples for 200 seconds with dry nitrogen gas, a fresh Hg drop was formed at the 
end of the purging step, ii) a deposition potential of –0.40 V was applied for 30-60 seconds 
according to the sample measured, the solution was stirred to facilitate the adsorption of the 
Fe(TAC)2 to the Hg drop, iii) at the end of the adsorption period the stirrer was stopped and 
the potential was scanned using the differential pulse method from -0.40 to -0.90 V at 19.5 
mV s-1 and the stripping current from the adsorbed Fe(TAC)2 recorded.  

The ligand concentration and the conditional stability constant were calculated using 
the non-linear fit of the Langmuir isotherm (Gerringa et al., 1995). 
 
2.10 Hydrogen peroxide analysis 

 
Hydrogen peroxide (H2O2) was measured as fluorescence (Waters fluorometer, type 

470) after enzyme-catalyzed dimerisation of (p-hydroxyphenyl) acetic acid (POHPAA) 
(Miller and Kester, 1988; Miller and Kester, 1994). The exact method used to analyze 
hydrogen peroxide is described in (Gerringa et al., 2004). 
 
2.11 Binding of Fe(III) and Fe(II) by PPIX 

 
To investigate binding of Fe(III) by PPIX, a fixed concentration of Fe (15 nM) was 

titrated with PPIX. Aliquots of 15 ml seawater containing 5 mM borate buffer and 10 �M 
TAC were spiked with PPIX up to final concentrations between 0 and 125 nM and allowed to 
equilibrate overnight (> 15 hours). The concentration Fe(TAC)2 in the samples was measured 
using the procedure as described above (CLE-ACSV). 

To investigate the binding of Fe(II) by PPIX the disappearance of Fe(II) due to 
different concentrations of PPIX was compared with the disappearance of Fe(II) by oxidation 
alone (Figure 1A). The experiments were performed in an over-pressurized class 100 clean 
air, temperature-controlled container laboratory using a temperature of 15ºC. The Fe(II) (1.0 
10-7 M stock solution in 0.012 M 3xQD HCl) and PPIX (2.58 10-5 M stock solution in MQ) 
were added to Southern Ocean seawater in a 25 ml volumetric flask by pipetting it at different 
dry spots in the neck of the flask. By swirling the flask Fe(II) and PPIX were added to the 
seawater at exactly the same time. This experiment was performed with 1 nM Fe(II) and 
increasing concentrations of PPIX (25, 50, and 100 nM). Fe(II) oxidation in the Fe(II) 
standard was controlled for by additions of 1 nM Fe(II) to the seawater. The concentration of 
Fe(II) of the standard solution as used during the experiment decreased with 0.064 nM h-1

 (R2 
= 0.98). This decrease in the concentration of Fe(II) was corrected for by calculating the 
concentration of Fe(II) that we added to the seawater as a function of time. The results (the 
oxidation of Fe(II) and binding of Fe(II) by PPIX as function of time between t = 0 and t = 
~600 s) were mathematically described using: 
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[ ] tcbeaIIFe ⋅+=)(        (1) 

 
The Fe(II) concentration was calculated as a function of time between t= 0 and t=115 

seconds after the addition of 1 nM Fe(II) to the seawater with and without the addition of 
PPIX. The reactions with Fe(II) taking place in seawater containing PPIX can be described 
by the binding of Fe(II) by PPIX: 
 

[ ] [ ] ( )[ ]PPIXIIFePPIXIIFe PPIXIIFek  →+ )()(     (2) 

 
and the parallel (hence competing) oxidation reaction of Fe(II), 
 
  [ ] [ ])()( IIIFeIIFe oxk→       (3) 

 
We assumed that no reduction of Fe(III) would take place during our experiments and 

that the dissociation of the [Fe(II)PPIX] complex is much slower then the reverse association 
of Fe(II) to PPIX. Pseudo first order kinetics was assumed for oxidation as well as the 
combination of oxidation and binding of Fe(II) by PPIX (excess of PPIX and oxidants). 
Integration (assuming that [Fe(II)] = [Fe(II)0] at t=0) of the differential equations for the 
reactions with Fe(II) in seawater containing PPIX: 
 

  )]([][)]([
)]([

)( IIFekPPIXIIFek
dt

IIFed
oxPPIXIIFe ⋅−⋅⋅−=   (4) 

   

  ( ) )]([][
)]([

)( IIFekPPIXk
dt

IIFed
oxPPIXIIFe ⋅+⋅−=    (5) 

 

  ( ) )]([
)]([

IIFek
dt

IIFed
overall ⋅−= ,     (6) 

 
and for seawater without PPIX: 
 

)]([
)]([

IIFek
dt

IIFed
ox ⋅−= ,      (7) 

 
resulted in a linear relationship between the natural logarithm of the concentration Fe(II) with 
time (Figure 1B). 
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The rate constant for the binding of Fe(II) by PPIX depending on the PPIX 
concentration was calculated by subtracting the rate constant of the oxidation of Fe(II) 
without PPIX from the rate constant for the combination of oxidation and binding in the 
presence of PPIX (6). 
 
   oxoverallPPIXIIFe kkPPIXk −=⋅ ][)(     (8) 

 
 

 
 
Figure 1. (A) The concentration of Fe(II) decreasing with time due to oxidation (1 nM Fe(II)) without 
the addition of PPIX and due to the combination of oxidation and binding by PPIX (1 nM Fe(II), 50 
nM PPIX). (B) The plot of the natural logarithm of the concentration Fe(II) versus time for the 
oxidation (1 nM Fe(II)) without the addition of PPIX and for the combination of oxidation and 
binding by PPIX (1 nM Fe(II), 50 nM PPIX). 
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3. Results and discussion 
 
3.1 Inorganic Fe photoreduction 

 
To understand the influence of organic Fe-binding ligands on the photo-induced Fe 

redox speciation in seawater it is necessary to know how the photo-induced Fe redox 
processes act in the absence of ligands. Little is known about the crystalline forms of the Fe 
species formed upon the addition of a low concentration of Fe(III) to seawater. Based on 
model studies (Moffett, 2001) suggested that in aqueous alkaline media Fe(III) polymerizes 
into amorphous Fe(III) hydroxides. With aging, these solids lose water and develop 
crystalline structures leading to two principal products, an amorphous solid, ferrihydrite (Fe5-

OH8
.4H2O) (Schwertmann and Thalmann, 1976), and a more crystalline form lepidocrocite 

(γ-FeOOH) (Tipping et al., 1989). Ultimately these oxyhydroxide minerals will lose more 
water with ageing, and turn into more refractory minerals as hematite (α-Fe2O3) and goethite 
(α-FeOOH) (Schwertmann and Taylor, 1972; Schwertmann and Fischer, 1973; Cornell and 
Schwertmann, 1996). Addition of Fe to seawater probably results in formation of amorphous 
iron hydroxides called marine ferrihydrite (Wells and Trick, 2004). The formation of Fe 
colloids (after a 50 nM Fe(III) addition to seawater) is fast and reaches equilibrium within 
1.5-2 hours (Figure 2) as shown by the decrease in Fe concentration able to be bound to TAC 
(labile Fe). 
 
 

 
 
 
Figure 2. The Fe colloid formation after the addition of 50 nM Fe(III) from an acidified stock 
solution to seawater. The formation of amorphous iron hydroxides was visualized by measuring the 
concentration of labile Fe with the Fe-binding ligand TAC using CLE-ACSV. 
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The mechanisms for photoredox reactions occurring at the interface of Fe(III) solids 
involve a combination of charge-transfer bands in surficial complexes and in the solid itself 
(Waite and Morel, 1984; Siffert and Sulzberger, 1991; Faust, 1994). To determine if the 
resulting amorphous iron hydroxides contain a photo-reducible Fe fraction independent of 
organic constituents we added Fe(III) to artificial seawater. The production of Fe(II) showed 
that fresh colloidal material contains a photoreducible Fe fraction (Figure 3). Waite and 
Morel (1984) detected photoreduced Fe from amorphous Fe hydroxides and proposed that 
hydroxylated ferric surface species are the primary chromophore. The observation that Fe(II) 
was only detected at a pH 6.5 and not at a pH 8 was explained by the stronger hydrolization 
of the Fe(III) surface complexes at a pH 8 (Waite and Morel, 1984). This explanation was 
confirmed by the observation that the photoproduced concentration of Fe(II) decreased with 
increasing time period that Fe hydrolization and Fe colloid formation was allowed. More 
Fe(II) was photoproduced when 20 nM Fe(III) was added to the artificial seawater 
immediately before measurement compared to a 20 nM Fe(III) addition followed by an 18 
hours equilibration time (Figure 3, Table 1). 
 
 

 
 
Figure 3. The Fe(II) production in artificial seawater. The photoproduction of Fe(II) is shown for 
artificial seawater without an Fe(III) addition, with an addition of 20 nM Fe(III) equilibrated 
overnight and with a fresh addition of 20 nM Fe(III). 
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Table 1. Experimental characteristics as the concentration InEqDark Fe(II), InPrRate Fe(II), the 
concentration Max Fe(II), Ox Fe(II), and the concentration FinEqDark Fe(II) for the experiments with 
artificial seawater. Standard errors are given for InEqDark Fe(II), Max Fe(II) and FinEqDark Fe(II). 
Artificial SW No Fe added Overnight equil. Fe Freshly added Fe 
Fe added (nM) - 20 20 
InEqDark Fe(II) (nM) 0.016 ± 0.0058 0.026 ± 0.0067 0.054 ± 0.0055 
InPrRate Fe(II) (nM/h) 1.49 2.92 5.14 
Max Fe(II) (nM) 0.13 ± 0.0036 0.23 ± 0.0028 0.32 ± 0.0043 
Ox Fe(II) (nM/h) 0.20 1.03 1.61 
FinEqDark Fe(II) (nM) 0.064 ± 0.0039 0.054 ± 0.0054 0.101 ± 0.0045  
MaxProd Fe(II) (nM) 0.11 0.21 0.27 
Net dark reduction 
(norm) (nM/hirradiance) 

0.037 0.023 0.063 

 
Several characteristics in the pattern of Fe(II) concentration versus time were used to 

interpret the photochemical experiments. The Fe(II) concentration versus time, typically 
resulting from an addition of 100 nM Fe(III) to Southern Ocean seawater, is shown in Figure 
4. The concentration of Fe(II) in the dark, prior to the irradiance treatment, was constant 
(Initial Equilibrium in the Dark of the concentration Fe(II), InEqDark Fe(II)) (Figure 4, 
section A). The concentration of Fe(II) in oxic seawater is always the result of a dynamic 
cycle of oxidation and reduction. In the dark other processes than photo(induced) reduction of 
Fe(III) are responsible for InEqDark Fe(II) such as thermal reduction (Hudson et al., 1992; 
Pullin and Cabaniss, 2003), the reduction of Fe by superoxide (Voelker and Sedlak, 1995; 
Voelker et al., 1997), or enzymatic Fe reduction (Maldonado and Price, 2000). Although we 
cannot guarantee total sterile conditions, we assume the role of external or internal bacterial 
enzymes was negligible or non-existent in our 0.2 �m filtered seawater.  

The irradiance treatment resulted in a rapid increase of the concentration of Fe(II). 
There are several photo(induced) reduction mechanisms, that could be responsible for this 
increase: i) the photo-reduction of inorganic Fe oxyhydroxides (Wells and Mayer, 1991), ii) a 
ligand metal charge transfer (LMCT) reaction where an organic molecule is oxidized and Fe 
is reduced (Kuma et al., 1995), and iii) photo-induced reduction of Fe via the oxygen radical 
superoxide (O2

-) (Voelker and Sedlak, 1995). The initial Fe(II) photoproduction rate (Initial 
photoProduction Rate of Fe(II), InPrRate Fe(II)) was used in the comparison of the different 
photochemical experiments (Figure 4, section B). This InPrRate Fe(II) was calculated by 
modeling the concentration InEqDark Fe(II) and the increase in the Fe(II) concentration 
during the first half hour of the irradiance treatment. The intercept of both lines, the exact 
time at which the irradiance treatment started, filled in the derivative of the previously 
modeled function resulted in a value for InPrRate Fe(II). 
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Figure 4. The concentration of Fe(II) as a result of the irradiation of colloidal Fe as produced due to a 
100 nM Fe(III) addition to Southern Ocean seawater. The typical characteristics used to compare the 
photochemical experiments were: A the constant concentration of Fe(II) in the dark before 
illumination (InEqDark Fe(II)): B the rapid increase of Fe(II) after turning on the light with an initial 
Fe(II) photo-production rate upon irradiance (InPrRate Fe(II)): C the decrease in the rate of Fe(II) 
photo-production reaching a maximum Fe(II) concentration (Max Fe(II)): this followed by D the 
decrease of the concentration Fe(II) during irradiance towards an equilibrium (EqLight Fe(II)): and E 
turning off the light resulted in a sharp decline due to the oxidation of Fe(II) to Fe(III) (Ox Fe(II)): 
resulting in F equilibrium of the Fe(II) concentration (FinEqDark Fe(II)). 

 
The Fe(II) photo-production rate decreased, after which a maximum was reached 

(Maximum Fe(II) concentration, Max Fe(II)) (Figure 4, section C). This maximal 
photo-produced Fe(II) concentration was calculated by subtracting of the initial Fe(II) 
equilibrium in the dark from the Fe(II) maximum (Maximum Produced Fe(II) concentration, 
MaxProd Fe(II)). After having reached this maximum the concentration of Fe(II) decreased 
slowly and reached an equilibrium (Equilibrium in the Light of the concentration Fe(II), 
EqLight Fe(II)) (Figure 4, section D). A rapid increase to a maximum followed by a slow 
decrease in the Fe(II) concentration, has been reported before. Wells and Mayer (1991) found 
that the photo-conversion rates diminished with continued irradiation when ferrihydrite was 
irradiated. In addition Waite and Morel (1984) have shown that the addition of excess 
amounts of the chromophore citrate did not influence this effect. Emmenegger et al. (2001) 
found similar behavior of the concentration of Fe(II) with time after UV digestion of Swiss 
lake water destroying the organic material, thereby confirming that the observed pattern is 
typical for colloidal Fe and independent of Fe complexing organic chromophoric molecules 
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(Waite and Morel, 1984). Wells and Mayer (1991) suggested several possible reasons for the 
decreasing photoreduction rate with time, among which: i) photoreduction becomes inhibited 
if residues from the photo-oxidation of chromophores accumulated on colloid surfaces over 
time, shielding active sites from further photoreaction, ii) the retention of photoreduced Fe(II) 
at the surface, or the rapid resorption of the re-oxidized Fe(III) species back onto the original 
surface. In either case, a shell of rapid-cycling labile Fe might form on the oxyhydroxide 
surface upon prolonged photolysis, iii) progressive photochemical alterations of the 
oxyhydroxide surface would decrease its charge trapping efficiency, resulting in more charge 
migration into the crystal lattice.  

Organic ligands could influence the photoproduction of Fe(II) in several ways: i) by 
photoinduced Fe reduction via a LMCT reaction, ii) by decreasing the inorganic Fe 
concentration and subsequently decreasing the formation of Fe colloids, iii) by modification 
of the colloid surface due to binding or adsorption to surface iron, or iv) by influencing the 
overall structure of the iron colloids due to the precipitation of Fe(III)-organic solids.  

The main process remaining, in the post illumination period, is the oxidation of Fe(II) 
to Fe(III) by O2 and H2O2 (Oxidation of Fe(II), Ox Fe(II)) (Millero et al., 1987; Millero and 
Sotolongo, 1989; King et al., 1995) (Figure 4, section E). Organic ligands may inhibit (Theis 
and Singer, 1974), accelerate or decelerate (Santana-Casiano et al., 2000; Santana-Casiano et 
al., 2004) this Fe(II) oxidation.  

The rapid oxidation of Fe(II) in the dark resulted in an equilibrium of the Fe(II) 
concentration in the dark (Final Equilibrium in the Dark of the concentration Fe(II), 
FinEqDark Fe(II)) (Figure 4, section F). The concentration FinEqDark Fe(II) is depending on 
both the oxidation as well as the thermal reduction of Fe in the dark. The concentration 
FinEqDark Fe(II) was often higher than the concentration InEqDark Fe(II), probably caused 
by the photo-induced production of superoxide leading to the reduction of Fe(III) in the dark 
(Voelker and Sedlak, 1995; Emmenegger et al., 2001). The concentration FinEqDark Fe(II) is 
reported as the final Fe(II) equilibrium in the dark minus the initial Fe(II) equilibrium in the 
dark. This is normalized to 1 hour of irradiance because photo-induced superoxide production 
could be responsible for Fe(III) reduction in the dark.  

   Increasing concentrations of Fe(III) were added to the Southern Ocean seawater to 
investigate how the possibly increasing photo-reducible Fe fraction influences the defined 
photochemical characteristics (Figure 5). Addition of Fe(III) indeed led to an increase in 
photoreducible Fe. The concentration InEqDark Fe(II), FinEqDark Fe(II), InPrRate Fe(II) 
and the MaxProd Fe(II) showed a linear increase with the addition of increasing 
concentrations Fe(III) (Figure 6, Table 2). The excellent linear relationship between the 
added Fe(III) concentration and the experimental characteristics as InPrRate Fe(II) and Max  
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Figure 5. The concentration of Fe(II) as a result of the irradiation of colloidal Fe produced from a 11, 
15 and 20 nM Fe(III) addition to Southern Ocean seawater. 

 

 
 
Figure 6. The linear relationship between the added concentration Fe(III) added and A) the 
concentration InEqDark Fe(II), B) the InPrRate Fe(II), C) the concentration MaxProd Fe(II), and D) 
the concentration FinEqDark Fe(II) which is normalized to 1 hour of irradiance in Southern Ocean 
seawater. 
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Fe(II) showed that aging of the colloids is slow and did not change the results within the 
experimental time frame (one day). Moreover, assuming that i) the solubility product of Fe 
stayed the same and thus that the concentration free Fe3+ and its truly soluble hydrolysis 
products did not increase, and ii) the concentration of organically complexed Fe did not 
change upon Fe(III) addition, we conclude that the increasing concentration of colloidal 
amorphous Fe hydroxides was responsible for the increasing InPrRate Fe(II) and the 
MaxProd Fe(II). This conclusion was confirmed by the photostability of the organic 
Fe-complexing ligands. The concentration of the assemblage of organic Fe binding ligands in 
the Southern Ocean seawater did not change significantly, from 1.75 ± 0.28 eq nM Fe of 
ligands to 1.74 ± 0.17 eq nM Fe of ligands, after 8 hours of UV digestion. 
 
Table 2. Experimental characteristics as the concentration InEqDark Fe(II), InPrRate Fe(II), the 
concentration Max Fe(II), Ox Fe(II), and the concentration FinEqDark Fe(II) for increasing 
concentrations Fe(III) added to Southern Ocean seawater. Standard errors are given for InEqDark 
Fe(II), Max Fe(II) and FinEqDark Fe(II). 

 Southern Ocean SW Southern Ocean SW Southern Ocean SW 

Fe added (nM) 11 15 20 
InEqDark Fe(II) (nM) 0.063 ± 0.0024 0.065 ± 0.0023 0.071 ± 0.0027 
InPrRate Fe(II) (nM/h) 1.52 2.62 3.84 
Max Fe(II) (nM) 0.31 ± 0.0048 0.55 ± 0.0038 0.86 ± 0.008 
Ox Fe(II) (nM/h) 0.78 1.35 1.78 
FinEqDark Fe(II) (nM) 0.084 ± 0.0046 0.11 ± 0.011 0.14 ± 0.027 
MaxProd Fe(II) (nM) 0.25 0.49 0.81 
Net dark reduction 
(norm) (nM/hirradiance) 

0.029 0.050 0.061 

 
 
3.2 The influence of organic model ligands on the photochemistry of Fe in seawater  

 
From the five model ligands only DFOB and PPIX clearly affected the redox 

speciation of Fe in seawater (Figure 7 and Table 3) The effect of phaeophytin, ferrichrome 
and phytic acid were less pronounced. The InPrRate Fe(II) decreased as follows: PPIX (4.48 
nM/h) > no ligand ≥  phytic acid > phaeophytin ≥  DFOB > ferrichrome (2.71 nM/h) (Table 
3). Remarkably, the overall production of Fe(II) was found to be lower with PPIX than 
measured for seawater containing the other ligands, although the InPrRate Fe(II) was clearly 
the highest for seawater containing PPIX. The influence of DFOB, PPIX and phytic acid on 
the photo-induced redox chemistry of Fe was therefore studied in more detail. 
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Figure 7. The photoproduction of Fe(II) after a 10 nM Fe(III) addition to Southern Ocean seawater in 
the presence of PPIX (20 nM), phytic acid (20 nM), DFOB (20 nM), ferrichrome (excess), 
phaeophytin (excess) and without an Fe binding ligand. 

 
 
Table 3. Experimental characteristics as the concentration InEqDark Fe(II), InPrRate Fe(II), the 
concentration Max Fe(II), Ox Fe(II), and the concentration FinEqDark Fe(II) for different model Fe-
binding ligands added to Southern Ocean seawater before addition of 10 nM Fe(III). Standard errors 
are given for InEqDark Fe(II), Max Fe(II) and FinEqDark Fe(II). 

 No ligand PPIX Phytic acid DFOB phaeophytin ferrichrome 

Ligand added (nM) - 20 20 20 20 20 

Fe added (nM) 10 10 10 10 10 10 

InEqDark Fe(II) (nM) 0.05 ± 0.01 0.04 ± 0.01 0.08 ± 0.003 0.07 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 

InPrRate Fe(II) (nM/h) 3.81 4.48 3.64 3.13 3.29 2.71 

Max Fe(II) (nM) 0.48 ± 0.03 0.25 ± 0.01 0.53 ± 0.01 0.15 ± 0.003 0.58 ± 0.005 0.49 ± 0.008 

Ox Fe(II) (nM/h) 1.10 1.28 0.89 0.91 2.63 1.77 

FinEqDark Fe(II) 
(nM) 

- 0.095 ± 0.002 - - 0.29 ± 
0.007 

0.13 ± 
0.008 

MaxProd Fe(II) (nM) 0.43 0.22 0.45 0.08 0.53 0.43 

Net dark reduction 
(norm) (nM/hirradiance) 

- 0.055 - - 0.25 0.068 
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3.3 DFOB 
 
The Fe complexed by DFOB is completely photo-stable irrespective of the 

wavelength of irradiance (Kunkely and Vogler, 2001). Although the long-wavelength 
absorption (426 nm) of DFOB is of the ligand to metal charge transfer (LMCT) type 
(Monzyk and Crumbliss, 1982) the LMCT excitation is not associated with any photo-
activity. According to Kunkely and Vogler (2001) the DFOB ligand prevents a rapid decay to 
redox products and thus facilitates an efficient back electron transfer which leads to a 
complete regeneration of DFOB. However, it has been reported that a compound such as 
oxalate is able to induce the photoreduction of Fe(III) complexed by DFOB and the 
subsequent release of Fe(II) by an outer-sphere charge transfer excitation upon irradiance 
with UVB, leaving DFOB intact (Kunkely and Vogler, 2001).  

We performed a series of experiments with increasing concentrations DFOB to 
investigate its influence on the photoproduction of Fe(II) (Figure 8 A, B). The concentrations 
of Fe(II), produced upon irradiance of seawater containing Fe and DFOB, were low 
compared to the same solution without DFOB (Figure 8 A). The concentration MaxProd 
Fe(II) in seawater containing DFOB was 7.5 ± 1.4% (n=5) of that without DFOB addition 
(Table 4). Remarkably, the addition of 65 nM DFOB resulted in a strong decrease in Fe(II) 
production compared to the same experiment performed without DFOB although 35 nM 
colloidal Fe(III) should still be present (Figure 8 B). This can only be explained when the 
assumption of 1 on 1 binding of Fe and DFOB (Rue and Bruland, 1995; Witter et al., 2000) is 
not valid under our experimental conditions, so consequently more Fe was bound to the 
added DFOB. This was further confirmed by the absence of any trend between both InPrRate 
Fe(II), the concentration MaxProd Fe(II) and the increasing concentration of DFOB (Table 
4). The concentration MaxProd Fe(II) stayed around 0.21 ± 0.04 nM Fe(II) (n=5) and 
although a shift in InPrRate Fe(II) between the 80 and 95 nM DFOB addition caused a high 
standard deviation the values for InPrRate Fe(II) remained around 3.07 ± 0.96 nM Fe(II) h-1 
(n=5) with increasing DFOB concentration (Table 4). Although DFOB is a very strong Fe 
chelator with reported conditional stability constants of 1021.6 (Witter et al., 2000) and > 1023 
(Rue and Bruland, 1995), constant non-negligible amounts of amorphous Fe oxyhydroxides 
apparently persisted, despite increasing concentrations of DFOB.  

A clear negative trend between EqLight Fe(II) versus the increasing DFOB 
concentration was observed (Figure 9, Table 4). Two mechanisms could be responsible i) the 
overall photoreducible Fe fraction decreased with increasing DFOB concentration resulting in 
a decrease in EqLight Fe(II), or ii) recycled photoreducible Fe(III) resulting of the rapid 
oxidation of Fe(II) decreased as a result of the binding of the oxidized Fe(III) by DFOB. The 
binding of recycled photoreducible Fe(III) by DFOB is the main factor because we did not 
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see a decrease in the concentrations MaxProd Fe(II) or InPrRate Fe(II) with increasing 
concentrations of DFOB. This suggests that the increasing concentration of DFOB did not  
 
  

 
 
 
Figure 8. (A) The photoproduction of Fe(II) after a 100 nM Fe(III) addition to Southern Ocean 
seawater containing no ligand in comparison with the addition of 100 nM phytic acid, 100 nM PPIX 
and 100 nM DFOB. (B) The photoproduction of Fe(II) with increasing concentrations DFOB: 65 nM 
DFOB: 80 nM DFOB: 95 nM DFOB: 100 nM DFOB: and 130 nM DFOB. (C) The photoproduction 
of Fe(II) with increasing concentrations phytic acid: 80 nM phytic acid: 85 nM phytic acid: 90 nM 
phytic acid: 100 nM phytic acid: 105 nM phytic acid: and 130 nM phytic acid. (D) The 
photoproduction of Fe(II) with increasing concentrations PPIX: 65 nM PPIX: 85 nM PPIX: 90 nM 
PPIX: 100 nM PPIX: and 130 nM PPIX.  
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Figure 9. The concentration of EqLight Fe(II) for Southern Ocean seawater containing 100 nM 
Fe(III) and increasing concentrations DFOB. 

 
Table 4. Experimental characteristics as the concentration InEqDark Fe(II), InPrRate Fe(II), the 
concentration Max Fe(II), Ox Fe(II), and the concentration FinEqDark Fe(II) for increasing 
concentrations DFOB added to Southern Ocean seawater. Standard errors are given for InEqDark 
Fe(II), Max Fe(II) and FinEqDark Fe(II). 

 No ligand DFOB DFOB DFOB DFOB DFOB 

Ligand added (nM) - 65 80 95 100 130 

Fe added (nM) 100 100 100 100 100 100 

InEqDark Fe(II) (nM) 0.042 ± 

0.0062 

0.132 ±  

0.0052 

0.123 ± 

0.0009 

0.0532 ± 

0.0034 

0.0422 ± 

0.0033 

0.0515 ± 

0.0036 

InPrRate Fe(II) (nM/h) 17.87 2.07 2.04 3.97 3.96 3.29 

Max Fe(II) (nM) 2.81 ± 0.011 0.356 ±  

0.0038 

0.274 ± 

0.0027 

0.305 ± 

0.0074 

0.271 ± 

0.0043 

0.245 ± 

0.0012 

Ox Fe(II) (nM/h) 4.52 1.13 1.03 1.70 1.77 1.89 

FinEqDark Fe(II) (nM) 0.47 ± 0.012 0.132 ± 

0.00145 

0.131 ± 

0.00061 

0.0792 ± 

0.0015 

0.0773 ± 

0.0041 

0.0862 ± 

0.0019 

MaxProd Fe(II) (nM) 2.77 0.22 0.15 0.25 0.23 0.19 

Net dark reduction 
(norm) (nM/hirradiance) 

0.31 4.78 10-5 0.0077 0.024 0.032 0.031 

 
decrease the initial concentration of photoreducible Fe(III). The same mechanism could 
explain the negative trend between InEqDark Fe(II) versus the increasing concentration of 
DFOB (Table 4). This proposed mechanism is further confirmed by recent experiments 
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performed by Borer et al. (2005) who showed that siderophores such as DFOB accelerated 
the light-induced dissolution of iron(III) (hydr)oxides. 
 
3.4 Phytic acid 
 

Irradiance of Southern Ocean seawater containing 100 nM Fe(III) and concentrations 
phytic acid in the range of 80-130 nM resulted in higher concentrations of Fe(II) compared to 
the control (Figure 8 A, C). The similarity in the resulting Fe(II) production with time as 
compared with Figure 4 made us assume that we observed the reduction of Fe originating 
from a colloidal Fe pool (Wells and Mayer, 1991; Emmenegger et al., 2001). When the 
photoreducible colloidal Fe pool was only depending on the presence of free Fe or in case Fe-
phytic acid is photoreactive we would expect to see a relation between InPrRate Fe(II) with 
increasing phytic acid concentration. Yet, no relationship between the InPrRate Fe(II) and the 
concentration of added phytic acid was found (Table 5). However, the concentration 
MaxProd Fe(II) clearly showed a linear relationship with the phytic acid concentration in the 
range 80-105 nM phytic acid (Figure 10). For every nM phytic acid added an increase in the 
concentration MaxProd Fe(II) of 0.16 nM (R2 = 0.98) was observed. In contrast, the 
concentration of MaxProd Fe(II) as a result of a 130 nM phytic acid addition was found to be 
the same in two identical experiments and did not comply with the linear relationship (n=2). 

The linear relationship between the concentration MaxProd Fe(II) and the 
concentration phytic acid could be explained by processes occurring when phytic acid and Fe 
were added to seawater. Upon the addition of 100 nM Fe(III) to Southern Ocean seawater 
containing phytic acid in concentrations ranging between 80 and 130 nM three processes are 
thought to occur: the hydrolysis and precipitation of Fe, forming colloids (Moffett, 2001), the 
binding and precipitation of Fe by phytic acid (Anderson, 1963), and the adsorption of phytic 
acid to the Fe containing aggregates (Ognalaga et al., 1994; Celi et al., 2003). The presence 
of six phosphate groups in the phytic acid molecules allowed different arrangements of the Fe 
and phytic acid molecules. The combination of these processes will result in undefined 
aggregates of Fe and phytic acid. 

Anderson (1963) showed that precipitation of ferric phytic acid increased with a 
decreasing Fe to P ratio, with an increasing pH, and with increasing salinity. Moreover, 
phosphate can further disperse the already irregular surface of aggregates of amorphous Fe 
oxyhydroxides (Parfitt, 1989) and present a larger surface for interaction with the 
environment as for example for the photoproduction of Fe(II). If the same process occurs 
with phytic acid the aggregates will become more amorphous with an increasing 
concentration of phytic acid, thereby explaining the observation that more photo-reducible Fe 
is formed with increasing concentrations of phytic acid (Figure 10). The lower concentration 
of MaxProd Fe(II) observed after 130 nM phytic acid addition could be explained by the  
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Figure 10. The concentration of MaxProd Fe(II) upon addition of 100 nM Fe(III) in Southern Ocean 
seawater, the latter containing increasing concentrations phytic acid. The photochemical experiment 
with 130 nM phytic acid was performed twice. 

 
 
Table 5. Experimental characteristics as the concentration InEqDark Fe(II), InPrRate Fe(II), the 
concentration Max Fe(II), Ox Fe(II), and the concentration FinEqDark Fe(II) for increasing 
concentrations phytic acid (phytic) added to Southern Ocean seawater. Standard errors are given for 
InEqDark Fe(II), Max Fe(II) and FinEqDark Fe(II). 

 phytic phytic phytic phytic phytic phytic phytic 

Ligand added (nM) 80 85 90 100 105 130 130 

Fe added (nM) 100 100 100 100 100 100 100 

InEqDark Fe(II) 
(nM) 

0.023 ± 

0.0064 

0.06 ± 

0.0041 

0.176 ± 

0.0077 

0.225 ± 

0.0034 

0.422 ± 

0.0054 

0.286 ± 

0.0054 

0.576 ± 

0.0072 

InPrRate Fe(II) 
(nM/h) 

16.68 15.93 17.08 20.50 44.78 32.56 23.46 

Max Fe(II) (nM) 4.54 ± 0.056 5.23 ± 0.023 6.05 ± 0.011 7.60 ± 0.004 9.15 ± 0.036 5.91 ± 0.012 6.05 ± 0.022 

Ox Fe(II) (nM/h) 10.99 10.21 11.13 7.78 9.57 11.13 8.10 

FinEqDark Fe(II) 
(nM) 

0.64 ± 0.024 0.77 ± 0.054 1.72 ± 0.041 1.77 ± 0.055 - 1.48 ± 0.046 1.37 ± 0.079 

MaxProd Fe(II) 
(nM) 

4.52 5.17 5.87 7.37 8.72 5.62 5.47 

Net dark reduction 
(norm) 
(nM/hirradiance) 

0.62 0.71 1.54 1.54 - 1.29 0.79 
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adsorption of the surplus phytic acid to the surface of the ferric phytic acid aggregates 
decreasing the available photoreducible Fe fraction. 

Information on the complexation of Fe by phytic acid in seawater is limited to the 
conditional stability constant (log K’Fe3+L = 22.3) and the Fe-phytic acid coordination (± 2:1) 
in seawater with a pH of 6.9 (Witter et al., 2000). Our study shows that phytic acid, until a 
certain concentration which is depending on the Fe concentration, will substantially increase 
the size of the photoreducible Fe fraction, probably via the formation of more amorphous 
ferric phytic acid aggregates. 
 
3.5 Protoporphyrin IX 

 
Addition of PPIX caused a dramatic decline in the produced concentration of Fe(II) in 

the Southern Ocean seawater (Figure 8 A, D). The different experimental characteristics did 
not show any relationship with the concentration of PPIX in seawater containing 100 nM 
Fe(III). This raised the question whether or not PPIX actually did bind Fe(III). To examine 
this we titrated Fe with increasing concentrations of PPIX using CLE-ACSV to detect 
TAC-labile Fe (Fe bound by TAC (10 �M) after > 12 hours equilibration) (Figure 11). 
Although Rue and Bruland (1995) and Witter et al. (2000) determined a log K’ for PPIX 
(respectively 22.0 and 22.4), we did not find a substantial decrease in TAC-labile Fe with 
increasing PPIX concentration and therefore conclude that PPIX does not bind Fe(III). 
Nevertheless, because the effect of PPIX addition on the photoproduction of Fe(II) was 
demonstrated to be large (Figure 8 A, D), we investigated the possible role of PPIX in 
binding Fe(II). 
 

 
 
Figure 11. The binding of Fe(III) to PPIX as visualized by a titration of Fe(III) with PPIX using CLE-
ACSV with the competing ligand TAC. The experiment was performed twice. 
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In a series of experiments we compared the removal of Fe(II) due to different 
concentrations of PPIX (eq. 4) with the disappearance of Fe(II) by oxidation alone (eq. 7) 
(Figure 1). From this we calculated the rate constant of the binding of Fe(II) by PPIX for 
concentrations of PPIX between 25 and 100 nM (eq. 8) (Figure 12). The Fe(II) was bound by 
PPIX with a rate constant (kFe(II)PPIX) of 3.0 10-3 ± 9.7 10-4 s-1 (n=2) for 25 nM PPIX, 4.5 10-3 
± 9.8 10-4 s-1 (n=4) for 50 nM PPIX and 1.02 10-2 ± 7.9 10-4 s-1 (n=2) for 100 nM PPIX. As a 
result a positive linear relationship between the kFe(II)PPIX and the concentration PPIX was 
found, increasing with 9.9 10-5 nM-1 PPIX. The rate constant normalized to 1 nM PPIX is: 
KFe(II)PPIX = (koverall – kox)/[PPIX] = 1.04 10-4 ± 1.53 10-5 (n=8).  
  
 

 
 
Figure 12. The rate constant of the binding of Fe(II) by PPIX (kFe(II)PPIX) versus the total concentration 
of added PPIX. 

 
Because PPIX in seawater did not bind Fe(III) but Fe(II) instead, an addition of PPIX 

concentrations between 65 and 130 nM would always be in excess compared to 2.81 nM 
Fe(II) (100 nM Fe, no ligand), which explains why we did not see any effects of increasing 
concentrations of PPIX (Table 6).  

Dark reduction of Fe apparently plays an important role in the reduction of Fe(III) to 
Fe(II). The experimental characteristic that was noticeably different between the 
photochemical experiments was the increase in Fe(II) concentration after turning off the light. 
Upon turning the light off, the Fe(II) concentration decreased quickly until a minimum after 
which the Fe(II) concentration increased again. Comparing the increase in the concentration 
of Fe(II) in the dark period after irradiance with the concentration of InEqDark Fe(II) in the 
other experiments revealed that the irradiance treatment had induced a process of Fe 
reduction even after the light was switched off. A clear linear relationship was found by 
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plotting the Fe(II) production rate (nM/h) in the dark versus the duration of the irradiance 
treatment (Figure 13, Table 6). The Fe(II) production rate in the dark increased with 0.13 
nM/h for each hour of irradiance (R2 = 0.93) (Figure 13). Dark reduction of Fe is often 
assigned to reduction of Fe by photoproduced superoxide (Voelker and Sedlak, 1995; 
Emmenegger et al., 2001). 

This distinct behavior of the concentration of Fe(II) versus time in photochemical 
experiments of Fe(III) and PPIX in seawater could be explained by assuming that four 
processes are dominating the Fe redox speciation: i) photoreduction of colloidal Fe(III) 
(reaction 1, Figure 14) (Waite and Morel, 1984; Wells et al., 1991; King et al., 1993), ii) the 
reduction of Fe(III) 
  
 

 
 
Figure 13. The Fe(II) production rate in the dark after irradiance, versus the irradiance time for 
Southern Ocean seawater containing 100 nM Fe(III) and various concentrations PPIX (though all in 
excess over Fe(II)). 

 
by superoxide (reaction 2, Figure 14) (Voelker and Sedlak, 1995; Emmenegger et al., 2001) 
or free radical ligand species (reaction 3, Figure 14) (Ross and Neta, 1982; Faust, 1994), iii) 
oxidation of Fe(II) (reaction 4, Figure 14) (Millero et al., 1987; Millero and Sotolongo, 1989; 
King et al., 1995), and iv) the binding of Fe(II) by PPIX (reaction 5, Figure 14). Free radical 
ligand species can, depending on their competitive reactions with Fe(III) and O2, result in 
Fe(II) or superoxide (reaction 6, Figure 14) (Faust, 1994). 

The linear relationship between the duration of the irradiance treatment and the Fe(II) 
production rate in the dark hinted at a mechanism in which superoxide was involved in the 
reduction of Fe(III). The production of superoxide was confirmed by the concentration of  
H2O2 produced during irradiation of seawater containing Fe(III) and PPIX. Photochemical 
experiments (each with 100 nM Fe(III)) with 100 nM DFOB produced 2.85 nM H2O2 h-1, 
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Table 6. Experimental characteristics as the concentration InEqDark Fe(II), InPrRate Fe(II), the 
concentration Max Fe(II), Ox Fe(II), and the concentration FinEqDark Fe(II) for increasing 
concentrations PPIX added to Southern Ocean seawater. Standard errors are given for InEqDark 
Fe(II), Max Fe(II) and FinEqDark Fe(II). 

 PPIX PPIX PPIX PPIX PPIX PPIX 

Ligand added (nM) 65 85 90 100 130 130 

Fe added (nM) 100 100 100 100 100 100 

InEqDark Fe(II) (nM) 0.21 ± 0.0012 0.24 ±  0.0045 0.24 ± 0.0027 0.23 ± 0.0020 0.23 ± 0.0016 0.31 ± 0.0006 

InPrRate Fe(II) (nM/h) 11.31 4.31 4.84 4.05 5.47 7.02 

Max Fe(II) (nM) - - - - - - 

Ox Fe(II) (nM/h) 3.31 2.04 4.74 4.12 4.35 9.87 

FinEqDark Fe(II) 
(slope: nM/h) 

0.069 0.037 0.065 0.048 0.024 0.12 

MaxProd Fe(II) (nM) - - - - - - 

Net dark reduction 
(norm) (nM/hirradiance) 

- - - - - - 

 
with 100 nM phytic acid produced 1.53 nM H2O2 h-1 and 80 nM PPIX produced 6.85 H2O2 
h-1. The concentrations H2O2 produced during the experiments with PPIX are 2.5-4.5 times 
higher than with DFOB or phytic acid. Bimolecular dismutation of superoxide is postulated 
as the main source of hydrogen peroxide in the open ocean (Petasne and Zika, 1987). The fast 
oxidation of Fe(II) by superoxide also produces hydrogen peroxide (Weiss, 1935), although 
the reduction reaction of superoxide with trace metals is faster than the oxidation reaction in 
seawater (Voelker and Sedlak, 1995). 
 The photochemistry of metal porphyrins, in particular iron and manganese porphyrins, 
has attracted scientific interest because of the catalytic efficient behavior of those compounds 
which have been found to efficiently catalyze thermal redox reactions on organic substrates 
(Suslick and Watson, 1992; Maldotti et al., 1993). These complexes show photochemical 
activity which is due to a light induced intramolecular electron transfer involving the metal 
and the axial ligands. This is a way to induce redox processes in metal-porphyrin complexes 
which are known frequently to achieve their catalytic/enzymatic activity through reversible 
modification of the oxidation state of the metal centre (Frausto da Silva and Williams, 1994). 
Using organic solvents it is shown that irradiation is able to induce redox reactions in Fe-
binding porphyrins like PPIX (Bartocci et al., 1980). In particular it has been demonstrated 
that the irradiation in the axial ligand to metal charge-transfer (LMCT) band results in an 
intramolecular electron transfer from the axial ligand, such as e.g. alcohols, azide, halides, 
pyridine, and imidazole (reaction 7, Figure 14) (Maldotti et al., 1993), to iron. This leads to 
the reduction of Fe(III) to Fe(II) and at the same time to the formation of a free-radical  
 



Chapter 5 

 106 

 
 
 
 
Figure 14. The reaction model as proposed to explain the concentration of Fe(II) as observed in 
photochemical experiments with PPIX. Key reactions are the photoreduction of Fe originating from 
amorphous Fe hydroxides (1), the binding of Fe(II) by PPIX (5) and the formation of superoxide 
(6,10) and eventually free radical ligand species (8,10) involved in the dark reduction of Fe. The 
formation of superoxide and free radical ligand species from the initial constituents via the formation 
of Fe(II)PPIX is based on literature of Fe-porphyrin complexes. 
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species from the axial ligand (7) (Bizet et al., 1981; Bartocci et al., 1985; Ozaki et al., 1987) 
(reaction 8, Figure 14).  

 
⋅+→− LPorIIFePorIIIFeL hv )()(    (7) 

 
This primary photoredox process may be followed by the reoxidation of the ferrous 

porphyrin (Fe(II)Por) complex, thus realizing a photo-assisted cycle in which both the 
intermediates Fe(II)Por and the free radical can induce catalytic processes (8) (Suslick and 
Watson, 1992) (reaction 9, Figure 14). 
 

redPorIIIFeLoxPorIIFe L +−→+ )()(    (8) 

 
Using oxygenated aqueous ethanol as solvent, Maldotti et al. (1989) have shown that 

superoxide can be formed in a photo-induced reaction involving an Fe-porphyrin complex. 
Molecular oxygen is activated by coordination to Fe(II) in the ferrous porphyrin (9, 10) 
(reaction 10, Figure 14). 
 

⋅−−−−−−−→+−⋅ LPorIIFeOOPorIIFeL )()( 22  (9) 

 
⋅++→⋅−−−−−−− − LOPorIIIFeLPorIIFeO 22 )()(  (10) 

 
The reactions shown here are leading to the production of superoxide and free radical 

ligand species which can explain the increased dark reduction of Fe observed with the 
addition of PPIX to seawater. We propose that similar reactions could occur in natural 
seawater containing organic matter suitable to complex FePPIX. This means that in the 
natural environment, the Fe complexed to porphyrin-like molecules can act as 
photosensitizing catalytic producers of superoxide. 
 
4. Summary and conclusion 

 
Addition of Fe(III) to Southern Ocean seawater resulted in the photoproduction of 

Fe(II) upon irradiance. The excellent linear increase of e.g. the concentration of MaxProd 
Fe(II) and InPrRate Fe(II) with the addition of increasing concentrations of Fe(III) revealed 
that after equilibration, processes such as hydrolization and colloid formation of the Fe did 
not influence the Fe(II) photoproduction within the experimental time frame (one day). More 
importantly, these linear relationships resulting from Fe(III) additions higher than the free 
natural organic Fe binding ligands present in the Southern Ocean seawater, now have shown 
us that the amorphous Fe hydroxides, and not the organically complexed Fe, were the main 
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source of the photoproduced Fe(II) pool. This does not mean that organic constituents were 
not involved in the Fe(II) photoproduction from amorphous Fe hydroxides in Southern ocean 
seawater. It is known that organic compounds such as e.g. oxalate and citrate adsorbed to 
colloidal Fe are able to improve the Fe photoredox cycle (Waite and Morel, 1984; Sulzberger 
and Laubscher, 1995). Yet, the observation of photoproduced Fe(II) after the addition of 
Fe(III) to artificial seawater showed that inorganic Fe species are also being photoreduced, as 
suggested by Waite and Morel (1984). These observations are especially important for the 
elucidation of the Fe chemistry after an Fe enrichment experiment leading to increased 
phytoplankton growth such as during EisenEx in the Southern Ocean. During EisenEx a 
fraction of about 13-40% of dissolved Fe was not bound by strong Fe(III)-binding forms and 
presumably formed inorganic colloids (Boye et al., in press). It is known that this fraction is 
being photoreduced (Chapter 3, Rijkenberg et al., 2005).  

The influence of five ligands (phaeophytin, ferrichrome, DFOB, PPIX and phytic 
acid) on the photo-induced redox speciation of Fe in Southern Ocean seawater was found to 
be highly variable. Of the five ligands tested we investigated three Fe-binding ligands in 
more detail (DFOB, PPIX and phytic acid). The latter Fe-binding ligands each showed a 
different effect on the photo-induced Fe redox process. Each has its own environmental 
implications for the Fe chemistry in seawater and subsequent bioavailability for 
phytoplankton.   

The DFOB caused a decrease of the photoproduced Fe(II) concentration in two ways. 
Firstly, DFOB binds Fe, thus resulting in lower concentrations of amorphous Fe hydroxides 
and consequently a lower Fe(II) production. Secondly, the DFOB removes the reoxidized 
Fe(III) from the photo-induced redox cycle by binding this Fe resulting in a decreasing 
photoreducible Fe fraction. This effect is shown by the linear relationship between the Fe(II) 
equilibrium developing in the light and the concentration of DFOB. The presence of DFOB 
and presumably also its marine variants (Martinez et al., 2001; Gledhill et al., 2004) results in 
lower equilibrium concentrations of Fe(II), and decreased formation of amorphous Fe 
hydroxides resulting from photocycling of more crystalline colloidal Fe. In the presence of 
organic ligands such as DFOB, the Fe is transferred into a non-bioavailable organically 
complexed Fe fraction (Timmermans et al., 2001; Wells and Trick, 2004). This instead of 
conversion into a more bioavailable amorphous Fe hydroxide fraction upon photo-induced 
redox cycling (Wells et al., 1991). 

Phytic acid operates via another mechanism resulting in an increase in the Fe entering 
the photo-induced redox cycle. Phytic acid induces the formation of more irregular 
aggregates with the addition of Fe, increasing the Fe fraction available for photo-induced Fe 
reduction. This effect is less when the concentration of phytic acid considerably exceeds the 
Fe(III) concentration. This is probably due to shielding of the surface-bound Fe fraction from 
photo-induced reduction by adsorption of the phytic acid to the colloid surface. Phytic acid 
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makes up an important part of the phosphate entering the sea via rivers and could play an 
important role in the Fe chemistry of coastal waters. 

Instead of complexation of PPIX with Fe(III) (Rue and Bruland, 1995; Witter et al., 
2000), PPIX forms complexes with Fe(II), thereby decreasing the free Fe(II) concentration. 
In a photo-sensitizing catalytic reaction of Fe(II)PPIX with light, superoxide is formed, not 
only influencing the oxygen radical chemistry by enhancing the concentration of superoxide 
and the concentration of hydrogen peroxide, but also increasing the dark reduction of Fe(III). 
The latter finding is especially important for marine environments where the phytoplankton 
community is dependent on rapid Fe recycling of a very small iron pool (Cullen et al., 1992; 
Price et al., 1994). Much of the regenerated iron in these systems may be present in biological 
chelates such as porphyrin related molecules, whose release into seawater consequently could 
have an important influence on the redox speciation of Fe. 
 We conclude that the organic Fe-complexing ligands are not only important in the 
photochemistry of Fe as direct electron donors via ligand metal charge transfer reactions 
(Barbeau et al., 2001) but also via other modes of interaction, such as i) removal of 
reoxidized Fe(III) from the photo(induced) redoxcycle, ii) via influence on the aggregation of 
the amorphous Fe hydroxides, and iii) via photosensitizing reactions. 
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