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1. Introduction: 
 

The importance of iron (Fe) in regulating the primary production in the world’s ocean is now 

well established. Oceanic iron concentrations are low and limit the growth of phytoplankton 

in more than 50% of the surface ocean. Atmospheric deposition is a major iron input in open 

ocean regions (Jickells et al., 2005). The speciation and fate of atmospheric iron are, however, 

poorly documented. Laboratory studies have shown that iron is complexed to organic ligands 

in rainwaters (Zhu et al., 1993) but there is so far no direct measurement of organically 

complexed iron in atmospheric inputs. Furthermore, the mechanisms underlying the 

complexation of atmospheric iron are basically unknown.  

In order to quantify the iron organic speciation in wet inputs we proposed to develop a new 

method based on Cathodic Stripping Voltammetry (CSV). This approach is commonly used 

in seawater (van den Berg, 1995), river and lake (Nagai et al 2004) but has not yet been 

applied to rainwater. Adding an artificial ligand, the CSV method measures the natural 

organic ligands capacity to bind iron and allows to determine their concentrations. My Short 

Term Scientific Mission (STSM) at the IFM- GEOMAR (Kiel, Germany; April-May 2009) 

under the supervision of Peter Croot gave me the opportunity to adapt this method to 

rainwater specific conditions. The main challenge of this mission was to find a ligand which 

binds iron under low ionic strength and low pH conditions (i.e. rainwater specific conditions).  

This report presents the main results of my STSM. The first part describes the approach used 

to identify ligands which bind iron under rainwater specific conditions. In a second part, the 

ligands with appropriate properties are presented. Results of the first tests conducted on 

natural rainwater samples are shown in a third part. 

Finally, conclusions of these tests and perspectives will be given at the end of this report. 
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2. Tests on different ligands 

2.1 Instrumentation and voltammetry principle 
The voltammetric apparatus (Figure 1) consisted of a µAutolab voltammeter with a static 

mercury drop electrode (Metrohm Model VA663; Figure 2-A), a double-junction 

Ag/saturated AgCl reference electrode with a salt bridge filled with 3M KCl (Figure 2-B), and 

a glassy carbon rod as a counter electrode (Figure 2-C). Dissolved oxygen was removed from 

the samples by purging with clean dry nitrogen gas for 4 minutes. During the CSV analyses, 

all samples were contained in Teflon sample cups (Metrohm; Figure 2-D), and stirred using a 

Teflon stirring rod (1500 rpm) of the VA663. 

 

 

 
Figure 1: Voltammetric apparatus used at the IFM-GEOMAR Laboratory 
  

 
Figure 2: Voltammeter electrodes A: Working electrode HMDE; B: Ag/saturated AgCl reference 
electrode; C: Counter electrode; D: Teflon cell cup 
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In order to determine the iron concentration, an artificial ligand is added to the sample. It must 

have the property to bind iron. By applying a deposition potential, the iron complexed formed 

in the sample was adsorbed on the mercury drop. This is the pre-concentration step. Then the 

potential scanned between the reference (Figure 2-B) and the working electrode (Figure 2-A) 

in order to reduce the complex on the mercury drop surface.  During the scan, the reduction 

current of the complex is detected and data are processed by the software. The method is 

calibrated using standard additions to each sample, since the height of the peak is proportional 

to Fe concentration in the sample. 

2.2 Ligand Preparation 
Ten ligands likely to bind iron were tested and listed in Table 1. 

 

Table 1: List of the 10 hypothetic ligands which complexe iron. 
Compound family or Compound names Compound abbreviations 

Pyridazol compounds: 

1-(2-Pyridylazo)-2-naphtol 

4-(2-Pyridilazo) resorcinol 

 

PAN 

PAR 

Thyazol compounds 

2-(2-Thiazolylazo)-� -cresol 

4-(2-Thiazolylazo) resorcinol 

1-(2-Thiazolylazo)-2-naphtol 

 

 

TAC 

TAR 

TAN 

N-Benzoyl-N-Phenylhydroxylamine BPA 

Salicyloxamine SA 

2,3-Dihydroxynaphtalène DHN 

4,5-Dihydroxynaphtalène-2,7 disulfonic acid Chromotropic acid 

1-nitroso-2-naphtol 1-N-2-N 

 

First, all ligands were dissolved in Methanol. However, three of them (i.e: PAN, 

Chromotropic acid and 1-N-2-N) had to be dissolved in (1:1) Methanol/MilliQ water in order 

to solve dissolution problem.  

To test the capacity of these ten ligands to bind iron under rainwater specific conditions, each 

ligand (final concentration 10µM) was added in 20 mL of Milli-Q water buffered to pH 6.15 

with MES buffer (final concentration 10 mM MES). In order to identify the peak of 

complexed iron on the voltammogram, iron additions were performed into the Teflon cell cup. 
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2.3 Tests on each ligand 
Four voltammetric modes were tested for each ligand: Differential Pulse (DP), Square Wave 

(SW), Sample Direct Current (SDC) and Cyclic Voltammetry (CV).  

 
(a) 

 

 
(b) 
Figure 3 :Potential time sequence for the DP stripping mode (a) and for the SW mode (b) with 
E=potential,  � E=Step height, Ew= SW amplitude,  � =SW period and 1 and 2 correspond to current 
measurement times. 
 

Figure 3 (a) and (b) illustrate differences between voltammetric modes. Only DP and SW 

mode are illustrated in this part because these modes present a major interest for the rest of the 

study. The main difference lies in the way the potential is applied during the scan (e.g step 

height, period and amplitude). Voltammetric modes also differ by the time the current 

measurements are done. SW mode, SDC or CV can scan faster than DP. A scan can be 

complete in 2 to 3 s (corresponding to a sweep rate of 50mV/s) whereas several minutes are 

required with DP (corresponding to a sweep rate of 2 to 10mV/s). The particularity of the CV 

mode lies in the observation of the reduction and the oxidation within the same scan.  

2 

1 
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The settings of the voltammetric apparatus: start and end potential, deposition potential, 

deposition time, and sweep rate (e.g: step height, amplitude and period), were optimized in 

order to increase the sensitivity and the resolution of the signal. 

 

Among the ten tested ligands, four of them were able to efficiently bind iron under the tested 

conditions (pH 6.15, low ionic strength). These four ligands were PAN, DHN, Chromotropic 

acid and 1-N-2-N. Further studies on these ligands are presented below. 

 

3. The four ligands which bind iron under rainwater 
specific conditions 

3.1 PAN 
As written above, four voltammetric modes were tested. Figure 4 is an example of the 

voltammogram obtained under the CV mode. Without any Fe addition, only the PAN-peak 

appears around -0.38V. With Fe additions, a second peak appears near -0.58V corresponding 

to the PAN complexed-iron. 

 
Figure 4: Voltammogram of a Milli-Q sample buffered at pH 6.15 (in blue) and the same sample with an 
addition of iron (143 nM) using the CV mode. Voltammetric parameters: deposition time 180s; deposition 
potential 0 V; start potential 0 V; end potential -1.0V. 
 
For comparison, Figure 5 represents the same sample under DP mode. Deposition time, 

deposition potential and start potential were the same as in Figure 3. The amplitude of the 

PAN peak (near -0.37V) hampered the detection of the Iron peak. 

Changing the deposition  potential from 0V to -0.42V improved the detection of PAN 

complexed-iron (near -0.54V) (Figure 5). Applying a deposition potential more negative, 
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decreased the number of PAN molecules on the mercury drop. More iron-PAN complexes can 

then adsorb on the mercury drop. 

 
Figure 5: Voltammogram of PAN peak using D P mode. No iron peak detected even with an addition of 
143 nM. Voltammetric parameters: deposition time 180s; deposition potential 0 V; start potential -0.2 V; 
end potential -0.80V. 
 

 
Figure 6: Voltammogram of Fe-PAN peak under DP mode. Iron concentration 143 nM. Voltammetric 
parameters: deposition time 180s; deposition potential -0.42V V; start potential -0.42V; end potential -
1.0V 
 
The two modes selected for PAN investigations are DP and SW Mode. Table 2 gives an 

overview of the parameters applied to the sample using DP mode in the presence of PAN 

ligand.  
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Table 2: summary of PAN voltammetric parameters 
Voltammetric mode: Differential pulse 

Pretreatment:  

Deposition potential -0.42 V 

Deposition time 180 s 

Equilibration time 10 s 

Sweep:  

Start potential -0.42 V 

End potential -1.0 V 

Pulse amplitude 0.05 V 

Pulse time 0.01 s 

Voltage step 0.002 V 

Voltage step time 0.1 s 

Sweep rate 0.02 V/s 

 

As shown in Figure 5, an Iron-PAN peak is observed around -0.55V and the peak height can 

be determined. However, the Iron-PAN peak could not be detected when iron concentration 

was lower than 80 nM. Moreover, the PAN-Fe peaks were not stable (Figure 7). 
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Figure 7:Repeatability of iron complexed with PAN, iron concentration 100 nM 
 

PAN-Fe peaks reach a plateau after two minutes and were not stable for more than two 

minutes. After four minutes, peak height started to decrease. This decrease may be due to a re- 

precipitation problem. After ten minutes, PAN not well dissolved was adsorbed on the walls 

of the Teflon cell, which may have reduced the formation of Fe-PAN complexes. PAN re-

precipitation caused also problem when deposition time is regularly increased (Figure 8). 

Indeed, the increase of the peak height drops down after 50s. 
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Figure 8: Peak height versus deposition time, iron concentration 100 nM 
 

Furthermore, the voltammogram changed depending on iron additions. When iron additions 

ranged from 0 to 75 nM, a single peak of Fe-PAN was observed around -0.42V (Fe on Figure 

9a). However, upon Fe addition of 100 nM, the Fe-PAN peak divided in two peaks. (“Fe2”,on 

Figure 9b). 

 

(a) 

 
(b) 
Figure 9: voltammogram of Fe-PAN peak using DP. Iron concentration 143 nM. Voltammetric 
parameters: deposition time 180s; for Fe additions (a) from 0 to 100 nM, (b) above 100 nM 
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This phenomenon has still no explanation. We supposed that the division of the peak was 

assigned to a change in complex composition. 

 

3.2 DHN  
When using DHN as an added ligand at pH 6.15, a catalyst such as bromate, is necessary to 

increase the oxidation of the complex Fe-DHN on the mercury drop. Bromate was added at a 

final concentration of 20µM in the cell. Iron additions triggered an increase in the Fe-DHN 

peak at -0.30V (Figure 10). 

 
Figure 10:iron-DHN peak increases after iron addition from 0 to 180 nM. 
 

Here again, sensitivity was low even if a higher slope was observed under SW mode (Figure 

11). 
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Figure 11: Iron additions under two different voltammetric modes. Circles: SW mode; triangles: DP mode 
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Sensitivity was also tried to be optimized, by adding different amount of bromate as well as 

an electrolyte (KCl final concentration 3mM) but it was not significantly increased.  

 
 
 

3.3 Chromotropic acid 
Figure 12 represents the increase of the signal in response to iron additions when using 

Chromotropic acid as the added ligand. Here again, low sensitivity was observed. Moreover, 

the peak near -0.44V creates a slope in the baseline. This slope changes for each iron addition 

and leads to a non reproducibility in measurements of the iron peak.  

 
Figure 12: Iron Chromotropic acid peak climb after three iron additions from 40 nM to 140 nM under DP 
mode; deposition time 180s. 
 
 

3.4 1-N-2-N 
The most interesting artificial ligand was 1-N-2-N because of its higher sensitivity and its 

signal stability. Figure 13 is an example of the voltammogram obtained using DP mode. 

 
Figure 13: Iron 1-N-2-N peak increase under DP mode in response to iron additions from 0 to 180 nM 
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As shown in Figure 14, sensitivity was different, depending on voltammetric modes and 

sweep rates. The slope was equal to 1.33 with a scan rate at 200 mV/s using SW mode.  
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Figure 14: Iron additions under different voltammetric mode and different speed rate: circles correspond 
to DP mode at 20 mV/s, triangles to SW mode at 100 mV/s and Square to SW mode at 200 mV/S. 
 

With a faster scan rate, the sensitivity increased but the resolution of peak decreased (Figure 

15 A and B). A scan rate of 100 mV/s was finally chosen. 

 

 
Figure 15 A: example of the iron 1-N-2-N peak under Square Wave mode at 100mV/s-B: example of the 
iron 1-N-2-N peak under Square Wave mode at 1V/s 
 

4. Other 1-N-2-N investigations: 

4.1 Calibration of the Complex Stability of Fe-1-N-2-N against EDTA 
 

The calibration of the 1-N-2-N under rainwater specific conditions was tried to determine 

against a model ligand: EDTA (van den Berg, 2006). A Fe concentration of 196 nM was 

equilibrated for 4 hours with different concentrations of EDTA (from 0 to 100 nM) in Milli-Q 

A B 
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water. Then 1-N-2-N (10 µM final concentration) was added just before measurements. Peak 

height decreases with increasing of EDTA concentrations (Figure 16). 
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Figure 16: Peak height versus Log [EDTA] in four samples containing 196 nM of iron and 20 to 100 nM of 
EDTA.  
 
Value for the complex stability of Fe-1-N-2-N has to be calculated from the ratio of the 

current in the presence and absence of EDTA (van den Berg, 2006). Because of a problem at 

the beginning of the experiment the current measured in the absence of EDTA was not 

coherent.  That is why the calibration of the complex can not be completed. 

 

4.2 Tests with other buffers: 
 

It is known that 1-N-2-N binds iron in Milli-Q buffered to 6.15. The aim of these tests was to 

see if this ligand also binds iron at other pH values. Two other buffers were tested. The first 

one was ammonium acetate at pH 5.7. The sensitivity was divided by 10 compare to MES 

buffer pH 6.15. 

The second one was sodium acetate at pH 5.2. No iron complex peak was detected. 

In addition, tests were performed with MES buffer at pH of 5.0. MES buffer presents a lower 

pH than sodium acetate but a signal was observed. Sensitivity was divided by 100 compare to 

MES buffer at pH 6.15. 

The iron peak in MES at pH 5.00 may be assigned to a higher ionic strength than in sodium 

acetate buffer. It may result in a better conductivity for the current. 
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5. Tests on natural rainwater with 1-N-2-N: 
 
During seven weeks in Kiel, only three rain events occurred. Rainwater was collected using 

clean PTFE bottle covered by a clean funnel as seen on Figure 17. 

 
Figure 17:Rainwater sampler in Kiel 
 
The pH value of collected rainwater was of 6.47. Directly after sampling, rainwater was 

cleaned-filtered through 0.22µm and stored at 4°C. Because of the short rain event, we only 

collected 20mL of rainwater. This volume was not sufficient to carry out any titration of iron 

organic ligand in rainwater. However, we tried to measure the Total Dissolved Iron (TDFe) in 

this sample. The sample was acidified with Q-HCl 25%, to pH 2.7 during 10 days. Few 

minutes before the analysis, pH was increased to 6.00 with Q-NH3 and rainwater was 

buffered to 6.15 with MES. Finally the artificial ligand (1-N-2-N, final concentration 10 µM) 

was added. Voltammetric measurements were performed with a deposition time of 180s using 

two voltammetric modes: DP (sweep rate: 20mV) and SW (Sweep rate: 100mV).  

As shown in Figure 18, a peak at -0.14V interfered with the detection of the iron complex 

peak, for both modes, and the voltammograms were different from as the ones obtained when 

using Milli-Q water.  

 
Figure 18: Voltammogram of the third addition of iron (140nM)  in the rainwater sample under SW 
mode. 
Optimization of the voltammetric parameters (i.e: Deposition time, start and end potential and 

sweep rate) was done in the rainwater sample (without any iron addition) but no value of the 
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iron peak height was obtained.  The iron concentration in our sample was lower than our 

detection limit. Only after 70 nM of Fe addition, a significant peak was observed.  Due to 

volume sample restriction no duplicates were possible.  

 

 

6. Conclusions 
 

During this Short Term Scientific Mission, ten ligands likely to bind iron were tested. Among 

the ten ligands, four of them were able to efficiently complex iron under the tested conditions 

(pH 6.15, low ionic strength). These four ligands were PAN, DHN, Chromotropic acid and 1-

N-2-N. PAN presents two major problems: Its low sensitivity under low pH conditions and 

low ionic strength and a division of the iron peak for iron concentrations upper to 100 nM. 

The use of DHN and Chromotropic acid are also characterized by a low sensitivity in this 

study. Furthermore, measurement with Chromotropic acid appeared to be non reproductible 

because of the change in the slope of the baseline of the voltammogram.  

1-N-2-N was the most interesting ligand under these chemical constraints. Measurements are 

reproducible and sensitivity is higher. Under SW mode, sensitivity can be improved by 

increasing the scan rate. But near 200 mV/s, the resolution of the peak starts to decrease.   

Using this ligand a compromise has to be found between voltammetric parameters (scan rate) 

under SW mode and quality of the voltammogram.  

The first test of 1-N-2-N calibration permits to identify the EDTA concentrations useful to 

perform the calibration experiment (from 0 to 100 nM)  

MES buffer appeared to be the more appropriate buffer to determine the iron organic 

speciation in rainwater and it appeared to be the only one in these tests which binds iron at pH 

5.00 

Finally, tests on natural rainwater underline that voltammetric parameters applied in Milli-Q 

water needed to be improved for the measurement of natural rainwater samples. Larger 

volumes of rainwater are needed for further investigations.  
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7. Further works 
 

The work performed during my STSM will allow us to carry on this method development in 

Plouzané (France) at the LEMAR.  

First of all, sampling has to be more efficient. I am currently designing a rainwater 

sampler in order to optimize the rainwater collection in iron clean conditions. This future 

rainwater sampler will be constituted by a bigger Teflon funnel connected to a Teflon bottle 

fixed onto a stable structure also in Teflon. This sampler will be placed at the SOMLIT station 

in Plouzané where large volume of rainwater will be collected.  

Concerning voltammetry processes, preliminary results obtained during this STSM 

pointed out that voltammetric parameters have to be adapted from Milli-Q to rainwater 

matrix. Working on a large rainwater sample from the same rainwater event, could permit us 

to work in the same matrix condition. But composition of rainwater will change in each event 

that is why we also have to find a way to identify or control the ionic strength of each sample. 

Calibration of the 1-N-2-N has to be made again in order to determine the stability constant of 

the iron ligand in rainwater. 

The final idea will be to apply this method to samples from different oceanic regions. 

The first region will be the south west of Atlantic ocean between Cape town and Tristan Da 

cuhna Island. Samples will be collected during the SOCAB Cruise (Sept 2009-Oct 2009) and 

stored at -20°C for analyses at the shore-based laboratory (LEMAR). 
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